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Summary

SUMMARY

Magnetosomes of many magnetotactic bacteria consist of membrane-enveloped magnetite
crystals, which are known to be only synthesized under suboxic conditions with a low redox
potential. However, the cellular redox processes governing the biomineralization of the
mixed-valence iron oxide magnetite (FesO4) have remained unknown. Therefore, in this
thesis we set out to investigate whether electron transport chains are involved in redox control
required for magnetosome formation. First, the relationship between denitrification and
magnetite biomineralization in Magnetospirillum gryphiswaldense was analyzed. A complete
denitrification pathway for nitrate (nap), nitrite (nirS), nitric oxide (norCB), and nitrous oxide
reduction (nosZ) was identified, and it was shown that nitrate is the only electron acceptor
supporting anaerobic growth. Analyses of transcriptional gusA reporter fusions revealed that,
except for nap, highest expression of other denitrification genes coincided with conditions
permitting maximum magnetite synthesis. Deletion of nap genes encoding a periplasmic
nitrate reductase, but not nirS, norCB or nosZ, not only abolished anaerobic growth, but also
delayed aerobic growth. Furthermore, magnetite biomineralization was shown to be linked to
dissimilatory nitrate reduction. 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 the biosynthesis of fewer, smaller and irregular crystals during denitrification
and also aerobic respiration, probably by disturbing the proper redox balance required for
magnetite synthesis. Effective nitrite reduction catalyzed by NirS was also required for the
biomineralization of WT crystals, probably by contributing to the oxidation of ferrous iron
under oxygen-limited conditions. Loss of nirS impaired magnetosome formation and caused
the biosynthesis of smaller, fewer and aberrantly shaped magnetite crystals during

denitrification.

In M. gryphiswaldense a magnetobacterial Fnr-like (Fumarate and nitrate reductase
regulation) protein MgFnr was identified and shown to mediate the oxygen-responsive
expression of denitrification genes. Deletion of Mgfnr not only caused reduced N,O reductase
activity, but also impaired magnetite biomineralization under microaerobic conditions in the

presence of nitrate. Overexpression of MgFnr in the WT also caused the synthesis of smaller
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magnetite particles under anaerobic and microaerobic conditions in the presence of nitrate.
Altogether, these data suggest that proper expression of MgFnr is required for the synthesis

of WT-like magnetosomes, which is regulated by MgFnr itself and oxygen.

In addition to denitrification, M. gryphiswaldense is also capable of aerobic respiration using
oxygen as electron acceptor and possesses multiple terminal oxidases, including two heme-
copper oxidases aaz and cbbs and a bd-type quinol oxidase. The oxidases cbbs and bd were
shown to be required for aerobic respiration, while the aa; oxidase had no physiological
significance for oxygen reduction under test conditions. Loss of both oxidases cbb; and bd
completely abolished microaerobic and aerobic growth even in the presence of nitrate,
suggesting that aerobic respiration is a prerequisite for microaerobic denitrification. While
loss of the bd oxidase had no effects on growth and magnetosome synthesis, inactivation of
cbb; oxidase caused pleiotropic effects under microaerobic conditions in the presence of
nitrate. In addition to causing inability of simultaneous denitrification and aerobic respiration,
loss of cbbs oxidase resulted in complex biomineralizing phenotypes and aberrant cell
morphologies, probably by disturbing the proper redox balance required for metabolism and

magnetite biomineralization.

In conclusion, this work provided evidence that in MSR-1 in addition to the various essential
and accessory proteins encoded within the genomic magnetosome island, genes outside the
magnetosome island are also involved in magnetite biomineralization. By participating in
redox reactions required for magnetite biomineralization, denitrification and aerobic

respiration have a key role in the synthesis of WT-like magnetosomes.



Zusammenfassung

ZUSAMMENFASSUNG

Die Magnetosomen vieler magnetotaktischer Bakterien bestehen aus membranumhdllten
Magnetitkristallen, deren Synthese durch ein niedriges Redoxpotential gefordert wird. Die
zelluldren Redox-Prozesse, welche die Biomineralisation des gemischtvalenten Eisenoxids
antreiben sind bislang jedoch nicht bekannt. In der vorliegenden Arbeit wurde daher zuerst
die Abhéngigkeit der Magnetitbiomineralisation von der Denitrifikation in Magnetospirillum
gryphiswaldense untersucht. Dabei wurde der komplette Denitrifikationsweg fur Nitrat (nap),
Nitrit (nirS), Stickstoffmonoxid (norCB) und Distickstoffmonoxid (nosZ) identifiziert.
Wachstum in der Abwesenheit von Sauerstoff als Elektronenakzeptor ermdglicht jedoch nur
Nitrat. Durch transkriptionale gusA-Fusionen konnte gezeigt werden, dass unter optimalen
Magnetosomen-synthesebedingungen mit Ausnahme von nap alle Denitrifikationsgene
maximal exprimiert werden. Die Deletion der nap Gene, die eine periplasmatische
Nitratreduktase codieren, aber nicht die Deletion von nirS, norCB oder nosZ verhinderte
anaerobes Wachstum und verzdgerte aerobes Wachstum. Weiterhin konnte gezeigt werden,
dass Magnetitbiomineralisation auch mit der dissimilatorischen Nitratreduktion verbunden ist.
Waéhrend der Verlust von nosZ oder norCB keine, bzw. nur eine schwache Auswirkung auf
die Magnetosomensynthese zeigte, fuhrte die Deletion von nap zu einer starken
Beeintrachtigung der Biomineralisation. Sowohl unter anaeroben als auch mikroaeroben
Bedingungen bildete die nap Deletionsmutante weniger, kleinere und irregulére Kristalle als
der Wildtyp. Dies kann wahrscheinlich mit einer Stérung der fur die Magnetosomensynthese
bendtigten Redox-Balance begriindet werden. Daneben ist aber auch eine effektive, durch
NirS katalysierte, Nitritreduktion fur die Biomineralisation von Wildtyp Kristallen essentiell.
Eine nirS Deletionsmutante bildete wahrend der Nitratreduktion Kkleinere, weniger und
unregelmaRig geformte Magnetitkristalle. Letzteres ist eventuell auf die Beteiligung von NirS

an der Eisen(ll)oxidation unter sauerstofflimitierenden Bedingungen zurtickzufuhren.

In M. gryphiswaldense wurde ein magnetobakterielles (Fumarate and nitrate reductase
regulation) FNR-ahnliches Protein (MgFnr) identifiziert, das an der Sauerstoff-abhangigen
Expression der Denitrifikationsgene beteiligt ist. Die Deletion von MgFnr fuhrte nicht nur zu

einer verringerten N, Bildung aufgrund reduzierter N,O-Reduktase-Aktivitat, sondern unter
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mikroaeroben Bedingungen in Gegenwart von Nitrat auch zu einer beeintrachtigten
Magnetitbiomineralisation. Uberexpression von MgFnr im WT in Gegenwart von Nitrat
verursachte die Synthese von kleineren Magnetitpartikeln unter anaeroben als auch
mikroaeroben Bedingungen. Diese Daten legen nahe, dass eine balancierte Expression von

MgFnr fir die Synthese von WT-ahnlichen Magnetosomen erforderlich ist.

Neben der Denitrifikation ist M. gryphiswaldense auch in der Lage Sauerstoff als terminalen
Elektronenakzeptor zur Energiegewinnung zu verwenden. Dazu besitzt M. gryphiswaldense
mehrere terminale Oxidasen wie die Ham-Kupfer-Oxidasen aaz und cbbs als auch die
Chinoloxidase vom bd-Typ. Wahrend die Oxidasen cbbs und bd fir aerobe Atmung
erforderlich sind, hat die aa; Oxidase unter den getesteten Bedingungen keine physiologische
Bedeutung fiir die Sauerstoffreduktion. Die Co-Deletion der cbbs und bd Oxidasen fuhrte in
Gegenwart von Nitrat zu einem vollstandigen Verlust mikroaeroben und aeroben Wachstums,
weshalb aerobe Atmung vermutlich eine Voraussetzung fur mikroaerobe Denitrifikation ist.
Wahrend der Verlust der bd Oxidase keine Auswirkungen auf Wachstum und
Magnetosomensynthese hatte, verursachte die Inaktivierung der cbb; Oxidase pleiotrophe
Effekte unter mikroaeroben Bedingungen in Gegenwart von Nitrat. Neben der Unfahigkeit
zur simultanen Denitrifikation und aeroben Atmung, verursachte der Verlust der chbs
Oxidase komplexe Biomineralisations-phanotypen und anormale Zellmorphologien, welche

wahrscheinlich durch ein verandertes Redox-Gleichgewicht hervorgerufen wurden.

Zusammenfassend lieferte die vorliegende Studie Hinweise darauf, dass in MSR-1 neben den
essentiellen und akzessorischen Proteinen die innerhalb der genomischen Magnetosomeninsel
kodiert sind, auch Gene aulerhalb der genomischen Magnetosomeninsel an der
Magnetitbiomineralisation beteiligt sind. Durch die Teilnahme an Redox-Reaktionen die fur
Magnetitbiomineralisation erforderlich sind, spielen die aerobe Atmung sowie die

Denitrifikation eine wichtige Rolle bei der Synthese von Wildtyp-&hnlichen Magnetosomen.

Vi
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CHAPTER 1

INTRODUCTION

1.1 The magnetotactic bacterium Magnetospirillum gryphiswaldense

Although magnetotactic bacteria were already discovered by Salvatore Bellini in 1963 (1),
microbiologists have not been aware of them until 1975 when Richard Blackmore
rediscovered the magneto-responsive behavior of certain microorganisms containing
intracellular crystal-like and iron-rich inclusions, the magnetosomes (2). Individual
magnetosomes are aligned into one or multiple chains thereby providing the cell with the
capability of orientation in the Earth’s magnetic field to facilitate search for growth-favoring
suboxic zones of stratified aquatic habitats (3). At present, known representatives of
magnetotactic bacteria are affiliated with five major phylogenetic lineages within the domain
Bacteria including Alpha-, Gamma-, and Delta- subgroups of the Proteobacteria phylum,
Nitrospirae phylum, as well as a candidate division OP3 (4). Despite their high abundance
and ubiquitous occurrence in many freshwater and marine habitats, magnetotactic bacteria are
notoriously difficult to isolate and cultivate in the laboratory. To date, most magnetotactic
bacteria grown in axenic culture are members of alpha-proteobacteria, including three well
characterized Magnetospirillum species, M. magnetotacticum (5), M. magneticum (6), and M.
gryphiswaldense MSR-1 (in the following referred to as MSR-1) which was isolated by D.
Schuler from the mud of the eutrophic river Ryck near Greifswald (7, 8). Due to its relative
ease of growth in the laboratory and genetic tractability, MSR-1 has been used as the model
organism in numerous recent studies and this thesis to understand the mechanism of
magnetosome biosynthesis (3). MSR-1 cells are spiral-shaped, with bipolar flagella, and
contain up to more than 100 magnetosomes positioned as a single or multiple linear chains
(Fig. 1-1) (8). MSR-1 is a microaerophile and grows chemoorganoheterotrophically using
several organic acids as sources of carbon and electrons, but is unable to grow by
fermentation (9, 10).
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Fig. 1-1 Transmission electron micrograph of MSR-1 (by E. Katzmann). Magnetosome chain and two flagella
are indicated by arrows.

1.2 Molecular mechanism of magnetosome formation in MSR-1

Over the past decade significant progress has been made in the identification of
magnetosome-associated genes, which are clustered within a more than 100 kb genomic
region, magnetosome island (MAI) (11-13). In MSR-1, more than 30 specific proteins have
been designated the magnetosome membrane proteins (Mam) and magnetic particle
membrane-specific proteins (Mms), respectively (14, 15 ), which are encoded within four
clusters known as mms6, mamGFDC, mamAB, and mamXY operons (12). Although the
mechanism of magnetite biomineralization so far has not been understood in detail, a
stepwise pathway for the formation and assembly of magnetosomes has been suggested: (i)
the invagination of magnetosome vesicles from the cytoplasmic membrane, (ii) iron transport,
and (iii) magnetite biomineralization and magnetosome assembly into chains (Fig. 1-2).
Individual deletions of genes within MAI produced different mutants arrested at various

stages of magnetosome formation.
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Fig. 1-2 A stepwise pathway of magnetosome formation. MamQ, MamB, MamL, and Maml are required for the
formation of magnetosome vesicles; MamM, MamN, MamO, and MamE are essential to initiate magnetite
biomineralization; MmsF, MamP (P), MamsS (S), MamT (T), MamR (R), MamGFDC, Mms6, FtsZm, MamX
(X), MamZ (Z), and MamH (H) are involved in the subsequent crystal maturation; MamJ and MamK are
required to assemble magnetosomes into chains. OM, outer membrane; CM, cytoplasmic membrane. Iron
uptake and proton efflux for magnetite biomineralization are indicated by arrows.

1.2.1 The biosynthesis of magnetosome vesicles

In MSR-1 the magnetosomes are membrane-enveloped crystals of magnetite. It was
originally proposed that the magnetosome membrane is derived from cytoplasmic membrane
based on the observation that the composition of fatty acids in magnetosome membrane was
similar to that in cytoplasmic membrane but distinct from the outer membrane (16). This
suggestion was further confirmed in MSR-1 and M. magneticum by electron cryotomography
(ECT), which in fact showed that empty vesicles originate from the cytoplasmic membrane
by invagination (17, 18). So far, four proteins including Maml, MamL, MamQ, and MamB
have been assigned roles in the early stage of vesicle formation (Fig. 1-2) (A. Lohsse and O.
Raschdorf, unpublished data) (11, 19). In M. magneticum loss of any of these proteins
completely abolished the formation of magnetosome vesicles (11). Maml and MamL are
inner membrane proteins and do not show homology to any proteins beyond magnetotactic
bacteria (11). Although their role in magnetite biomineralization is still unclear, it has been
hypothesized that the 15-amino-acid C-terminal tail of MamL, which is rich in positively
charged residues, may interact with the cytoplasmic side of the inner membrane and thereby

induce local membrane curvature (20). The other two proteins, MamQ and MamB, contain
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domains conserved in large families. MamQ is homologous to proteins of the LemA family,
for which no function is known (21). But the proteins of this group contain coiled-coil repeat
domains which may facilitate interactions of bending the magnetosome membrane (20).
MamB belongs to the cation diffusion facilitator (CDF) family of transporters, which plays a
role in the transport of divalent cation metals (22). In addition to self-interaction via its C-
terminal domain, MamB also interacts with, and in turn is stabilized by a second CDF protein,
MamM (19).

1.2.2 Iron transport

Before the biosynthesis of magnetite can take place, the first step is the transport of iron from
the extracellular environment into the cell. Early studies of uptake and accumulation of large
amounts of iron in magnetotactic bacteria suggested that some regulation is required to
sustain a strict iron homeostasis (23). Bioinformatic analysis predicted that a ferric uptake
regulator Fur might be involved in iron-responsive regulation of magnetite biomineralization
(24). However, deletion of the fur-like gene in MSR-1 only caused weak effects on magnetite
biomineralization (25, 26), indicating that other regulators might be present and provide
contribution to the iron homeostasis for magnetosome formation. Iron transport for magnetite
synthesis may occur via two copies of the ferrous iron transporter FeoB that is common to
most bacteria, and deletions of feoB1 and feoB2 caused reduced magnetite content of MSR-1
(R. Uebe, unpublished data) (27, 28). However, much is still unknown about iron transport

for magnetosome formation.

1.2.3 Magnetite biomineralization

There is huge diversity in the size and shape of magnetite nanocrystals produced by different
species of magnetotactic bacteria, and in MSR-1, the magnetite crystals are cubo-octohedral
with a narrow size distribution (29). The synthesis of mixed-valence iron oxide magnetite
(Fe304) was supposed to occur at high pH by coprecipitation of ferrous and ferric iron in
supersaturating concentrations (30). It was first suggested that the process of magnetite
crystallization comprises three phases with different iron oxides based on Madssbauer
spectroscopy observations on M. magnetotacticum: (i) low-density-hydrous ferric oxides, (ii)
high-density-hydrous ferric oxides, and (iii) magnetite formed by partial reduction of the

high-density-hydrous ferric oxides (31). However, later studies on MSR-1 revealed the
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absence of mineral precursors, which indicated that magnetite is synthesized by fast
coprecipitation of ferrous and ferric iron inside the magnetosome compartments without any
intermediate mineral precursors (32). By X-ray circular magnetic dichroism measurements,
hematite (a-Fe,O3) was detected on the surface of immature magnetite crystals, and thereby
proposed to be a precursor to magnetite in MSR-1 (33). However, very recently, Baumgartner
et al. showed that in M. magneticum magnetite may be synthesized from a phosphate-rich

ferric hydroxide phase via a transient and short-lived ferrihydrite (Fe,O3 - nH,O) phase (34).

Four proteins were identified to be required for the initiation of crystallization (Fig. 1-2).
Loss of MamE, a DegP/HtrA serine protease with putative heme-binding domains, resulted in
empty vesicles and mislocalization of a number of magnetosome proteins such as MamJ,
Maml and MamC (35, 36). Therefore, it was proposed that MamE is essential to the
localization of a number of proteins to the magnetosome. MamM is required not only for the
initiation of magnetite nucleation, but also for maintaining the stability of MamB, since in
MSR-1 the deletion of mamM resulted in the formation of empty magnetosome vesicles and
loss of MamB protein (19). Although MamO and MamN are also essential to the initiation of

biomineralization (11), the mechanism of their role remains unclear.

In addition, a number of players are required for the crystal maturation. A magnetosome
membrane protein MmsF in M. magneticum was found to be sufficient to restore magnetite
synthesis in the absence of other candidates with respect to particle morphology and size (37).
Therefore, MmsF was proposed to be a major constituent in controlling magnetite crystal size
and morphology (37). MamX, MamZ, and MamH were shown to functionally interact to
control redox state of iron within the magnetosome compartments (38). In MSR-1 deletion of
any of these genes led to similar defects in magnetite biomineralization, such as WT-like
magnetite crystals flanked by poorly crystalline flake-like particles (38). Similarly, an FtsZ-
like protein FtsZm also plays a role in poising the redox conditions for magnetite biosynthesis
and deletion of ftsZm resulted in the generation of irregular crystals in the absence of nitrate
(39). A recent crystal structure of MamP from magnetotactic ovoidal bacterium MO-1 strain
provided first insight in the mechanism of a new class of cytochromes, which share a unique
configuration of two close CXXCH heme-binding domains, termed the magnetochrome
domain (40, 41). It was suggested that MamP functions as a dimer to bind and further oxidize
the iron for magnetite synthesis (40). MamR, MamS, MamT, Mms6, and MamGFDC

proteins also exhibit so-far uncharacterized functions to regulate magnetite size and
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morphology (11, 42, 43). To maximize their magnetic response, MSR-1 cells position their
magnetosomes as one or more chains along the long axis of the cell through the interaction of
the actin-like protein MamK and MamJ (18, 44).

1.2.4 Redox control required for magnetite biomineralization

The biosynthesis of mixed-valence iron oxide magnetite [Fell(Felll);04] was proposed to
occur by coprecipitation of ferrous and ferric iron in supersaturating concentrations, which
requires a balanced ratio of ferrous and ferric iron (30, 32, 45). Nitrite and oxygen have been
shown to be potent oxidants for ferrous iron and used for the preparation of inorganic
magnetite films, ferrite plating (46). Faivre et al. also found that the formation of abiotic
magnetite required a rather high pH and high concentration of iron (30). In addition, the
redox state required for magnetite synthesis is also possible to be affected by proteins via
biological process. For example, as mentioned above, in MSR-1 several proteins such as
MamX, MamZ, MamH, and FtsZm have been found to play a role in maintaining the redox
balance of Fe?*/Fe®* for magnetite biomineralization (38, 39). Maximum biomineralization of
magnetite in MSR-1 occurred in low oxygen tensions and the presence of nitrate, while
aerobic conditions completely inhibited magnetosome formation (47, 48). Therefore, the
redox state required for magnetite biosynthesis is also likely regulated by denitrification and
aerobic respiration, during which nitrate and oxygen are used as respective electron acceptors.
Thus, besides the highly specific proteins encoded within the genomic magnetosome island,
genes used for common metabolic functions such as respiration might be also involved in

controlling the redox potential for magnetite synthesis.

1.3 Respiratory pathways in magnetospirilla

1.3.1 Aerobic respiration

Although MSR-1 is a microaerophile and magnetosome formation was only induced when
the oxygen concentration was below threshold value of 2,000 Pa (47), oxygen is a preferred
electron acceptor for respiration and energy generation. It was initially proposed that oxygen
is required for Fe3O4 biosynthesis (49). However, later isotope experiment demonstrated that

the oxygen molecules bound in biologically synthesized Fe;O,4 are derived from water but not
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0O, (50). To understand the role of oxygen in magnetite biomineralization, aerobic respiration
was studied in M. magnetotacticum. By spectral analyses, six types of cytochrome were
identified including a-, a;-, b-, c-, cd;-, and o-type hemes (51). Among them, more than 85%
of the total cytochromes were of the c-type, which were mainly soluble. However, the a- and
b-type cytochromes were mostly detected in cell membranes. Since a; hemes (usually part of
the ‘low aeration’ cytochrome oxidase) and 0 hemes (usually part of the ‘high aeration’
cytochrome oxidase) were simultaneously observed in M. magnetotacticum, O'Brien et al.
suggested that the oxygen respiration chain is branched (51). Subsequently, a new
‘cytochrome a;-like’ hemoprotein was found to display poor cytochrome ¢ oxidase activity
and be present in higher amounts in magnetic cells of M. magnetotacticum compared to
nonmagnetic cells, indicating that this protein might be involved in magnetosome formation
(52). In 1994, Tamegai and Fukumori reported a novel chb-type cytochrome c oxidase, which
displayed cytochrome ¢ oxidase activity and thus was assumed to function as the terminal
oxidase for microaerobic respiration (53). However, no genetic evidence has been available
to elucidate which proteins function for aerobic respiration, and whether aerobic
respiration is implicated in magnetite biomineralization by maintaining the redox balance

of ferrous and ferric iron.

In bacteria the electron transport chain for O, reduction contains several terminal oxidases.
Based on the substrates used as electron donors, they are grouped into two main types:
cytochrome ¢ oxidases and quinol oxidases (Fig. 1-3). Cytochrome ¢ oxidases are proteins
receiving electrons from cytochrome ¢ and transferring them to the reactions coupled to H to
produce H,O (54). All of them are members of heme-copper oxidases (HCOs). Based on the
evolutionary relationships, the HCO enzymes are categorized into three different types: (i)
type A oxidases, classified as cytochrome oxidases aas, which are homologous to the
mitochondrial oxidases (55), (ii) type B oxidases, grouped as quinol oxidases bos, in which
the catalytic subunit and two other subunits are analogous to the subunits of aas-type
cytochrome c¢ oxidases (56), and (iii) type C oxidases, the cytochrome oxidases cbbs.
Although the terminal oxidases aas and bogz receive electrons from different donors, their
proton pumps probably operate in a similar manner (57). However, cbbs oxidases are quite
distinct from other HCO enzymes in terms of its strategy for accepting electrons, the heme

prosthetic group present in the active site, and its affinity for oxygen (58).
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Quinol oxidases provide an alternative route of electron transfer from quinols to oxygen other
than via a bc; complex, which is to accept electrons directly from quinol and further use them
for oxygen reduction (Fig. 1-3). Quinol oxidases contain various types of cytochrome and can
be grouped into HCOs and cytochrome d-containing oxidases (54). Similar to cbbs-type
oxidases, bd-type quinol oxidases do not share any homology with HCO members. Compared
to HCOs, bd quinol oxidases are less efficient at creating the charge gradient for ATP
synthesis since they do not pump protons (59). However, they have been found to have a
higher affinity for O, than other cytochrome oxidases, and it was therefore proposed that bd

oxidases function for aerobic respiration under low O, conditions (60).

SDH

DI~ (QH )~ oe, |-+ ]— EEI—— .
Flavoprotein |- - m_

Fig. 1-3 Schematic representation of aerobic respiration pathway in bacteria. Q/QH,, quinone/quinol pool in the
membrane; SDH, succinate dehydrogenase; NDH, NADH dehydrogenase; bc,, cytochrome bc; ¢, cytochrome c.
Electron transfer is indicated by arrows. This figure is adapted from (54).

1.3.2 Denitrification and magnetite biomineralization

MSR-1 and related magnetospirilla were considered denitrifying bacteria with nitrate as an
alternative terminal electron acceptor but not with Fe(lll), sulfate, or fumarate as terminal
electron acceptors (4, 61, 62). In agreement with this, genomic analysis predicted a complete
denitrification pathway in magnetospirilla, which includes genes functioning for nitrate,
nitrite, nitric oxide, and nitrous oxide reduction (62). However, before this thesis no evidence
was available to prove that MSR-1 is able to grow anaerobically with nitrate as the only

electron acceptor in the absence of oxygen.

Bacterial denitrification is a respiratory process in which nitrate is reduced stepwise to N,
(NO3—>NO; —->NO—N,0—Ny) (63). Two types of dissimilatory nitrate reductase catalyze
the reduction of nitrate to nitrite, referred to as Nar and Nap, which differ in their localization:
Nar is a membrane-bound complex while Nap is localized in the periplasm (64).
Environmental surveys of the occurrence of these nar- and nap-type genes proved a nearly

equal representation of both groups in nature (65). Besides as nitrate reductase, Nap was also
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proposed to play a role in redox homeostasis of the cell adapting to the change from aerobic
to anaerobic growth or for the aerobic denitrification (64, 66-69). The subsequent reduction
of nitrite to NO can be catalyzed by two isofunctional periplasmic proteins, which are
evolutionary unrelated: a homotrimeric copper-containing nitrite reductase, NirK, and a
homodimeric cytochrome cd; nitrite reductase, NirS (70). So far, NirS is the only protein
known to contain the heme d; as an essential cofactor, which is assumed to be the catalytic
site for nitrite reduction (71). The biogenesis of heme d; is thought to be mediated by a set of
proteins encoded within the nir operon (72-74). The reduction of NO to N,O is carried out by
NO reductase (Nor) members of the heme-copper oxidoreductase (HCO) superfamily (56),
which also includes oxygen terminal oxidases. However, different from other HCO members,
Nor does not exhibit any proton translocation activity and its highly conserved catalytic
center contains an iron ion instead of a copper ion (75, 76). Nos, the last enzyme required for
complete denitrification, is a periplasmic multicopper enzyme. Apart from denitrifyers, other
nondenitrifying microorganisms are also capable of using N,O as electron acceptor and
reduce it to N, via atypical NosZ proteins that possess distinctive regulatory and functional
components. These atypical NosZ proteins are shown to be abundant and thus might function
as potential contributors to N,O reduction in sediments and soils, as well as in other habitats

where N,O sources are present (77).

A potential relationship between denitrification and magnetite biomineralization was first
realized in M. magnetotacticum based on an observation that more cells contained
magnetosomes with nitrate than without nitrate in the media (61). In addition, it was also
found that M. magnetotacticum is capable of microaerobic dissimilatory nitrate reduction and
produces N,O or N as the final products (61). Later, M. magneticum was shown to grow by
denitrification pathway in the absence of oxygen and nitrate is used to support magnetosome
formation (6, 10, 78). In an attempt to understand the link between denitrification and
magnetite biomineralization, the enzymology of denitrification has been studied in some
detail in M. magnetotacticum. A soluble periplasmic nitrate reductase Nap purified from M.
magnetotacticum contained two subunits of 17 and 86 kDa (79). Deprivation of molybdenum
from cells abolished nitrate reductase activity, whereas the magnetosome fraction still had
half iron content in the same fraction compared to in the presence of molybdenum. Therefore,
Taoka and colleagues hypothesized that nitrate reduction is not required for Fe3O,4 synthesis
(79). In addition to catalyzing the reduction of nitrite to NO, the protein NirS purified from M.

magnetotacticum accelerated the oxidization of ferrous iron in the presence of nitrite under
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anaerobic conditions. This indicated that NirS of magnetotactic bacteria possesses a novel
Fe(I):nitrite oxidoreductase activity that may participate in magnetosomal Fe;O,4 synthesis in
vivo (80). Wang et al. 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 (81). However, except for this single study, so far no genetic evidence
has been provided for a complete pathway of nitrate reduction in magnetotactic bacteria.
The speculated functions of denitrification enzymes in vivo and the exact interrelation

between denitrification and magnetite biomineralization have largely remained unknown.

1.4 Regulation of respiration from aerobic to anaerobic conditions

As mentioned above, the biosynthesis of magnetite crystals only occurred under suboxic
conditions, while aerobic conditions completely inhibited the formation of magnetite (47, 48).
However, the expression of proteins encoded in the genomic magnetosome island is not
likely affected by the concentrations of oxygen, which was concluded based on the following
observations: (i) magnetosome genes were transcribed under different oxygen conditions (82),
(i) all tested magnetosome-associated proteins, including MamK, MamA, MamC, MamB,
and MamM were still present within the cell under high O, conditions, and the amount of
these proteins quantified by immunodetection, was indistinguishable at different oxygen
concentrations (Y. Li, unpublished data), and (iii) aerobically grown nonmagnetic MSR-1
which did not synthesize any electron-dense particles, but still formed empty vesicles within
the cell detected by electron cryotomography (Y. Li and O. Raschdorf, unpublished data).
Therefore, the question arose as to whether the aerobic repression for magnetite
biomineralization is controlled by biological regulation. In addition, it is also possible that
this aerobic repressed process is directly caused by abiogenic chemical oxidation of iron ions
within the cells.

In many bacteria, changes in oxygen tension serve as an important environmental signal to
trigger adaptive changes between anaerobic and aerobic respiration. This has been well
studied in Escherichia coli where oxygen deprivation induces the synthesis of a number of
enzymes, particularly those carrying out anaerobic respiration (83-87). The alteration of gene
expression between aerobic and anaerobic conditions to facilitate such changes in energy
metabolism is achieved by a global regulator Fnr (fumarate and nitrate reductase regulation).

