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Abstract
Ferrosomes: Iron Storage Organelles Found in Diverse Anaerobic Bacteria
by
Carly Rae Grant
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Arash Komeili, Chair

Though small in size, there is a growing appreciation for the complex ultrastructure of
bacteria and archaea. This complexity and beauty is exemplified by the diverse protein-
and lipid-bounded organelles that have been discovered. The first chapter of this
dissertation, a published review article, introduces different lipid-bounded organelles that
have been found in bacteria and archaea. The best-studied lipid-bounded organelles in
bacteria are the magnetosomes of magnetotactic bacteria. This chapter discusses, in
depth, the mechanism of magnetosome formation in two Magnetospirillum spp. that make
cubooctahedral-shaped magnetite crystals within the magnetosome lumen. This chapter
also discusses what is known about other, more mysterious, organelles, including bullet-
shaped magnetosomes, anammoxosomes, and nucleus-like organelles in archaea.

Tools for genome editing are a major limiting factor when attempting to elucidate the
structure and function of organelles. As such, there are few model systems for studying
organelle formation. The second chapter of this dissertation, a published primary research
article, describes a method for genome editing in Desulfovibrio magneticus RS-1. This
work is the first example of gene editing for an anaerobic bacterium that makes bullet-
shaped magnetosomes and marks a major step in magnetosome research.

In addition to making magnetosomes, D. magneticus makes ferrosomes, which are
membrane-bounded organelles that contain iron, oxygen, and phosphorus. Ferrosomes
were discovered serendipitously when former Komeili lab postdoctoral scholar, Dr.
Meghan Byrne, observed that D. magneticus cells transitioning out of iron starvation are
full of electron-dense granules, now named ferrosomes. The third chapter of this
dissertation uncovers the genetic basis of ferrosomes. Using the genetic method we
developed for D. magneticus, we show that ferrosomes require a set of genes that encode
proteins associated with isolated ferrosomes. In addition to D. magneticus, diverse
bacteria, and perhaps archaea, require a similar set of genes to make ferrosomes. Finally,
we show that ferrosomes likely have an important role in iron homeostasis during
anaerobic metabolism. Future research on bullet-shaped magnetosomes and ferrosome
formation, function, and regulation are introduced in the final chapter of this dissertation.
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Chapter 1

Organelle Formation in Bacteria and Archaea

Carly R. Grant, Juan Wan, and Arash Komeili

Department of Plant and Microbial Biology
University of California, Berkeley

The work presented in this chapter is a slightly modified version from that published in
Annual Reviews of Cell & Developmental Biology (2018).
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ABSTRACT

Uncovering the mechanisms that underlie the biogenesis and maintenance of eukaryotic
organelles is a vibrant and essential area of biological research. In comparison, little
attention has been paid to the process of compartmentalization in bacteria and archaea.
This lack of attention is in part due to the common misconception that organelles are a
unique evolutionary invention of the “complex” eukaryotic cell and are absent from the
“primitive” bacterial and archaeal cells. Comparisons across the tree of life are further
complicated by the nebulous criteria used to designate subcellular structures as
organelles. Here, with the aid of a unified definition of a membrane-bounded organelle,
we present some of the recent findings in the study of lipid-bounded organelles in bacteria
and archaea.

INTRODUCTION

Membrane-bounded organelles, tasked with the compartmentalization of biochemical
reactions, are one of the hallmarks of the eukaryotic cell plan. By extension, most cell
biologists would argue that such subcellular organelles are absent from the architecturally
simple cells of bacteria and archaea. Stanier & van Niel (1962) formalized this cytological
classification system in their seminal and elegantly written work, “The Concept of a
Bacterium,” which laid out several criteria for distinguishing bacteria from other
microscopic entities, such as viruses and eukaryotic algae. Key among their arguments
was that:

Within the enclosing cytoplasmic membrane of the eucaryotic cell, certain smaller
structures, which house subunits of cellular function are themselves surrounded
by individual membranes, interposing a barrier between them and other internal
regions of the cell. In the prokaryotic cell, there is no equivalent structural
separation of major subunits of cellular function; the cytoplasmic membrane itself
is the only major bounding element which can be structurally defined.

