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Abstract

Bacterial cells, like their eukaryotic counterparts, are capable of constructing lipid-based
organelles that carry out essential biochemical functions. The magnetosomes of magnetotactic
bacteria are one such compartment that is quickly becoming a model for exploring the process of
organelle biogenesis in bacteria. Magnetosomes consist of a lipid-bilayer compartment that houses
a magnetic crystal. By arranging magnetosomes into chains within the cell, magnetotactic bacteria
create an internal compass that is used for navigation along magnetic fields. Over the past decade,
a number of studies have elucidated the possible factors involved in the formation of the
magnetosome membrane and biomineralization of magnetic minerals. Here, we highlight some of
these recent advances with a particular focus on the cell biology of magnetosome formation.
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Introduction

In 1884, Karl August Mobius first coined the term ‘organula’ to describe the reproductive
structures of protists [1]. In the subsequent centuries, the distinction of organelle has
expanded to include subcellular structures ranging from membrane-bounded compartments
to molecular machines comprised of harmonious assemblages of proteins and other
macromolecules. Such intra-cellular organization is primarily thought to be unique to the
eukaryotic lineage, but research over the past two decades has identified complex
subcellular compartments and cytoskeletal elements in bacteria [2,3]. The presence of these
features in bacteria raises the question of whether principles governing eukaryotic organelle
formation, including membrane shaping and protein targeting, also hold for bacterial
organelles. If not, an understanding of bacterial compartments promises to reveal a number
of unique cell biological mechanisms.

Magnetotactic bacteria (MTB), a phylogenetically diverse cohort of microorganisms
characterized by their ability to orient in magnetic fields, provide one of the clearest
examples of cytoplasmic compartmentalization in bacteria in the form of organelles called
magnetosomes. Electron cryotomography (ECT) and other electron microscopy studies have
shown that magnetosomes are lipid-bounded and derived from the inner cell membrane
[4,5] (Figure 1). In addition, magnetosomes have a specific protein content that allows for
biomineralization of the crystalline magnetic minerals magnetite (Fe304) and/or greigite
(Fe3S4). Finally, individual magnetosomes are aligned into chains by dynamic cytoskeletal
filaments, whose ancestry and activities are reminiscent of eukaryotic actin systems [6].
These characteristics have made magnetosomes a prime target for understanding the cell
biology of bacterial organelles.
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Biochemical analyses of magnetosome membrane protein content, genetic screens and
comparative genomic studies of various MTB led to the identification of a conserved suite
of magnetosome-associated genes organized in a large genomic island called the
Magnetosome Island (MAI) [7-11]. A subset of these genes, encoded by the mamAB gene
cluster, has been identified as not only essential for magnetosome formation but also
sufficient for this process [12°,13"]. Individual deletions of genes within this cluster
produce strains arrested at various stages of magnetosome biogenesis and hint at a stepwise
assembly of the organelle where membrane formation, protein sorting, biomineralization,
and chain formation are distinct processes [12*] (Figure 2). In this review we highlight some
of the recent developments in understanding of the molecular pathways that govern the
formation, organization and intracellular dynamics of magnetosomes.

Magnetosome membrane formation

A key step in the formation of a functional magnetosome chain is the invagination and
shaping of the inner cell membrane. Among eukaryotes, key protein domains have been
implicated in generating extensive membrane curvature [14,15]. Within MTB, however,
homologs of these factors are not apparent. Thus far, four genes have been identified for
their essential roles in magnetosome membrane formation; deletion of any four of these
genes individuals results in AMB-1 cells completely devoid of inner membrane decoration
[12°°]. Two genes, mamland mamL, encode small (~7-8 kDa), inner membrane proteins of
no homology to any proteins beyond the magnetotactic bacteria and their role in
magnetosome formation is unclear [12°]. It has been hypothesized that the C-terminal tail of
MamL, which is rich in positively charged amino acids, could potentially interact with or
insert into the phosphate backbone of the inner membrane to induce local curvature [6]. The
magnetosome membrane protein MamQ is homologous to the LemA family of proteins,
although no function is known for this group. Interestingly, it bears a potential resemblance
to BAR domain proteins, known to be involved in bending membranes in eukaryotic cells
[14]. However, this similarity may be due to the presence of coiled-coil domains in MamQ
and is not indicative of a specific function in altering membrane architecture.