10
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Fnr proteins belong to a superfamily of transcriptional regulators which show sequence
homology with the cyclic-AMP receptor class of proteins (88). Like all members of this
family, Fnr protein comprises an N-terminal sensory domain and a C-terminal DNA-binding
domain, which is involved in site-specific DNA recognition (84). In E. coli, the sensor
domain contains five cysteines and four of them (Cys-20, 23, 29, and 122) are essential to
bind either a [4Fe-4S]** or a [2Fe-2S]** cluster that functions in the O,-sensing mechanism
(89-91). Under anaerobic conditions, Fnr protein is a homodimer harboring one [4Fe-4S]**
cluster per monomer as a direct sensor of oxygen. Exposure of the [4Fe-4S]** cluster to
oxygen results in the conversion of the oxidized cluster to a [2Fe-2S]*" form, which in turn
triggers conformational changes and further induces monomerization to prevent DNA
binding (92-98).

1.5 Aims of this work

Although previous observations have implicated oxygen regulation and respiration in redox
control of magnetite biomineralization, no genetic evidence was available to elucidate the
relationship between respiration and magnetosome formation. Since no oxygen regulators
have been identified in metabolically versatile magnetotactic bacteria, it was unclear how
growth metabolism and magnetite biomineralization are regulated in response to different
oxygen concentrations, and that this aerobic repression of magnetite synthesis is caused by
biological regulation process, or alternatively, by directly abiogenic perturbation of the redox
balance of iron ions required for magnetite synthesis (Fig. 1-4).

11
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Fig. 1-4 Aims of this work. The interrelation between respiration (denitrification (1) and aerobic respiration (2))
and magnetite biomineralization, as well as regulation (3) for magnetite biomineralization which occurs only
under microaerobic and anaerobic conditions is still largely unknown in magnetotactic bacteria.

To explore the role of denitrification in magnetite synthesis, in the Chapter 2 and Chapter 3
of this thesis, genes encoding enzymes for denitrification were identified and analyzed with
respect to their functions on growth and magnetosome formation in MSR-1. In the Chapter 2,
we specifically set out to investigate functions of the periplasmic nitrate reductase Nap on
magnetite biomineralization by comparing the roles of downstream denitrification enzymes

Nor and Nos.

Earlier work suggested that the reduction of nitrite to NO might be linked to magnetite
biomineralization in magnetospirilla (80). However, due to the lack of genetic evidence, the
exact role of NirS in magnetosome formation has remained unknown. Therefore, in the
Chapter 3, functional analyses of NirS in nitrite reduction and magnetite biosynthesis were

performed.

Magnetite biomineralization was shown to be induced by low oxygen tensions but inhibited
by O,-rich conditions. In other bacteria, the anaerobic regulator Fnr has been shown to be a
global oxygen sensor, which is capable of controlling the switch between microaerobic and
aerobic metabolism. Therefore, in the Chapter 4 we attempted to investigate whether the
putative oxygen sensor Fnr protein encoded in the genome assembly of MSR-1, is capable of
sensing oxygen and further functions on the regulation of growth and magnetite

biomineralization in response to different oxygen conditions.

12
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Although O; is suggested to act as a major factor controlling the redox state for magnetosome

formation, its role in metabolism and magnetite biomineralization has not been well studied

in magnetotactic bacteria. In the Chapter 5, comprehensive genetic and biochemical analyses

were performed to reveal the relationship between oxygen respiration and magnetite

biosynthesis.
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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

Received 23 May 2012 Accepted 18 June 2012

Published ahead of print 22 June 2012

Address correspondence to Dirk Schuler, dirk.schueler@imu.de.
Supplemental material for this article may be found at http://jb.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JB.00903-12

jb.asm.org 4847


http://jb.asm.org/
http://dx.doi.org/10.1128/JB.00903-12
http://jb.asm.org
http://jb.asm.org/
LiY
Rectangle


Li et al.

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, ie., 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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pyruvate and acetate. Scale bars, 500 nm. (F) Close-up views of the magnetosome crystals shown in panel E. Scale bars, 100 nm.
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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

jb.asm.org 4853


http://jb.asm.org
http://jb.asm.org/
LiY
Rectangle


Li et al.

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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SUPPLEMENTAL MATERIALS

Table S1 Bacterial strains used in this work

Strain

Important feature (s)

Source or reference

E. coli strain DH5a

E. coli
BwW?29427

MSR-1 WT
AnirSAnorCB

napA::kanR
Anap-up
Anap-up-down
Anap

AnorCB
AnosZ

strain

F’> ®80dlacZAM15A(lacZYA-
argF)U169 deoR recAl endAl
hsdR17 (rg-, mg+) phoA supE44 A-
thi-1 gyrA96 relAl

dap auxotroph derivative of E. coli
strain B2155

Wild type R3/S1, but Rif", Sm'
R3/S1 AnirSAnorCB

R3/S1 nap::pLYJ27

R3/S1 nap::pLYJ85

R3/S1 nap::pLYJ85::pLYJ92
R3/S1 Anap

R3/S1 AnorCB

R3/S1 AnosZ

Invitrogen

K. Datsenko and B.
L. Wanner,
unpublished

(1)

Y. Liand D.
Schuler,
unpublished data

This study
This study
This study
This study
This study
This study
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Table S2 Plasmids used in this work

Plasmid

Important feature(s)

Source or reference

pJTEL.2/blunt

pCM184

pBBR1MCS-2
pK19mobGillI

pALO1

PAL02/2

pCM157
pLYJ27
pLYJ31
pLYJ32
pLYJ34
pLYJ35
pLYJ71
pLYJ75
pLYJ76
pLYJ78
pLYJ79
pLYJ80
pLYJ85
pLYJ92
pLYJ97
pLYJ94
pLYJ98
pLYJ99
pLYJ100

Amp', eco47IR (lethal restriction enzyme gene), rep
(pMB-1)

Broad-host-range allelic exchange vector, Amp', Km',
Tc

Km', mobilizable broad-host-range vector

Km', pK19mobGlI vector (Km', pMB-1 replicon, gusA,
lacZ) containing a 2 kb fragment upstream of mgr4019
Gm', pT18mob2 vector containing a 2 kb fragment
downstream of mgr4019

Tc", Cre recombinase expression vector

pCM184 plus napA 2-kb internal region
pCM184 plus norCB 2-kb upstream region
pCM184 plus nosZ 2-kb downstream region
pLYJ31 plus norCB 2-kb downstream region
pLYJ32 plus nosZ 2-kb upstream region
pBBR1MCS-2 plus napl with its own promoter
pBBR1MCS-2 plus norCB with its own promoter
pBBR1MCS-2 plus nosZ with its own promoter
pJET1.2/blunt plus nap2

pLYJ71 plus nap2 from pLYJ78

PLYJ78 plus nap3

pALO1 plus nap 2-kb upstream region

pALO02/2 plus nap 2-kb downstream region
pBBR1MCS-2 plus gusA from pK19mobGllI

pLYJ97 plus nirS promoter region
pLYJ97 plus nap promoter region
pLYJ97 plus norCB promoter region
pLYJ97 plus nosZ promoter region

Fermentas

)

@)

(4)

®)

®)

)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Table S3 Effect of different electron acceptors and oxygen on growth and magnetic
response

Culture Nitrogen Growth Magnetic response
condition source (AODsg5 nm?) (Cmag)
4 mM NO3’ 0.18 +0.02 1.8+0.2
_ 1 mM NOy 0.01 +£0.00 1.7+£0.0
Anaerobic
10 mM N,O 0.01 +0.000 1.7+£0.0
4 mM NH," 0 ND"
_ _ 4 mM NO3’ 0.23+0.01 2.1+0.2
Microaerobic -
4 mM NH4 0.17 £ 0.06 20+0.2
. 4 mM NOj3 1.21+0.04 0
Aerobic -
4 mM NH4 1.25+0.07 0

& Values represent means and standard deviations were obtained with triplicate cultures and repeated three times.
b Cmag value was not tested.
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Sacl

Apal Smal Ndel
pa napl ma nap2 i nap3

pJET1.2/blunt

Blunt end
2974 bp

pBBRIMCS-2

nap2

pLYI78
4204 bp

Apal pLYJ71
7546 bp Smal/Xbal

Smal

pLYJ80
11211 bp

Sacy

& 32
s &

Fig. S1 Scheme for the construction of the large complementation plasmid pLYJ80 (about 11 kb) for Anap.
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Fig. S2 Nitrate utilization in WT with an initial nitrate concentration of 4 mM (nitrate medium).
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Fig. S3 (A) Growth (ODsgs nm) and magnetic response (Cmag) of Anap+pLYJ80 and AnorCB+pLYJ75 under
anaerobic conditions. Anap+pLYJ80 and AnorCB+pLYJ75 represented mutant cells harboring their respective
WT alleles. (B) Gas production assay in WT, AnosZ and AnosZ+pLYJ76 in semisolid agar. AnosZ+pLYJ76
represented nosZ mutant cell harboring a WT nosZ allele. Cells grew as bands (white arrows), and bubbles
(black arrows) were detected in WT and complemented nosZ strain cultures but not in AnosZ mutant.
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Fig. S4 Schematic representation of steps employed for the interruption of napA (napA::kanR) in MSR-1. The
insertion mutant showed WT-like growth and Cmag values. Under microaerobic and anaerobic conditions, it
still consumed nitrate like the WT (data not shown).
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Cytochrome cd; nitrite reductase NirS is involved in anaerobic magnetite
biomineralization in Magnetospirillum gryphiswaldense and requires NirN

for proper d; heme assembly
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Cytochrome cd, Nitrite Reductase NirS Is Involved in Anaerobic
Magnetite Biomineralization in Magnetospirillum gryphiswaldense and
Requires NirN for Proper d; Heme Assembly

Yingjie Li,? Shilpa Bali,® Sarah Borg,® Emanuel Katzmann,? Stuart J. Ferguson,® Dirk Schiiler®

Ludwig-Maximilians-Universitat Munchen, Department Biologie I, Mikrobiologie, Planegg-Martinsried, Germany?; Department of Biochemistry, University of Oxford,

Oxford, United Kingdom®

The alphaproteobacterium Magnetospirillum gryphiswaldense synthesizes magnetosomes, which are membrane-enveloped crys-
tals of magnetite. Here we show that nitrite reduction is involved in redox control during anaerobic biomineralization of the
mixed-valence iron oxide magnetite. The cytochrome cd,-type nitrite reductase NirS shares conspicuous sequence similarity
with NirN, which is also encoded within a larger nir cluster. Deletion of any one of these two nir genes resulted in impaired
growth and smaller, fewer, and aberrantly shaped magnetite crystals during nitrate reduction. However, whereas nitrite reduc-
tion was completely abolished in the AnirS mutant, attenuated but significant nitrite reduction occurred in the AnirN mutant,
indicating that only NirS§ is a nitrite reductase in M. gryphiswaldense. However, the AnirN mutant produced a different form of
periplasmic d, heme that was not noncovalently bound to Nir§, indicating that NirN is required for full reductase activity by
maintaining a proper form of d, heme for holo-cytochrome cd, assembly. In conclusion, we assign for the first time a physiologi-
cal function to NirN and demonstrate that effective nitrite reduction is required for biomineralization of wild-type crystals,
probably by contributing to oxidation of ferrous iron under oxygen-limited conditions.

agnetosomes are bacterial organelles used by magnetotactic

bacteria (MTB) for orientation in the Earth’s magnetic field
to search for growth-favoring suboxic zones of stratified aquatic
sediments (1). In the freshwater alphaproteobacterium Magneto-
spirillum gryphiswaldense MSR-1 (here referred to as MSR-1) and
related MTB, the magnetosomes are membrane-enveloped crys-
tals of magnetite (Fe;0,) (1). Magnetosome synthesis and assem-
bly is controlled by a number of specific proteins, which are mostly
encoded within a genomic magnetosome island (2—4). It has been
proposed that biomineralization of the mixed-valence iron oxide
magnetite (Fe;0,) takes place within the magnetosomal mem-
brane vesicles by coprecipitation of ferrous and ferric iron, via
supersaturating concentrations, which are favored by a low redox
potential (5-7). Magnetite synthesis occurs only under suboxic
conditions (8, 9), and previous observations indicated that mag-
netosome synthesis might be linked to denitrification (10, 11).
Bacterial denitrification is a respiratory process in which nitrate is
stepwise reduced to nitrogen gas (NO;~ —NO,” —NO — N,O
—N,) (12). Recently, we showed that MSR-1 is capable of anaer-
obic growth by a complete pathway of denitrification, including
gene functions for nitrate (nap), nitrite (nirS), nitric oxide (nor),
and nitrous oxide reduction (nos) (13). Except for nap, which was
upregulated by oxygen, the highest expression of other denitrifi-
cation genes coincided with conditions permitting maximum
magnetite synthesis (low oxygen tensions and the presence of ni-
trate), whereas microaerobic denitrification overlapped with ox-
ygen respiration (13). The deletion of nap genes encoding a
periplasmic nitrate reductase, but not nor or nos, abolished anaer-
obic growth and also delayed aerobic growth in both nitrate and
ammonium medium. Inactivation of nap also severely impaired
magnetite biomineralization and resulted in fewer, smaller, and
irregular crystals during denitrification and also microaerobic res-
piration, demonstrating that the periplasmic nitrate reductase
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Nap is involved in redox control of magnetite biomineralization
(13).

Earlier work suggested that also the second step of denitrifica-
tion, the reduction of nitrite to nitric oxide (NO,”~ —NO), might
be involved in magnetite biomineralization in magnetospirilla.
This was based on the observation that the cytochrome cd,-type
nitrite reductase NirS purified from Magnetospirillum magnetot-
acticum accelerated the oxidization of ferrous iron in the presence
of nitrite under anaerobic conditions in vitro (14), indicating that
this enzyme possesses a novel Fe(II):nitrite oxidoreductase activ-
ity that may participate in magnetosomal Fe;O, synthesis in vivo.
However, due to the lack of genetic evidence, the exact functions
of NirS in denitrifying growth and magnetite biomineralization
have remained unexplored. NirS, the cytochrome cd,-type nitrite
reductase, occurs in many denitrifying bacteria, while in others,
reduction of nitrite to nitric oxide can also be catalyzed by another
type of enzyme, the trimeric copper-containing protein NirK
(12). NirS functions as periplasmic homodimeric hemoprotein, in
which each subunit contains a covalent ¢c-type and a unique non-
covalent d,-type heme. Nir§ is the only protein known to contain
the d, heme as an essential cofactor, which is assumed to be the
catalytic site for nitrite reduction (15). Heme d,; biogenesis is
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thought to be mediated by a set of further proteins encoded within
the nir operon (16-18).

Here, we set out to investigate the role of Nir§ in nitrite reduc-
tion and in magnetite biosynthesis in the magnetic bacterium
MSR-1. The conspicuous high sequence similarity of NirS$ to one
(NirN) of the proteins encoded in the identified nir gene cluster
prompted us to investigate the functions of both of these proteins
in denitrifying growth as well as magnetite biosynthesis. Genetic
and biochemical analyses revealed that only NirS is a nitrite reduc-
tase, but NirN is required for its full activity by either maintaining
a correct form of d, heme for Nir$ or by acting during assembly of
d, heme in holo-cytochrome cd, nitrite reductase; this for the first
time assigns a physiological function to NirN. Moreover, dele-
tions of nirS and nirN also impaired magnetite biomineralization,
and functional NirS participates in redox control, probably by
contributing to oxidation of ferrous iron under oxygen-limited
conditions.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacteria strains and plasmids
used in this work are shown in Tables S1 and S2 in the supplemental
material. Escherichia coli strains were cultured in lysogeny broth (LB)
broth at 37°C. MSR-1 strains were grown at 30°C in nitrate medium if not
specified otherwise (13). Nitrate was replaced with 4 mM ammonium
chloride in the ammonium medium. In low-iron medium (LIM), ferric
citrate was omitted from the nitrate medium (19). When necessary, anti-
biotics were added at the following concentration: for E. coli, tetracycline
(Tc) at 12 pg/ml, kanamycin (Km) at 25 g/ml; for MSR-1, Tc at 5 ug/ml,
Km at 5 pg/ml. Diaminopimelic acid (DAP) at 300 wM was added to the
medium when E. coli strain BW29427 was used as the donor for conjuga-
tion.

Experiments for growth and measurement of the magnetic response
(Cinag> the ratio of scattering intensities at different angles of the magnetic
field relative to the light beam [20]) were carried out under microaerobic
and anaerobic conditions in 250-ml flasks containing 100 ml medium.
For microaerobic conditions, prior to autoclaving, flasks were sealed with
butyl rubber stoppers under a microoxic gas mixture containing 2% O,
and 98% N,. When oxygen was omitted from the gas mixture, anaerobic
conditions were achieved. For aerobic conditions, cells were cultured in
an environment with free gas exchange with air in 300-ml flasks contain-
ing 20 ml medium agitated at 200 rpm. The optical density (OD) and the
magnetic response (C,,,,,) were monitored photometrically at 565 nm as
previously described (21). For the gas production assay, cells were inocu-
lated to a final OD4¢5 of about 0.02 and mixed with nitrate medium with
0.3% agar in oxygen gradient tubes and exposed to air. If not specified,
inocula were prepared aerobically by repeated passaging in fresh nitrate
medium to a final C,,,,, value of 0.

Genetic and molecular biology techniques. Standard molecular and
genetic techniques were performed for DNA isolation, digestion, ligation,
and transformation (22). AIl 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 study are
available if required.

Identification of a nir cluster. Because nir genes were located on two
different contigs of the incomplete genome assembly of MSR-1, a PCR
amplicon, obtained with primers nirB-down-F and nirC-up-R, compris-
ing the missing nirE gene was used to bridge the gap between a 6,541-bp
contig (containing nucleotide sequence from 286116 to 292656) and a
50,562-bp contig (nucleotide sequence from 2411316 to 2461877). The
nirE sequence was submitted to GenBank (see below).

Construction of mutant strains. All PCRs were performed by using
Phusion polymerase (NEB). Enzymes in this work, including restriction
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enzymes and T4 DNA ligase, were purchased from Fermentas. A two-step,
cre-lox-based method was used to generate unmarked deletions of nirS
and nirN, respectively (13). The plasmid used to delete the nirS gene was
constructed in two steps. First, a 2-kb downstream PCR fragment of nirS
was digested with Ndel and Kpnl and cloned into pCM184 to yield
pLYJO06. Second, the 2-kb upstream PCR product of nirS was ligated into
Sacl/Agel-digested pLYJ06 to yield nirS deletion plasmid pLYJ08. For
nirN deletion, the 2-kb upstream PCR product was cloned into pCM 184
between Acc65] and Notl sites, generating pLYJ20. An approximately
2-kb downstream fragment of nirN was then ligated into Mlul/SacI-di-
gested pLYJ20 to obtain pLYJ23. After that, allelic exchange vectors
pLYJ08 and pLY]J23 were transformed into MSR-1 by conjugation. First,
deletion mutants were screened on replica plates with kanamycin and
tetracycline. Then, screening PCR was performed for colonies that did not
grow on tetracycline plates. To generate unmarked deletion mutants,
pLYJ86 was constructed by ligating cre genes from pCM157 into Smal/
Xbal-digested pLYJ36. After that, the nirS promoter region and cre fusion
from pLYJ86 was digested with Acc651 and Xbal and cloned into
pBBRIMCS-3 to generate pLYJ87. The plasmid pLYJ87 was then trans-
formed into each mutant and subsequently cured from each mutant by
several transfers in nitrate medium without any antibiotics. Unmarked
mutants were finally designated AnirS and AnirN mutants, respectively.

Complementation experiments. For genetic complementation of the
AnirS and AnirN mutants, two plasmids based on pBBRIMCS-2 were
generated. For complementation of nirS, pLYJ51 was used, in which the
nirS gene sequence with its own promoter region was ligated into Acc651-
digested pPBBRIMCS-2. Other nirS genes from Magnetospirillum magne-
ticum (amb1395 and amb4165) and Pseudomonas stutzeri (PST _3532)
were also hetero-complemented into the AnirS strain. The nirS promoter
region from MSR-1 was ligated into Acc65I/HindIII-digested
pBBRIMCS-2 to generate pLYJ36. Subsequently, amb1395 and amb4165
were cloned into HindIII/Smal-digested pLY]J36 to obtain pLYJ88 and
pLYJ89, respectively. The PCR fragment of PST_3532 was digested with
HindIII and Xbal and ligated into pLYJ36 to yield pLYJ95. The nirN gene
sequence was digested with Apal and Sacl and cloned into pRU1 to yield
pLYJ74. nirN gene from M. magneticum (amb1408) was ligated into Apal/
Sacl-digested pRU1 to obtain pLYJ113. nirN from P. stutzeri (PST_3538)
was cloned into pLYJ36 between HindIII and Xbal sites, yielding pLYJ124.

Chemical analysis. For nitrate and nitrite analyses, MSR-1 cells were
grown under anaerobic conditions at 20°C, at which nitrate and nitrite
was reduced more slowly. The nitrate concentration was measured using
Szechrome reagents (Polysciences, Inc.). Diluted 20-fold samples of cul-
tures were prepared, and Szechrome reagents were subsequently added.
The absorbance was recorded at 570 nm after 0.5 hour. When nitrate was
no longer detectable, samples without dilution were used to confirm the
absence of nitrate. A nitrate standard curve (0 to 350 wM) was generated
to convert absorbance values to concentrations.

Nitrite was detected by using the modified Griess reagent (Sigma).
Samples of 100 .l of cultures diluted 20-fold were reacted with an equal
amount of modified Griess reagent, and after 15 min the absorbance at
540 nm was recorded. When no nitrite was found, cultures without dilu-
tion were used to confirm the absence of nitrite. A nitrite standard curve
(0 to 70 wM) was obtained to calculate the final nitrite concentration.

Preparation of the periplasmic fraction and purification of cyto-
chrome cd,. For the preparation of the periplasmic fraction and Nir$S
purification, large quantities (100 liters for each strain) of anaerobic cul-
tivated cells were obtained at 20°C in a fermentor (Sartorius, Gottingen,
Germany), in which 1 g/liter peptone was added while HEPES and a trace
element mixture were omitted from the nitrate medium. The pH of the
culture was maintained by the addition of either H,SO, (1 M) or NaOH (1
M) via peristaltic pumps. After harvesting at 4°C, 3-g (wet weight) cell
pellets were resuspended in 15 ml of SET buffer (0.5 M sucrose, 200 mM
Tris-HCI [pH 7.5], 1 mM EDTA). Culture with lysozyme (15 mg/liter)
was added, immediately followed by 15 ml of ice-cold water to administer
amild osmotic shock. This mixture was incubated at 37°C for 30 min and
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then centrifuged at 9,000 X g for 15 min. The supernatant was retained as
the periplasmic fraction. Purification of cytochrome cd, was carried out as
described in reference 14 with slight modifications. Briefly, purification
was done at room temperature, and the periplasmic extracts were diluted
4 times before loading onto a DEAE-Sepharose column equilibrated with
50 mM Tris-HCI (pH 8.0). NirS in the flowthrough was dialyzed against
10 mM sodium phosphate (pH 6.5) for 12 h, and the desalted solution was
further applied to a carboxymethyl (CM)-Toyopear] column. NirS was
eluted with a linear gradient of 0 to 0.5 M NaCl. For the cytochrome cd,
(NirS) fraction, solid ammonium sulfate was added to 40% saturation.
After slow stirring for 1 h at 4°C, the solution was centrifuged at 10,000 X
g for 20 min. Solid ammonium sulfate was further added to the superna-
tant up to 80% saturation. The suspension was again stirred for 1 h at 4°C
and centrifuged at 8,000 X g for 20 min. The supernatant was applied to a
CM-32 column equilibrated with 10 mM sodium phosphate, pH 6.5,
containing 80% saturated ammonium sulfate solution. The cytochrome
cd,, adsorbed on the column, was washed with the same buffer used for
equilibration. The enzyme was subsequently eluted with 10 mM sodium
phosphate, pH 6.5, containing 0.2 M NaCl, and buffer was exchanged into
50 mM Tris-HCI, pH 7.5.

Heme staining. Activity staining of SDS-polyacrylamide gels for the
covalently bound heme was conducted using the method described in
reference 23. Briefly, the gel was soaked in 70 ml of 0.5 M sodium acetate
(pH 5.0) for 20 min, followed by addition of 30 ml methanol containing 3
mg of N,N,N',N’-tetramethylbenzidine (TMBZ). After shaking the gel for
5 min, 100 pl of H,O, was added to develop the bands for detection of
hemoproteins.

Absorbance spectra detection. UV-visible spectra were acquired on a
PerkinElmer 3 UV-visible scanning spectrophotometer at room temper-
ature, using fused quartz cuvettes with a 1-cm path length (Merck) and
samples that were in 50 mM Tris-HCI buffer at pH 7.5. Pyridine hemo-
chrome spectra were obtained according to the method of Bartsch (24)
using 5 wM protein in 19% (vol/vol) pyridine and 0.15 M NaOH.

Analysis of transcriptional gusA fusions. To generate the transcrip-
tional nirTBECFDLGHJN-gusA fusion plasmids, the nirTBECFDLGHJN
promoter region was cloned into Acc651/HindIII-digested pLY]97, desig-
nated pLYJ104. To investigate the expression of nirS under different con-
ditions, pLYJ94 containing the nirS promoter fused with gusA was used.
Then pLYJ104 and pLYJ94 were introduced into MSR-1 wild-type (WT)
and AnirS strains, respectively, by conjugation. B-Glucuronidase activity
was determined at 37°C as described before (13). Units were recorded as
nanomoles of product formed per minute. Triplicate assays were con-
ducted, and the values reported are averages from at least two indepen-
dent experiments.

Growth experiments with different iron sources. To determine ef-
fects of different iron sources on MSR-1 WT and Anir$ strains, exponen-
tial-phase iron-deprived nonmagnetic precultures (200 ml) of MSR-1 WT
and AnirS strains were obtained by culturing cells in LIM under mi-
croaerobic conditions. Concentrated cells were washed twice by using
nitrate-free LIM and subsequently suspended in LIM in the presence
(LIM) or absence (nitrate-free LIM) of nitrate to a final OD4¢5 0f 0.1. Prior
to inoculation, either an anoxic ferrous chloride or ferric chloride stock
was added to a final concentration of 100 uM for the anaerobic growth
medium. Reduced iron was maintained by adding 0.2 mM sodium ascor-
bate. A preliminary experiment has shown that 0.2 mM sodium ascorbate
alone has no effect on growth and magnetite biomineralization (data not
shown). As revealed by the ferrozine assay, all iron in the medium was in
the ferrous form in the presence of ascorbate, whereas in the absence of the
reductant all added iron remained in the ferric form. Then, iron-deprived
nonmagnetic cells were inoculated to a final OD4 of 0.1. After a 6-hour
iron induction, the Cinag Was measured, and extracellular iron concentra-
tions were quantified at 562 nm in a ferrozine assay (25). For the analysis
of Fe(II), 100 pl of sample was added into 900 .l 1 M HCl in an anaerobic
chamber and determined directly by a ferrozine assay. Total iron [Fe(II)
and Fe(IIT)] was measured by reducing 100 .l of sample with hydroxyl-
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amine hydrochloride before addition of the ferrozine reagent. The
amount of Fe(III) was calculated by subtracting the amount of Fe(II) from
the total Fe.

Construction of the NirS-mCherry fusion protein and fluorescence
microscopy. For construction of the NirS-mCherry fusion protein, first
the nirS sequence without the putative promoter region or candidate sig-
nal peptides was amplified using a forward primer, that included a 12-
amino-acid linker sequence at the 5" end, and cloned between Smal and
Xbal sites of pBBRIMCS-2 to give plasmid pLYJ52. Subsequently, the
putative nirS promoter region together with the candidate signal peptide
was cloned into Acc651/HindIII-digested pLYJ52 to obtain pLYJ59. To
generate an N-terminal mcherry fusion, mcherry was amplified from
pFM208 and inserted into HindIIl/Smal-digested pLYJ59 to generate
plasmid pLYJ64. Then, MSR-1 WT and AnirS strains containing plasmid
pLYJ64 were cultured in Hungate tubes under microaerobic conditions
for 16 h and immobilized on agarose pads (flask standard medium salts in
water, supplemented with 1% agarose) as described previously (26).

The localization of mCherry-tagged proteins was then determined
using an Olympus IX81 fluorescence microscope equipped with a
Hamamatsu Orca-ER camera. The excitation wavelength for mCherry
was 587 nm and emission was recorded at 610 nm.

Transmission electron microscopy (TEM) and crystal analysis. If
not specified, MSR-1 WT and mutants were grown at 25°C under anaer-
obic conditions for 24 h, concentrated, and adsorbed onto carbon-coated
copper grids. Samples were viewed and recorded with a TECNAI F20
microscope (FEL Eindhoven, Netherlands) at 200 kV or a Morgagni 268
microscope (FEI, Eindhoven, Netherlands) at 80 kV as previously de-
scribed (27). For magnetosome analysis, more than 300 crystals and 100
cells were detected for each strain.

Bioinformatic analysis. Using respective protein sequences from
Pseudomonas aeruginosa as a query in a BLASTP analysis, nirS and nirN
genes were identified by BLASTP (http://blast.ncbi.nlm.nih.gov/Blast
.cgi) homology searching in the genomes of MSR-1 (GenBank acces-
sion number CU459003.1), M. magneticum strain (GenBank accession
number AP007255.1), M. magnetotacticum (NCBI reference sequence
NZ_AAAP00000000.1), and Magnetococcus marinus (GenBank acces-
sion number CP000471.1), with an expectation value (E) of <le—06
and amino acid similarity of >50%. ClustalW was used for sequence
alignment. Signal sequences and peptides were predicted by using Sig-
nalP (http://www.cbs.dtu.dk/services/SignalP/) (28).

Nucleotide sequence accession number. The nirE sequence has been
submitted to the GenBank database under accession number JN634764.

RESULTS

Identification of a nir cluster in MSR-1. Several nir genes were
identified on two different contigs of the incomplete genome as-
sembly of MSR-1. After gap closure by PCR, we found that nirS,
encoding the nitrite reductase (cytochrome cd, ), along with all
other nir genes (nirTBECFDLGHJN), is localized within a single
cluster (Fig. 1A), which with some notable differences is mostly
conserved in other magnetospirilla (see Fig. S1 and Table S3 in the
supplemental material). nirEFDLGH] are known to be necessary
for d, heme synthesis (16-18), whereas a multiheme c-type cyto-
chrome encoded by nirT is necessary for nitrite reduction as an
endogenous electron donor in P. stutzeri (29), and nirC encodes a
c-type cytochrome which in P. aeruginosa is suggested to be an
electron donor for the nitrite reductase NirS (30). These genes are
followed downstream by nirN, which encodes a c-type cyto-
chrome in Paracoccus pantotrophus, although its function in vivo is
not clear (31).