Stanier & van Niel were, rather specifically, referring to major eukaryotic organelles such
as the nucleus, mitochondria, and chloroplasts. In the intervening years, their definition
has been extended to include all organelles as unique inventions that supported the
emergence of the complex eukaryotic cell and, eventually, multicellular organisms. In this
review, we present a challenge to this widely held view of cellular evolution and revisit the
possibility that bacteria and archaea also contain membrane-bounded organelles. To do
this, we must first ask: What exactly is an organelle?

Organelles can be, and have been, defined in many different ways. Commonly,
microscopy has been used to define large macromolecular structures as organelles.
Additionally, functional and mechanistic studies have grouped organelles on the basis of
the common molecular machinery needed for their biogenesis and maintenance. As a
result, many functionally and structurally distinct structures have been classified as
organelles over the years. These include membraneless entities such as lipid droplets
and ribosomes; organelles acquired through ancient symbiotic events such as



mitochondria and chloroplasts; and the canonical lipid-bounded organelles of the
endomembrane system such as the nucleus, the endoplasmic reticulum, and the Golgi
apparatus. If applied to bacteria, similarly expansive criteria would reveal numerous
examples of unique compartments that have been studied for more than a century. For
instance, in a series of groundbreaking studies in the 1880s, Sergei Winogradsky showed
that subcellular compartments of Beggiatoa are key routes for storage and transformation
of sulfur compounds (2, 3). His experiments, carried out by observing the subcellular
changes in uncultured bacteria kept alive for days under simple microscopes, would
resonate with any modern cell biologist. In addition to these sulfur globules, many bacteria
contain protein-bounded compartments, such as carboxysomes and encapsulins, as well
as lipid-bounded compartments, such as the varieties of photosynthetic membrane
systems found in diverse bacterial phyla (4-8).

The vast majority of these compartments do not have analogs in the eukaryotic world. As
such, it may be argued that bacteria and archaea do not have eukaryotic organelles. This
biased interpretation of cellular compartmentalization creates an artificial barrier that
prevents meaningful comparisons of organelles across the domains of life. Thus, for the
purposes of this review, we define an organelle as any subcellular membrane-bounded
structure with a defined protein content that provides a unique environment for execution
and sequestration of biochemical reactions. More specifically, we focus on compartments
that are bounded by a lipid bilayer membrane, since a coherent set of mechanisms
defines their formation in eukaryotes. This broader definition imposes a set of mechanistic
challenges for the formation of an organelle in any cell type. To construct a defined lipid-
enclosed compartment, cells must be able to deform and shape cellular membranes,
target proteins to these compartments, and segregate them to ensure inheritance of
important activities to their progeny.

With this new and more flexible concept of an organelle in hand, we present some of the
latest advances in the study of lipid-bounded organelles in bacteria and archaea. We
focus primarily on the magnetosome, a bacterial organelle studied extensively at the
molecular level in recent years. In addition, we describe several other exotic lipid-bounded
organelles that highlight the complexity of the bacterial and archaeal cell plans and blur
the lines of the prokaryotic-eukaryotic divide. We hope to spark the imagination of
scientists, young and old, to look to the bacterial and archaeal world for exciting new
challenges in studying the mechanisms and evolution of subcellular
compartmentalization.

THE MAGNETOSOME: A LIPID-BOUNDED BACTERIAL ORGANELLE

The magnetosomes of magnetotactic bacteria (MTB) are the best-studied examples of
lipid-bounded organelles in bacteria (9). These diverse organisms are unified by their
ability to align in and navigate along magnetic fields (10, 11). A chain of magnetic
particles, ranging in size from 50 to 120 nm and consisting of the iron oxide mineral
magnetite Fe;0,4 and/or the iron sulfide mineral greigite FeszS4, mediates the interaction
of MTB with magnetic fields. Species of MTB can be found in nearly any aquatic



environment where they localize in or at the borders of anoxic habitats (12). In most
locations, the earth's magnetic field provides a reliable path through the vertically stratified
oxygen gradient. As a result, MTB are thought to combine alignment with the earth's
magnetic field with aerotaxis to find zones with favorable oxygen and redox
concentrations. Magneto-aerotaxis, in its most idealized form, turns the biased random
three-dimensional tactic behavior of non-MTB into a more efficient one-dimensional
search strategy (13).