Only MamB has homology to a family of proteins with a known function. MamB belongs to
the cation diffusion facilitator (CDF) superfamily, which is known to transport divalent
cation metals and includes a ferrous iron transport system [16]. It has recently been shown
that MamB interacts with a number of other magnetosome proteins [17°°]. For example,
MamB was shown to self-interact via its C-terminal domain. Additionally, it also appears to
interact with, and in turn be stabilized by, a second CDF protein MamM [17°°]. Intriguingly,
MamB potentially interacts with the PDZ; domain of MamE, a protein involved in the
localization of various proteins to the magnetosome. Such an interaction could link the
putative transporter to the network of magnetosome proteins managed by MamE [17°°].
Thus, MamB may not be directly involved in magnetosome membrane biogenesis and may
instead stabilize the membrane by acting as a hub for organization of other magnetosome
proteins. Once a magnetosome compartment has been formed MamB might then act as a
transporter of iron or other cations into the magnetosome.

Experiments thus far have been unable to establish sufficiency, however, for the four
magnetosome membrane proteins Maml, MamL, MamQ, and MamB in establishing
structures reminiscent of magnetosome membranes /77 vivo [12°°]. Because no other
individual gene deletions yield an absence of magnetosome membranes, additional
functionally redundant factors are required. An additional player in shaping the
magnetosome membrane may be MamY, an MAI-encoded protein exhibiting weak
homology to BAR domain proteins. MamY is capable of inducing liposome tabulation /n
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vitro and has been implicated in maintaining the size of cell membrane invaginations /n vivo
[18].

Protein localization to the magnetosome

Once the magnetosome membrane invagination has been established, biomineralization can
occur if environmental conditions are met. A number of proteins have been implicated in
this process and several have been identified as integral or peripheral to the magnetosome
membrane itself [8,10,12,19,20°,21,22]. How these proteins localize to the membrane is not
well understood, and no evidence exists for a targeting or signal sequence that would
uniquely direct proteins to the invagination. The most substantiated mechanism of protein
localization to the magnetosome membrane appears to be mediated by protein—protein
interactions. Interactions, described above between MamB, MamM, and MamE, have been
suggested through in vitrowork [17°°]. Additionally, MamJ, MamA and Mms6 have all been
implicated in the recruitment or stability of subsets of other magnetosome proteins [23°,
24,25°,26°]. Genetic analyses have shown that MamE, a DegP/HtrA serine protease with
putative heme-binding motifs, is required for the localization of a number of proteins to the
magnetosome. In its absence, empty magnetosome membranes are formed but a number of
proteins such as MamJ, Maml and MamC are mislocalized within the cell [20,27°].
Interestingly, MamE appears to be a dual function protein. When its putative protease or
heme-binding residues are mutated MamE is still capable of localizing proteins to the
magnetosome [20°*]. However, these mutants have a defect in biomineralization and cannot
form mature magnetite crystals [20*°].

These results support a model where protein sorting depends on a specific network of
protein—protein interactions that produce a functional magnetosome. An alternative
possibility is that an affinity for established membrane curvature could drive a subset of
proteins to the magnetosome; protein affinities for both positive and negative membrane
curvature in bacteria have already been demonstrated [28-30]. One could envision that both
mechanisms could be at play in localizing magnetosome proteins to the invagination;
negative curvature is highly accentuated at the neck of the magnetosome whereas the
positive curvature of the magnetosome body could attract an alternate set of proteins.