Deletions of nirS and nirN impair denitrification growth and
magnetite synthesis. Interestingly, NirN showed conspicuous se-
quence similarity to NirS (43% similarity, 26% identity) (see Fig.
S1C in the supplemental material), which prompted us to discern
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FIG 1 (A) Molecular organization of identified nir genes in MSR-1. Arrows indicate the PCR primers nirB-down-F and nirC-up-R, which were used for gap
closure between nirB and nirC (see Materials and Methods). Dashed lines indicate the extent of deletions in AnirS and AnirN mutants. (B and C) Growth (based

on the ODs5) and magnetic response (C,;,,q

) of MSR-1 WT, AnirS, and AnirN cells under different conditions at 30°C. (B) Microaerobic, nitrate medium; (C)

anaerobic, nitrate medium. Results from representative experiments were measured in triplicate, and values are given as means and standard deviations.

their individual roles in growth, magnetosome formation, and
nitrite reduction by the construction of unmarked deletion mu-
tants of both genes. The AnirS mutant displayed no difference
from the WT in growth and C,,,, under aerobic conditions in
either nitrate or ammonium medium (see Fig. S2A and B). Under
microaerobic conditions in ammonium medium (in the absence
of nitrate), the WT and AnirS strains also reached comparable
growth yields and C,,,,, values (see Fig. S2C). However, when cells
were grown microaerobically in nitrate medium, both yields and
Cinag values were significantly lower in the AnirS mutant than in
the WT (Fig. 1B). Under anaerobic conditions, the AnirS mutant
still grew poorly for 2 to 3 generations before growth ceased en-
tirely. However, C,,,, values were substantially decreased below
1.0 (Fig. 1C). TEM images revealed severe defects in magnetosome
organization and crystal morphology: the anaerobic AnirS mutant
produced much smaller (27.4 = 0.7 nm, versus 49.9 = 5.0 nm for
WT crystals [means * standard deviations]), fewer (average of 12
crystals per cell versus 35 in the WT), and irregularly shaped crys-
tals, which were arranged in loose chains (Fig. 2A and B).
Deletion of nirN did not affect aerobic growth in the presence
of nitrate or ammonium (see Fig. S2A and B in the supplemental
material), and hardly any difference in growth or magnetite
biomineralization was observed in microaerobic ammonium me-
dium between the WT and AnirN mutant (see Fig. S2C). How-
ever, in microaerobic nitrate medium, loss of nirN resulted in
weaker growth and lower C,,, values, which were only slightly
higher than those in the AnirS mutant (Fig. 1B). The anaerobically
grown AnirN mutant reached higher cell densities than the AnirS
mutant, but the densities were still much lower than for the WT,
and the C,,,, was also much lower than in the WT, but higher than

mag

in the AnirS mutant (Fig. 1C). As shown in Fig. 2A and B, AnirN

4300 jb.asm.org

cells produced much shorter magnetosome chains (average of 7
crystals per cell, versus 35 crystals per cell in WT), whereas crystals
were only slightly smaller (40.4 = 2.0 nm, versus 49.9 = 5.0 nm for
WT). Magnetosome morphology was variable, including regular
crystals in the middle of chains in addition to irregular and loosely
aligned particles at the ends of chains (Fig. 2A and B).
Transcomplementation of AnirS and AnirN mutants with their
respective WT alleles (pLYJ51 and pLYJ74) restored denitrifying
growth (data not shown) and magnetosome formation (Fig. 2C)
back to the WT levels. Altogether, these results indicate that both
NirS and NirN are required for WT-like denitrifying growth and
magnetite biomineralization.

NirS is the only nitrite reductase, while NirN is essential for
fully active nitrite reduction. Since deletion of either nirS or nirN
seemed to impair denitrifying growth and magnetite biomineral-
ization in a similar manner, we wanted to dissect their functions in
nitrite reduction. First, we inoculated WT and mutant strains into
deep slush agar (0.3%) tubes containing nitrate medium, in which
entrapped gas bubbles are indicative for N, evolution. At 30°C,
WT cells produced bubbles after 24 h, while in the AnirS mutant
no bubbles were observed at any length of incubation, indicating a
block of denitrification due to the complete absence of nitrite
reduction (Fig. 3A). In contrast, AnirN cultures generated only a
few bubbles after the first 24 h (data not shown) but as many as the
WT after 40 h (Fig. 3A), which indicated that only NirS, and not
NirN, is a genuine nitrite reductase and is sufficient for nitrite
reduction in the absence of NirN.

In agreement with those results, we found WT cells growing at
30°C consumed 4 mM nitrate within 10 h, during which period
only about 100 wM nitrite was transiently accumulated. However,
both AnirS and AnirN cultures incubated at 30°C accumulated
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FIG 2 Effects of deletions of nirS and nirN on magnetosome formation. (A) TEM images of whole cells of (from top to bottom) WT (anaerobic, nitrate medium),
AnirS mutant (anaerobic, nitrate medium), and AnirN mutant (anaerobic, nitrate medium). Bar, 500 nm. (B) Closeup views of magnetosome crystals shown in
panel A. Bar, 100 nm. (C) TEM images of anaerobically grown AnirS and AnirN cells complemented with plasmids pLYJ51 and pLY]74, respectively, harboring
their WT alleles. Bars, 500 nm. (D) TEM images of anaerobically grown the AnirN strain carrying nirN (from top to bottom) from M. magneticum (amb1408) and

P. stutzeri (PST_3538), respectively. Bar, 500 nm.

approximately 2.0 to 2.5 mM nitrite after the first 16 h in the
medium, while no nitrite was detected in AnirN cultures after 48 h
(data not shown). When grown at 20°C, at which temperature the
WT displayed slower growth but slightly increased magnetite for-
mation, nitrite became entirely consumed by AnirN cultures after
about 7 days, again indicating that nitrite reduction still occurred
in the AnirN mutant although much slower than in the WT. The
roles of NirS and NirN were further assessed by following nitrate
consumption and nitrite accumulation, as well as growth and
magnetite formation, during anaerobic incubation at 20°C. In this
experiment, nonmagnetic, aerobically grown cells were inocu-
lated as described before (13). After a lag of 30 to 33 h, cell densi-
ties increased in WT cultures for around 15 h, after which growth
ceased due to depletion of nitrate, the only added electron accep-
tor (Fig. 4A, panel i). During the entire growth period, C,,,,, values
continuously increased, which coincided with the alignment of
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maturing magnetite crystals in typical chains (Fig. 4A). During the
first 30 to 33 h, WT cultures consumed only a little nitrate, and
then nitrate was rapidly depleted within the following approxi-
mately 30 h. Yet, nitrite accumulation was hardly detectable dur-
ing the entire growth period (Fig. 4A, panel i).

Anir§ cells grew slowly, to a final OD of only 0.08 after about 75
h (Fig. 4B, panel i), after which cells entirely ceased growth but
continued to consume trace amounts of nitrate. Although C,,,,
values increased rapidly during the first 30 to 33 h and slightly
beyond that time period, to a final value of 0.65 to 0.70, AnirS cells
only produced a few irregularly shaped crystals (Fig. 4B, panels ii
to v). During incubation, nitrate was gradually consumed, but
approximately 0.8 to 1.0 mM remained in the culture after 90 h,
while the cell densities did not increase after 75 h (Fig. 4B, panel i);
the implication is that besides acting as an electron acceptor, ni-
trate is also assimilated and thus is a nitrogen source. Meanwhile,
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FIG 3 (A) Gas production in WT, AnirS, AnirS plus pLYJ51, AnirN, and
AnirN plus pLYJ74 cultures in oxygen gradient tubes with 0.3% agar at 30°C.
AnirS with pLYJ51 and AnirN with pLY]74 cells harbored their respective WT
alleles. Except for the AnirN mutant, which was incubated for 40 h, all others
were cultured for 24 h. (B) Detection of heme-containing proteins. Fifty mi-
crograms of periplasmic protein was loaded per lane. Compared to the WT
and AnirN strains, the periplasmic fraction from the AnirS mutant lacked a
characteristic band of cytochrome cd, at around 60 kDa (black arrow).

as cell densities increased slowly, nitrite gradually built up in the
medium to about 2.3 to 2.5 mM after 75 h and then was not
consumed further (Fig. 4B, panel i), which again demonstrated
that NirS but not NirN catalyzes nitrite reduction in the absence of
the other. In AnirS cultures, inorganic nitrogen (0.8 to 1.0 mM
nitrate plus 2.3 to 2.5 mM nitrite) together amounted to about 3.0
to 3.5 mM at the end of growth, once again suggesting that about
0.5 to 1.0 mM nitrate was assimilated by cells from the 4 mM
initially present in the medium.

When the same experiments were carried out with the AnirN
mutant, during first 75 h cell densities slowly increased, as with the
AnirS mutant (Fig. 4C, panel i). Then, growth transiently ceased
for about 40 h, before it resumed (Fig. 4C, panel i). During first 75
h, compared to the WT, AnirN cells produced much shorter mag-
netosome chains with irregular and misaligned particles at chain
ends resembling those shown in Fig. 2A and B (Fig. 4C, panels ii
and iii), whereas during the second growth phase we frequently
observed parallel chain fragments in the AnirN mutant that con-
tained both regular and irregular magnetosome particles (Fig. 4C,
TEM images b in panels iv and v) and which were never present in
the AnirN mutant cultivated at 30°C. Nitrate gradually disap-
peared from the medium after 200 h of incubation (Fig. 4C, panel
i). Coincident with this finding, nitrite transiently accumulated up
to 1.8 to 2.0 mM during the first 100 h but was eventually entirely
consumed as cells resumed growth (Fig. 4C, panel i). These data
demonstrated that NirN per se is neither a nitrite reductase nor
absolutely essential for nitrite reduction, but the absence of NirN
lowers the activity of nitrite reduction and indirectly impairs
growth and magnetite biomineralization under denitrifying con-
ditions, in an unknown fashion.

NirN is required to synthesize the proper form of d, heme.
Previously, NirN of P. pantotrophus was found to be able to bind
d, heme in vitro and subsequently transfer it to the semi-apo cy-
tochrome cd,, which lacks d; heme, suggesting that NirN may play
arole in the assembly or maturation of holo-NirS (31). To clarify
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the function of NirN in MSR-1, we analyzed the form of cyto-
chrome cd, present in WT, AnirS, and AnirN cells by visible ab-
sorption spectroscopy of periplasmic extracts and by reduced al-
kaline pyridine ferrohemochrome analysis on the purified NirS.

NirS from MSR-1 WT displayed absorption maxima charac-
teristic for cheme (409 nm for the oxidized form and 551, 522, and
418 nm for the reduced form) and d, heme (643 nm in the oxi-
dized form and 663 and 620 nm in the reduced form) (Fig. 5A).
However, compared to NirS homologs from nonmagnetic deni-
trifiers (such as P. pantotrophus), MSR-1 cytochrome cd; showed
some different spectral features: the peak at 550 nm (for ¢ heme)
was not split, and NirS protein did not display a prominent
460-nm shoulder in the reduced form (Fig. 5A). However, this
shoulder, as well as absorption peaks at 620 (attributable to d,
heme) and 550 and 522 nm (attributable to ¢ heme), were ob-
served in a reduced alkaline pyridine ferrohemochrome spectrum
of the purified cytochrome cd, of MSR-1 (Fig. 5B). The spectro-
scopic properties of holo-cd, nitrite reductase from MSR-1 were
similar to those reported for the nitrite reductase from the related
M. magnetotacticum (14). In addition, d, heme was also extracted
from cytochrome cd, with acidified acetone protocol (32), with a
final yield of 4.2 uM per gram (wet weight) of WT cells.

In the AnirS mutant, although we observed absorption peaks
for c heme, neither the UV-Vis spectrum nor the reduced alkaline
pyridine ferrohemochrome spectrum of periplasmic fraction
showed an absorption peak for the d, heme (in the region of 600 to
700 nm) (Fig. 5C and D), indicating that expression of functional
NirS, and thus production of NO, is required for d; heme biosyn-
thesis, a conclusion which has been drawn for P. stutzeri and P.
pantotrophus (33, 34). To further test whether genes for d, heme
biogenesis are expressed in the MSR-1 AnirS mutant, we con-
structed a transcriptional gene fusion of nirTBECFDLGHJN with
gusA (nir-gusA), which encoded B-glucuronidase, and transferred
itinto MSR-1 WT and AnirS strains by conjugation of a replicative
plasmid. As shown in Table 1, WT cells containing the nir-gusA
fusion exhibited a higher-than-3-fold level of B-glucuronidase ac-
tivity under microaerobic conditions with nitrate compared to
that without nitrate, whereas an increased oxygen concentration
resulted in decreased B-glucuronidase activity. However, in the
AnirS mutant, the expression of nir was neither upregulated by
nitrate nor downregulated by oxygen; it only reached a similar but
low level of B-glucuronidase activity (about 20 U/mg) under dif-
ferent tested conditions, which suggested that functional NirS
protein is necessary for significant expression of nir genes for d,
heme biogenesis. In addition, periplasmic fractions from the dif-
ferent strains (AnirS, AnirN, and WT strains) were resolved by gel
electrophoresis and stained for heme-containing proteins. As ex-
pected, the WT displayed a characteristic band at around 60 kDa,
which was not found in the AnirS mutant (Fig. 3B), indicating that
NirsS is located in the periplasm with covalently bound heme in
both WT and AnirN strains, but is absent from the AnirS mutant.

In the AnirN mutant, similar to the WT, the reduced periplas-
mic fraction displayed absorption maxima characteristic of c-type
cytochromes (551, 522, and 418 nm), while the oxidized form
showed an absorption peak at 409 nm (Fig. 5E). However, the
UV-Vis spectrum of putative d, heme from the periplasmic frac-
tion was distinct from that in the WT: although the characteristic
peak at 643 nm in the oxidized form for d, heme was present, the
absorption peaks at 620 nm and 663 nm in the reduced form were
missing. Instead, a new 650-nm shoulder was observed, indicating
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FIG 4 Left: Time courses of nitrate and nitrite utilization and magnetite biomineralization during anaerobic denitrifying growth of WT, AnirS, and AnirN strains
at 20°C. The initial nitrate concentration was 4 mM, and the concentrations of nitrate and nitrite were measured over time. (Right) TEM images of WT, Anir§,

and AnirN cells from aliquots taken at different time points are shown. Bars, 100 nm. The results shown come from one data set representative of two independent
experiments.
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TABLE 1 Expression of transcriptional nirTBECFDLGHJN-gusA gene
fusion in WT and AnirS strains under different conditions

B-Glucuronidase activity (U/mg)”

Cultivation conditions WT AnirS mutant
Microaerobic, with nitrate 99.8 = 3.8 245 + 4.5
Microaerobic, without nitrate 26.1 £6.9 242 *59
Aerobic, with nitrate 27.5 %32 21.1 + 4.2
Aerobic, without nitrate 19.1 = 3.4 16.4 = 3.6

@ The values of B-glucuronidase activity were averages of at least replicate cultures.
Means and standard deviations are shown.

that a variant form of d, heme was present in the AnirN mutant
compared to the WT spectra (Fig. 5E). These spectral differences
in WT and AnirN strains are suggestive of a different form of d,
heme. Unexpectedly, the reduced alkaline pyridine ferrohemo-
chrome spectrum of purified cytochrome cd, in the AnirN mutant
lacked the characteristic d, heme peak at 620 nm (Fig. 5F), which
suggested that no d, heme was present in purified Nir§, or that the
different form of d, heme might be more susceptible to dissocia-
tion from the enzyme or degradation under the aerobic conditions
that were used during the purification of NirS. We also failed to
detect any d, heme by acidified acetone extraction on the purified
nitrite reductase protein from the AnirN strain, again implying
that the purified nitrite reductase lacked d, heme. Notably, heme-
stained gels of periplasmic fractions of both the control strain P.
pantotrophus (data not shown), in which NirN is known to local-
ize in the periplasm (31), and AnirN mutants of MSR-1 (Fig. 3B)
were indistinguishable from their WT, probably due to low ex-
pression of NirN.

As shown in Fig. 5G, peaks characteristic for cand d, heme (643
and 409 nm in oxidized form and 663, 620, 551, 522, and 418 nm
in reduced form) were restored in the AnirN mutant comple-
mented with pLYJ74. Likewise, the reduced alkaline pyridine fer-
rohemochrome spectrum of purified cytochrome c¢d, from the
AnirN mutant with pLY]J74 also displayed the WT-like shoulder at
460 nm and absorption peaks at 620, 522, and 550 nm (Fig. 5H). In
agreement with this finding, we also harvested about 0.9 uM d,
heme per gram (wet weight) from the purified cytochrome cd, of
the AnirN complementation strain.

Because the observed phenotypic effects were different from
those reported for nirN deletions in other, nonmagnetic denitri-
fiers, we wondered whether the function of NirN of MSR-1 might
be somehow distinct. This idea was further supported by the pres-
ence of an additional stretch of 20 amino acids located between the
d, heme and ¢ heme binding domains that is shared by all NirN

Nitrite Reduction and Magnetite Biomineralization

TABLE 2 Expression of transcriptional nirS-gusA gene fusion in WT
and AnirS strains under anaerobic and microaerobic conditions with
different nitrogen sources

B-Glucuronidase activity (U/mg)”

Anaerobic cultures Microaerobic cultures

Addition WT AnirS mutant WT AnirS mutant
None” ND* ND 6.4+ 14 10.8 * 1.7
NaNO, (0.5 mM) ND ND 51.1 =3.3 11.9 £ 2.0
NaNO; (1 mM)  49.0 = 4.9 16.1 = 4.1 ND ND

NaNO; (4 mM)
NaNO; (10 mM)
@ Values are averages of at least replicate cultures * standard deviations.

b There was no nitrate or nitrite added to the medium.
¢ ND, not determined; the B-glucuronidase activity was not measured.

104.2 = 14.7 252 * 1.9
147.7 = 25.5 209 £ 5.9

171.7 = 10.3 18.6 * 3.0
187.8 = 10.4 352 =29

homologs from MTB but absent from their non-MTB counter-
parts (see Fig. S3 in the supplemental material). To test this hy-
pothesis, we carried out transcomplementational analysis of the
MSR-1 AnirN strain with nirN genes from M. magneticum and the
nonmagnetic bacterium P. stutzeri. However, nirN genes from
both M. magneticum and P. stutzeri were capable of fully rescuing
both magnetosome formation (Fig. 2D) and nitrite reduction
(data not shown) to a WT-like level without any difference, indi-
cating that NirN homologs from magnetotactic and nonmagne-
totactic bacteria have equivalent functions.

Nirs$ is involved in nitrite-dependent iron oxidation during
anaerobic biomineralization. Because all previous observations
pointed toward a key role of NirS in magnetite biomineralization,
we reasoned that there were two possible explanations for the
observed magnetosome defects in the AnirS mutant: (i) nitrate or
nitrite accumulation in AnirS mutant but not WT cultures may
inhibit magnetite biomineralization via toxic effects, or (ii) the
NirS protein may participate directly in magnetosome formation
by oxidizing ferrous iron to produce magnetite, as hypothesized
for M. magnetotacticum (14). To distinguish between these two
possibilities, first the effects of nitrite and nitrate on nirS-gusA
expression were investigated in WT and AnirS cultures. Expres-
sion from the nirS promoter increased in the WT and the AnirS
mutant from 0 to 10 mM nitrate under microaerobic conditions
(Table 2). Under anaerobic conditions, in the WT the same in-
crease in expression was observed when the nitrate concentration
was raised from 1 to 10 mM. However, in the AnirS mutant, 10
mM nitrate inhibited nirS-gusA expression. On the other hand,
under microaerobic conditions, 500 wM nitrite moderately in-
creased nirS expression in the WT but had no effect on nirS ex-

FIG 5 Spectral analysis of cytochrome cd, from WT, AnirS mutant, AnirN mutant, and AnirN mutant plus pLYJ74. (A) UV-visible absorption spectra of
oxidized and sodium dithionite reduced periplasmic fraction from WT cells showing characteristic spectra (black arrow) for cytochrome cd,. (B) Pyridine
ferrohemochrome spectrum of purified holo-cytochrome cd; (in 50 mM Tris-HCI [pH 7.5]) from WT cells. A characteristic peak for d, heme at 620 nm was
present (black arrow). (C) UV-visible absorption spectra of oxidized and sodium dithionite-reduced periplasmic fractions from the AnirS mutant for cyto-
chrome cd,. No peak for d, heme was found due to the deletion of nirS. (D) Pyridine ferrohemochrome spectrum of the periplasmic fraction (in 50 mM Tris-HCI
[pH 7.5]) from the AnirS mutant. To avoid the effects from other heme-containing proteins, the periplasmic fraction was purified by DEAE chromatography
before analysis. It lacked the characteristic d; heme absorption peak at 620 nm. (E) UV-visible absorption spectra of oxidized and sodium dithionite-reduced
periplasmic fraction from the AnirN mutant for cytochrome cd,. The absorption peaks for d, heme at 620 nm and 663 nm in a reduced form were missing, and
instead a new 650-nm shoulder was observed (black dashed arrow). (F) Pyridine ferrohemochrome spectrum of purified semi-apo cytochrome cd, (in 50 mM
Tris-HCl, pH 7.5) from the AnirN mutant. No characteristic peak for d;, heme was found. (G) UV-visible absorption spectra of the oxidized and sodium
dithionite-reduced periplasmic fractions from the AnirN mutant with pLY]74, which carries nirN. The peaks characteristic for d; heme (643 nm in oxidized form
and 663 and 620 nm in reduced form) were restored (black arrow). (H) Pyridine ferrohemochrome spectrum of purified holo-cytochrome cd, (in 50 mM
Tris-HCI [pH 7.5]) from the AnirN mutant with pLY]74 with plasmid-borne nirN. A characteristic peak for d, heme was observed (black arrow). The results
shown come from one data set representative of two independent experiments.
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FIG 6 (A) Magnetic response (C,,,,,) of WT and AnirS mutant after three serial transfers under microaerobic conditions in iron-deprived medium. Nonmag-
netic WT and the AnirS mutant were induced anaerobically for 6 h in the presence of reduced (100 M ferrous chloride plus 0.2 mM ascorbate) and oxidized (100
uM ferric chloride) iron sources. (B) Growth (based on the ODs5) and magnetic response (C,,,,) of WT, AnirS, AnirN, and Anap strains in an incubator hood
with a constant atmosphere of 2% O, and 98% N,. (C) Intracellular localization of the MSR-1 Nir$ protein N-terminally tagged with mCherry in the AnirS
mutant. Differential interference contrast microscopy (left) and fluorescence microscopy (right) were used. Bar, 2 pm. (D) TEM images of the anaerobically
grown AnirS mutant carrying nirS (top to bottom) from M. magneticum (amb1395, amb4165) and P. stutzeri (PST_3532), respectively. Bar, 500 nm.

pression in the AnirS mutant (Table 2). This suggests that the produced fewer magnetosomes, even though it consumed all tran-
product of nitrite reduction, NO, rather than nitrite itself causes siently accumulated nitrite (Fig. 4C, TEM images in subpanels a of
increased nirS expression, consistent with the observation thatin  panels iv and v), which also demonstrated that nitrate or nitrite
P. stutzeri, nirSTB transcription was activated by NO but not ni-  did not affect magnetite biomineralization.

trite (33). On the other hand, the AnirS mutant still showed some To test whether NirS plays a role in oxidation of ferrous iron
expression of nirS in the presence of nitrate, although the reaction  for the biomineralization of the mixed-valence oxide magne-
of NO, reduction to NO was blocked, indicating that NO; ™~ per tite [Fell(Felll),0,], growth experiments in the presence of
se is capable of increasing the expression of nirS. In line with this,  fully reduced (100 pM ferrous chloride plus 0.2 mM ascorbate)
the nirS expression level in the Anap mutant, in which denitrifi- and fully oxidized (100 wM ferric chloride) iron sources were
cation is completely blocked (13), was nearly as high as thatinthe =~ performed under anaerobic conditions. Iron-deprived non-
AnirS strain (data not shown), which further demonstrated that magnetic cells were inoculated to a final OD4s of 0.1. More
the product of nitrate reduction nitrite is not an inducer for nirS  than 6 h after inoculation, if only ferrous iron was available, the
expression, whereas nitrate is able to induce the expression of nirS.  C,,,, of the WT was about 64% of that in the presence of ferric
In addition, different concentrations of nitrate and nitrite were iron (Fig. 6A). A decrease was also observed for the AnirS mu-
added to microaerobically and anaerobically growing cells. Like-  tant; however, the difference in the C,,,, between reducing and
wise, as shown for the WT before (13), neither nitrate nor nitrite  oxidizing conditions was markedly larger (about 46% of that
had effects on growth or magnetite synthesis in the AnirS mutant  under oxidizing conditions) than in the WT. Consistent with
(data not shown). On the other hand, the AnirN mutant also  previous reports that ferrous iron can be chemically oxidized
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by nitrite or nitrous oxide (35), the ferrozine assay showed that
ferrous iron was completely oxidized to ferric iron in the AnirS
culture by the accumulated nitrite. In contrast, in the WT no
detectable oxidation of ferrous iron was found, as in the noni-
noculated control, implying that in the AnirS mutant ferrous
iron becomes oxidized anaerobically by accumulated nitrite.
Thus, the reduced Cinag of the AnirS mutant in ferrous iron
medium may result from the combined effects of only ferrous
iron being present initially and its subsequent rapid and com-
plete oxidation to ferric iron. Therefore, to maintain a perma-
nent supply of ferrous iron and to prevent complete chemical
oxidation of all ferrous iron by nitrite in the AnirS mutant,
washed nonmagnetic cells were suspended in nitrate-free LIM
to a final ODg¢5 of 0.1 and incubated under anaerobic condi-
tions in the presence of either ferrous or ferric iron. However,
no magnetic response was found in either MSR-1 WT or AnirS
mutant cultures after incubation for 6 h (data not shown). This
demonstrated that the presence of nitrate is essential for sup-
plying energy for growth and magnetite biomineralization un-
der strictly anaerobic conditions. Furthermore, when the AnirS
or AnirN mutant was incubated at a constant oxygen concen-
tration of 2% in the presence of nitrate, for both of them mag-
netosome formation was rescued to the WT level, indicating
that in the absence of nitrite reduction, ferrous iron is oxidized
by oxygen to ferric iron (Fig. 6B). However, in the Anap mu-
tant, in which microaerobic magnetite biosynthesis is also im-
paired in the absence of nitrate (13), no obvious difference was
detected between oxygen-limited cultures (grown in 20-ml
sealed Hungate tubes with 10 ml of medium under 2% O,) and
those exposed to the same oxygen concentration in the non-
limiting atmosphere of an incubator hood (Fig. 6B). This again
indicated that NirS$ is capable of oxidizing ferrous to ferric iron
for anaerobic magnetosome formation during reduction of ni-
trite to nitric oxide, and the decreased C,,,, under sealed mi-
croaerobic conditions was caused by oxidant limitation.

It was suggested previously that iron oxidation activity might
be a specific property of NirS proteins from MTB species, as only
NirS from M. magnetotacticum showed Fe(II):nitrite oxidoreduc-
tase activity in vitro, whereas NirS from P. aeruginosa lacked this
activity (14). On the other hand, most of NirS of M. magnetotacti-
cum was detected in the periplasmic fraction, and a putative spa-
tial connection with the magnetosome membrane was inferred
(14). As predicted by using the SignalP program (28), our func-
tional MSR-1 NirS-mCherry fusion (as shown by its ability to
complement the AnirS mutant) displayed an evenly distributed
periplasmic fluorescence in the AnirS mutant, much like that re-
ported for Nir$ proteins from nonmagnetic denitrifying bacteria
(Fig. 6C), but it lacked the characteristic filamentous signal of
magnetosome proteins (26, 36), indicating that magnetosomal
localization is not required for its function in biomineralization.
As shown in Fig. 6D, all tested plasmids carrying different nirS
genes from either the magnetic M. magneticum (amb1395 and
amb4165) or the nonmagnetic bacterium P. stutzeri (PST_3532)
rescued both growth and magnetite synthesis in the AnirS mutant
to levels comparable to the WT. These data indicate that nitrite
reductases of magnetic and nonmagnetic denitrifying bacteria are
functionally equivalent with respect to both denitrification and
magnetite biomineralization.

September 2013 Volume 195 Number 18
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DISCUSSION

The conspicuous sequence similarity to NirS of NirN suggested a
similar or related function and raised the question of whether
NirN itself may catalyze nitrite reduction. However, despite the
superficially similar phenotypes in denitrifying growth and
biomineralization, closer inspection revealed that, whereas dele-
tion of nirS abolished nitrite reduction completely, the AnirN mu-
tant was still capable of nitrite reduction upon prolonged incuba-
tion at different temperatures (20°C or 30°C), although utilization
of nitrate and nitrite was substantially attenuated compared to
WT. This demonstrated that NirN alone is not able to support
nitrite reduction in the absence of NirS, and NirN plays an indirect
role in nitrite reduction. Based on in vitro data for NirN from P.
pantotrophus, NirN was suggested to possibly function as a d,
donor in the assembly of d; heme into NirS (31). Our biochemical
and in vivo data are consistent with this assumption, because the
form of periplasmic d, heme from the AnirN mutant was different
from the WT. Likewise, cytochrome cd; (NirS) purified from the
AnirN mutant only displayed absorption maxima of c-type but no
d,-type heme, possibly due to an aberrant form of d, heme. Thus,
besides maintaining a correct form of d, heme, NirN might be
further required for capture and subsequent transfer of a func-
tional d, heme to semi-apo Nir§, as speculated before (31). As a
consequence, in the AnirN strain, d, heme cannot be properly
assembled in NirS, resulting in poor nitrite-reducing activity. This
different form of d, heme from the AnirN strain might be more
sensitive to oxygen and therefore be degraded under our condi-
tions of preparation. Intriguingly, the effect of nirN deletion on
magnetite biomineralization was partly compensated by growing
the cells at 20°C. The lower temperature is favorable for magnetite
biomineralization in the WT, although it causes slower growth,
which might facilitate the assembly of heme d, into NirS in the
absence of NirN. Alternatively, NirN might ensure the proper
assembly of heme d, at elevated temperatures by a chaperone-like
function, required in particular under growth conditions atypical
for a moderately psychrophilic bacterium from a freshwater envi-
ronment. However, the suggested NirN function does not seem to
be a peculiarity of MSR-1, since in our cross-complementation
experiments, all tested nirN homologs from various magnetic and
nonmagnetic denitrifiers restored denitrifying growth, nitrite re-
duction, and magnetosome formation of the AnirN mutant back
to WT-like levels. Although NirN proteins are conserved in all
bacterial nir clusters, their physiological function is unknown, as
no phenotypic effects could be assigned to any nirN deletion in
various analyzed denitrifiers (16, 30, 31). Thus, our study provides
the first evidence for a physiological function of NirN in vivo. The
different phenotypes in MSR-1 and nonmagnetic denitrifiers may
be also explained by the unusually high susceptibility of MSR-1 to
nitrate (<20 mM) and nitrite (<1.5 mM) (13), while nonmag-
netic nitrate reducers are capable of growth in the presence of
much higher concentrations (16, 31), making MSR-1 less tolerant
to any impairment in the detoxifying reduction of nitrite.