The first cultured MTB were microaerophilic a-Proteobacteria, which have served as
model organisms for understanding magnetosome formation (14-16). Early electron
microscopy images of these MTB showed that a lipid-like membrane surrounds each
magnetic particle in the chain (Figure 1a,b). As a result, the combined unit of the
membrane and its enclosed mineral was termed a magnetosome (17). The magnetosome
membrane was hypothesized to be the site of biomineralization since empty membranes
as well as those with various size minerals were observed in individual cells (18).
Definitive proof for the role of the membrane came through studies in
which Magnetospirillum magneticum strain AMB-1 (hereafter AMB-1) cells grown in iron-
limited conditions were imaged by electron microscopy (19). In these cells, chains of
empty magnetosome membranes are readily observed. Within these empty
magnetosomes, biomineralization is initiated soon after the addition of iron to the growth
medium. High-resolution imaging of whole cells of AMB-1, as well as Magnetospirillum
gryphiswaldense strain MSR-1 (hereafter MSR-1), under near-native conditions by cryo-
electron tomography (CET), has shown that the magnetosome membrane is either
continuous with or derived from the inner cell membrane (Figure 1a,b) (20, 21). Despite
a lipid composition similar to that of the cell membrane, the magnetosome membrane has
a unique profile of proteins, many of which are predicted to contain one or more
transmembrane domains (18, 22—24). Additionally, as detailed below, a network of actin-
like filaments surrounds and organizes the magnetosome chain (Figure 2) (20, 21). Thus,
the lipid bilayer magnetosome membrane—with its unique protein content, associated
cytoskeleton, and dedicated function in biomineralization—has all the hallmarks of an
organelle.

Like all organelles, the formation and function of magnetosomes are driven by a distinct
set of genes. Proteomic, genetic, and comparative genomic studies have shown that a
large number of proteins encoded by conserved genes of a magnetosome gene island
(MAI) control nearly every aspect of magnetosome formation (9). In AMB-1 and MSR-1
MAIls, the mamAB gene cluster contains the most important elements for the early steps
of magnetosome biogenesis (25-27). Deletions of various mamAB genes result in
significant defects in magnetosome membrane formation and protein sorting, chain
alignment, initiation of biomineralization, and crystal maturation (26). Expression of
the mamAB gene cluster in the absence of all other MAI genes allows for the formation
of magnetosome membranes that can form immature magnetic particles (27). In addition,
several other MAI gene clusters such as the mms6, mamCDFG, and mamXYZ operons
participate in regulating the size, shape, and conditional production of magnetite in both



AMB-1 and MSR-1 (27-30). In a significant achievement, the Schiler group showed that
approximately 35 genes of the MSR-1 MAI are sufficient to form magnetosomes in the
non-MTB Rhodospirillum rubrum, proving that a subset of the MAI genes are necessary
and sufficient for magnetosome formation (31).

Here, we focus on the most recent studies on the mechanisms of magnetosome
membrane formation, protein sorting, and subcellular organization. For more detailed
information on the environmental relevance and phylogenetic diversity of MTB, the
mechanisms of biomineral formation, and biotechnological uses of magnetosomes, we
refer the interested reader to several excellent review articles (9, 32—-37).

Magnetosome Membrane Formation

The first challenge in building a magnetosome is to reshape the cell membrane into a
spherical vesicle-like compartment. Comprehensive genetic analyses had implicated four
genes (mamB, maml, mamL, and mamQ) as essential factors in the biogenesis of the
magnetosome membrane (26). Subsequently, more detailed CET imaging has shown
that the AmamB mutant is the only strain that completely lacks magnetosome
membranes, while deletions of maml, mamL, or mamQ vyield fewer immature
magnetosomes (38). MamB, a cation transporter, performs its essential role in membrane
biogenesis with the help of other magnetosome proteins. For instance, in MSR-1 the
expression of 7 of the 18 genes in the mamAB gene cluster
(maml, mamL, mamQ, mamB, mamE, mamQO, and mamM) is enough to induce
membrane formation; however, membrane formation by this synthetic operon still
requires other MAI genes, such as the mamXYZ operon (38). Point mutations in the gene
encoding MamB that block its iron transport function prevent biomineralization but still
allow for membrane formation (39). In addition, MamB forms a complex with a
homologous transporter, MamM, and interacts with MamE, a protease that helps control
protein sorting to magnetosomes (40—43). On the basis of these collective genetic and
biochemical observations, a protein crowding model for magnetosome membrane
formation has been proposed (Figure 1d). In this model, MamB interacts with a subset of
proteins, such as MamM and MamE, at the inner cell membrane. These proteins then
recruit other interaction partners and form a large protein complex that generates lateral
pressure to induce membrane curvature (38, 44).