Magnetosome chain formation

To maximize their magnetic response, MTB align their magnetosomes into one or more
chains along the long axis of the cell. Through ECT imaging of two magnetospirilla species,
filaments have been observed running parallel to the magnetosome chain. These filaments
are proposed to be comprised of MamK, a bacterial actin-like protein encoded by the MAI
of all sequenced MTB [5,31,32]. mamK deletions exhibit disorganized magnetosome chains,
ectopic chain placement near cell poles, magnetosome clustering, and most tellingly — the
absence of filaments near magnetosomes [5°*,33°]. /n7 vitro polymerization of MamK into
bundles of long filaments further supports the hypothesis of MamK as the building block of
the magnetosome cytoskeleton [31].

Recent evidence using fluorescence recovery after photo-bleaching (FRAP) indicates that
MamK filaments, like most actin homologs, are dynamic within the cell [34*°]. Bleached
segments of MamK-GFP filaments were seen to recover fluorescence in a manner dependent
on the putative ATPase activity of the protein [34°*]. This pattern of recovery is often related
to the exchange of unbleached monomers as a result of depolymerization and
repolymerization events. However, recent evidence with other families of bacterial actins
has shown that entire filaments are motile within the cell raising the possibility that MamK
dynamics in the FRAP experiment may also be influenced by such movements [35-37].

Curr Opin Cell Biol. Author manuscript; available in PMC 2013 May 21.
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MamK dynamics, however, are not an intrinsic property of the protein and are regulated by
additional factors as MamK-GFP expressed in a MAI deletion strain fails to recover in
FRAP experiments [34*]. A candidate MamK regulator is MamJ, a protein with an acidic
repeat domain that is encoded by the mamAB gene cluster. When mamJis deleted in
Magnetospirillum gryphiswaldense MSR-1, magnetosomes cluster in clumps within the cell
[38°]. Additionally, in some but not all cases, MamJ and MamK appear to interact in a
bacterial two-hybrid assay [23]. In Magnetospirillum magneticum AMB-1, MamJ and its
paralog LimJ, are necessary for both chain organization and MamK dynamics in a redundant
manner. In the absence of these two regulators, large gaps are apparent within the
magnetosome chain and bundles of filaments, presumably composed of MamK, can be seen
within these empty spaces. However, additional unknown factors encoded by the MAI are
also necessary to regulate the dynamics of MamK /n vivo, as expression of either MamJ or
LimJ in a AMAI strain is unable to rescue MamK filament dynamics [34].

Despite these advances in understanding the /n vivo and in vitro properties of MamK, its
specific function and the manner by which it contributes to chain organization are still
unclear. MamK might act as a guide to establish the magnetosome chain by moving new
magnetosomes into a preexisting chain. Such a model has been suggested for MSR-1, in
which both MamK filaments and magnetic interactions between adjacent magnetosomes
seem to be required for chain organization [38°,39°]. Alternatively, MamK may act to
maintain the chain after it has already been formed. Finally, as discussed below, MamK may
act during cell division to ensure the proper segregation of the magnetosome chain.

Cell cycle and magnetosome formation

Once the cell has formed its magnetosome membranes, properly sorted proteins to the
compartment to promote biomineralization, and aligned the magnetosomes in a chain, it
faces the additional challenge of cell division. In MTB, initial EM studies suggested that the
magnetosome chain is divided evenly between the two daughter cells [40,41°]. For the
population to maintain its magnetic properties throughout multiple rounds of growth, each
daughter cell must synthesize and incorporate new magnetosomes into the existing chain.

To determine how this process occurs requires investigation of both the timing of
magnetosome formation and the mechanisms involved in magnetosome maturation. The
time needed for a magnetosome to invaginate from the inner membrane and form a 50 nm
wide spherical compartment is currently unknown. Related to this issue is the outstanding
question of the time frame during the division cycle in which new magnetosomes are formed
and incorporated into the existing chain. Inner membrane invaginations could simply be
synthesized continually throughout growth or there could be discrete portions of the cell
cycle in which MTB are primed for magnetosome membrane synthesis.