While NirN is likely linked to biomineralization only indirectly
through a functional interaction with NirS, our data argue for a
more direct role of the nitrite reductase NirS. In contrast to Nap,
NirS is not absolutely required for anaerobic respiration, which
substantiates the previous finding that nitrate reduction catalyzed
by Nap is the primary energy-generating process in denitrification
of MSR-1 (13). In M. magneticum, a similar phenotype (poor an-
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aerobic growth, impaired magnetite synthesis) was observed upon
concomitant interruption of norB and nirS (amb1395) (37). Since
an additional nirS homolog (amb4165) is present in the M. mag-
neticum genome, the results of Wang et al. (37) imply that
Amb1395 might be the main nitrite reductase, while Amb4165 has
no significant function in denitrification and magnetite synthesis.
However, in our experiments, both amb1395 and amb4165 from
M. magneticum when placed under the control of the nirS pro-
moter region from MSR-1 were able to fully restore WT-like
growth and magnetosome formation in the MSR-1 AnirS mutant,
indicating that the speculated lack of amb4165 function might be
due to transcriptional inactivity under the test conditions.

Taken together, the observed defects in magnetite biomineral-
ization in the AnirS mutant are not directly caused by the accu-
mulation of nitrite, as we concluded from the following observa-
tions: (i) although nitrite accumulated up to 1 to 2 mM when cells
ofthe WT (13) and AnirS mutant were incubated under a constant
microaerobic atmosphere, no effect was found on magnetite
biomineralization; (ii) as shown for the WT before (13), concen-
trations of added nitrate (20 mM) and nitrite (2.5 mM) had no
effect on biomineralization in the AnirS mutant (data not shown);
(iii) a AnirN culture still displayed defects in magnetite biominer-
alization, even though all nitrite was depleted from the medium at
the end of incubation. Another possible explanation for impaired
biomineralization in the AnirS mutant might be the energy limi-
tation in poorly growing cells. However, we never observed simi-
lar severe defects in magnetite synthesis upon deletions of other
terminal oxidases, such as cbbs, for aerobic respiration, which also
caused very poor growth but had no obvious effect on magneto-
some morphology under microaerobic conditions in the absence
of nitrate (Y. Li and D. Schiiler, unpublished data). Taken to-
gether, these data suggest that the observed effects on magnetite
biosynthesis in the AnirS mutant are directly associated with its
enzymatic activity, which is consistent with the proposed Fe(II):
nitrite oxidoreductase function of NirS in magnetospirilla (14)
and might be explained by an unbalanced ferrous-to-ferric iron
ratio required for the formation of the mixed-valence iron oxide
magnetite [Fell(Felll),0O,] in the AnirS mutant when ferrous iron
oxidation is limited (i.e., in the absence of oxygen). In contrast to
earlier speculations that iron-oxidizing activity is a function spe-
cific to nitrite reductases of MTB (14), we demonstrated that the
suspected iron-oxidizing activity is not confined to NirS of mag-
netospirilla but might be a property common to other cytochrome
cd, nitrite reductases. Taken together, these findings suggest that
the impaired magnetite synthesis in the AnirS mutant is likely a
consequence of decreased oxidation of ferrous iron, which in the
WT takes places in the periplasm with nitrite as electron acceptor
catalyzed by NirS. On the other hand, ferrous iron can also be
chemically oxidized with nitrite (35, 38), and nitrite and oxygen
are potent oxidants for ferrous iron also in ferrite plating, a chem-
ical method for the preparation of magnetite films (39). There-
fore, magnetite biomineralization might be favored by combined
abiogenic oxidation and bioenzymatic catalysis.

In conclusion, our genetic and biochemical analyses revealed
that the reduction of nitrite to nitric oxide requires the activity of
NirS and that proper assembly of d, heme in holo-NirS depends on
the functional interaction with NirN, a protein with previously
unknown function. Although in some other magnetosome-
biomineralizing bacteria, such as Magnetococcus marinus, nir
genes are absent, consistent with the reported inability to grow by
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denitrification (40, 41), our data demonstrated that enzymatic
nitrite reduction, besides its key respiratory function, also partic-
ipates in redox homeostasis required for magnetite biomineraliza-
tion under oxidant-limited conditions (i.e., anaerobic growth) in
magnetospirilla. This presents further evidence that, in addition
to specific and essential functions provided by proteins encoded
within the genomic magnetosome island, the biosynthesis of mag-
netosomes also relies on a number of auxiliary functions contrib-
uted by general metabolism.
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SUPPLEMENTAL MATERIALS
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Mgr_1052 MLKGLRNALL LSVMP-MAMA TGAFANEAA- - --------e cosccnncnnn sononnnns L TGATKDAAAK |IYFERCAGCH| 49
Amb1395 MWKGVRNALL LTALP-FAMS GAAFAQEAT - - - - - mmmn mmmmimiiis mmm i e s L SKEAKEASAK |IYFERCAGCH| 49
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Amb4165 - -MKAATWMM AALAV--AWA GTAMAEEKPA HGAGEHYETS GDQLRAAPMS QPGAQPGPQL SAAEFTRAKQ |YFERCAGCH|76
PA14_08750 - -MPFGKPLV GTLLASLTLL GLATAHAKDD MKAAEQYQGA ASAVDPAHVV RTNG--APDM SESEFNEAKQ |YFQRCAGCH|76

Mgr_1052 GVLRKGATGK
Amb1395 GVLRKGATGK
Magn03008451 GVLRKGATGK
PST_3532 GVLRKGATGK
Amb4165 GVLRKGATGK
PA14_06750 GVLRKGATGK

SKLGQQRLEK | IANGTEGGM VNFDD--1LS KDEIKMMATY IQMPPDSPPE 114
TKLGQARLEK |LTNGTDGGM VNFDD--I1LT KDEIKNMATY IQMTPDVPPE 114
TKLGQARLEK |LTNGTDGGM VNFDD--I1LT KDEIKNMATY IQMTPDVPPE 97
LNLGTKRLEN | IAYGTEGGM VNYDD--ILT KEEINMMARY IQNTPDVPPE 129
RERGFDALKA FITYGSAAGM PNWGSSGQLS EAEVDLMAKY LLNEPPQPPE 143
QQRGQQYLEA LITYGFPLGM PNWGSSGELS KEQITLMAKY IQHTPPQPPE 143

Mgr_1052 WGLADMKGSW KI IVPVDKRP TKKMNNVNLD NVFSVTL%DS GEVALIDGDT KKIWNIVKTG YAVﬁISﬁISY SGRYVYVIG: 194
Amb1395 WG| KEMTASW KVTVKPEDRP KKQMNKVNLK NVFSVTLRDT GEIALIDGDT KKIWTI IKTG YAVHISRLSA SGRFVYVIGR 194
Magn03008451 WG| KEMTASW KVVVKPEDRP KKQLNKVNLK NVFSVTLRDS GEIALIDGDT KKIWTIIKTG YAVHISRLSA SGRFVYVIGR 177
PST_3532 FSLQDMKDSW KL IVPVDQRP KKQMNKINLK NVFAITLRDA GKLALVDGDT HTIWKVLDTG YAVHISRLSA SGRYVYTVGR 209
Amb4165 FGMDE | KATW KVQIPADKRP ARKMNTLDLS NLFSVTLRDS GEIALIDGAS KNIVSI|IKTG YAVHISRISA SGRYLYVIGR 223
PA14_06750 WGMPEMRESW KVLVKPEDRP KKQLNDLDLP NLFSVTLRDA GQIALVDGDS KKIVKVIDTG YAVHISRMSA SGRYLLVIGR 223

Mgr_1052 DGKLDL IDLW MEKPQVVATI KTGLDA%SVE TSKFKGYEDK YAIAGS‘%’WFP QYVIMDGLTL EPLKIVSTRG NTVDG-EYHP 273
Amb1395 DGKLDMIDLW METPAVVATI| KIGMDARSVE TSKFKGFEDK YAVAGSYWPP QYVIMDGADL KPLKIVSTRG ITVDG-EYHP 273
Magn03008451 DGKLDMIDLW METPAVVATI KIGMDARSVE TSKFKGFEDK YAVAGSYWPP QYVIMDGADL KPLKIVSTRG ITVDG-EYHP 256
PST_3532 DGLTT! IDMW YEEPTTVATV RLGSDARSVD TSKFKGYEDK YLIGGTYWPP QYSIMDGETL EPIKVVSTRG QTVDG-EYHP 288
Amb4165 DAKINL IDLW MEKPETVAEV KIGMEARSVE TSKFKGFEDK YAIAGAYWPP QFVIMDGNTL EPKKIVSTRG MTSDKQEYHP 303
PA14_06750 DARIDMIDLW AKEPTKVAE| KIGIEARSVE SSKFKGYEDR YTIAGAYWPP QFAIMDGETL EPKQIVSTRG MTVDTQTYHP 303

Mgr_1052 EPRVASIVAS QIKPEFVVNV KETGLIKLVD YTDIKNLKEV TIESAKFLHD GGWDASKRYF LVAANASNKV AVVDTKEGKL 353
Amb1395 EPRVASIVAS MIKPEWVINI KETGLIKLVD YSDIKNLKET TIESAKFLHD GGWDASKRYF LVAANASNKV AVVDTKDGKL 353
Magn03008451 EPRVASIVAS MIKPEWVINI KETGLIKLVD YSDIKNLKET TIESAKFLHD GGWDASKRYF LVAANASNKV AVVDTKDGKL 336
PST_3532 EPRVASIVAS HIKPEWVVNV KETGQI ILVD YTDLKNLKTT TIESAKFLHD GGWDYSKRYF MVAANASNKV AAVDTKTGKL 368
Amb4165 EPRVASIVAS HFKPEFVVNV KETGLILLVD YSDIKNLKVT SIEAERFLHD GGFDASKRYF LVAANARNKI| AVVDTKEDKL 383
PA14_06750 EPRVAAII1AS HEHPEFIVNV KETGKVLLVN YKDIDNLTVT SIGAAPFLHD GGWDSSHRYF MTAANNSNKV AVIDSKDRRL 383

Mgr_1052 AALVDTKSKP HPG:GANFVH PKFGPVWATS HLGADVITLI GTDP----- KHPEFAWKVV EELKNHGSGS LFVKTHPKSS 428
Amb1395 AGLVDTKSKP HPGRGANFNH PKFGPVWATS HLGADVITLI GTDP- KHKDQAWKVV AELKNHGAGS LFVKTHPKSN 428
Magn03008451 AGLVDTKSKP HPGRGANFVH PKFGPVWATS HLGADVITLI GTDP----- KHKDQAWKVV AELKNHGAGS LFVKTHPKSN 411
PST_ 3532 AALVDTAKIP HPGRGANFIH PQFGPVWTTG HLGDDVVSLI STASDDPKYA KYKEHNWKVV QELKMPGAGN LFVKTHPKSK 448
Amb4165 VGMVEVGATP HPGRGTNFVH PKFGPVWATG HLGDDSVALI GTDP----- K GHPKQAWTKV ASLTGQGGGS LFLKTHPKSK 458
PA14_06750 SALVDVGKTP HPGRGANFVH PKYGPVWSTS HLGDGSISLI GTDP-=---- K NHPQYAWKKV AELQGQGGGS LFIKTHPKSS 458

Mgr_1052 NLWADAPLMP EREAAESVTV YDINNLAKGP EVINVAKMAG LPESKAVKRT VﬁAEYNEAGD EVWFSLWAGK TEPSAIVILD 508
Amb1395 NLWADAPLFP EKDMAESVTV YDIKNLDKGP EVINIAKLAD LPETKAVKRA VQAEYNEKGD EVWFSIWAGK TDPSAIVVMD 508
Magn03008451 NLWADAPLFP EKDMAESVTV YDIKNLDKGP EVINIAKLAD LPETKAVKRA VQAEYNEKGD EVWFSIWAGK TDPSAIVVMD 491
PST_3532 NLWADAPMNP EREVAESVYV YDLADLSKAP KRLDVAKDSG LPESKAIRRA THPEYNEAGD EVWISLWGGK TDQSAIVIYD 528
Amb4165 NLWVDTTLNP DADVAASIAV FDINNLDKPA EVLPIAKWAG |ISDG--APRV VQPEYNKAGD EVWISVWNAK DKVSAIVVVD 536
PA14_06750 HLYVDTTFNP DARISQSVAV FDLKNLDAKY QVLPIAEWAD LGEG--AKRV VQPEYNKRGD EVWFSVWNGK NDSSALVVVD 536

Mgr_1052 DKTRKMKAV | KDPKLITPTG KFNVKNTQHD 1Y 540
Amb1395 DKTRKVKAV I KDPKLITPTG KFNVYNTQHD 1Y 540
Magn03008451 DKTRKVKAV I KDPKLITPTG KFNVYNTQHD 1Y 523
PST_3532 DKTLKLKKVI TDPAIVTPTG KFNVFNTMHD VY 560
Amb4165 DKTRKLKSVI KDPRLITPTG KFNVTNTLHD VY 568
PA14_06750 DKTLKLKAVV KDPRLITPTG KFNVYNTQHD VY 568
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Fig. S1 (A) Molecular organization of identified nir genes in Magnetospirillum magneticum and
Magnetospirillum magnetotacticum. Double backslash represents nirN and other nir genes are found in different
contigs from the incomplete genome assembly in M. magnetotacticum. (B) Sequence alignment of NirS with
selected homologs from MTB and non-MTB. PST_3532 and PA14 06750 refer to NirS from Pseudomonas
stutzeri A1501 and Pseudomonas aeruginosa UCBPP-PA14, respectively. Conserved, homologous, and
nonconserved residues among the various species are shown in red, blue, and black, respectively. Residues
involved in d; heme binding site are indicated by green stars. Heme ¢ binding site is shown in a black box. (C)
Sequence alignment of NirS and NirN from MSR-1. The level of conserved amino acid residues among the
various species are shown below the sequences. The residues of the alignment are color-coded according to the
Rasmol colour scheme (http://life.nthu.edu.tw/~fmhsu/rasframe/COLORS.HTM#aminocolors).

Compared to MSR-1, a similar nir cluster was observed in both M. magneticum and M.
magnetotacticum (Fig. S1A). While neither nirS nor other nir genes are present in
Magnetococcus marinus MC-1 (1), two homologs of nirS (amb1395 and amb4165) are
present in M. magneticum (Table S1), thus being the only known bacterium having more than
one nirS gene. As in MSR-1, amb1395 is part of a larger nir cluster and shares high amino
acid similarity (91%) with NirS of both MSR-1 (Mgr_1052) and M. magnetotacticum
(Magn03008451), respectively (Table S1), whereas amb4165 is more divergent (78%
similarity to NirS of MSR-1) and not adjacent to other nir genes. Also, the N-terminus of

Amb4165 containing the heme c-binding region differs from that of other magnetobacterial

56


http://life.nthu.edu.tw/~fmhsu/rasframe/COLORS.HTM#aminocolors

Chapter 3

NirS homologs, but rather resembles NirS from Ps. aeruginosa, whereas in NirS from Ps.

stutzeri this region is absent (Fig. S1B) (2).

In M. magneticum and M. magnetotacticum, nirCFDLGH genes also show synteny. However,
compared to MSR-1 their nir clusters also display some differences (Fig. S1A): First, in M.
magnetotacticum and M. magneticum nirT and nirB genes are fused into a single gene
designated as nirB. Second, in M. magneticum and M. magnetotacticum an additional gene
(amb1399 and magn03008455) encoding a copper-binding protein of plastocyanin/azurin
family is present between nirB and nirE. Third, nirJ is missing in M. magnetotacticum,
probably due to the incompleteness of its genome assembly. Fourth, nirE encoding an S-
adenosylmethionine (SAM)-dependent uroporphyrinogen methyltransferase is absent from M.
magnetotacticum. The monocistronic organization of nirS encoding a cytochrome cd; nitrite
reductase in MSR-1 and other magnetospirilla is unique compared to all other non-magnetic
denitrifyers in which nirS is part of a single operon along with other nir genes. In
magnetospirilla we found all other nir genes (nirTBECFDLGHJN) within a closely adjacent,
but distinct cluster, which encodes a set of proteins likely required for synthesis of d; heme.
This different organization might reflect a somewhat distinct regulation or function of

magnetobacterial nitrite reduction proteins.
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Fig. S2 Growth (ODsgs nm) and magnetic response (Cpag) of MSR-1 WT, AnirS, and AnirN under different
conditions at 30°C. Under aerobic conditions, the Cp,,y values were always zero and not shown. (A) Aerobic,
nitrate medium; (B) Aerobic, ammonium medium; (C) Microaerobic, ammonium medium. Results from
representative experiments were measured in triplicate, and values are given as means and standard deviations.
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Fig. S3 Sequence alignment of

NirN with selected homologs from MTB and non-MTB. PST_3538,

PA14 06650, and Pden_2495 refer to NirN from Pseudomonas stutzeri A1501, Pseudomonas aeruginosa

UCBPP-PA14, and Paracoccus denitrificans PD1222, respectively. Conserved, homologous, and nonconserved

residues among the various species are shown in red, blue, and black, respectively.
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Table S1 Bacterial strains used in this work

Strain

Important feature (s)

Source or reference

E. coli strain DH5a

E. coli strain
BW29427

Ps. stutzeri
MSR-1 WT
AnirS
AnirN

F’> ®80dlacZAM15A(lacZYA-
argF)U169 deoR recAl endAl
hsdR17 (rg-, mg+) phoA supE44 \-
thi-1 gyrA96 relAl

dap auxotroph derivative of E. coli
strain B2155

Wild type

Wild type R3/S1, but Rif', Sm'
R3/S1 AnirS

R3/S1 AnirN

Invitrogen

K. Datsenko and B.
L. Wanner,
unpublished

H. Jung
3)

This study
This study
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Table S2 Plasmids used in this work

Plasmid Important feature (s) Source or reference

Broad-host-range allelic exchange vector, Amp’, Km',
pCM184 4

Tc'
PBBRIMCS-2 Km', mobilizable broad-host-range vector (5)
PBBRIMCS-3  Tc', mobilizable broad-host-range vector (5)
pK19mobGlI - (6)

Km' F. D. Miller, unpublished
pFM208

data

pRU1 Km' R. Uebe, unpublished data
pCM157 Tc", Cre recombinase expression vector 4)
pLYJ06 pCM184 plus nirS 2-kb downstream region This study
pLYJ08 pLYJO6 plus nirS 2-kb upstream region This study
pLYJ20 pCM184 plus nirN 2-kb upstream region This study
pLYJ23 pLYJO6 plus nirN 2-kb downstream region This study
pLYJ36 pBBR1MCS-2 plus nirS promoter region This study
pLYJ51 pBBR1MCS-2 plus nirS with its own promoter This study

pBBR1MCS-2 plus nirS without its candidate signal .
pLYJ52 ) This study

peptide sequence

pLYJ52 with nirS promoter and signal )
pLYJ59 This study

sequence
pLYJ64 pLYJ59 plus mcherry This study
pLYJ74 pRU1 plus nirN This study
pLYJ86 pCM157 plus nirS promoter region from pLYJ36 This study

pBBR1MCS-2 plus nirS promoter and cre fusion from .
pLYJ87 This study

pLYJ86
pLYJ88 pLYJ36 plus amb1395 from M. magneticum This study
pLYJ89 pLYJ36 plus amb4165 from M. magneticum This study
pLYJ94 pLYJ97 plus nirS promoter region @)
pLYJ95 pLYJ36 plus nirS from P. stutzeri This study
pLYJ97 pBBR1MCS-2 plus gusA from pK19mobGlI @)
pLYJ104 pLYJ97 plus NirTBECFDLGHJN promoter region ~ This study
pLYJ113 pRU1 plus nirN from M. magneticum This study
pLYJ124 pRU1 plus nirN from P. stutzeri This study
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CHAPTER 4

The oxygen sensor MgFnr controls magnetite biomineralization by

regulation of denitrification in Magnetospirillum gryphiswaldense

4.1 ABSTRACT

The alphaproteobacterium Magnetospirillum gryphiswaldense and other magnetotactic
bacteria (MTB) are capable of synthesizing magnetosomes only in suboxic conditions.
However, the mechanism of the oxygen-dependent magnetite biomineralization has remained
unknown. In Escherichia coli and other bacteria, Fnr (fumarate and nitrate reductase
regulation) proteins are involved in controlling the switch between microaerobic and aerobic
metabolism. Here we identified a magnetobacterial Fnr-like protein (MgFnr), which plays a
role in regulating the transcription of denitrification genes in response to different oxygen
concentrations. Deletion of Mgfnr not only resulted in decreased N, production due to
reduced N,O reductase activity, but also impaired magnetite biomineralization under
microaerobic conditions in the presence of nitrate. Overexpression of MgFnr in the WT also
caused the synthesis of smaller magnetite particles under anaerobic and microaerobic
conditions in the presence of nitrate. These data suggest that proper expression of MgFnr is
required for WT-like magnetosome synthesis, which is regulated by MgFnr itself and oxygen.
Analyses of transcriptional gusA reporter fusions revealed that besides showing similar
properties to Fnr proteins reported in other bacteria, MgFnr is involved in the repression of
the transcription of denitrification genes nor and nosZ under aerobic conditions, possibly
owing to several unique amino acid residues specific to MTB-Fnr. Overall, we show that the
global oxygen regulator MgFnr is a genuine O, sensor involved in controlling expression of
denitrification genes and thereby plays an indirect role in maintaining proper redox

conditions required for magnetite biomineralization.
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4.2 INTRODUCTION

Magnetotactic bacteria (MTB) use magnetosomes for orientation in the Earth’s magnetic
field to search for growth-favoring suboxic zones of stratified aquatic habitats (1). In the
freshwater alphaproteobacterium Magnetospirillum gryphiswaldense (in the following
referred to as MSR-1) and other MTB, magnetosomes are membrane-enveloped magnetic
crystals of magnetite (Fe3O,) that are aligned in chains (1). Magnetite biomineralization is not
only controlled by more than 30 specific genes encoded within a genomic magnetosome
island (MAI) (2-4), but also genes located outside MAI are required for synthesis of WT-like
magnetosomes (5, 6). Although the mechanism of biomineralization is not completely
understood, it has been proposed that the biosynthesis of mixed-valence iron oxide magnetite
[Fell(Felll),04] occurs by coprecipitation of ferrous and ferric iron in supersaturating
concentrations, which requires a balanced ratio of ferrous and ferric iron (7-9). In
magnetospirilla, magnetosome formation is only induced at low oxygen tension, and
maximum magnetosome yield was found under microaerobic conditions in the presence of
nitrate, whereas aerobic conditions completely inhibit magnetite biomineralization (5, 10).
However, it is unknown whether this aerobic repression is controlled by biological regulation,
or alternatively, directly caused by chemical oxidation of iron ions within the cells. In
addition, our recent work indicated that magnetite biomineralization in MSR-1 is linked to
denitrification (5, 6). Deletion of nap genes encoding a periplasmic nitrate reductase not only
abolished anaerobic growth and delayed aerobic growth in both nitrate and ammonium
medium, but also severely impaired magnetite biomineralization and resulted in biosynthesis
of fewer, smaller and irregular crystals during denitrification and microaerobic respiration (5).
In addition, loss of the nitrite reductase gene nirS led to defective growth of cells, which
synthesized fewer, smaller and irregular crystals during nitrate reduction (6). Transcriptional
gusA fusions revealed that expression of nap is upregulated by oxygen, whereas other
denitrification genes including nirS, nor, and nosZ display the highest expression under

microaerobic conditions in the presence of nitrate.

In Escherichia coli, transcription of these nitrate and nitrite reductase genes is positively
regulated by Fnr (fumarate and nitrate reductase regulation), a global anaerobic regulator
under anaerobic or microaerobic conditions (11, 12). Fnr is a member of a superfamily of

transcriptional sensors sharing sequence homology with the cyclic-AMP receptor class of
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proteins (13). Like all members of this family, Fnr protein comprises a C-terminal DNA-
binding domain involved in site-specific DNA recognition of target promoters, and an N-
terminal sensory domain (14). In E. coli, the sensor domain contains five cysteines, four of
them (Cys-20, 23, 29, and 122) are essential and bind either a [4Fe-4S]** or a [2Fe-2S]*
cluster (15-17). Under anaerobic conditions, the Fnr protein is folded as a homodimer that
contains one [4Fe-4S]** cluster per monomer. The Fnr dimers are able to bind target
promoters and regulate transcription. Exposure of the [4Fe-4S]?* clusters to oxygen results in
its conversion to a [2Fe-2S]** oxidized form, which triggers conformational changes and

further induces the protein monomerization and prevents its binding to DNA (18-24).

In the metabolically versatile MTB so far no oxygen regulators have been identified, and it is
unknown how growth metabolism and magnetite biomineralization are regulated in response
to different oxygen concentrations. Here, we for the first time identified a putative oxygen
sensor MgFnr protein and analyzed its role in magnetite biomineralization. We showed that
the MgFnr protein is involved in regulating expression of all denitrification genes in response
to different oxygen concentrations, and thus plays an indirect role in magnetosome formation
during denitrification. Although sharing similar characteristics with Fnr of other bacteria,
MgFnr is able to repress the transcription of denitrification genes (nor and nosZ) under
aerobic conditions, possibly owing to several unique amino acid residues specific to MTB-

Fnr.

4.3 MATERIALS AND METHODS

4.3.1 Bacterial strains and growth conditions

Bacteria strains and plasmids used in this study are shown in Table 4-S1. If not specified
otherwise, E. coli strains were grown in lysogeny broth (LB) at 37°C, and MSR-1 strains
were cultivated at 30°C in nitrate medium as described before (5). In ammonium medium,
nitrate was substituted by 4 mM ammonium chloride. When necessary, antibiotics were used
at the following concentrations: E. coli: tetracycline (Tc), 12 pg/ml, kanamycin (Km),
25 pg/ml, and gentamicin (Gm), 15 pg/ml; MSR-1: Tc, 5 pg/ml, Km, 5 pg/ml, and Gm,
30 pg/ml. When E. coli strain BW29427 was used as donor in conjugation, 300 uM

diaminopimelic acid (DAP) was added.
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Experiments for growth and magnetic response (Cmag) Were monitored under microaerobic
and anaerobic conditions in 250 ml flasks containing 100 ml media. For microaerobic
conditions, flasks were sealed with butyl-rubber stoppers under a microaerobic gas mixture
containing 2% O, and 98% N, before autoclaving. Anaerobic conditions were achieved by
omitting oxygen from gas mixture. For aerobic conditions, strains were cultured in free gas
exchange with air in 300 ml flasks containing 20 ml medium agitated at 200 rpm. Optical
density (OD) and magnetic response (Cnag) Were measured photometrically at 565 nm as
previously described (25). For gas production assay, cells were inoculated and mixed with
nitrate medium with 0.3% agar in oxygen gradient tubes and exposed to the air. The
concentration of intracellular iron was measured by a modified ferrozine assay as described
before (26).

4.3.2 Genetic and molecular biology techniques

Standard molecular and genetic techniques were carried out for DNA isolation, digestion,
ligation, and transformation (27). All DNA products were sequenced using BigDye
Terminator version 3.1 chemistry on an ABI 3700 capillary sequencer (Applied Biosystems,
Darmstadt, Germany), and sequence data were analyzed with the software Vector NTI
Advance® 11.5.1 (Invitrogen, Darmstadt, Germany). All oligonucleotide sequences used in

this work are available if required.

4.3.3 Construction of a MSR-1 AMgfnr deletion mutant

All PCRs were performed using Phusion polymerase (NEB). Enzymes, including restriction
enzymes and T4 DNA ligase, were purchased from Fermentas. To generate the unmarked
AMgfnr deletion mutant, a modified cre-lox method was used as previously described (28).
An about 2-kb downstream PCR fragment of Mgfnr was generated and cloned into
Notl/EcoRI-digested pALO1 to obtain pLYJ106. The plasmid pLYJ106 was conjugationally
integrated into the chromosome of MSR-1 and colonies screened positively by PCR for the
presence of the kanamycin marker were designated as AMgfnr-down strain. Subsequently, the
plasmid pLYJ105 containing a 2-kb upstream fragment of Mgfnr was integrated into the
chromosome of AMgfnr-down strain by conjugation. After verified by screening PCR for the
presence of kanamycin and gentamicin markers, the strain was designated AMgfnr-up-down

strain. The lox-mediated excision of Mgfnr was initiated by conjugational transformation of
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pLYJ87 (6). Precise excision was further confirmed by PCR amplification and sequencing.
The plasmid pLYJ87 was lost by successive cultures in fresh nitrate medium. Finally, this

strain was designated AMgfnr mutant.

For genetic complementation of AMgfnr mutant, the Mgfnr gene with its own promoter
region was ligated into Acc65I/Sacll-digested pBBR1MCS-2, vyielding pLYJ110.
Subsequently, pLYJ110 was transformed into MSR-1 WT and AMgfnr mutant by
conjugation. The Ecfnr gene from E. coli K-12 was also hetero-complemented into AMgfnr
mutant and WT. The PCR fragment of Ecfnr from E. coli was digested with HindlIll and Xbal
and ligated into pLYJ36 to yield pLYJ153.