Dynamics of Magnetosome Membrane Growth

These studies address the genetic requirements of magnetosome membrane formation
but say little about the dynamics and regulation of the process. Wild-type MTB contain
magnetosome membranes at all times, making it difficult to study the dynamics of
membrane formation in a synchronous natural setting. Thus, an artificial system was
developed to genetically induce membrane formation in an AMB-1 mutant incapable of
forming wild-type magnetosomes (45). Observations of magnetosome size in this
inducible system as well as wild-type AMB-1 lead to a model in which individual
magnetosomes bud from the inner cell membrane and grow gradually in size over time.
Furthermore, membrane size is controlled by the biomineralization status of individual



magnetosomes: Empty magnetosome membranes are always smaller than 55 nm, while
those containing magnetite crystals can grow to approximately 80 nm (45). These findings
suggest that at least one checkpoint must be in place to stop membrane growth if
biomineralization has not occurred. Upon initiation of mineral formation, the
magnetosome membrane undergoes a second stage of growth. The utility of such a
checkpoint and its universality among MTB are currently unclear. Perhaps limiting the
volume of the magnetosome allows for accumulation of iron to supersaturating levels,
which would promote magnetite nucleation. Under this model, premature magnetosome
membrane growth or a failure to undergo a second stage expansion may lead to defects
in the shape and size of the resulting mineral.

Magnetosome Protein Sorting

The protein crowding model indicates that a core complex of factors can work with
interchangeable subgroups of other magnetosome proteins to promote membrane
formation. By definition, then, membrane biogenesis occurs concurrently with protein
sorting for these founder magnetosome proteins (Figure 1d). In addition, other
magnetosome proteins may localize to the organelle after the membrane formation step.
For example, Mms6, a protein that binds to magnetite and controls geometry of the
resulting crystal, is diffusely localized around the cell membrane under nonbiomineralizing
growth conditions in which only empty magnetosome membranes are formed (46). In
contrast, correlated fluorescence microscopy and electron microscopy show that Mms6
is found only at magnetosomes that contain a magnetite particle under biomineralizing
conditions (46). It has also been suggested that other proteins, such as MamY, localize
to magnetosomes at select stages of biomineralization (47). These proteins may
dynamically sample the entire inner cell membrane space and become trapped in
magnetosomes via their interactions with the biomineral (Figure 1d). Alternatively, other
factors, such as MamE and MamA, a soluble protein that interacts with the cytoplasmic
face of the magnetosome membrane, may conditionally recruit proteins to magnetosomes
after their formation (42, 48, 49). This selective recruitment of proteins may account for
the biomineralization-dependent growth of the magnetosome membrane.

Diversity of Magnetosome Membrane Formation

AMB-1 and MSR-1 magnetosome membranes, despite their overwhelming similarities,
are distinguished by one significant architectural feature. In AMB-1, magnetosome
membranes are permanent invaginations of the inner cell membrane, while in MSR-1
magnetosome membranes eventually separate into distinct intracellular vesicles (Figure
1a,b) (20, 21, 38). Additionally, the biomineralization-dependent checkpoint for
membrane growth in AMB-1 cells has not been seen in MSR-1 cells (38). Thus, in AMB-
1, mechanisms must be in place to balance membrane growth with biomineralization, to
maintain sharp angles at the neck of the magnetosome, and to prevent the intrusion of
unwanted periplasmic materials into the magnetosome lumen. Meanwhile, MSR-1 cells
must have a way to promote the fission of the growing magnetosome membrane to
become an intracellular vesicle.