The actual cell division event in MTB requires not only successful division plane formation
in between two segregated chromosomes but also bisection of the magnetosome chain
(Figure 2). Intriguingly, in MSR-1 cell division appears to proceed asymmetrically from one
lateral edge of the cell, which may provide the force necessary to segregate the
magnetosome chain [42°°]. Preferential localization of the chain spanning the future division
site at midcell primes equal distribution of magnetosomes to the daughter cells. In MSR-1,
chain halves rapidly relocalize from the poles to the new future division site in a process that
is mediated by MamK filaments [42°°]. In a broad sense this process is reminiscent of the
segregation of the proteinaceous carbon-fixation microcompartments of cyanobacteria:
carboxysomes. These organelles are linearly arranged in the cell and their alignment and
equitable division to daughter cells is dependent upon with the action of ParA cytoskeletal
filaments [43].
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The coordination of the development of polar organelles such as flagella, stalks, and pili
with the progression of the cell cycle has been extensively investigated in
Alphaproteobacteria related to the magnetospirilla. These processes are controlled through
the CtrA regulatory network, and it was hypothesized that the biogenesis of magnetosomes
in the context of the cell cycle could be similarly regulated by components of this pathway,
most of which are conserved in MTB. While CtrA and other members of its pathway are
essential for viability and cell cycle progression in some Alphaproteobacteria, they were
recently shown to be dispensable in AMB-1 [44]. Mutants lacking ctrA had no discernible
cell cycle defects and produced functional magnetosome chains [44]. Thus, the existence
and identity of elements regulating the cell cycle in MTB and coordinating the formation of
magnetosomes in its context remain elusive.

Conclusion

Over the past decade significant progress has been made in the discovery of magnetosome
genes and the elucidation of a basic pathway for the assembly of this bacterial organelle.
The next challenge is to understand the mechanisms by which these factors act and to define
the coordination of these processes in the context of the cell cycle. Further investigations of
bacterial organelles using magnetosomes and other compartments as model systems will
continue to illuminate similarities and differences in how bacterial and eukaryotic cells solve
the common problems associated with organelle biogenesis. As is the case for biological
tasks across the entire tree of life, some solutions share an ancient derivation, whereas others
may prove to have arisen independently and convergently. Regardless of their evolutionary
histories, the mechanisms MTB have evolved to generate and organize intracellular
compartments are proving to be elegant, intricate, and intriguing.
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Figure 1.

Cell biological features of magnetotactic bacteria. (A) Transmission electron micrograph
(TEM) of Magnetospirillum magneticum AMB-1 reveals a linear chain of electron-dense
magnetite crystals [44]. (B) Single section of an electron cryotomographic (ECT) image of
AMB-1 shows that magnetosome membranes invaginate from the inner membrane before
biomineralization [5*]. (C) Inner membrane invaginations remain even when filled with a
mature magnetite crystal [5*]. (D) ECT images also reveal cytoskeletal filaments flanking
the magnetosome chain [5°]. (E) Magnetosome membranes (yellow), magnetite crystals
(orange) and filaments (green) are highlighted in a 3D reconstruction of AMB-1 from an
ECT image [5™].
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Figure 2.

Magnetosome formation during cell cycle progression. (A) Magnetotactic bacteria increase
the number of magnetosomes per cell throughout growth, with the chains centrally located.
As the septum forms at the midcell, facilitated by constricting FtsZ rings (green),
cytoskeletal filaments flanking the magnetosome chains (yellow) must be separated or
stimulated to disassemble. Following cell division, polarly localized magnetosome chains (i)
quickly relocalize to the new midcell (ii). (B) The formation of an individual magnetosome
is a step-wise process. Magnetosome membrane invagination from the inner cell membrane
occurs via the combined actions of Maml, MamL, MamQ, and MamB and other factors. The
serine protease MameE is required to properly localize other magnetosome proteins to the
compartment. MamK, comprising the cytoskeletal filaments, functions with MamJ and LimJ
to coordinate chain organization of the magnetosomes. Protease and putative heme-binding
activities of MamE are required for magnetite crystal maturation, with other factors
participating in the regulation of crystal number, size, and shape.
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