4.3.4 Heterologous transcomplementation of an E. coli AEcfnr mutant

First, AEcfnr mutant with kanamycin marker was excised with the E. coli Quick and Easy
gene deletion kit (Gene Bridges) and the Bac modification kit (Gene Bridges), as reported in
(29). This unmarked mutant was designated AEcfnr mutant. To express MgFnr protein from
MSR-1, Mgfnr was ligated into Smal/Xbal-digested pBBR1MCS-2 to yield pLYJ132.
Plasmid pLYJ132 was then transformed into AEcfnr mutant. For transcomplementation
analysis, strains were anaerobically grown in glucose minimal medium and lactate minimal
medium (30).

4.3.5 Construction of different Mgfnr variants

Substitutions at amino acid positions 27, 34, 98, and 153 were created by site-directed
mutagenesis. First, Pstl-Spel digested fragment for each of substitutions was cloned into
pOR093 to create pLYJ141 (Mgfnr-N27D), pLYJ142 (Mgfnr-134L), pLYJ143 (Mgfnr-
D153E), and pLYJ144 (Mgfnr-L98H), respectively. The different MgFnr mutants were
subsequently obtained by a two-step homologous recombination technique in the same
manner as described previously (31). The Mgfnr variants were confirmed by PCR and

sequencing.
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4.3.6 Analysis of transcriptional gusA fusions

To obtain the transcriptional Mgfnr-gusA fusion plasmid, Mgfnr promoter region was cloned
into Acc651/Hindlll-digested pLYJ97, designated as pLYJ109. To investigate the expression
of Mgfnr under different conditions, B-glucuronidase activity was determined at 37°C as
described before (5). Units were recorded as nanomoles of product formed per minute per mg
protein. Triplicate assays were measured and the values reported were averaged by using at

least two independent experiments.

4.3.7 Nitrate and nitrite concentration assay

WT and AMgfnr strains were grown under microaerobic conditions in the presence of nitrate.
1 ml culture at different time points was taken to detect nitrate and nitrite concentration as
described in (5). Duplicate assays were carried out and the values reported were measured in

one representative experiment.

4.3.8 Mass spectrometry measurements of O, respiration and nitrate reduction

WT and AMgfnr strains were grown under microaerobic conditions in the presence or
absence of nitrate. The cells were centrifuged and resuspended in fresh ammonium medium.
Then the suspension was placed in the measuring chamber (1.5 ml) of a mass spectrometer
(model PrimadB; Thermo Electron). The bottom of the chamber (Hansatech electrode type)
was sealed by a Teflon membrane, allowing dissolved gases to be directly introduced through
a vacuum line into the ion source of the mass spectrometer. The chamber was thermostated at
28°C, and the cell suspension was stirred continuously by a magnetic stirrer. For O,
respiration measurement, air was sparged into the suspension before chamber closing. The
consumption of oxygen by the cells was followed at m/e=32. For denitrification, the cells
were sparged with Argon and nitrate reduction was measured using 2 mM K*NO; (CEA

97.4% °N). NO, N0 and N, concentrations were followed as a function of time.
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4.3.9 TEM and crystal analysis

If not specified, MSR-1 WT and mutants were grown at 30°C under anaerobic or
microaerobic conditions for 20 h, concentrated and adsorbed onto carbon-coated copper grids.
Samples were viewed and recorded with a Morgagni 268 microscope (FEI, Eindhoven,
Netherlands) at 80 kV. For magnetosome analysis, more than 300 crystals were characterized

for each strain.

4.3.10 Sequence analysis

fnr genes were identified by BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) homology

searching in the genomes of MSR-1 (GenBank: CU459003.1), Magnetospirillum magneticum
(GenBank AP007255.1), Magnetospirillum magnetotacticum (NCBI reference sequence
NZ_AAAP00000000.1), Magnetococcus marinus (GenBank accession number CP000471.1),
and Desulfovibrio magneticus strain RS-1 (GenBank accession number AP010904.1).
ClustalW was used for sequence alignment. The identification of Fnr binding sites in the
promoter regions of the different operons encoding denitrification enzymes were performed
with the virtual footprint software (PRODORIC, http://prodoric.tu-bs.de/vfp/index2.php).

4.4 RESULTS

4.4.1 Deletion of Mgfnr impairs biomineralization during microaerobic denitrification

Using E. coli Fnr (hereafter referred to as EcFnr, GenBank accession no. AAC74416.1) as a
query, we identified one putative Fnr protein, named MgFnr (Mgr_2553), encoded in the
genome of MSR-1 (Fig. 4-1). MgFnr has a higher similarity to Fnr proteins from other
magnetospirilla, including Amb4369 from M. magneticum strain and Magn03010404 from M.
magnetotacticum (76% identity, 97% similarity), than to EcFnr (28% identity, 37%
similarity). Nevertheless, the MgFnr contains all signatory features of the Fnr family proteins:
a C-terminal helix-turn-helix DNA binding domain and an N-terminal sensory domain
containing the four cysteines (C25, C28, C37, and C125) found to be essential in EcFnr (Fig.
4-1) (15).
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Fig. 4-1 Sequence alignment of Fnr proteins from different bacteria and proposed domain structure of one
subunit of Fnr based on the structure of its homolog Crp from E. coli. Conserved residues are shown in orange
while residues which are only conserved in magnetospirilla are indicated in gray. In MSR-1, the first 37 amino
acids that are absent in Crp contain three of the four Cys (Cys25, Cys28, Cys37, and C125 indicated by green
stars) which ligate the [4Fe-4S] cluster. Gray boxes indicate DNA-binding motif. Single residue changes which
are capable to activate transcription of nitrate reductase genes under aerobic conditions in E. coli are shown in
red. Amb4369 is from M. magneticum strain and Magn03010404 is from M. magnetotacticum.

We constructed an unmarked AMgfnr mutant by a modified cre-lox based technique as
described previously (28). In both microaerobic ammonium medium and anaerobic nitrate
medium, AMgfnr mutant cells displayed WT-like growth and magnetic response (Cmag) (data
not shown) and produced WT-like magnetosome crystals (Fig. 4-2A and B) with similar
crystal size (40.2 + 15.3 nm versus 38.0 = 15.8 nm in WT under anaerobic conditions; 30.0
13.6 nm versus 29.9 £ 14.5nm in WT in microaerobic ammonium medium). However,
although the AMgfnr mutant grew as the WT in microaerobic nitrate medium, Cpag values
were slightly lower than those in the WT during the entire growth (Fig. 4-3). In agreement
with this, AMgfnr mutant cells contained smaller and aberrantly shaped particles in addition
to particles with a WT-like size and appearance (Table 4-1, Fig. 4-2B).
Transcomplementation of AMgfnr strain with the WT allele (AMgfnr+pLYJ110) restored
magnetosome formation back to the WT level with similar crystal size (Fig. 4-2C, Table 4-1).
However, WT overexpressing Mgfnr (WT+pLYJ110) produced smaller magnetite particles
under anaerobic conditions (30.3 + 15.1 nm, which was similar to that of WT in microaerobic
nitrate medium) (Table 4-1, Fig. 4-S1) and also under microaerobic conditions in the
presence of nitrate (23.5 £ 13.8 nm versus 30.5 = 12.4 in WT). This indicated that MgFnr is
involved in magnetosome formation during nitrate reduction, and that the expression level of

MgFnr is crucial for proper magnetite biomineralization.
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A

'WT, anaerobic nitrate medium

B

AMgfnr+pLYJ153, microaerobic nitrate medium

Fig. 4-2 Effects of Mgfnr deletions on magnetosome formation. (A) Left: TEM images of whole cells of WT
(from top to bottom) in anaerobic nitrate medium, microaerobic ammonium medium, and microaerobic nitrate
medium. Bar, 500 nm. Right: Closeup views of magnetosome crystals shown on the left. Bar, 100 nm. (B) Left:
TEM images of whole cells of AMgfnr mutant (from top to bottom) in anaerobic nitrate medium, microaerobic
ammonium medium, and microaerobic nitrate medium. Bar, 500 nm. Right: Closeup views of magnetosome
crystals shown on the left. Irregular shaped particles are indicated by black arrows. Bar, 100 nm. (C) Left: TEM
images of AMgfnr mutant complemented with plasmids pLYJ110 harboring Mgfnr gene and pLYJ153 harboring
Ecfnr gene in microaerobic nitrate medium. Bar, 500 nm. Right: Closeup views of magnetosome crystals shown
on the left. Bar, 100 nm.
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Table 4-1 Crystal sizes in various strains under different conditions

Strain Anaerobic nitrate medium Microaerobic nitrate medium
WT 38.0 £ 15.8 nm 30.5+12.4 nm

AMgfnr mutant 40.2 £15.3 nm 21.9+£ 7.7 nm
WT+pLYJ110 30.3+15.1 nm 23.5+13.8nm
AMgfnr+pLYJ110 421 £21.9 nm 30.3+£22.3nm
WT+pLYJ153 31.7 £18.7 nm 30.0 £21.6 nm
AMgfnr+pLYJ153 40.9 £ 20.2 nm 31.3+20.7 nm

4.4.2 In AMgfnr expression patterns of denitrification genes are different from those in
WT

Deletion of Mgfnr resulted in impaired magnetite biomineralization only under microaerobic
conditions in the presence of nitrate, suggesting a potential link to nitrate reduction. In
addition, in E. coli and other bacteria, Fnr was shown to upregulate the expression of
denitrification genes under microaerobic or anaerobic conditions (30, 32). Our earlier studies
on MSR-1 showed that all denitrification genes in the WT were regulated by oxygen, and
except for nap, which was upregulated by oxygen, the highest expression of other
denitrification genes coincided with conditions permitting maximum magnetosome formation
(e.g., low oxygen tensions and the presence of nitrate) (5). Consistent with this, we found Fnr

binding sites (TTGANgTCAA) in the promoter regions of all operons involved in

denitrification (Table 4-S2). To gain insight whether these observed defects in magnetosome
formation in AMgfnr strain are indirectly caused by deregulation of denitrification genes, we
analyzed the transcription of all denitrification genes by constructing gusA fusions in the
AMgfnr background (Table 4-2). In AMgfnr strain, expression of nap was no longer
upregulated by oxygen but displayed similar levels of B-glucuronidase activity under all
tested conditions, which was higher than the maximum level in the WT. nirS-gusA showed a
similar pattern as in WT, that is, it was upregulated by nitrate and downregulated by oxygen.
However, an about 5-fold higher B-glucuronidase activity was measured under aerobic
conditions compared to the WT. AMgfnr mutant cells harboring the transcriptional nor-gusA
reporter gene fusion exhibited a higher B-glucuronidase activity under microaerobic
conditions in the presence of nitrate (416 U/mg) than in the absence of nitrate (151 U/mg),
while it was lower than in the WT under the same conditions. However, oxygen did not
inhibit the expression of nor-gusA in the AMgfnr strain. Similarly, under microaerobic
conditions, nosZ-gusA in the AMgfnr strain also showed a higher B-glucuronidase activity in

the presence of nitrate than in its absence, but compared to WT, expression of nosZ-gusA
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under microaerobic conditions in the presence of nitrate was decreased. Again, highest
expression of nosZ was observed under aerobic conditions in the presence of nitrate. Taken
together, these data indicated that deletion of Mgfnr resulted in a different oxygen-dependent
regulation of denitrification genes, suggesting that MgFnr is involved in controlling the
expression of denitrification and the observed defects in magnetosome formation in AMgfnr

mutant might indirectly result from loss of proper regulation of denitrification genes.

Table 4-2 Effects of oxygen and nitrate on the expression of denitrification genes nap,
nirS, nor, and nosZ in AMgfnr mutant

Promoter Microaerobic conditions Aerobic conditions
+ NO3 - NO3 + NO3” - NO3
nap 795+ 41.81 67.0+29.4 79.6 £ 38.5 85.4 +30.9
(16.2 +1.4) (15.9+0.8) (30.8 + 2.6) (28.6 + 2.8)
nirs 266.3 +10.8 76.5 +28.3 85.4 +23.0 88.4 +54.9
(124.0 £5.5) (21.2 £ 9.6) (14.2+7.9) (18.3+7.8)
nor 414.7 +52.8 150.9 +52.4 559.7 £+ 74.0 493.4 +£52.9
(762.8 £37.0) | (221.5+52.4) (204.4 £ 41.1) (151.1 £ 10.5)
07 327.8+32.9 153.2 £62.5 751.3+76.1 525.7 +53.6
(519.0+£43.4) | (118.3+33.3) (146.6 £ 34.7) (152.5 £ 21.9)

# Values of B-glucuronidase activity are averages and standard deviations for at least two replicate cultures.
Units are recorded as nanomoles of product formed per minute per mg protein.

b Expression in the WT are shown in the “()” for comparison (5).

4.4.3 Decreased N, production in AMgfnr mutant is due to lower N,O reductase activity

We next monitored the overall denitrification of MSR-1 WT and AMgfnr mutant by growing
cells in deep slush agar (0.3%) tubes containing nitrate medium in which entrapped gas
bubbles are indicative for N, production (5). We found that although deletion of Mgfnr did
not cause any growth defects under all tested conditions, in WT culture many N, bubbles
became visible after 24 h, while in AMgfnr mutant only few bubbles were observed at any
time of incubation, indicating that denitrification was reduced in this strain (Fig. 4-4A). In
contrast, the AMgfnr complemented strain (AMgfnr+pLYJ110) generated bubbles after 24 h
as the WT. We therefore wanted to dissect at which step(s) of denitrification N, production
was affected. First, concentrations of nitrate and nitrite in microaerobic nitrate medium were
measured during the entire growth of WT and AMgfnr mutant to assess nitrate and nitrite
reduction, which are catalyzed by Nap and NirS, respectively. As shown in Fig. 4-3, no
significant difference between WT and AMgfnr mutant was observed for reduction of nitrate
and nitrite. Nitrate disappeared slightly faster in the AMgfnr mutant than in the WT, but this
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was not accompanied by an increased accumulation of nitrite. This meant that deletion of
Mgfnr does not affect activities of the nitrate and nitrite reductase. We also measured the
overall reduction of NO3™ to N,O and N,O to N, by detecting the emission rate of respective
reaction products in cell suspension at ODsgs nm Of 1 with a gas-mass spectrometer (Table 4-3).
For cultures grown in microaerobic ammonium medium, neither emission of N,O nor N, was
found in WT and the AMgfnr mutant, suggesting that the presence of nitrate is essential to
activate denitrification. After growth in microaerobic nitrate medium, N,O emission rates
from nitrate were similar in WT and AMgfnr mutant (Table 4-3). As estimated by N,
evolution, we found that N,O reductase activity was very low in both strains compared to
nitrate, nitrite, and NO reductase activities, since the rate for N,O production from nitrate was
20-fold higher than the rate for N, production. Due to the low values and the detection limit
of the gas-mass spectrometer, the standard deviation is quite critical for evaluation of
significance of the N, emission values. However, in 8 independent experiments the N,
emission rates appeared lower for AMgfnr strain than for the WT (0.4 uM/min versus
0.7 uM/min). In addition, we also tested oxygen reduction in both WT and AMgfnr mutant
grown under microaerobic conditions by determining the consumption rate of oxygen in cell
suspension with the gas-mass spectrometer. WT and AMgfnr mutant cells consumed oxygen
at similar rates (Table 4-3), which indicated that MgFnr is not involved in regulation of O,

respiration.

Table 4-3 Rates of N,O and N, emission in WT and AMgfnr mutant after nitrate
addition and rates of O, consumption during aerobic respiration

N>O emission N, emission O, consumption
Culture (2% oxygen) (UM/min?) (UM/min) (UM/min)
WT without nitrate ND” ND 50.7 +10.0
AMgfnr mutant without nitrate  ND ND 440+ 2.0
WT with nitrate 14.1+2.0 0.7+0.5 41.3+20
AMgfnr mutant with nitrate 120+ 20 04+0.2 440+ 4.7

 The values (in UM per min for a cell suspension of ODsgs o OF 1) are the average of eight independent
experiments. ® ND: not detectable.
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Fig. 4-3 Time courses of nitrate and nitrite utilization during microaerobic growth of WT and AMgfnr mutant in
nitrate medium.

4.4.4 Expression of Mgfnr is increased by oxygen and upregulated by itself

Under aerobic conditions, the expression of denitrification genes nor and nosZ was
upregulated in the AMgfnr mutant, which suggested that MgFnr might be also active as
repressor under aerobic conditions. Therefore, we first asked if transcription of the Mgfnr
gene itself is under oxygen-dependent regulation. WT cells expressing Mgfnr-gusA showed
the lowest B-glucuronidase activity under microaerobic conditions in the absence of nitrate,
while the presence of nitrate slightly increased microaerobic expression of Mgfnr (Fig. 4-4B).
The expression of Mgfnr was induced approximately 4-fold in the presence of nitrate and
more than 2-fold in the absence of nitrate under aerobic conditions relative to microaerobic
conditions, which again suggested that MgFnr is likely active and acts as a repressor under
aerobic conditions. In the AMgfnr mutant, Mgfnr-gusA also exhibited the highest f-
glucuronidase activity under aerobic conditions in the presence of nitrate. However,
compared to WT under aerobic conditions, expression levels of Mgfnr in AMgfnr mutant

were significantly decreased, which indicated that expression of Mgfnr is upregulated not
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only by oxygen, but also by MgFnr itself, as already suggested in E. coli (33). However, we

failed to observe a putative Fnr binding site in the Mgfnr promoter region.

4.4.5 MgFnr can complement E. coli AEcfnr mutant

All previous observations were pointing towards a scenario, in which MgFnr may also
repress expression of denitrification genes under aerobic conditions, which however has
never been reported for any Fnr protein from other bacteria. Therefore, the question arose as
to whether MgFnr is a genuine oxygen-responsive regulator. Consequently, an Ecfnr deletion
mutant AEcfnr was transcomplemented with Mgfnr. As shown before (34), AEcfnr cells
displayed deficient anaerobic growth when nitrate was used as the sole electron acceptor on
lactate minimal medium, whereas they grew to similar yields as the WT anaerobically
growing on glucose medium (Fig. 4-4C). However, in the AEcfnr+pLYJ132 strain which
contained the WT-Mgfnr gene, anaerobic growth in the presence of nitrate was restored back
to E. coli WT-like level, which demonstrated that MgFnr is also functional in E. coli. Vice
versa, the MSR-1 AMgfnr strain containing Ecfnr gene (AMgfnr+pLYJ153) generated N,
bubbles after 24 h (Fig. 4-4A), suggesting that EcFnr also functions in MSR-1. As shown in
Fig. 4-2C and table 4-1, AMgfnr+pLYJ153 strain containing Ecfnr again synthesized WT-
like magnetite crystals. Under anaerobic conditions, overexpression of EcFnr resulted in a
decrease in crystals size as overexpression of MgFnr does (Table 4-1, Fig. 4-S1). However,
when EcFnr was overexpressed in MSR-1 WT under microaerobic conditions, magnetite
crystals with WT size were formed, contrary to what was observed with overexpression of
MgFnr. Altogether, our observations suggested that MgFnr is a genuine oxygen sensor and
displays an equivalent in vivo function as EcFnr in E. coli, but some functions of the MgFnr
might be slightly distinct from the EcFnr.
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Fig. 4-4 (A) N, production in WT, AMgfnr mutant, AMgfnr mutant plus pLYJ110, and AMgfnr mutant plus
pLYJ153 cultures in oxygen gradient tubes with 0.3% agar. AMgfnr mutant plus pLYJ110, and AMgfnr mutant
plus pLYJ153 cells contained respective fnr gene from MSR-1 and E. coli. (B) Transcription of Mgfnr promoter
fused to gusA in both WT and AMgfnr mutant under different conditions. Expression was measured by [-
glucuronidase activity. Cultures were grown aerobically or microaerobically in nitrate and ammonium medium.
(C) Heterologous transcomplementation of AEcfnr mutant which contains with plasmid pLYJ132 which
contains Mgfnr. Cultures were grown anaerobically in glucose minimal medium (black box) and lactate minimal
medium (gray box). (D) Transcription of nosZ fused to gusA in Mgfnr variant strains under aerobic conditions in
the presence of nitrate. Expression was measured by p-glucuronidase activity.

4.4.6 MgFnr mutations N27D and 134L increase expression of nosZ under aerobic
conditions

In E. coli, it was observed that some single amino acid substitutions at positions not widely
conserved among the Fnr family caused an increased stability of Fnr toward oxygen, and
consequently, transcription of nitrate reductase genes became activated under aerobic
conditions (21, 30, 35). As shown in Fig. 4-1, none of these reported amino acids in EcFnr
(Asp-22, Leu-28, His-93, Glu-150, and Asp-154) is conserved in MgFnr (Asn-27, lle-34,
Leu-98, Asp-153, and Ala-157, respectively). However, the residues present in MgFnr are
highly conserved among Fnr proteins from magnetospirilla except for MgFnr lle-34 which is
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replaced by Val in M. magneticum Fnr. This indicates that some functional difference might
occur between Fnr proteins from magnetospirilla and E. coli. Therefore, to test whether these
sequence differences affect the stability of MgFnr to oxygen, we constructed several Mgfnr
mutants, in which single amino acids of MgFnr were substituted by those present in EcFnr
(N27D, 134L, L98H, and D153E) (Fig. 4-1). With nosZ as an example, we measured -
glucuronidase activity of nosZ-gusA fusion in Mgfnr variant strains under different conditions.
All MgFnr mutants exhibited decreased levels of nosZ-gusA (70%-90% of WT) expression in
microaerobic nitrate medium (Fig. 4-S2). Under aerobic conditions, N27D and I34L strains
showed high nosZ-gusA expression, similar to that in AMgfnr mutant, whereas L98H and
D153E displayed the lowest expression which was similar to the WT (Fig. 4-4D). We also
investigated denitrification by N, bubble formation of Mgfnr variant strains in deep slush
agar tubes. Hardly any N, was produced in all Mgfnr mutant strains (data not shown). All
Mgfnr variant strains produced smaller magnetite particles and showed decreased iron
concentrations and magnetic response (Cnag Value) compared to the WT (Table 4-4, Fig. 4-
S3). However, the differences to the WT were more pronounced in the N27D and 134L
strains, whose phenotypes were similar to those observed in AMgfnr mutant (Table 4-4). This
suggested that Asn-27 and lle-34, which are located near Cys-28 and Cys-37, play an

important role in maintaining a functional MgFnr.

Table 4-4 Measurements of magnetic response (Cmag), iron content, and crystal size for
various Mgfnr strains in microaerobic nitrate medium

Strain Magnetic response (Cmag) Iron content (%)  Crystal size (nm)
WT 2.22 +0.01 100 29.3+£18.6
AMgfnr mutant  1.78 £ 0.03 76.0 £ 0.06 20.7+15.9
MgFnrN27D 1.77 £0.02 83.6 +0.03 19.2+18.9
MgFnrl34L 1.83+0.02 74.2 £ 0.07 21.3+18.2
MgFnrL98H 1.91+0.02 95.6 +0.16 24.3+19.9
MgFnrD153E 1.93+0.03 85.8+0.14 23.6+19.4

4.5 DISCUSSION

Our previous findings have implicated denitrification to be involved in redox control of
anaerobic and microaerobic magnetite biomineralization (5, 6). In E. coli and other bacteria
the switch between aerobic and microaerobic respiration such as nitrate reduction is primarily

controlled by the Fnr regulator (11, 12). In this study, we have characterized the effect of the
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MgFnr protein on growth and magnetite biomineralization in MSR-1. Deletion of Mgfnr did
not affect the growth vyield, but impaired magnetosome formation under microaerobic
conditions only in the presence of nitrate (i.e., when denitrification was active) but not in its
absence. This implies that MgFnr might be involved in magnetite synthesis by regulation of
denitrification genes, whereas expression of terminal oxidases for O, respiration is likely not
under the control of MgFnr, similar to Fnr from Shewanella oneidensis (36). In fact, we
found that neither the rates of oxygen consumption nor transcription of terminal oxidase
genes (Y. Li and D. Schuler, unpublished data) displayed any difference between the WT and
AMgfnr mutant. The presence of putative Fnr binding sites in the promoter regions of all
operons of denitrification further indicates that MgFnr is involved in controlling the
transcription of denitrification genes in response to different oxygen concentrations.
Consistent with this, transcription patterns of denitrification genes in AMgfnr mutant were
different from WT. For example, in the AMgfnr strain the expression of nap was no longer
upregulated by oxygen, expression of nirS was much higher under aerobic conditions than
WT, and aerobic expression of nor and nosZ was no longer repressed but upregulated by
oxygen. Furthermore, we failed to identify a putative Fnr protein encoded in the genome of
the nondenitrifying magnetotactic bacteria Ms. marinus or D. magneticus strain RS-1, which
also suggests that Fnr of MTB is likely only responsible to regulate genes encoding for
denitrification, but not required for aerobic respiration. In addition, we also observed
significantly decreased N, evolution in deep slush agar tubes in AMgfnr mutant. This raised
the question at which step(s) of denitrification is affected by the loss of MgFnr. We propose
that this is not likely caused by the reduction steps from NO3" to N,O based on the following
observations: (i) The consumption rate of NO3™ and NO;" did not decrease in AMgfnr mutant;
(i1) NO is lethal to the cells while no defective growth was found in AMgfnr mutant, and no
NO emission was observed during mass spectrometry experiments which also implies that the
activity of NO reductase is not decreased; (iii) The N,O emission rate after addition of nitrate
was similar for AMgfnr mutant and WT. Therefore, we conclude that loss of MgFnr affects
the last step of denitrification, the reduction of N,O to N,. In agreement, the emission rate of
N, was lower for AMgfnr mutant than for the WT. However, we cannot exclude the
possibility that loss of MgFnr has an impact on further pathways involved in
biomineralization other than denitrification. For instance, we have previously shown that (i)
besides acting as nitrate reductase, Nap also plays a role in redox control for magnetosome
formation, (ii) nitrite reductase NirS is capable to oxidize ferrous iron to ferric iron for

magnetite synthesis, and (iii) NO reductase Nor also participates in magnetosome formation
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by yet unknown functions (5, 6). On the other hand, in the magnetotactic Magnetovibrio
blakemorei strain MV-1 which is capable of anaerobic respiration with N,O as electron
acceptor, a putative periplasmic Fe(ll) oxidase was identified and proposed as N,O reductase
NosZ (37), which suggests that N,O reductase might be also involved in magnetite
biomineralization by unknown functions. In addition, in AMgfnr mutant the different
phenotypes observed under anaerobic and microaerobic conditions in the presence of nitrate
indicate that MgFnr plays a more important role in magnetite biomineralization when O,
respiration and denitrification occur simultaneously. Our recent findings showed that
maintaining a balance between aerobic respiration and denitrification is crucial for WT-like
magnetite biomineralization (Y. Li and D. Schiler, unpublished data). In this case, MgFnr
might provide the main contribution to mediate the expression of denitrification genes and
therefore, poise the redox state for magnetosome formation.

Since deletion of Mgfnr altered oxygen-dependent regulation of denitrification genes under
aerobic conditions, we hypothesized that MgFnr protein is active under aerobic conditions.
Consistent with this, the expression of Mgfnr was upregulated by oxygen, which, however,
was never reported for any Fnr protein from other bacteria. Studies on EcFnr mutants in E.
coli have established the important role of a [4Fe-4S]* cluster in regulating EcFnr activity,
and some single amino acid substitutions at positions not conserved in the Fnr family led to
increased stability of Fnr to oxygen and activated transcription of nitrate reductase genes
under aerobic growing conditions (20, 21, 30, 35, 38). None of these reported amino acids of
EcFnr are conserved in MgFnr, which might cause a more active MgFnr under aerobic
conditions. Among them, Ans-27 and lle-34 of MgFnr are located very closely to Cys-28 and
Cys-37, two of the four cysteine residues that bind the [4Fe-4S]*" cluster (39, 40). An E. coli
EcFnr mutant protein containing amino acid substitution at either of these two positions
showed increased expression of an EcFnr-dependent lac promoter under aerobic conditions
(30, 35, 38). In agreement with these observations, MgFnr mutants including N27D and 134L
showed increased aerobic expression of nosZ promoter, suggesting that Ans-27 and Ile-34 of
MgFnr are required for a functional MgFnr and likely play a role in maintaining the stability
of [4Fe-4S]** cluster. However, MgFnr was able to complement AEcfnr mutant back to WT-
like growth, which indicates that MgFnr also has the universal properties of EcFnr.
Nonetheless, AEcfnr mutant and AMgfnr mutant displayed significant different phenotypes
during anaerobic growth, such as a largely decreased growth yield in AEcfnr mutant, but no

defective growth in AMgfnr mutant. These differences might be explained by different media
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used for cultivation because in E. coli deletion of Ecfnr only resulted in growth defect in
some minimal media (34) while there is no minimal medium available, which provides
reliable growth for MSR-1. In addition, not only deletion of Mgfnr but also overexpression of
Mgfnr in WT affected anaerobic and microaerobic magnetite biomineralization in the
presence of nitrate and caused the synthesis of smaller magnetosome particles, which
indicates that the balanced expression of MgFnr is crucial for WT-like magnetosome
synthesis and the expression level is under precise control, be regulated by itself and oxygen.
Therefore, MgFnr might play an important role in maintaining redox balance for magnetite
synthesis by controlling the expression of denitrification genes, and thus the expression of
MgFnr is required to be strictly regulated. On the other hand, since MgFnr serves as an
activator for expression of denitrification genes (nor and nosZ) under microaerobic
conditions while as a repressor on the same genes under aerobic conditions, it is proposed
that other oxygen sensors involved in expression of nor and nosZ are regulated by MgFnr.
For example, a NosR protein has been shown to be required to activate the transcription of
nos gene in Pseudomonas stutzeri (41). However, our data cannot rule out the possibility that
MgFnr is also regulated by other yet unknown proteins and that other genes involved in

magnetosome formation is controlled by MgFnr.