The variety of magnetosome formation processes becomes even more bewildering when
more diverse species of MTB are examined. Anaerobic MTB belonging to the &-
Proteobacteria, Nitrospira, and OP3 phyla form elongated bullet-shaped magnetite or
greigite crystals in an unknown process that is likely different from what occurs in the
microaerophilic  MSR-1 and AMB-1 (37). For instance, in the ©o-
Proteobacterium Desulfovibrio magneticus strain RS-1, mature magnetic particles do not
seem to be surrounded by a lipid bilayer membrane (Figure 1c) (50). However, D.
magneticus contains an MAI with several homologs of the AMB-1 and MSR-1 mam genes
and many mad genes that are found only in the MTB in the &-Proteobacteria and
Nitrospira lineages (51). Recently, a classical chemical and UV mutagenesis approach
was combined with whole-genome resequencing to find nonmagnetic mutants of D.
magneticus (52). This genetic screen yielded mutations in mam and mad genes,
indicating the participation of both conserved and group-specific genes in
biomineralization. Since many of these genes encode proteins with one or more
transmembrane domains, a membrane must be involved at some point during the
biomineralization process. Thus, a magnetosome factory model has been proposed in
which a membrane-bounded compartment produces a mineral that is subsequently
released and recruited into a growing magnetosome chain (52). This sequential magnetite
production and release are fundamentally different from the simultaneous mineralization
in multiple magnetosome membranes that is seen in AMB-1 and MSR-1. The utility of this
mode of biomineralization, its prevalence among MTB, and the specific mechanisms of
biomineralization in D. magneticus remain to be uncovered.

Magnetosome Chain Formation

To orient the cell in geomagnetic fields, individual magnetosomes need to be assembled
into a chain. In both AMB-1 and MSR-1, chain alignment is achieved, in part, by filaments
that most likely consist of MamK, a homolog of the bacterial actin-like protein MreB (53,
54). MamK is expressed from and conserved in the mamAB gene cluster of all MTB, and
its deletion results in the disappearance of the magnetosome-associated filaments and in
noticeable disorganization of the magnetosome chain. In AmamK mutants of AMB-1,
large gaps separate clusters of magnetosomes that are loosely organized across the long
axis of the cell (Figure 2a) (20). Similarly, when mamK is deleted in MSR-1, the
magnetosome chains are shorter, fragmented, and located randomly along the entire
length of the cell (53, 55). Similar to other actin-like proteins, purified MamK is capable of
forming filaments in the presence of ATP; these filaments are dynamically depolymerized
via the MamK ATPase activity (56). In a recent breakthrough, a nonpolymerizing mutant
of MamK was used to obtain the protein's crystal structure, revealing a domain
organization and structure for MamK monomers that are similar to those of actin and its
bacterial homologs (Figure 2c) (57). However, once these monomers polymerize, the
resulting filaments have a unique architecture distinct from that of eukaryotic actin and its
bacterial relatives (Figure 2d) (56—58).

Recent studies have elucidated a conserved role for MamK in coordinating the even
segregation of the magnetosome chain during cell division. In MSR-1, the magnetosome



chain is centered within the cell but does not run from pole-to-pole. During cell division,
the magnetosome chain splits down the middle, and the segregated chains are positioned
asymmetrically at newly formed poles of daughter cells (55). The newly segregated
chains undergo a rapid pole-to-midcell repositioning in the daughter cells before the
completion of cytokinesis (59). FRAP (fluorescence recovery after photobleaching)
assays indicate that new MamK monomers enter the filaments at cell poles and undergo
treadmilling growth in an ATPase-dependent manner. When an ATPase-dead version of
MamK is introduced into AmamK cells, magnetosome chains are inherited unevenly by
the two daughter cells, and no pole-to-midcell repositioning is observed (Figure 2b) (59).

In contrast to the case for MSR-1, magnetosome chains of AMB-1 are organized from
pole-to-pole in the cell. As a result, after cell division the daughter cells inherit chains that
run the entire length of the cell and, as a result, do not need to be centered to midcell. In
the early time points of the inducible experiments described above, several short clusters
of magnetosomes that are separated by large gaps are formed. These clusters are still
aligned across the length of the cell independently of the presence of MamK. At later time
points, MamK filaments are needed to either repair or fill these gaps to form a continuous
chain (45). The dynamic movements of magnetosomes have also been tracked using
fluorescently tagged magnetosome proteins as markers. In wild-type AMB-1 cells, the
magnetosome chain is static throughout the cell cycle (60). However, in the
AmamK mutant, magnetosomes are highly dynamic, and the fluorescent protein markers
form foci that move randomly throughout the cell at a rate that is consistent with simple
diffusion of a large macromolecular complex (60). Wild-type MamK, but not the ATPase-
dead variant, is able to restore the static pole-to-pole arrangement of the magnetosome
chain. These results support a model in which newly formed magnetosomes can move
around the long axis of the cell until they are captured by the MamK filament network into
a chain. MamK then restricts the movement of magnetosomes and ensures their stable
positioning for even segregation to daughter cells during cytokinesis. Thus, through two
seemingly different mechanisms, MamK controls the positioning of the magnetosome
chain in AMB-1 and MSR-1.