In conclusion, we for the first time in a magnetotactic bacterium demonstrated that MgFnr is
a genuine oxygen regulator and mediates anaerobic respiration. The expression of MgFnr is
required to be precisely controlled, which is regulated by oxygen and MgFnr itself. In
addition, MgFnr is also involved in regulation of magnetite biomineralization during
denitrification, likely by controlling proper expression of denitrification genes. This allows
the transcription to be adapted to changes in oxygen availability, and thus maintaining proper
redox conditions for magnetite synthesis. Despite of general similarities with Fnr proteins
from other bacteria, MgFnr is more insensitive to O, and further displays additional functions

for aerobic conditions, which might result from some non-conserved amino acids.

Although oxygen is known to be a major factor affecting magnetite biomineralization for
decades, the mechanism of this effect in MTB is still unknown. The common observation that
magnetosomes are only synthesized under suboxic conditions raised the possibility of
protein-mediated regulation of the biomineralization process. However, although MgFnr
mediates oxygen-dependent regulation, its relatively subtle and indirect effects on magnetite

biomineralization cannot account for the observed complete inhibition of magnetite
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biosynthesis under aerobic conditions. In addition to a possible effect caused by directly
perturbing the redox balance of iron ions required for magnetite synthesis, another level of
genetic regulation may exist in MSR-1. Since MgFnr only affects expression of
denitrification genes but not genes encoding O, respiration enzymes, magnetite
biomineralization is also probably regulated by other unknown O, sensors. Therefore, further
research on respiratory pathways in MTB is likely to gain further insights into the mechanism

of oxygen-dependent regulation of biomineralization.

4.6 ACKNOWLEDGEMENTS

We thank Kirsten Jung, Ludwig-Maximilians-Universitdt Minchen, for courtesy of strain
AEcfnr mutant. The China Scholarship Council (CSC) is greatly acknowledged for the
financial support of Y. Li, and the Brazilian CNPq program for the financial support of K. T.
Silva. This work was supported by grants DFG Schul080/11-1 and 15-1, and HFSP
RGP0052/2012 to D. Schiiler.

4.7 REFERENCES

1. Jogler C, Schiler D. 2009. Genomics, genetics, and cell biology of magnetosome
formation. Annu. Rev. Microbiol. 63:501-521.

2. Ullrich S, Kube M, Schibbe S, Reinhardt R, Schiler D. 2005. A hypervariable
130-kilobase genomic region of Magnetospirillum gryphiswaldense comprises a
magnetosome island which undergoes frequent rearrangements during stationary
growth. J. Bacteriol. 187:7176-7184.

3. Murat D, Quinlan A, Vali H, Komeili A. 2010. Comprehensive genetic dissection
of the magnetosome gene island reveals the step-wise assembly of a prokaryotic
organelle. Proc. Natl. Acad. Sci. U. S. A. 107:5593-5598.

4, Lohsse A, Ullrich S, Katzmann E, Borg S, Wanner G, Richter M, Voigt B,
Schweder T, Schiler D. 2011. Functional analysis of the magnetosome island in
Magnetospirillum gryphiswaldense: the mamAB operon is sufficient for magnetite
biomineralization. PL0oS One 6:e25561.

5. Li YJ, Katzmann E, Borg S, Schiler D. 2012. The periplasmic nitrate reductase

Nap is required for anaerobic growth and involved in redox control of magnetite
biomineralization in Magnetospirillum gryphiswaldense. J. Bacteriol. 194:4847-4856.

84



Chapter 4

10.

11.

12.

13.

14.

15.

16.

17.

18.

Li YJ, Bali S, Borg S, Katzmann E, Ferguson SJ, Schiler D. 2013. Cytochrome
cd; nitrite reductase NirS is involved in anaerobic magnetite biomineralization in
Magnetospirillum gryphiswaldense and requires NirN for proper d; heme assembly. J.
Bacteriol. 195:4297-4309.

Mann S, Sparks NHC, Board RG. 1990. Magnetotactic bacteria: microbiology,
biomineralization, palaecomagnetism and biotechnology. Adv. Microbiol. Physiol.
31:125-181.

Faivre D, Agrinier P, Menguy N, Zuddas P, Pachana K, Gloter A, Laval J,
Guyot F. 2004. Mineralogical and isotopic properties of inorganic nanocrystalline
magnetites. Geochim. Cosmochim. Acta 68:4395-4403.

Faivre D, Bottger LH, Matzanke BF, Schuler D. 2007. Intracellular magnetite
biomineralization in bacteria proceeds by a distinct pathway involving membrane-
bound ferritin and an iron(Il) species. Angew. Chem. Int. Ed. Engl. 46:8495-8499.

Heyen U, Schiler D. 2003. Growth and magnetosome formation by microaerophilic
Magnetospirillum strains in an oxygen-controlled fermentor. Appl. Microbiol.
Biotechnol. 61:536-544.

Unden G, Becker S, Bongaerts J, Holighaus G, Schirawski J, Six S. 1995. O,-
sensing and O,-dependent gene regulation in facultatively anaerobic bacteria. Arch.
Microbiol. 164:81-90.

Bueno E, Mesa S, Bedmar EJ, Richardson DJ, Delgado MJ. 2012. Bacterial
adaptation of respiration from oxic to microoxic and anoxic conditions: redox control.
Antioxid. Redox Signal. 16:819-852.

Shaw DJ, Rice DW, Guest JR. 1983. Homology between Cap and Fnr, a regulator of
anaerobic respiration in Escherichia coli. J. Mol. Biol. 166:241-247.

Spiro S, Guest JR. 1990. FNR and its role in oxygen-regulated gene expression in
Escherichia coli. FEMS Microbiol. Rev. 6:399-428.

Green J, Sharrocks AD, Green B, Geisow M, Guest JR. 1993. Properties of FNR
proteins substituted at each of the five cysteine residues. Mol. Microbiol. 8:61-68.

Khoroshilova N, Popescu C, Munck E, Beinert H, Kiley PJ. 1997. Iron-sulfur
cluster disassembly in the FNR protein of Escherichia coli by O,: [4Fe-4S] to [2Fe-2S]
conversion with loss of biological activity. Proc. Natl. Acad. Sci. U. S. A. 94:6087-
6092.

Kiley PJ, Beinert H. 1998. Oxygen sensing by the global regulator, FNR: the role of
the iron-sulfur cluster. FEMS Microbiol. Rev. 22:341-352.

Lazazzera BA, Beinert H, Khoroshilova N, Kennedy MC, Kiley PJ. 1996. DNA
binding and dimerization of the Fe-S-containing FNR protein from Escherichia coli
are regulated by oxygen. J. Biol. Chem. 271:2762-2768.

85



Chapter 4

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Crack J, Green J, Thomson AJ. 2004. Mechanism of oxygen sensing by the
bacterial transcription factor fumarate-nitrate reduction (FNR). J. Biol. Chem.
279:9278-9286.

Khoroshilova N, Beinert H, Kiley PJ. 1995. Association of a polynuclear iron-sulfur
center with a mutant FNR protein enhances DNA binding. Proc. Natl. Acad. Sci. U. S.
A. 92:2499-2503.

Lazazzera BA, Bates DM, Kiley PJ. 1993. The activity of the Escherichia coli
transcription factor FNR is regulated by a change in oligomeric state. Genes Dev.
7:1993-2005.

Popescu CV, Bates DM, Beinert H, Munck E, Kiley PJ. 1998. Mdssbauer
spectroscopy as a tool for the study of activation/inactivation of the transcription
regulator FNR in whole cells of Escherichia coli. Proc. Natl. Acad. Sci. U. S. A.
95:13431-13435.

Jordan PA, Thomson AJ, Ralph ET, Guest JR, Green J. 1997. FNR is a direct
oxygen sensor having a biphasic response curve. FEBS Lett. 416:349-352.

Sutton VR, Mettert EL, Beinert H, Kiley PJ. 2004. Kinetic analysis of the
oxidative conversion of the [4Fe-4S]** cluster of FNR to a [2Fe-2S]** Cluster. J.
Bacteriol. 186:8018-8025.

Schiler D, Baeuerlein E. 1998. Dynamics of iron uptake and Fe3Oq
biomineralization during aerobic and microaerobic growth of Magnetospirillum
gryphiswaldense. J. Bacteriol. 180:159-162.

Viollier E, Inglett PW, Hunter K, Roychoudhury AN, Van Cappellen P. 2000.
The ferrozine method revisited: Fe(ll)/Fe(lll) determination in natural waters. Appl.
Geochem. 15:785-790.

Sambrook J, Russel D. 2001. Molecular cloning: A laboratory manual, vol. 3rd ed.
Cold Spring Harbor Laboratory Press, Cold Spring Habor, New York.

Ullrich S, Schiler D. 2010. Cre-lox-based method for generation of large deletions
within the genomic magnetosome island of Magnetospirillum gryphiswaldense. Appl.
Environ. Microbiol. 76:2349-2444.

Heermann R, Zeppenfeld T, Jung K. 2008. Simple generation of site-directed point
mutations in the Escherichia coli chromosome using Red“/ET® Recombination.
Microb. Cell Fact. 7:14.

Kiley PJ, Reznikoff WS. 1991. Fnr mutants that activate gene-expression in the
presence of oxygen. J. Bacteriol. 173:16-22.

Raschdorf O, Miller FD, Posfai M, Plitzko JM, Schiler D. 2013. The
magnetosome proteins MamX, MamZ and MamH are involved in redox control of
magnetite biomineralization in Magnetospirillum gryphiswaldense. Mol. Microbiol.
89:872-886.

86



Chapter 4

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cruz-Garcia C, Murray AE, Rodrigues JLM, Gralnick JA, McCue LA, Romine
MF, Loffler FE, Tiedje JM. 2011. Fnr (EtrA) acts as a fine-tuning regulator of
anaerobic metabolism in Shewanella oneidensis MR-1. BMC Microbiol. 11:64.

Gerasimova AV, Rodionov DA, Mironov AA, Gelfand AS. 2001. Computer
analysis of regulatory signals in bacterial genomes. Fnr binding sites. Mol. Biol.
35:853-861.

Lambden PR, Guest JR. 1976. Mutants of Escherichia coli K12 unable to use
fumarate as an anaerobic electron acceptor. J. Gen. Microbiol. 97:145-160.

Bates DM, Popescu CV, Khoroshilova N, Vogt K, Beinert H, Munck E, Kiley PJ.
2000. Substitution of leucine 28 with histidine in the Escherichia coli transcription
factor FNR results in increased stability of the [4Fe-4S]*" cluster to oxygen. J. Biol.
Chem. 275:6234-6240.

Zhou G, Yin J, Chen H, Hua Y, Sun L, Gao H. 2013. Combined effect of loss of
the caasz oxidase and Crp regulation drives Shewanella to thrive in redox-stratified
environments. ISME J. 7:1752-1763.

Bazylinski DA, Williams T. 2006. Ecophysiology of magnetotactic bacteria. In D.
Schiller (ed.), Magnetoreception and magnetosomes in bacteria. SpringerVerlag,
Heidelberg.

Bates DM, Lazazzera BA, Kiley PJ. 1995. Characterization of FNR* mutant
proteins indicates two distinct mechanisms for altering oxygen regulation of the
Escherichia coli transcription factor FNR. J. Bacteriol. 177:3972-3978.

Sharrocks AD, Green J, Guest JR. 1990. In vivo and in vitro mutants of FNR the
anaerobic transcriptional regulator of E. coli. FEBS Lett. 270:119-122.

Melville SB, Gunsalus RP. 1990. Mutations in fnr that alter anaerobic regulation of
electron transport-associated genes in Escherichia coli. J. Biol. Chem. 265:18733-
18736.

Wunsch P, Zumft WG. 2005. Functional domains of NosR, a novel transmembrane

iron-sulfur flavoprotein necessary for nitrous oxide respiration. J. Bacteriol.
187:1992-2001.

87



Chapter 4

4.8 SUPPLEMENTAL MATERIALS

Fig. 4-S1 Magnetosome formation in WT overexpressing MgFnr. Plasmid pLYJ110 and pLYJ153 contains fnr
gene from MSR-1 and E. coli, respectively. Cells were grown in anaerobic nitrate medium. Bar, 100 nm.
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Fig. 4-S2 Transcription of nosZ fused to gusA in Mgfnr variant strains under microaerobic conditions in the
presence of nitrate. Expression was measured by p-glucuronidase activity.
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Fig. 4-S3 Magnetosome formation in different Mgfnr variant strains. Cells were grown in microaerobic nitrate
medium. Bar, 100 nm. Irregular shaped particles are indicated by black arrows.
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Table 4-S1 Bacterial strains and plasmids used in this work

Strain or plasmid

Important feature (S)

Source or reference

Strain

E. coli strain DH5a

E. coli strain BW29427

AEcfnr mutant
MSR-1 WT
AMgfnr
MgFnrN27D
MgFnri34L
MgFnrL98H
MgFnrD153E

Plasmid
pBBR1MCS-2
pK19mobGllI

pALO1

PAL02/2

pLYJ87
pLYJ97

pOR093

pLYJ105
pLYJ106
pLYJ109
pLYJ110
pLYJ132
pLYJ141
pLYJ142
pLYJ143
pLYJ144
pLYJ153

F’ ®80dlacZAMI15A(lacZYA-argF)U169 deoR recAl
endAl hsdR17 (r-, me+) phoA supE44 - thi-1 gyrA96
relAl

dap auxotroph derivative of E. coli strain B2155

E. coli K-12 substr. MG1655
Wild type R3/S1, but Rif", Sm'
R3/S1 AMgfnr

R3/S1 MgFnrN27D mutants
R3/S1 MgFnri34L mutant
R3/S1 MgFnrL98H mutant
R3/S1 MgFnrD153E mutant

Km', mobilizable broad-host-range vector

Km', pK19mobGlI vector (Km', pMB-1 replicon, gusA,
lacZ) containing a 2 kb fragment upstream of mgr4019

Gm', pT18mob2 vector containing a 2 kb fragment
downstream of mgr4019

pBBR1MCS-2 plus nirS promoter and cre fusion
pBBR1MCS-2 plus gusA from pK19mobGl|

mamX CXXCH (65,104)->AXXAH, pK19mobGl|
derivative, Km'

pALO02/2 plus Mgfnr 2-kb upstream region

pALO1 plus Mgfnr 2-kb downstream region

pLYJ97 plus Mgfnr promoter region

pBBR1MCS-2 plus Mgfnr with its own promoter region
pBBR1MCS-2 plus Mgfnr

pORO093 plus MgfnrN27D

pOR093 plus Mgfnri34L

pOR093 plus MgfnrD153E

pOR093 plus MgfnrL98H

pLYJ36 plus Ecfnr

Invitrogen

K. Datsenko and B. L.
Wanner, unpublished

K. Jung, unpublished
1

This study

This study

This study

This study

This study

)
®)

(4)

(4)

®)
(6)

U]

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Table 4-S2 Detection of Fnr binding sites in the upstream regions of nap, nirS, nor, and

nosZ. The putative Fnr binding sites in the promoter regions are indicated in yellow.

>MGR_4000_5" nap operon
ATGTGGACCACAATCCCAAGACCGCCGAGATCGCCCGCGCCATCATCGGCCTGAGTCGCGGCCT
CAACCTGGAAGTGGTGGCCGAGGGCTGCGAGATCGCCGCCCATATCCAGTTCCTCAAGGATAAT
GGCTGCGACACTGTGCAGGGGTTCTTCTATTCCCGACCGGTTCCGGCAGAGCAATTCCAGGCCA
TGCTGGCCGATGGTTTCCTGCGCGGCCAAGCCTGAGCGGCTAAATCACCAATCACTGATATTTG
AATAACCAAGTAACGGGGTCGGAAAAGACCCTGCTTACTGTGTGGTCTTCTTGACCAAAATCAA
ATGCGATTCGGACCGATGGGTCCACTCTGGCGGTGCCGGCTCTTCCGTTCGGGAAGGCCTGCGA
TTACGGGGCCGTTATG

>MGR_1052_5' nirS
CCCCGAACAGGGACGCCCCCAGTATTTTCATTTTGGACAGCCGGCTGAACAGTGACTGATTGGA
AGCCATGGCTTTAACCCCGAGGGTCTCCTTTTATTCCGGCATTTTATGGCGCTTGTAACACGCCC
CCCTAGACCTGAACTTGACGTTGGACAAACCGTCACCGCCAATCACGGCCAGTGCCCAGACCCT
ATCCCGACCTGCCTGTTGGACTTTGTGACATTGGTCAATTTGGCTTTGACGCATCAAATGCTGAT
GTTCGTCTGCCGATGACTTTTCGATCGCCTATTTGACTTTGGTTAAAGTCGCTGGCCGACCAAGC
GCCCAAGGTGGCCCCACTCGATACGCCGTGCTCTCAAAGGGGGGAGCGGAGCGATCATTATCAA
GTGGAGGTAAAGG

>MGR_3484_5' nor operon
GGGCCGATCTTGGCCGCCAGACTGGCCGGCCCCCAGCCGATCTCATCGGCGAACGCGCCCAATC
CCAACACTACCACCAGATAGACGATGACCAGCGGCAGCCATCGCATCAGCCCAAAGCCCGLCG
GTCCCACCATCAGTGGGATGACGCTGTCGTCCTGACCGGTTCGGCGGTGCCATGGCTTGCGCAT
GGGCGGCATTTTCGCCGGTGACGCCCGCTTTGTCTCGGTCTTTCGACACCAGCTTGACCAACGTT
AAAGCTGACCAATCGTCTGGGTCATAGGGTCATGGTGACGGGGGAGCCCAAGGTTCCCGCGTGT
GAGTTCAGGGTGCGACCACCGGCGGGGGGAGTTTCCGCGGTGGGTTGATCTCAAACCCTTGGAA
ACCCTTAGGAGCGACC

>MGR_2761_5" nosZ
CCCAGCAGATCAAGGGCGGCAGCCATGGTCGACAATGCGGTCGGGCAGACGTCGGGGCAGAAG
GTGTAGCCGAAGGCCATCATCCGCACCTTGCCCTTGAAGCTTTCGTCATTGACCCGCTTGCCGTC
GTGGGTTTCCAGCAGGAAACGGCCTGAAAACTCCTGGGCTTGTGCGGGCAGTGCCGTCAAAGCC
AGGGCGCCAGCCAGCATCAGGGAACCGAGCTTCATCACGTGCACTCCGCTTGCCGTCATCGTTG
AAGGCAGTGAAGCAGATCACCGTTTCACGCGACTTGATCAAGGTCACGGCTGGGTCATTAGCGG
GCGCGCATGTTTGCTGGCGAAGTGTTTGGGTAACTCTGTCCCCTTTTAACAGAAACAAGGTGGG
GAAAATGAATCGTACA
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CHAPTER S

The terminal oxidase cbb; functions as an O, sensor to maintain redox
balance for magnetite  biomineralization in  Magnetospirillum

gryphiswaldense

5.1 ABSTRACT

Magnetosomes of many magnetotactic bacteria consist of membrane-enveloped magnetite
crystals, which are synthesized only under suboxic conditions. However, the mechanism of
the oxygen-dependent magnetite biomineralization is still unclear. Here, we set out to
investigate the role of oxygen as well as aerobic respiration in metabolism and magnetite
biomineralization. Like most bacteria, the alphaproteobacterium Magnetospirillum
gryphiswaldense possesses multiple terminal oxidases, including two heme-copper oxidases
aaz and cbbs and a bd-type quinol oxidase. In addition to denitrification pathway, M.
gryphiswaldense also contains two different branches of respiration chains for oxygen
reduction. One is achieved by the quinol oxidase bd, which accepts electrons directly from
quinol, while the other is to transport electrons via cytochrome bc;-c-cbbs. However, the aas
oxidase has no physiological significance under test conditions. Aerobic respiration is a
prerequisite for microaerobic denitrification, and loss of both oxidases cbb; and bd
completely abolished microaerobic and aerobic growth even in the presence of nitrate. While
loss of bd oxidase had no effects on growth and magnetosome synthesis, inactivation of cbb;
oxidase caused pleiotropic effects under microaerobic conditions in the presence of nitrate. In
addition to the incapability of co-occurrence of denitrification and aerobic respiration, loss of
cbb; oxidase caused complex biomineralizing phenotypes and aberrant cell morphologies,
probably by disturbing the proper redox balance required for metabolism and magnetite
biomineralization. Altogether, besides as primary terminal oxidase for aerobic respiration, the
cbbs oxidase may serve as an oxygen sensor and have a further role in poising proper redox

potential required for magnetite biomineralization.
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5.2 INTRODUCTION

Magnetotactic bacteria (MTB) are capable of orientation in the Earth’s magnetic field to
search for their preferred low-oxygen environment, which is achieved by unique intracellular
organelles, magnetosomes (1). In the alphaproteobacterium  Magnetospirillum
gryphiswaldense (in the following referred to as MSR-1) and related MTB, magnetosomes
comprise of membrane-enveloped magnetite crystals and are aligned in chains (1). Previous
studies have revealed that the process of magnetite biomineralization is not only under the
control of genes encoded within a single genomic magnetosome island (MAI) (2-5), but also
genes located outside MAI (6, 7). The synthesis of the mixed-valence iron oxide magnetite
[Fell(Felll),04] is proposed to proceed by coprecipitation of balanced amounts of ferrous and
ferric iron, which thus requires a precise biological regulation of redox conditions (8-10). As
one of the major redox pathways in microaerophilic or anaerobic bacteria such as MTB,
denitrification is a respiratory process to stepwise reduce nitrate to N, (11). Our recent work
showed that in MSR-1 denitrification plays an important role in poising redox conditions for
magnetite biomineralization (6, 7). The deletion of nap genes encoding a periplasmic nitrate
reductase not only abolished anaerobic growth and delayed aerobic growth, but also severely
affected magnetite synthesis and led to the formation of fewer, smaller and irregular
magnetosomes during denitrification and microaerobic respiration (6). Inactivation of nitrite
reductase NirS resulted in defective growth and biosynthesis of smaller and irregular particles
during nitrate reduction (7). Alternatively, aerobic respiration also occurs in MTB by using
0O, as terminal electron acceptor. Although isotope experiments demonstrated that oxygen
bound in biologically synthesized Fe;O, is derived from water but not O, it has been
observed that O, concentration is a crucial factor which significantly affects magnetite
biomineralization (12). Magnetite particles are synthesized only under microaerobic and
anaerobic conditions whereas aerobic environment completely inhibits the formation of
magnetosomes (6, 13). However, the role of O, and aerobic respiration in magnetite

biomineralization is still unclear.

In prokaryotes, there are two major groups of terminal oxidases involved in O, reduction: the
universal cytochrome c¢ oxidases and the quinol oxidases (14). All of cytochrome ¢ oxidases,
which relay electrons from cytochrome ¢ to O,, are members of heme-copper oxidases

(HCOs). Based on the evolutionary relationships, HCOs are classified into three different
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types: (i) type A oxidases, grouped as cytochrome oxidases aas, which are homologous to the
mitochondrial oxidases (15), (ii) type B oxidases, in which the catalytic subunit and two other
subunits are analogous to the subunits of aas-type cytochrome ¢ oxidases (16), and (iii) type
C oxidases, the cytochrome oxidases cbbs, which are structurally different from the two other
types A and B (17). Unlike oxidase aaz which functions under aerobic conditions, the cbbs
oxidase encoded by the ccoNOQP operon is expressed primarily under O,-limitating
conditions reflecting its high affinity for O, (18). In Rhodobacter sphaeroides, cbb; oxidase
exhibits multiple roles. In addition to its role in aerobic respiration, cbb; oxidase further
functions as a redox sensor to control the expression of photosynthesis genes (19, 20). The
bd-type quinol oxidases provide an alternative route of electrons and accept electrons directly
from quinol for O, reduction (14). Since the bd quinol oxidases do not pump any proton, they
are typically less efficient at creating the charge gradient for ATP synthesis compared with
HCOs. However, they have been found to have a higher affinity for O, than other cytochrome
oxidases (21), therefore, it is proposed that bd oxidases function for aerobic respiration under
low O, conditions (22). Nevertheless, the physiological function of bd oxidases remains

unclear.

Despite its potential importance for magnetosome formation in MTB, only a few studies have
been shown to investigate the role of O, in magnetite biomineralization. It was found that a
higher O, tension from 1% saturation to 10% led to an increased activity of a manganese-type
superoxide dismutase relative to that of an iron-type superoxide dismutase in
Magnetospirillum magnetotacticum (23). Sakaguchi et al. showed that the presence of O,
repressed the synthesis of a 140-kDa membrane protein from M. magnetotacticum (24).
Therefore, it is assumed that O, is involved in poising the redox potential for magnetite
synthesis (25). Yet, no genetic evidence has been available to elucidate the role of O, in vivo,
and the exact relationship between aerobic respiration and magnetite biomineralization has
largely unknown. Here, we set out to explore the role of O, and aerobic respiration in
metabolism and magnetite biomineralization by mutagenesis of different terminal oxidases in
MSR-1. Although three putative terminal oxidases were identified in MSR-1, we for the first
time demonstrated that only oxidases cbbs and bd are required for O, reduction while
cytochrome c oxidase aas does not have any physiologically function for aerobic respiration
in the laboratory. Genetic and biochemical analyses revealed that aerobic respiration is
essential to microaerobic denitrification, and the cbb; oxidase is required for the co-

occurrence of denitrification and aerobic respiration in the presence of oxygen. Moreover,
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besides as primary terminal oxidase, cbb; oxidase is also involved in magnetite
biomineralization and loss of cbb; oxidase caused pleiotropic effects under microaerobic
conditions in the presence of nitrate, such as significant delays of growth, severely impaired
magnetite synthesis, and various morphologies of cells, probably by disturbing the

intracellular redox state required for metabolism and magnetite biomineralization.

5.3 MATERIALS AND METHODS

5.3.1 Bacterial strains and growth conditions

Bacterial strains and plasmids used in these studies are list in Table 5-S1. Escherichia coli
strains were routinely cultured in lysogeny broth (LB) at 37°C, and MSR-1 strains were
grown at 30°C in nitrate medium if not specified otherwise (6). In ammonium medium nitrate
was substituted by 4 mM ammonium chloride. When needed, kanamycin was used at the
following concentration: E. coli, 25 pg/ml; MSR-1, 5 pg/ml. 300 uM diaminopimelic acid
(DAP) was added to the medium when E. coli strain BW29427 was used as donor in

conjugation.

Under anaerobic and microaerobic conditions optical density and magnetic response (Cpmag)
were measured spectrophotometrically at 565 nm in 300 ml bottles containing 50 ml medium
as previously described (26). For microaerobic conditions, before autoclaving bottles were
sealed with butyl-rubber stoppers under a microoxic gas mixture containing 2% O, and 98%
N,. Anaerobic conditions were achieved by omitting oxygen from the gas mixture. For
aerobic conditions, cells were grown in free gas exchange with air in 500 ml flasks containing

40 ml medium agitated at 200 rpm. If not specified, inocula were prepared anaerobically.

5.3.2 Genetic and molecular biology techniques

Standard molecular and genetic techniques were used for DNA isolation, digestion, ligation
and transformation (27). All DNA products were sequenced using BigDye Terminator
version 3.1 chemistry on an ABI 3700 capillary sequencer (Applied Biosystems, Darmstadt,

Germany). Sequence data were analyzed with the software Vector NTI Advance® 11.5.1

96



Chapter 5

(Invitrogen, Darmstadt, Germany). All oligonucleotide sequences used in this work are

available if required.

5.3.3 Construction of mutant strains

First the fused flanking sections of operons encoding cbbs, aas, and bd oxidases were cloned
into Pstl/Spel-digested pOR093 to yield pLYJ128, pLYJ129, and pLYJ130, respectively.
Unmarked deletion mutagenesis deletion of cbbs, aas, and bd oxidases was performed by a
two-step homologous recombination technique in the same manner as described previously
(28). After screening PCR, unmarked deletion mutants were generated and finally designated
Acbb; mutant, Aaaz mutant, and Abd mutant, respectively. For double deletion mutants,
pLYJ128 was transformed into Aaaz mutant and Abd mutant by conjugation and two
different double mutants, AaasAcbbz mutant and AbdAcbb; mutant were obtained,
respectively. Plasmid pLYJ129 was transformed into Abd mutant by conjugation to generate

AbdAaaz double deletion mutant.

For genetic complementation of Acbb; mutant, AaasAcbb; mutant, and AbdAcbbs mutant,
ccoNOQP operon encoding cbbs oxidase with its own promoter region was ligated into
Hindlll/Smal-digested pBBR1MCS-2 to obtain plasmid pLYJ138. In addition, as controls,
operons encoding respective aaz and bd oxidases were also complemented into AaazAchbs
mutant and AbdAcbbs mutant. The PCR product of coxBAC operon encoding aa; oxidase
with its own promoter region was digested with Hindlll and Smal and further ligated into
pBBR1MCS-2 to generate pLYJ139. The PCR fragment of cydAB operon encoding bd
oxidase with its own promoter region was digested with Apal and Sacl and also ligated into
pBBR1MCS-2 to generate plasmid pLYJ140.

5.3.4 Analysis of transcriptional gusA fusions

To investigate the transcription of different terminal oxidases under different conditions,
promoter regions of the ccoNOQP, coxBAC, and cydAB operons were cloned into
Acc651/HindllI-digested pLYJ97, designated pLYJ115, pLYJ135, and pLYJ137, respectively.
And B-glucuronidase activity was determined at 37°C as described as before (6). Triplicate
assays were performed and the values reported were averaged by using at least two

independent experiments.
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5.3.5 Nadi assay

The Nadi assay was used for the detection of cytochrome c oxidase activity (29). A mixture
of 1% a-naphthol (Sigma-Aldrich) in ethanol and 1% N, N-dimethyl-p-phenylenediamine
monohydrochloride (Sigma-Aldrich) was applied to cover colonies. Strains containing an

active cytochrome c oxidase turn blue within 5 min.

5.3.6 Nitrate and nitrite concentration assay

Different strains were grown under microaerobic conditions in the presence of nitrate. 1 ml
culture at different time point was used to detect nitrate and nitrite concentration, which has
been described before in (6). Duplicate assays were carried out and the values reported were

measured in one representative experiment.

5.3.7 NAD'/NADH ratio assay

Different strains were grown in nitrate or ammonium medium under different conditions and
harvested at ODsgs nm Of 0.1-0.2. Each culture containing about 10° cells was suspended in
50 ul PBS buffer and subjected to extraction and detection using NAD/NADH-Glo™ Assay
(Promega) following the manufacturer’s instruction. Luminescence was recorded by a

Synergy 2 multimode microplate reader from BioTek.