In addition to MamK, other proteins have been linked to chain alignment. The loss of
Mamd, an acidic magnetosome membrane protein, results in collapse of the chain
structure and in dramatic clumping of magnetosomes in MSR-1 (21). The AMB-1 MAI
contains mamdJ as well as a homologous gene, limJ (like mamJ), that have a redundant
function in maintaining MamK filament dynamics. In contrast to MSR-1, the magnetosome
chains of the AMB-1 AmamJAlimJ mutant retain their long-range chain alignment, and a
few large gaps lacking magnetosomes, filled with bundles of filaments presumed to be
MamK, appear in the chain (61). Yeast two-hybrid experiments suggest that MamJ
interacts with MamK filaments and may recruit them to magnetosomes (62). These
observations invoke a model in which MamJ links magnetosomes to MamK filaments.
Then, natural treadmilling of MamK filaments drives the magnetosomes toward the center
of the cell and ensures even segregation of the chain upon cell division (59).



AMB-1, but not MSR-1, also contains a second highly degenerate magnetosome gene
island that may have been acquired through a horizontal gene transfer event. This so-
called magnetosome islet contains homologs of mamK (mamK-like) and mamdJ (mamdJ-
like) (63). MamK-like retains many of the properties of MamK, including the ability to bind
nucleotides and form filaments in vitro and in vivo (63). MamK and MamK-like also interact
and most likely form mixed filaments consisting of both proteins (64). Interestingly, MamK-
like has a mutation that should block ATPase activity and slow down the dynamic turnover
of mixed MamK-MamK-like filaments in vivo. However, MamK-like, even with its active
site mutated, is able to hydrolyze ATP in vitro and control MamK dynamics in vivo (64).
The structural basis for the unexpected enzymatic activity of MamK-like remains to be
determined. Regardless, these findings raise the possibility that in some MTB the
acquisition of the magnetosome islet, or duplications of genes like mamK and mamd, may
result in divergent behaviors for MamK and other magnetosome proteins. Accordingly, a
few other MTB also contain more than one MamK homolog. MamK is also found in many
non-MTB and some species of archaea in which its function remains a mystery.

The control of organelle positioning via MamK is reminiscent of the participation of
cytoskeletal proteins in the movement and segregation of membrane-bounded organelles
in eukaryotes. This conserved traffic function most likely reflects a case of convergent
evolution in which the ATPase-driven dynamics and long-range reach of a filament-
forming protein can be adapted to the movement and positioning of diverse cargo in
eukaryotes, bacteria, and perhaps archaea.

EXOTIC BACTERIAL ORGANELLES

As a whole, the magnetosome formation process bears little mechanistic or functional
similarity to the eukaryotic endomembrane system. In the following sections, we feature
several unusual bacterial lipid-bounded organelles that reside in relative obscurity and,
yet, may hold potential ancestral links to eukaryotic organelles.

The Planctomycetes: Compartmentalized or Not?

Planctomycetes, a group of bacteria comprising a deep-branching phylum, were long
thought to have a cell plan far different from canonical Gram-negative bacteria. Early
studies indicated that Planctomycetes lacked a periplasmic space and instead had a
cytoplasm divided into two distinct compartments (Figure 3a) (65). The innermost
compartment contained the nucleoid and ribosomes and was named the riboplasm. The
region void of ribosomes between the outer and inner membranes, referred to as the
paryphoplasm, often appeared to contain vesicles. Planctomycetes are the only bacteria
that encode for proteins with structural similarity to eukaryotic membrane-coat (MC)
proteins. Tantalizingly, these MC-like proteins localize within the paryphoplasm and at the
vesicle membranes (66). This finding, in addition to the apparent uptake of proteins into
the paryphoplasm, supported an endocytosis-like uptake of macromolecules and led to
the hypothesis that similar mechanisms might control membrane dynamics in eukaryotes
and the Planctomycetes (67). In the special case of Gemmata obscuriglobus, the
riboplasm appeared to be divided into an additional third compartment by a double



membrane that contained the nucleoid (65, 68). The appearance of this nuclear body as
well as genomic and microscopic findings of nuclear pore—like structures raised the
possibility of a common evolutionary origin with the eukaryotic nucleus (69).

These findings of Planctomycete compartmentalization were based on two-dimensional
microscopy of sectioned cells. However, recent three-dimensional reconstruction and
CET have revealed that all internal membranes of G. obscuriglobus are interconnected
(66, 70, 71). Furthermore, Planctomycetes do have an outer membrane, a peptidoglycan
cell wall, and an inner cytoplasmic membrane that—by virtue of housing the F,F,-
ATPase—is likely the site of ATP synthesis (72—75). Therefore, Planctomycetes, like all
Gram-negative bacteria, have a periplasm and cytoplasm divided by a cytoplasmic
membrane (Figure 3a). Unlike the case for most Gram-negative bacteria, the cytoplasmic
membrane of Planctomycetes can be heavily invaginated, often growing up to three times
the surface area of the outer membrane (76). The purpose of the extensive cytoplasmic
membrane, and the resulting large periplasmic space, remains unknown. In addition, the
method for macromolecule uptake into the periplasm of Planctomycetes has yet to be
elucidated, although it has been suggested that crateriform structures and pili-like fibers,
and not MC-like proteins, may play a role (70). Instead, MC-like proteins may generate or
stabilize the extensive endomembrane structures. While Planctomycetes may not be
compartmentalized as previously thought, the extensive and dynamic cytoplasmic
membrane may resemble early evolutionary steps in the development of eukaryotic
organelles. Recent and future advances in genetic techniques in Planctomycetes will help
to understand their unique ultrastructure (77-79).

Anammoxosome: An Energy-Conserving Bacterial Organelle

In addition to an unusual cell ultrastructure, some Planctomycetes have an organelle
termed the anammoxosome within their cytoplasm (Figure 3b). The anammoxosome is
the key conductor of the unique anaerobic ammonium oxidation (anammox) metabolism
of some chemolithoautotrophic bacteria (80). While no anammox bacteria are in pure
culture, some enrichment cultures have been established, including that
of Candidatus Brocadia fulgida and Candidatus Kuenenia stuttgartiensis. The
anammoxosome is a large organelle enclosed by a single lipid bilayer that occupies
approximately 60% of the total cell volume (81). The anammoxosome, cytoplasmic, and
outer membranes are enriched in ladderane lipids, which have a ladder-like arrangement
of fused cyclobutane rings in their hydrocarbon tails (82). The unusual ladderane lipid
structure is thought to decrease membrane permeability and thus limit energy loss from
passive diffusion of protons during the slow anammox metabolism (83). Unlike the
cytoplasmic and outer membranes, the anammoxosome membrane is highly curved.
When isolated from cells, anammoxosomes lose their curved shape, suggesting that
osmotic pressure or a cytoskeleton is involved in shaping the anammoxosome (Figure
3b) (83).

Why do anammox bacteria dedicate most of their cell volume to this unusual organelle?
The answer lies in the wunique function of the anammoxosome. Within the
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anammoxosome matrix, anammox catabolism occurs via key enzymes that convert
ammonium and nitrite to N, with nitric oxide and highly reactive hydrazine intermediates
(Figure 3b) (84—86). Once hydrazine oxidation to N, is complete, electrons carried by
cytochromes within the anammoxosome matrix may flow through an electron transport
chain at the anammoxosome membrane, thereby establishing a proton-motive force (87,
88). Importantly, an F-type ATPase has been shown to localize to the anammoxosome
membrane, suggesting that the organelle is the site of ATP production (89, 90). In this
context, the highly curved membranes of the anammoxosome may allow for a greater
number of metabolic enzymes and thus greater energy generation and conservation,
analogous to the inner membranes of mitochondria in eukaryaotic cells (83).