5.3.8 TEM

MSR-1 WT and mutants were grown at 30°C under different conditions, and 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 a Morgagni 268
microscope (FEI, Eindhoven, Netherlands) at 80 kV as previously described (30). More than

300 crystals were measured for each strain.
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5.3.9 Sequence analysis

Genes encoding different oxygen terminal oxidases were identified by BLASTP
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) homology searching in the genomes of MSR-1
(GenBank: CU459003.1), Magnetospirillum magneticum strain (GenBank accession number
AP007255.1), M. magnetotacticum (NCBI reference sequence NZ_AAAP00000000.1),
Magnetococcus marinus (GenBank accession number CP000471.1), and Desulfovibrio
magneticus strain RS-1 (GenBank accession number AP010904.1).

5.4 RESULTS

5.4.1 Identification of terminal oxidases involved in aerobic respiration

Three operons encoding putative terminal cbbs-type, aas-type, and bd-type oxidases involved
in aerobic respiration were identified in the draft genome assembly of MSR-1 (Fig. 5-1A).
The cbbs and aas oxidases encoded by their respective operons ccoNOQP and coxBAC,
belong to the family of cytochrome c oxidases. In other bacteria, cytochrome c oxidase aas is
the predominant enzyme under O,-rich growing conditions, whereas cbbs is expressed only at
O, limitation (31). In other MTB including M. magneticum, M. magnetotacticum, and Ms.
marinus, although ccoNOQP operons are present, but several ccoNOQP genes are absent
(Table 5-S2). A coxBAC operon is present in M. magneticum and of M. magnetotacticum,
whereas none of coxBAC genes were detected in Ms. marinus, which is only capable of
microaerobic but not aerobic or anaerobic growth, suggesting that aas; oxidase is not
necessary for microaerobic O, reduction. Cytochrome ¢ oxidases seem to be absent in the
magnetotactic bacterium D. magneticus strain RS-1 (Table 5-S2), which utilizes sulfate and
fumarate but not nitrate or O, as electron acceptor (32). The third oxidase identified in MSR-
1, bd oxidase encoded by a cydAB operon, is a member of the quinol oxidase family, which is
able to accept electrons directly from quinol for O, reduction. However, we failed to detect
any cydAB homologs in the genomes of other MTB except for D. magneticus strain RS-1.
Despite of distinct gene content and organization encoding terminal oxidases, all known

magnetospirilla are capable to grow under both microaerobic and aerobic conditions with O,
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as electron acceptor (13), indicating that different pathways for aerobic respiration might

occur in different magnetospirilla.
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Fig. 5-1 (A) Molecular organization of putative terminal oxidase operons in the genome of MSR-1. Dashed lines
indicate the extent of deletions in mutant strains. (B) and (C) Expression of putative terminal oxidase genes
fused with gusA in WT (B) and AMgfnr mutant (C). Cultures were grown aerobically in nitrate and ammonium
medium and microaerobically in nitrate and ammonium medium and expression was measured by B-
glucuronidase activities.

5.4.2 Expression of ccoNOQP, coxBAC, and cydAB operons is upregulated by oxygen
and MgFnr is not involved in the regulation of aerobic respiration

Since the three putative terminal oxidases in other bacteria were reported to show distinct
affinities to oxygen and thus exhibit their maximum expression levels at different oxygen
concentrations (31), we tested their expression patterns in MSR-1 under different conditions.
By gusA fusions we found that the expression of all putative terminal oxidase operons was
upregulated by oxygen and highest levels of B-glucuronidase activity were detected under
aerobic conditions, whereas nitrate did not affect their aerobic expression. Under
microaerobic conditions, an about 2-fold higher level of B-glucuronidase activity was
observed in the presence of nitrate than in its absence (Fig. 5-1B). In addition, because Fnr as
a global regulator is known to play a role in controlling the transcription of aerobic
respiration genes (19, 31), we asked whether Fnr in MSR-1 (named MgFnr) is involved in
regulating expression of these terminal oxidase operons in response to variable O,

concentrations by performing the same experiments in a AMgfnr mutant, in which
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deregulated expression of several denitrification genes (nirS, nor, and nosZ) under aerobic
conditions was recently shown (Y. Li et al., submitted). As shown in Fig. 5-1C, AMgfnr
mutant cells carrying ccoNOQP-gusA, coxBAC-gusA, and cydAB-gusA showed the same
expression patterns as the WT. For example, oxygen increased B-glucuronidase activity while
nitrate did not cause any effect on their aerobic expression, and microaerobically grown
AMgfnr mutant cells exhibited higher levels of B-glucuronidase activity in the presence of
nitrate than in its absence. Altogether, these data suggested that in MSR-1 the transcription of
putative terminal oxidases is not under the control of MgFnr and thereby other unknown

regulators likely mediate their expression in response to different O, concentrations.

5.4.3 The cbbs and bd oxidases but not aas are essential to growth in the presence of
oxygen and aerobic respiration is a prerequisite for microaerobic denitrification

To determine whether the cbbs, aas, and bd oxidases fulfill similar physiological functions in
aerobic respiration, and whether they are involved in magnetite biomineralization, we
constructed several different mutants including Acbbs, Aaas, and Abd single deletions, and
AbdAaas, AaazAcbbs, and AbdAcbbs double deletions. Upon repeated attempts, Acbbg,
AaazAcbbg, and AbdAcbb; mutants could be obtained only when the entire selection (e.g.,
plating and culturing of colonies) was performed under strictly anaerobic conditions.
Phenotypes of all mutants with respect to growth and magnetite biomineralization are
summarized in Table 5-1 and Table 5-S3. Hardly any difference in growth was observed
between Aaaz, Abd, AbdAaa; mutants and the WT under all test conditions. Although the
AbdAcbb; double deletion mutant displayed anaerobic growth indistinguishable from the WT,
no growth was observed under microaerobic or aerobic conditions (Table 5-1). This
demonstrated that only cbbs and bd but not aa; oxidases act as terminal oxidases for O,
reduction in the laboratory. The observation that AbdAcbbs did not grow microaerobically
even in the presence of nitrate further indicated that aerobic respiration is a prerequisite to
activate the denitrification pathway in the presence of oxygen. Under aerobic conditions WT
cells grew to stationary phase within about 24 h in both nitrate and ammonium medium,
whereas both Acbbs and AaasAcbbs mutants required about 120 h and 140 h to achieve WT-
like cell densities in nitrate and ammonium medium, respectively (Fig. 5-2A and B). When
Acbbs and AaasAcbbs strains were incubated microaerobically in ammonium medium, final
cell yields were reached 3 h later in both mutants than in the WT (Fig. 5-2C). In microaerobic
nitrate medium Acbbs; and AaasAcbbs; mutants showed even larger lags of about 12 h to reach
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the stationary phase (Fig. 5-3A). Taken together, based on observations that Acbbs; and
AaazAcbbz mutants had similar phenotypes (delayed growth) while Aaaz mutant did not show
any growth impairment, we concluded that the aas oxidase in MSR-1 has no physiological
significance and does not participate in aerobic respiration. Furthermore, loss of bd oxidase
did not affect microaerobic or aerobic growth, whereas loss of cbbs oxidase led to severely
impaired microaerobic and aerobic growth, suggesting that compared to the bd oxidase, cbbs
oxidase plays a more pronounced role in aerobic respiration under both O,-rich and O,-

limited conditions.
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Fig. 5-2 (A), (B), and (C) Growth (ODses nm) and magnetic response (Cpsg) of MSR-1 WT, Acbbs, and
AaasAcbbs strains under different conditions. (A) Aerobic, nitrate medium, (B) Aerobic, ammonium medium,
and (C) Microaerobic, ammonium medium. (D) TEM images of microaerobically grown WT (D-i), Acbb;
mutant (D-ii), and AaazAcbb; mutant (D-iii) in ammonium medium. Scale bars: 500 nm (whole cells) and
100 nm (magnetosomes). (E) Measurements of crystal size for MSR-1 WT, Acbb;, and AaasAchbj; strains at
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different time points in microaerobic ammonium medium. Results from representative experiments were
measured in triplicate, and values are given as means and standard deviations.

Table 5-1 Phenotypic characterization of different terminal oxidase mutants

Strain 0% O, 2% O,, +NO3 2% Oy, '|'NH4+ 21% O,, 21% O,
+NO3 +N H4+
Aaas WT-like | WT-like WT-like WT-like WT-like
Abd WT-like | WT-like WT-like WT-like WT-like
AbdAaa; | WT-like | WT-like WT-like WT-like WT-like
WT-like | Delayed growth Delayed growth | Delayed Delayed
Severely impaired | Weakly impaired | growth growth
Achbs biomineralization biomineralization
Aberrant shape of
cells
WT-like | Delayed growth Delayed growth | Delayed Delayed
Severely impaired Weakly impaired | growth growth
AaazAcbbs biomineralization biomineralization
Aberrant shape of
cells
AbdAcbb; | WT-like | No growth No growth No growth | No growth

WT-like, growth and magnetite biomineralization are not visibly different from WT; Delayed growth, cells grew
slowly compared to the WT; Phenotypes of mutants different from the WT are indicated in gray boxes.

To further prove that in MSR-1 cbbs but not aaz is the only physiologically functional
cytochrome c oxidase, we performed the Nadi assay which is commonly used to specifically
detect cytochrome c oxidase activity (29). Using N, N-dimethyl-p-phenylenediamine
monohydrochloride as an exogenous electron donor, cytochrome ¢ oxidase is capable to
catalyze the rapid formation of indophenol blue from colorless a-naphthol. As shown in Fig.
5-4A, Aaas, Abd, and AbdAaaz strains showed similar reaction rates as the WT, forming
indophenol blue visibly within < 1 min and developing maximum coloration within 5 min.
However, cbhbs-deficient mutants including Acbbs, AaasAcbbs, and AbdAcbbs; mutants did not
exhibit any blue color. Only when Acbbs, AaazAcbbs, and AbdAcbbs mutants were
complemented by plasmid pLYJ138 containing a WT cbb; allele, colonies formed
indophenol blue, indicating that oxidase cbbs itself is sufficient to rescue the cytochrome c
oxidase activity. However, the formation of indophenol blue was not restored in AaazAcbbs
and AbdAcbb; mutants by complementation with a WT aaz and bd allele, respectively (Fig.
5-4B). These data demonstrated again that only cytochrome ¢ oxidase cbbs but not aas is
capable of oxygen reduction.
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Fig. 5-3 (A) Growth (ODsgs nm) and magnetic response (Crag) 0f MSR-1 WT, Acbbs, and AaazAcbbs strains in
microaerobic nitrate medium. (B) Time courses of nitrate and nitrite utilization during microaerobic growth in
nitrate medium. (C) Measurements of crystal size for MSR-1 WT, Acbbs, and AaasAchbs strains at different
time points in microaerobic nitrate medium. Number of crystals measured for each strain (n) is present. (D)
Magnetosome morphotypes in Acbbs; and AaasAcbbs; mutants and the proportion of each morphotype at different
time point. Number of cells measured for each strain (n) is presented.
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Fig. 5-4 (A) Nadi assay of anaerobic grown WT and various mutant strains. (B) Nadi assay of anaerobic grown
complementation strains. Plasmid pLYJ138 contains a WT chb; allele while pLYJ139 and pLYJ140 harbor a
WT aa; and bd allele, respectively. (C) TEM images of Acbb; and AaasAchb; stains complemented with
plasmid pLY138 harboring the WT cbb; alleles grown in microaerobic nitrate medium. Scale bars: 500 nm
(whole cells) and 100 nm (magnetosomes).

5.4.4 Loss of cbbs impairs magnetite biomineralization and causes aberrant cell
morphologies under microaerobic conditions in the presence of nitrate

Compared to the WT, Aaas, Abd, and AbdAaa; mutants showed similar magnetic response
(Cmag) and size, number and appearance of magnetosomes under anaerobic and microaerobic
conditions (Table 5-S3). Likewise, the Acbbz, AaazAcbbs, and AbdAcbbs mutants displayed
WT-like magnetic responses (Cmag), magnetosome sizes and morphologies under anaerobic
conditions (Table 5-S3). Under microaerobic conditions in the absence of nitrate, the average
Cmag Values of Acbbs and AaasAcbbs; mutants were slightly lower than those of the WT
during entire growth (Fig. 5-2C). TEM revealed that both Acbbs and AaaszAcbbs cells
synthesized slightly smaller magnetosomes only at the beginning of the growth (6 h), whereas
in the following the average particle size in both mutants was not different from that in the
WT (Fig. 5-2E). However, during the entire growth magnetosome morphology and
organization in these two mutants was variable, including regular particles in the middle of
chains in addition to small and irregular crystals at the ends of chains (Fig. 5-2D), which
likely caused reduced Cmag Values. In microaerobic nitrate medium, loss of cbbs oxidase
resulted in significantly lower Cy,g values, which gradually decreased further during growth
(Fig. 5-3A). In agreement with this, magnetosomes in Acbb; and AaasAcbbs mutants were
much smaller than in the WT, and this difference became more obvious with the OD
increasing (Fig. 5-3C). In addition, the phenotypes were inconsistent and displayed various
distinct types of magnetosome formation and assembly (Fig. 5-5, Fig. 5-S1): (i) Type 1:
magnetosome chains containing WT-like particles in the middle flanked by small, irregular
particles at each end (>= 3 WT-like particles in the middle) (Fig. 5-5A-i, B-i, C-i, and D-i);
(i) Type 2: magnetosomes appearing as much smaller and irregularly shaped particles, which
were arranged in loose chains (<= 2 WT-like particles) (Fig. 5-5A-ii, B-ii, C-ii, and D-ii); (iii)
Type 3: two loose magnetosome chains present at each side of the cell (Fig. 5-5A-iii, B-iii, C-
iii, and D-iii). These two chains further exhibited two different appearances: one is containing
two chains as type 2, which only had smaller and irregular particles (Fig. 5-5A-iii and B-iii),
and the other consists of one chain as the type 1 and the second as the type 2 (Fig. 5-5C-iii
and D-iii). Similar phenotypes were observed at different growth points, including 9 h- (Fig.
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5-5), 18 h-, 24 h-, 29 h-, and 35 h-cultured Acbbz and AaasAcbbs cells (TEM images of 24 h
and 35h grown cells were shown in Fig. 5-S1). However, the proportion of type 1
magnetosomes was reduced as the OD was increased (Fig. 5-3D), which probably resulted in
decreased average size of particles during the growth.

In addition, differential interference contrast microscopy (DIC) (data not shown) and TEM
also showed that the cell morphology of Acbbs and AaazAcbb; mutants was affected under
microaerobic conditions in the presence of nitrate. Analyses of more than 300 cells for each
strain revealed three morphotypes in the two mutants: (i) only < 10% of Acbb; and
AaazAcbbs cells showed WT-like spiral shape (Fig. 5-6A-i and A-ii); (ii) about 30% cells
were thicker spirals (> 0.7 uM versus 0.5-0.6 uM width in the WT) (Fig. 5-6B-i and B-ii);
(iii) > 60% cells were thicker and smaller vibrioid (Fig. 5-6C-i, C-ii, D-i, and D-ii).

Transcomplementation of Acbbs (Acbbs+pLYJ138) and AaasAcbbs (AaasAcbbs+plYJ138)
mutants with WT cbb; allele restored magnetosome formation and cell morphology back to
the WT-like levels in microaerobic nitrate medium (Fig. 5-4C and D). Taken together, these
data indicated that besides for aerobic respiration, cbbs oxidase also functions in
magnetosome formation under microaerobic conditions. Loss of cbbs oxidase caused a
pronounced impairment of magnetite biomineralization and disturbed cell morphology in the
presence of nitrate than in its absence, which suggested that cytochrome c oxidase cbbs is
more important in controlling magnetosome formation when denitrification and oxygen

respiration overlap.
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Acbb_9h

Aaa /cbb -9h

Fig. 5-5 Biomineralization phenotypes of Acbbs; and AaaszAcbbs; mutants incubated for 9 h in microaerobic
nitrate medium. (A) and (C) TEM images of whole cells of Acbb; and AaasAcbb; mutants, respectively. Scale
bar, 500 nm. (B) and (D) Closeup views of magnetosome crystals shown in A and C, respectively. Scale bar,
100 nm. Irregular shaped particles are indicated by arrows.
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Fig. 5-6 Morphologies found in different cells of Acbbs; and AaasAcbb; mutants in microaerobic nitrate medium.
(A) WT-like spiral shaped mutant cells; (B) thicker spiral cells; (C) and (D) thicker and smaller vibrioid shaped
cells. Scale bar, 500 nm.

5.4.5 Cytochrome c oxidase cbb; functions as an O, sensor and plays a role in
maintaining proper redox conditions by balancing nitrate and oxygen reduction

Since only loss of cbbs oxidase led to delayed microaerobic and aerobic growth and impaired
magnetite biomineralization, we wanted to further clarify the function of cbbs; oxidase. The
observation that both Acbbs; and AaasAcbbs mutants displayed a more substantial lag of
microaerobic growth in the presence of nitrate than in its absence prompted us first to
monitor the denitrification process in these two mutants during growth experiments in sealed
bottles under microaerobic conditions (Fig. 5-3B). WT cells started to reduce nitrate after
about 6 h and then consumed all nitrate within the following 12-14 h, after which growth
ceased, probably due to the depletion of both nitrate and oxygen. This growth combined with
the one in microaerobic ammonium medium, that WT cells took about 15h to reach
stationary phase, suggested that denitrification and aerobic respiration occurred
simultaneously under microaerobic conditions, thereby confirming our earlier observation (6).
During the entire growth of the WT strain, maximum concentration of about 0.5 mM nitrite
was built up at the first 12 h. Unexpectedly, Acbbs and AaazAcbbs mutant cells were unable
to reduce nitrate during the first 15-18 h, and only O,-dependent growth occurred with a
maximum OD of about 0.11, which was similar to the final OD of about 0.12 in microaerobic
ammonium medium after 15 h incubation. This implied that oxygen was nearly completely
depleted after about 18 h, when nitrate reduction became detectable. Then, nitrate gradually
disappeared within 15-18 h and Acbbs and AaasAcbb; mutants reached a final OD of about

0.25, which was similar to the value of stationary phase of the WT cells. These findings
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revealed that cbbs oxidase is required for conditions when denitrification and aerobic

respiration occur simultaneously.

On the other hand, in the alphaproteobacterium R. sphaeroides it has been shown that besides
as terminal oxidase, the cbb; oxidase also functions as an O, sensor to control the expression
of photosynthesis genes (19, 20, 33, 34). Therefore, we hypothesized that cbb; oxidase of
MSR-1 also may act as an O, sensor to simultaneously activate and balance denitrification
and aerobic respiration, and thus to maintain proper redox conditions for magnetite synthesis
under microaerobic conditions. To test this hypothesis, we determined the ratio of NAD"
(oxidized)/NADH (reduced) in the WT, Acbbs, and AaazAcbbs strains because nicotinamide
adenine dinucleotide (NAD) as a coenzyme is regarded an important redox factor involved in
multiple redox reactions. Variable ratios of NAD*/NADH corresponding to different oxygen
concentrations were observed in the WT (Fig. 5-7). WT cells showed more than 2-fold higher
ratios of NAD*/NADH under microaerobic conditions than under anaerobic conditions,
which indicated that anaerobic conditions caused more reduced redox state as expected. The
absence of any difference in the WT cultures with nitrate and without nitrate under
microaerobic conditions suggested that oxygen respiration plays a primary role in
maintaining a proper ratio of NAD*/NADH. Although oxygen reduction catalyzed by bd
quinol oxidase still occurred in Acbbs mutant, the ratio of NAD*/NADH under microaerobic
conditions did not significantly increase compared to anaerobic conditions. The AaaszAcbhbs;
mutant displayed a similar pattern, with hardly different ratios of NAD*/NADH between
anaerobic and microaerobic conditions. Compared to the WT, the ratios of NAD*/NADH in
both Acbb; and AaazAcbbs strains under anaerobic conditions were higher, implying that
anaerobic cellular redox state is more oxidized in Acbb; and AaasAcbb; strains. However,
under microaerobic conditions the ratios of NAD*/NADH in both Acbbs and AaasAchbs
strains were much lower than those of WT, indicating a more reduced state in Acbbs and
AaazAchbs strains. As under microaerobic conditions Acbbs and AaaszAcbbs strains did not
reduce nitrate until oxygen was completely consumed, we wondered whether the ratio of
NAD'/NADH depended on the stage of growth. To this end, we examined the ratios of
NAD'/NADH in Acbbs and AaaszAcbbs strains at different time points. However, a similar
ratio of about 3-4 of NAD*/NADH was obtained at all tested stages of growth. Our data
altogether suggested that cbbs oxidase may serve as an O, sensor to activate denitrification

when Oy is still available, and loss of cbbs oxidase results in the incapability of regulating the
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intracellular redox state in response to different oxygen concentrations and thus further

impairs magnetite biomineralization.

0 O, with nitrate
2% O, with nitrate
[ 2% O, without nitrate

T

NAD/NADH ratio

WT Achb, Aaa,fcbb,

Fig. 5-7 Cellular NAD*/NADH ratio measurement of WT, Acbbs, and AaasAcbb; strains under different
conditions. NAD" and NADH were extracted from cells grown in liquid medium, measured, normalized by
luminescence signal, and plotted with mean values and standard deviations (n = 3).

5.5 DISCUSSION

Consistent with our previous findings that deletion of Mgfnr did not affect oxygen
consumption and microaerobic magnetite biomineralization in the absence of nitrate (Y. Li et
al., submitted), we found that the expression of three putative terminal oxidase operons
(encoding cbbs-type, aas-type, and bd-type oxidases) was not regulated by the global oxygen
sensor MgFnr but increased by O, similar to that shown in Shewanella oneidensis (35). This
suggested that some unknown O, regulators are probably present and mediate the expression
of aerobic terminal oxidase genes in response to different oxygen concentrations.
Mutagenesis of different terminal oxidases demonstrated that cytochrome oxidases cbb; and
bd are the only functional enzymes for aerobic respiration, whereas aa; oxidase has not any
physiological significance for O, reduction under all test conditions. This could explain why
Acbb; and AaazAcbb; mutants had identical phenotypes. In natural habitats, MSR-1 cells
adapt to the low-O, conditions, under which high-affinity terminal oxidases like cbb; are
favorable for O, respiration and energy conservation. In contrast, the aas oxidase which has a
low affinity for O, (31), therefore, is insufficient to utilize trace amount of O,. In this case, it

is not surprising that aas oxidase does not show any activity on O, reduction. However, we
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cannot exclude that aa; oxidase has some properties in nature, such as for O,-detoxification

in O,-rich environments.

A AbdAcbbs double deletion mutant did not grow in the presence of oxygen, indicating that
aerobic respiration is a prerequisite for the co-occurrence of denitrification in the presence of
oxygen. However, the observation that loss of the bd oxidase alone did not affect growth and
magnetite biomineralization, implies that when cbbz oxidase is present, the bd oxidase might
only provide a minor contribution to aerobic respiration. It is also possible that the activity of
the bd oxidase is only induced to compensate the activity of cbbs; when cbbs; oxidase is
eliminated. Unlike cbbs; and aas oxidases which are present in the related magnetospirilla M.
magneticum and M. magnetotacticum, bd oxidase is completely absent in these strains. This
implies that bd oxidase is likely dispensable in various MTB, and aas probably acts as an
alternative terminal oxidase in these two magnetospirilla, while in Ms. marinus which is
unable to grow aerobically, neither bd nor aas oxidase is present. Nevertheless, bd oxidase
might have unknown functions in MSR-1 whereas cbbs oxidase may also be the only

functional enzyme used for aerobic respiration in M. magneticum and M. magnetotacticum.

Acbbs; and AaasAcbbs mutants showed delayed growth in microaerobic ammonium medium.
This might be caused by the low efficiency of bd oxidase, which is not able to pump protons
but only accepts electrons directly from quinol for O, reduction, while cytochrome ¢ oxidase
cbbs is more efficient at creating the charge gradient for ATP synthesis via the bc-c-cbbs
branch (21). An even larger delay of growth was observed in Acbb; and AaasAcbb; mutants
in microaerobic nitrate medium. Unexpectedly, in this condition mutant cells did not start to
reduce nitrate until O, was completely depleted, which suggested that the cbbs oxidase per se,
but not aerobic respiration is crucial for O, and nitrate reduction to occur simultaneously.
This therefore indicates that besides as a terminal oxidase, cbbs oxidase may be capable to
sense O, and have a further key function to activate denitrification and aerobic respiration
simultaneously. In microaerobic nitrate medium during early growth only aerobic respiration
occurred (similar to conditions in microaerobic ammonium medium), while during the later
growth only denitrification occurred and mutant cells showed similar growth rates as the
anaerobically growing WT. However, the biomineralization phenotypes of Acbbs and
AaazAcbbs mutants in this condition were much different from those in either microaerobic
ammonium medium or anaerobic nitrate medium. Thus, we can rule out that the severe

defects in magnetite synthesis in Acbbs and AaazAcbbs mutants were caused by the
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incapability of co-occurrence of denitrification and aerobic respiration. Instead, severely
impaired magnetosome formation likely results from the loss of cbbs oxidase per se, which
argues for a more direct role of cbb; oxidase in magnetite biomineralization. In R.
sphaeroides, besides as a terminal oxidase, cbb; oxidase also functions as a redox sensor to
repress the activity of photosynthesis genes under aerobic conditions by controlling the
activity of transcriptional regulators of photosynthesis gene expression (19, 20, 33, 34).
Furthermore, cbb; oxidase of MSR-1 seems to share some functions with the periplasmic
nitrate reductase Nap, one of the enzymes involved in poising the redox state for magnetite
synthesis (6). This can be concluded from the following observations: (i) a significant growth
lag was found in the Acbbs; and AaasAcbbs mutants under aerobic conditions, similar as in
Anap mutant (6). The lower growth rates might be due to an excess of the reductant NADH,
which needs to be reoxidized by cell maintenance reactions, as also observed in Rhodobacter
capsulatus and Paracoccus pantotrophus grown on carbon sources that are more reduced
than the biomass (36, 37). Yet, the lower growth rates might be also directly caused by the
lower efficiency of bd oxidase. (ii) aberrant cell morphologies of Acbbs and AaasAcbbs
mutants in microaerobic nitrate medium, a similar observation in WT cells grown in more
reduced carbon source acetate (6). Thus, we assume that a more reduced state of intracellular
redox occurs in Acbbs; and AaazAcbbs mutants, and cbb; oxidase is required for dissipating
excess reductant. In line with this, in Acbbs and AaasAcbbs mutants the NAD*/NADH ratio
under microaerobic conditions was more reduced than that in the WT. This is not surprising
since as a terminal oxidase, cbbs is capable of accepting electrons during O, reduction.
However, an optimal redox state (i.e., balanced ratio of Fe**/Fe**) seems very important for
microaerobic biomineralization of the mixed-valence iron oxide magnetite [Fe(l1)Fe(111),04]
especially in the presence of nitrate. Since we have shown previously that neither nitrate nor
nitrite impacts magnetite synthesis (6, 7), it is suggested that severely impaired biosynthesis
of magnetosomes is directly caused by the loss of cbbs, and some other factors involved in
magnetite biosynthesis are also likely affected by the loss of cbbz oxidase. For example, some
proteins encoded by genes within magnetosome island, such as MamX, MamZ, and FtsZ-like
protein FtsZm, displayed different effects on magnetosome formation between in the
presence of nitrate and in the absence of nitrate (28, 38). Also, MTB contain a set of redox
active magnetosome-associated proteins, which share a unique configuration of two close
CXXCH heme-binding motifs, magnetochrome domain (28, 39, 40). In this case, the change
of intracellular redox state may affect the activity or conformation of these proteins and
further impair the redox balance of ferrous and ferric iron for magnetite synthesis. More

112



Chapter 5

complex magnetosome phenotypes, such as the presence of two magnetosome chains in the
mutants indicated that magnetosome vesicle or chain assembly might be also regulated by the
cellular redox state. Besides magnetosome-related proteins, the nitrite reductase NirS which
shows a Fe(ll): nitrite oxidoreductase activity, plays a role in magnetite biomineralization
only under low O, conditions in the presence of nitrate (7). However, more reduced
conditions in Acbbs and AaasAcbbs mutants likely limit the concentration of ferric iron and
further prevent the oxidation of ferrous iron for magnetite synthesis and result in severely
defective magnetosome formation in the presence of nitrate. In addition, variable cell
morphologies of microaerobically growing Acbbs and AaasAcbbs mutants in the presence of
nitrate, which are likely caused by delayed growth as well as reduced intracellular redox

conditions, might be used to adapt to survival in a different environment.

In conclusion, although O, has been suggested to act as a major factor controlling
magnetosome formation for decades, the roles of O, as well as O, respiration in metabolism
and biomineralization had remained unknown. Here, we showed that in addition to
denitrification regulated by Fnr, two different branches of the respiration chain occur for O,
reduction: one is the cytochrome bc;-c-cbbs branch, while the other is that quinol oxidase bd
directly accepts the electrons from quinol. Our genetic and biochemical analyses further
showed that O, respiration is a prerequisite to activate the activities of denitrification in the
presence of oxygen. Besides as a dominant terminal oxidase, cbbs is also required to sense O,
for the co-occurrence of denitrification and aerobic respiration. Furthermore, the cbb; oxidase
plays a role in maintaining redox balance for magnetite biomineralization under microaerobic

conditions.
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5.7 SUPPLEMENTAL MATERIALS

A B

Aaa Jcbb -24h

Fig. 5-S1 Biomineralization phenotypes of Acbb; and AaazAcbb; mutants incubated for 24 h (A and C) and 35 h
(B and C) in microaerobic nitrate medium. Scale bar, 500 nm.
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Table 5-S1 Bacterial strains and plasmids used in this work

Strain or plasmid Description Reference
Strains

F’ ®80dlacZAM15A(lacZYA-argF)U169 deoR recAl
E. coli DH5a endAl hsdR17 (re-, me+) phoA supE44 A- thi-1 gyrA96  Invitrogen

E. coli BW29427

MSR-1 WT
AMgfnr

Aaaz

Abd

Acbbs
AbdAaa;
AaaszAcbbs
AbdAcbb;

Plasmids
pBBRIMCS-2

pPOR093

pLYJ97

pLYJ115
pLYJ128
pLYJ129
pLYJ130
pLYJ135
pLYJ137
pLYJ138
pLYJ139
pLYJ140

relAl

dap auxotroph derivative of E. coli strain B2155
Wild type R3/S1, but Rif', Sm'

R3/S1, AMgfnr

R3/S1, Aaas
R3/S1, Abd
R3/S1, Acbbs
R3/S1, AbdAaas
R3/S1, AaazAcbb;
R3/S1, AbdAcbbs

Km', mobilizable broad-host-range vector

mamX CXXCH (65,104)->AXXAH, pK19mobGlI
derivative, Km'

pBBR1MCS-2 plus gusA from pK19mobGl|
pLYJ97 plus aa; promoter region

pORO093 plus cbbs 2-kb upstream and internal region
pORO093 plus aaz 2-kb upstream region

pORO093 plus bd 2-kb downstream region

pLYJ97 plus aa; promoter region

pLYJ97 plus bd promoter region

pBBR1MCS-2 plus cbbg with its own promoter
pBBR1MCS-2 plus aa; with its own promoter
pBBR1MCS-2 plus bd with its own promoter

K. Datsenko and B. L.
Wanner, unpublished
(1)

(Y.Lietal,
submitted)

This study

This study

This study

This study

This study

This study

2

®)

(4)

This study
This study
This study
This study
This study
This study
This study
This study
This study
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Chapter 5

Table 5-S3 Growth (ODses nm), magnetic response (Cmag), and magnetosome crystal size

of various terminal oxidase mutants under different conditions.

Strain ODs65 nm Crnag Crystal size (nm) n
0% O,

WT 0.13+£0.00 1.6+0.1 38.0+15.8 335
Aaaz 0.13+0.00 1.7+£0.0 38.4+14.9 335
Abd 0.13+£0.00 1.6+0.1 34.0+18.2 427
AbdAaag 0.14 £ 0.02 1.7+0.1 35.9+24.3 304
Acbbs 0.14£0.01 1.7+0.2 35.2+23.4 300
AaazAcbbs 0.13+£0.00 1.7+£0.1 34.6 £16.6 470
AbdAcbb; 0.14£0.01 1.6 +0.0 38.4+£19.9 318
2% O,, +NO3

WT 0.22 +0.01 1.6+0.0 28.0 +15.3 337
Aaag 0.22£0.01 1.6 +0.0 30.1+£15.0 334
Abd 0.20+0.01 1.7+0.0 30.1+14.6 309
AbdAaas 0.22£0.01 1.7+0.1 31.1+13.0 319
2% O,, +NH4+

WT 0.11£0.00 15+£0.1 - -
Aaaz 0.12+0.01 1.5+0.0 - -
Abd 0.10+£0.01 14+0.1 - -
AbdAaas 0.11£0.00 14+0.1 - -

Number of crystals measured for each strain (n) is presented in the last column.
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CHAPTER 6

DISCUSSION

6.1 Denitrification is involved in redox control of magnetite biomineralization

6.1.1 The periplasmic nitrate reductase Nap plays a role in anaerobic and aerobic
growth and may poise optimum redox conditions for magnetite synthesis

In this work, we for the first time demonstrated that MSR-1 is capable of anaerobic growth
and magnetite synthesis using nitrate as the only anaerobic electron acceptor. Our work
indicates that the reduction of nitrate to nitrite catalyzed by the periplasmic nitrate reductase
Nap is the primary energy-generating step for denitrification, whereas the subsequent
reduction steps alone do not support anaerobic growth. WT cells did not synthesize magnetite
when incubated in the absence of electron acceptors oxygen and nitrate, suggesting that

magnetite biomineralization requires energy generated by respiratory activity.

Deletion of the entire nap cluster also severely impaired magnetite biomineralization under
microaerobic conditions in the presence and absence of nitrate, resulting in the synthesis of
fewer, smaller and misshapen magnetosome particles. This is in agreement with the finding
by Taoka et al. that the abolishment of nitrate reductase activity by molybdenum deprivation
led to an approximately 60% decrease of iron content, although they suggested that Nap is
not essential to magnetite biomineralization (1). In some nonmagnetic bacteria, the Nap
enzyme is also involved in redox balancing using nitrate as an ancillary oxidant to dissipate
excess reductant which may cause lower growth rates (2, 3). Consistent with this, a
significant delay of growth in Anap mutant was observed under aerobic conditions. In
addition, although the oxidation state of carbon sources did not affect the transcription of nap,
the WT contained shorter chains with irregular crystals on the more reduced substrate acetate
compared to the more oxidized substrate pyruvate, while in Anap magnetite synthesis was

equally low under both conditions. Therefore, similar to Nap in other bacteria, such as P.
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pantotrophus (4) and various strains of R. sphaeroides (5-7), our data confirm a role of Nap
of MSR-1 in the maintenance of the intracellular redox balance, thereby poising an optimum
redox potential for magnetite synthesis. The lower Cmag even observed in acetate-grown WT
cells might indicate that Nap activity is still insufficient to dispel all excess reductant

originating from reduced carbon substrates.

6.1.2 Nitrite reductase NirS supports ferrous iron oxidation for anaerobic magnetite
biomineralization

In contrast to Nap, we found that NirS is not absolutely required for anaerobic growth. The
observed impairments in magnetite biomineralization in AnirS are not directly caused by the
accumulation of nitrite as concluded from the following observations: (i) Although nitrite was
built up to 1-2mM when cells of WT and AnirS were incubated under a constant
microaerobic atmosphere, no effect was observed on magnetite biomineralization; (ii) Added
nitrate (20 mM) and nitrite (2.5 mM) were not completely reduced, but did not affect
biomineralization in the WT and AnirS; (iii) A AnirN culture still displayed defects in
magnetite synthesis although all nitrite was completely depleted from the medium at the end
of incubation. These data altogether suggest that the observed effects on magnetite synthesis
in AnirS are directly associated with its enzymatic activity, which is in agreement with the
proposed Fe(ll):nitrite oxidoreductase function of NirS in magnetospirilla (8). However,
different from the earlier assumption, our work demonstrated that the suspected iron-
oxidizing activity is not confined to NirS of magnetotactic bacteria, but might be a common
property of cytochrome cd; nitrite reductases of all denitrifyers. The impaired magnetite
synthesis in AnirS is probably a consequence of decreased oxidation of ferrous iron, which in

the WT takes place in the periplasm and is catalyzed by NirS with nitrite as electron acceptor.

The conspicuous sequence similarity between NirS and NirN suggested a similar or related
function of the two proteins and further raised the question whether NirN itself may catalyze
nitrite reduction. However, despite of the surficially similar phenotypes in denitrifying
growth and magnetosome formation, closer inspection revealed that deletion of nirS
completely abolished nitrite reduction, whereas a AnirN mutant was still capable of reducing
nitrite upon prolonged incubation. This proved that NirN is indirectly involved in nitrite
reduction, and not sufficient to support nitrite reduction in the absence of NirS. Therefore, we
concluded that in MSR-1 NirN is likely related to biomineralization only indirectly through
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physiological functional interaction with NirS, and NirS is the only enzyme for nitrite

reduction.

6.1.3 NorCB proteins are essential for growth by denitrification and involved in
magnetite biomineralization by yet-unknown functions

In an earlier study poor growth and low Cmag values were described in a AnorB mutant of M.
magneticum grown under anaerobic conditions (9). However, no growth was observed in the
AnorCB mutant of MSR-1 under anaerobic and microaerobic conditions in the presence of
nitrate. This may be caused by the toxicity of nitric oxide, which as the product of nitrite
reduction was accumulated in the AnorCB mutant while converted to non-toxic N2O in the
WT. The growth discrepancy between nor mutants of MSR-1 (no growth) and
M. magneticum (poor growth) might be due to different genotypes: In MSR-1 norCB genes
were completely eliminated, whereas in M. magneticum only norB (downstream of norC)
was interrupted by transposon insertion, thereby possibly retaining some residual activity of
the nitric oxide reductase. Among all denitrification genes, the norCB-gusA fusion showed
the highest expression, suggesting that a high expression level of norCB in MSR-1 is

mandatory to reduce all toxic NO to N,O during denitrification.

Deletion of norCB also resulted in the formation of fewer magnetosome particles and slightly
aberrant cell morphology in microaerobic ammonium medium. These relatively subtle effects
are unlikely caused by limited energy yields during denitrification as speculated by Wang et
al. (9), since there is no denitrification occurring in the absence of nitrate. On the other hand,
the comparatively high expression levels of the norCB-gusA fusion indicate that under
microaerobic and aerobic conditions in the absence of nitrate NorCB may be in involved in
further, yet unknown functions directly or indirectly linked to magnetite biomineralization.
For example, it has been shown that Nor from P. denitrificans is able to reduce oxygen to
water in vitro (10, 11), which might be a possible role of NorCB in MSR-1 in microaerobic

respiration and magnetite biomineralization.
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6.2 Oxygen respiration is linked to magnetite biomineralization

In addition to denitrification, MSR-1 is also capable of aerobic respiration using oxygen as
terminal electron acceptor. In this work, three putative terminal oxidases (cbbs-type, aas-type,
and bd-type) were identified in MSR-1. Mutagenesis of different terminal oxidases
demonstrated that only oxidases cbbs and bd are the functional enzymes for aerobic
respiration, whereas aaz oxidase has no physiological significance for O, reduction under test
conditions. In agreement with this, Acbb; and AaaszAcbbsz mutants displayed identical
phenotypes, further suggesting that the aa; oxidase does not participate in aerobic respiration
in the laboratory. In natural habitats, MSR-1 cells are adapted to low O, conditions, under
which high-affinity terminal oxidases like cbbz are favorable for O, respiration and energy
conservation. In contrast, the aas oxidase which has a low affinity for O, (12), is insufficient
to utilize trace amount of O,. Therefore, it is not surprising that the aa; oxidase does not

show any activity for O, reduction.

Based on the observation that a AbdAcbbs double deletion mutant did not grow in the
presence of oxygen, we concluded that aerobic respiration is a prerequisite for microaerobic
denitrification. Loss of the bd oxidase alone did not affect growth and magnetite
biomineralization, which indicates that when cbb; oxidase is present, the bd oxidase might
only provide a minor contribution to aerobic respiration. However, it is also possible that the
activity of bd oxidase is induced to compensate the activity of cbbs only when cbb; oxidase is
eliminated. Unlike cbb; and aasz oxidases which are present in other magnetospirilla
M. magneticum and M. magnetotacticum, the bd oxidase is completely absent in these strains.
This implies that the bd oxidase is likely dispensable in various magnetotactic bacteria, while
aaz probably acts as an alternative terminal oxidase in these two magnetospirilla. In
magnetotactic bacterium Ms. marinus which is unable to grow aerobically, neither bd nor aas
oxidase is present. Nevertheless, the bd oxidase might have unknown functions in MSR-1
whereas the cbbs oxidase may also be the only functional enzyme used for aerobic respiration

in M. magneticum and M. magnetotacticum.

Delayed growth in microaerobic ammonium medium was observed in Acbb; and AaaszAcbbs
mutants. This might be caused by the low efficiency of bd oxidase, since bd oxidase does not
pump protons but only accepts electrons directly from quinol for O, reduction (13). Acbbs

and AaaszAcbb; mutants displayed an even larger delay of growth in microaerobic nitrate
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medium, where mutant cells did not start to reduce nitrate until O, was completely depleted,
suggesting that the cbbz oxidase per se, but not aerobic respiration, is crucial for simultaneous
0O, and nitrate reduction. Therefore, besides as a terminal oxidase, cbb; oxidase may be
capable of sensing O, and have a further key function to activate denitrification and aerobic
respiration simultaneously. In microaerobic nitrate medium during early growth phase only
aerobic respiration occurred (similar to conditions in microaerobic ammonium medium),
while during the later growth phase only denitrification occurred and mutant cells also
showed similar growth rates as the anaerobically growing WT. However, the
biomineralization phenotypes of Acbbs and AaaszAcbbs mutants under this condition were
much different from those in either microaerobic ammonium medium or anaerobic nitrate
medium. Thus, it can be ruled out that the severe defects in magnetite synthesis in Acbb; and
AaazAcbbs mutants were caused by the incapability of co-occurrence of denitrification and
aerobic respiration. Instead, severely impaired magnetosome formation likely results from the
loss of cbbs oxidase per se, which argues for a more direct role of cbbs oxidase in magnetite
biomineralization. In R. sphaeroides, besides as a terminal oxidase, cbbs oxidase also
functions as a redox sensor to repress the activity of photosynthesis genes under aerobic
conditions by controlling the activity of transcriptional regulators of photosynthesis gene
expression (14-17). Therefore, it can be assumed that the cbb; oxidase of MSR-1 may have a
similar role in magnetite biomineralization. In agreement with this, in Acbbs and AaazAcbbs;
mutants the NAD*/NADH ratio under microaerobic conditions was more reduced than that in
the WT. This is not surprising since as a terminal oxidase, cbbs is capable of accepting
electrons during O, reduction. However, an optimal redox state (i.e. balanced ratio of
Fe?*/Fe®") seems to be very important for microaerobic biomineralization of the mixed-
valence iron oxide magnetite [Fe(l)Fe(111)20,4] especially in the presence of nitrate. The loss
of cbb; oxidase may further affect some other factors which are involved in magnetite
biosynthesis. For example, some proteins encoded by genes within the genomic
magnetosome island of MSR-1, such as MamX, MamZ, and FtsZ-like protein FtsZm,
displayed different effects on magnetosome formation between in the presence and absence
of nitrate (18, 19). Also, magnetospirilla contain a unique set of redox active magnetosome-
associated proteins, which share a novel configuration of two close CXXCH heme-binding
motifs, the magnetochrome domain (18, 20, 21). Therefore, the change of intracellular redox
state may affect the activity or conformation of these proteins and further impair the redox
balance of ferrous and ferric iron for magnetite synthesis. More complex magnetosome
phenotypes, such as the presence of two magnetosome chains in the mutants indicate that
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magnetosome chain assembly might be also regulated by the cellular redox state. Besides
magnetosome-related proteins, the nitrite reductase NirS which shows a Fe(ll): nitrite
oxidoreductase activity, plays a role in magnetite biomineralization only under low O,
conditions in the presence of nitrate. However, more reduced conditions in Acbbz and
AaazAcbbsz mutants likely limit the concentration of ferric iron and further prevent the
oxidation of ferrous iron for magnetite synthesis, thereby resulting in severely impaired
magnetosome formation in the presence of nitrate. In addition, variable cell morphologies of
microaerobically growing Acbbz and AaazAcbb; mutants in the presence of nitrate, which are
likely caused by delayed growth as well as reduced intracellular redox conditions, might be

used to adapt to a changed condition.

6.3 Regulation of respiration and magnetite biomineralization in response to different

oXygen concentrations

The common observation that magnetosomes are only synthesized under suboxic conditions
raised the possibility of protein-mediated regulation of magnetite biomineralization. As
described in the previous section, denitrification and oxygen respiration are involved in redox
control required for anaerobic and microaerobic magnetite biomineralization. In E. coli and
other bacteria the switch between aerobic and microaerobic metabolism is primarily
controlled by an Fnr regulator (12, 22). Therefore, in this work we identified a putative Fnr
protein (named MgFnr) in MSR-1 and tested whether the MgFnr protein also plays a role in
growth and magnetite biomineralization. In fact, deletion of Mgfnr only affected
magnetosome formation under microaerobic conditions in the presence of nitrate (i.e. when
denitrification was active) but not in its absence. This implies that MgFnr might be involved
in magnetite synthesis by regulation of denitrification genes, whereas expression of the
terminal oxidases for O, respiration is not under the control of MgFnr, similar to Fnr from S.
oneidensis (23). In agreement with this, neither the rates of oxygen consumption nor
transcription of terminal oxidase genes displayed any difference in between the WT and
AMgfnr mutant. The presence of putative Fnr binding sites in the promoter regions of all
operons encoding for denitrification further indicates that MgFnr is capable of controlling the
transcription of denitrification genes in response to different oxygen concentrations.
Consistent with this, transcription patterns of denitrification genes in AMgfnr mutant were

different from those in the WT. For instance, in the AMgfnr strain the expression of nap was
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no longer upregulated by oxygen, the expression of nirS under aerobic conditions was much
higher than that in the WT, and the aerobic expression of nor and nosZ was no longer
repressed but upregulated by oxygen. Furthermore, we failed to identify a putative Fnr
protein encoded in the non-denitrifying magnetotactic bacteria Ms. marinus or D. magneticus,
which also suggests that Fnr of magnetotactic bacteria is likely only involved in regulating

expression of genes encoding for denitrification, but not required for aerobic respiration.

The observation of significantly decreased N, evolution in AMgfnr mutant raised the question
which step(s) of denitrification is affected by the loss of MgFnr. This does not likely result
from the reduction steps from NOj3; to N,O based on the following findings: (i) The
consumption rate of NO3™ and NO,™ was not reduced in AMgfnr mutant; (ii) NO is lethal to
the cells while no growth defect was observed in AMgfnr mutant; (iii) No NO emission was
found during mass spectrometry experiments which also implies that the activity of NO
reductase is not affected by the deletion of Mgfnr; (iv) The N,O emission rate after addition
of nitrate was similar for AMgfnr mutant and WT. Therefore, it can be concluded that loss of
MgFnr only affects the last step of denitrification, the reduction of N,O to N,. In agreement
with this, the emission rate of N, was lower for AMgfnr mutant than for the WT. However, it
cannot be excluded that loss of MgFnr has an impact on other pathways involved in
biomineralization. For instance, it has been shown that (i) besides acting as nitrate reductase,
Nap also plays a role in redox control for magnetite biomineralization, (ii) nitrite reductase
NirS is capable of oxidizing ferrous iron to ferric iron for magnetite synthesis, and (iii) NO
reductase Nor also participates in magnetosome formation by yet unknown functions. In
addition, deletion of Mgfnr caused different phenotypes under anaerobic and microaerobic
conditions in the presence of nitrate. This indicates that MgFnr plays a more important role
under conditions when O, respiration and denitrification occur simultaneously. In
combination with the observation that maintaining a balance between aerobic respiration and
denitrification is required for WT-like magnetite biomineralization, we propose that MgFnr
might provide the main contribution to mediate the expression of denitrification genes, and
thereby poise the redox state for magnetosome formation.

Although MgFnr was able to complement a AEcfnr mutant (E. coli Afnr mutant) back to WT-
like growth, which indicates that MgFnr also has the common properties of EcFnr,
significantly different phenotypes during anaerobic growth were observed between AEcfnr

mutant and AMgfnr mutant, such as a largely decreased growth yield in AEcfnr mutant, while
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no impaired growth in AMgfnr mutant. These differences might be due to different media
used for cultivation because in E. coli deletion of Ecfnr only led to growth defects in some
minimal media (24) while there is no minimal medium available, which provides reliable
growth of MSR-1. In addition, not only deletion of Mgfnr but also overexpression of Mgfnr
in WT affected anaerobic and microaerobic magnetite biomineralization in the presence of
nitrate and caused the synthesis of smaller magnetosome particles, which indicates that the
proper expression of MgFnr is crucial for WT-like magnetosome synthesis and the expression
level is under precise control, being regulated by itself and oxygen. Therefore, MgFnr might
play an important role in poising redox conditions for magnetite synthesis by controlling the
expression of denitrification genes, and thus the expression of MgFnr is required to be strictly
regulated. However, it is unknown whether the expression of MgFnr is also controlled by
other yet unknown proteins, and whether the expression of other genes involved in

magnetosome formation is also regulated by MgFnr.

In conclusion, our work for the first time revealed a complete respiratory system in
magnetotactic bacteria (Fig. 6-1). In addition to the denitrification pathway, which is
regulated by MgFnr, two different branches of the respiration chain occur for O;
reduction: one is the cytochrome bc;-c-cbbs branch, and the other is that quinol oxidase bd
directly accepts the electrons from quinol. O, respiration is a prerequisite for microaerobic
denitrification. The genetic and biochemical analyses provided evidence that in MSR-1 in
addition to the various essential and accessory proteins encoded within the genomic
magnetosome island, genes outside magnetosome island are also involved in magnetite
biomineralization. By poising the redox state required for magnetite biomineralization,
denitrification and aerobic respiration have a key role in the synthesis of WT-like

magnetosomes.
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Fig. 6-1 Respiratory pathways in MSR-1. Two respiration pathways, denitrification and aerobic respiration,
were identified in MSR-1. Two different branches of the respiration chain occur for O, reduction: one is the
cytochrome bc,-c-cbbs branch, and the other is that quinol oxidase bd directly accepts the electrons from quinol.
O, respiration is a prerequisite for microaerobic denitrification. Besides used to generate energy for the growth,
denitrification and oxygen respiration also play a role in poising the redox state required for magnetite
biosynthesis. However, it is unknown whether enzymes acting upstream of the terminal oxidases, the redox state
of the quinone pool, as well as the volume of electron flow through different branches of the electron transport
chain, are also involved in the redox control required for magnetite biomineralization. Furthermore, it remains
unclear whether terminal oxidases have other functions, such as participating in detoxification under O,-rich
growing conditions, or in aerotaxis or magnetotaxis to facilitate search for growth-favoring suboxic growing
conditions. In addition to the oxygen sensor Fnr, which plays a role in controlling expression of denitrification
genes and thus is involved in magnetite biomineralization, other unknown O, sensors probably occur to mediate
the expression of genes encoding for aerobic respiration or to regulate the redox state for magnetite
biomineralization in response to different oxygen concentrations. Solid-line arrows indicate the electron flow.
SDH, succinate dehydrogenase; NDH, NADH dehydrogenase; Q/QH,, quinone/quinol pool in the membrane;
bcy, cytochrome bey; ¢, cytochrome ¢. OM, outer membrane; CM, cytoplasmic membrane.
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6.4 Open questions and further research

6.4.1 Which subunit(s) of Nap is involved in magnetite biomineralization?

Some organisms such as Shewanella and Geobacter species, respire mineral iron and are
capable of formation of magnetite in the extracellular space (25). Since the ferric iron mineral
as a respiratory electron acceptor, is an insoluble particle and thus cannot freely diffuse into
bacterial cells, a cytochrome protein CymA is used to deliver the electron from the quinol
pool to a MtrABC complex, which further transfers the electron to minerals located outside
of the cell (26, 27). A CymA analogue NapC is found in magnetotactic bacteria, which is a
subunit of the periplasmic nitrate reductase Nap encoded by the nap operon napFDAGHBC.
Therefore, it is proposed that in addition to transferring the electron from the quinol pool for
nitrate reduction, NapC probably plays a role in magnetite biomineralization by supplying the
electron to magnetosome-associated proteins for the biosynthesis of magnetite (20). On the
other hand, deletion of the whole nap operon severely impaired magnetite biomineralization
and resulted in the biosynthesis of fewer, smaller and irregular crystals during denitrification
and aerobic respiration. This raises the possibilities that impaired biomineralization in Anap
mutant is caused by the loss of NapC, or that other subunits of Nap are also required for the
biosynthesis of WT-like magnetite particles. To this end, different single deletion mutants of
napFDAGHBC have been constructed, including AnapF, AnapD, AnapA, AnapH, AnapB,
and AnapC (Y. Li, unpublished data). However, except for napD, deletion of any of other
genes within the nap operon did not affect the synthesis of magnetite (Y. Li, unpublished
data). Further analyses of these single nap deletion mutants on denitrifying growth and
magnetite biomineralization will lead to a better understanding of the role of the Nap in

biomineralization.

6.4.2 Do other proteins involved in electron transport play a role in magnetite
biomineralization?

Despite the fact that terminal oxidase cbbs acts as an O, sensor to poise the redox conditions
for magnetite biomineralization, it will be interesting to know whether enzymes acting
upstream of the cbbs oxidase, the redox state of the quinone pool, as well as the volume of
electron flow through different branches of the electron transport chain, are also involved in

magnetite biomineralization. Therefore, by inhibition and mutagenesis, blocking and
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impairing the electron transport chain will gain further insights into the relationship between
respiration and magnetite biomineralization. On the other hand, although the aa; oxidase does
not show any physiological significance for O, reduction in the laboratory, it cannot be
excluded that aas oxidase has some properties in nature. Furthermore, in addition to their
essential role in aerobic respiration, the bd and cbb; oxidases may have other yet-unknown
functions. Therefore, more comprehensive analyses of terminal oxidases, such as the role in
O,-detoxification at O,-rich environment and the role in aerotaxis and magnetotaxis to
facilitate search for growth-favoring suboxic growing conditions, will be helpful to evaluate

the functions of different terminal oxidases in magnetotactic bacteria.

6.4.3 Do other putative O, sensors occur in MSR-1 and control magnetite
biomineralization by regulating the redox potential in response to different oxygen
conditions?

As discussed above, although Fnr of MSR-1 mediates oxygen-dependent regulation, its
relatively subtle and indirect effects on magnetite biomineralization cannot account for the
observed complete inhibition of magnetite biosynthesis under aerobic conditions.
Furthermore, since Fnr of MSR-1 only affects expression of denitrification genes but not
genes encoding for O, respiration, some unknown O, regulators are probably present and
mediate the expression of aerobic terminal oxidase genes in response to different oxygen
concentrations, and magnetite biomineralization is also probably regulated by other unknown
O, sensors through controlling intracellular redox conditions. Therefore, several potential
regulators which have been described to be capable of acting as redox sensors in other
bacteria, were identified in MSR-1 (Table 6-1) (Y. Li, unpublished data). In the future, by
mutagenesis, a more expanded search for regulators involved in O, respiration may gain
further insights into the mechanism of oxygen-dependent regulation of magnetite

biomineralization.

Table 6-1 Identification of putative redox sensors in magnetospirilla

ensor Function MSR-1 AvEE N
MGR_2168 - -

Sensing oxidative stress MGR_2971 Amb0589 | MTAC_1561
OXYR | (& coli) MGR_1920 - -
' MGR_1832 - -
MGR_0925 - -
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MGR_3776 - -
MGR_0954 - -
MGR_1331 Amb4341 MTAC 1755
MGR_3423 Amb0224 MTAC 0369
MGR_3582 - -
MGR_2377 Amb0662 MTAC 4583
MGR_1479 - -
MGR_1466 - -
FixL Regulation of nitrogen MGR_3308° Amb0896 MTAC 2889
fixation
(Sinorhizobium meliloti) | MGR-0571 - -
Regulation of nitrogen MGR 2943 - -
NifL fixation
(Azotobacter vinelandii) MGR_3433 ) i
HemAT | Chemotaxis MGR_2126 Amb2795 | MTAC 0813
(Bacillus subtilis)
Aer Aerotaxis MGR_3404 - -
(E. coli) MGR_0403 - -
ArcB (Réegcu(:ﬁt)'o” of respiration | 12 0376 Amb1110 i

# OxyR is a sensor of peroxide stress and able to mediate the cellular response to hydrogen peroxide. In response
to peroxide treatment, OxyR activates the expression of detoxifying genes such as genes encoding
hydroperoxidase | katG and alkylhydroperoxide reductase (28). FixL and NifL are regulators involved in
controlling the expression of nitrogen fixation genes (29, 30). The HemAT protein is described to sense the
presence of O, and modulate the activity of proteins which control flagella rotation (31), while Aer of E. coli
participates in the regulation of the motility behavior in gradient of O,, redox conditions and some nutrients (32).
The ArcAB two-component system of E. coli is a global sensor of gene expression under suboxic growing
conditions, which is achieved by sensing the redox state of the quinone pool (33).

®AMB-1, M. magneticum; MS-1, M. magnetotacticum.
Organism used for reference protein sequences in BLASTP analyses.

One of genes encoding FixL protein (MGR_3308, indicated in gray box) has been deleted (Y. Li, unpublished
data).

However, in addition to a possible effect caused by genetic regulation, alternatively, directly
abiogenic perturbation of the redox balance of iron ions required for magnetite synthesis also
probably exists in MSR-1. For example, ferrous iron can also be chemically oxidized by
nitrite (34, 35), and nitrite and oxygen are potent oxidants for ferrous iron also in a chemical
method for the preparation of magnetite films, ferrite plating (36). Therefore, magnetite
biomineralization might be achieved by combined abiogenic oxidation and bioenzymatic

catalysis.
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6.4.4 How magnetotactic bacteria decompose the toxic products of O, respiration?

Magnetotactic bacteria can accumulate up to 3% intracellular iron content, which is 100-fold
higher than that in E. coli (37). This high iron content in magnetotactic bacteria may lead to
oxidative damage to DNA when free Fe** reacts with hydrogen peroxide via the Fenton
reaction (38). To eliminate the toxic oxygen radicals such as hydrogen peroxide produced
during respiration, an effective oxygen protective system is required to cope with the
oxidative stress. The role in protecting cells against organic peroxides is exerted by different
peroxide-scavenging enzymes. In the genome assembly of MSR-1, different genes encoding
for decomposition of hydrogen peroxide are present (Table 6-2) (Y. Li, unpublished data).
The function of different peroxide-scavenging enzymes should be tested, which may provide
new insights to explain how magnetotactic bacteria are capable of utilizing such high

amounts of iron for biomineralization.

Table 6-2 Putative enzymes involved in the decomposition of H,O, in magnetospirilla

Putative . Other magnetospirilla
enzyme Function MSR-1 AMB-1° MS-1°
‘MGR_3748 - -
Alkyl hydroperoxidase MGR_2378 Amb0663

AhpC %(Azospirillum brasilense) MGR_2380 Amb0664 MTAC 2744
MGR_2715 Amb2684 MTAC 2431

Kag | cAwlase MGR_4274 i i
(E. coli) -

Gpx g”g‘)tlri‘)'o”e peroxidase MGR 2358 | Amb3627 | MTAC_4680
Thiol peroxidase

Tpx (Rhodopirellula baltica) MGR_4262 Amb3876 MTAC 3424

CCP Cytochrome c peroxidase MGR_1307 Amb2882 -
(Zymomonas mobilis) MGR_1787 - -

®0rganism used for reference protein sequences in BLASTP analyses.
®AMB-1, M. magneticum; MS-1, M. magnetotacticum.

“One of genes encoding AhpC protein (MGR_3748, indicated in gray box) has been deleted (Y. Li, unpublished
data).
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