In addition to the anammox reaction proteins, many additional enzymes localize to the
anammoxosome matrix (65, 84). Among these are hydrazine/hydroxylamine
oxidoreductases, which may help keep inhibitory intermediates, such as nitric oxide and
hydroxylamine levels, low. At least one enzyme, nitrite oxidoreductase (NXR), specifically
localizes to tubule-like structures within the anammoxosome matrix (Figure 3b) (84). This
localization may facilitate high local concentrations of NXR, an enzyme that may be
important for both electron transport and carbon fixation (91, 92). It is thought that all of
the enzymes localized in the anammoxosome are specifically targeted via signal peptides
for the sec or tattranslocation systems (65, 84); however, further experiments are needed
to test this hypothesis.

Also within the anammoxosome matrix are electron-dense iron-containing granules that
resemble encapsulins found to store iron in Myxococcus xanthus (Figure 3b) (81, 93).
Encapsulins are nanocompartments that are formed by a linocin-like protein shell and
function in oxidative stress in coordination with cargo proteins (8, 94, 95). Indeed,
genomes of anammox bacteria encode for linocin-like proteins, such as Kuste2478
in Ca. K. stuttgartiensis. Kuste2478 has a C-terminal linocin domain; an N-terminal signal
sequence that may target it out of the cell or into the anammoxosome matrix; and a
diheme cytochrome ¢ domain that could function in iron encapsulation together with the
cargo protein Kuste2479, a hydroxylamine oxidoreductase and copper nitrite reductase
fusion protein (87, 96, 97). If these proteins do form encapsulins within the
anammoxosome matrix, then the iron granules observed may function as a detoxification
system.

Future studies aimed at how anammoxosomes form and divide equally between daughter
cells will aid in the understanding of membrane remodeling and organelle partitioning
(98). In addition, only one F-type ATPase has been found to be highly expressed and
localized to the anammoxosome membrane. Anammox bacteria encode other ATPases
that may drive alternative metabolisms that are not possible in current enrichment
cultures. Evidence for such metabolic versatility includes organic acid oxidation and
respiration of both iron and manganese by anammox bacteria (86, 99). Pure cultures of
anammox bacteria and the development of genetic systems will immensely aid future
research efforts.
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Membrane-Bounded Storage Granules: A Diversity of Organelles

Polyphosphate granules enclosed within an intracellular membrane have been found in
bacteria as well as eukaryotes. In unicellular eukaryotes, polyphosphate granules were
named acidocalcisomes for their acidic nature and their ability to accumulate high
amounts of calcium (100, 101). Many pumps, channels, and cation exchangers are
located on the acidocalcisome membrane in addition to polyphosphate-synthesizing and
-degrading enzymes within the compartment (102). In bacteria, polyphosphate granules
formed by Agrobacterium tumefaciens and R. rubrum are the best characterized. Both A.
tumefaciens and R. rubrum typically make one larger granule (~200 nm in diameter) in
addition to smaller granules in different regions of the cells (Figure 4a,b) (103, 104). These
granules are acidic, with proton pyrophosphatase activity, and they may take in high
amounts of calcium. Isolated A. tumefaciens granules have a material surrounding the
granule that was presumed to be a membrane (Figure 4a), although the membrane was
less visible in thin-sectioned cells (103). In R. rubrum, an electron-dense ring was
observed surrounding the empty compartments where membrane-bound proton
pyrophosphatases (H*-PPases) localize (Figure 4b) (104). All of these features are
strikingly similar to those in eukaryotic acidocalcisomes. However, despite genetic tools
in both A. tumefaciens and R. rubrum, no membrane transporters or polyphosphate-
synthesizing and -degrading enzymes have been shown to be directly involved in forming
the bacterial acidocalcisomes. Moreover, absence of H*-PPase expression in R.
rubrum does not correlate with observations of acidocalcisomes under aerobic conditions
(104, 105). Thus, genetic and biochemical studies are necessary to elucidate how
bacterial acidocalcisomes are formed.

In addition to acidocalcisomes, smaller lipid-bounded granules have been found in some
other bacterial species. Both D. magneticus and Shewanella putrefaciens form electron-
dense granules that are 30-50 nm in diameter. These small granules are bound by
membranes and contain high amounts of phosphorus, oxygen, and mixed-valence iron
(Figure 4c,d) (50, 52, 106, 107). While D. magneticus forms the granules when
transitioning from iron-limited to iron-replete conditions, S. putrefaciens forms the
granules when respiring on ferrihydrite and, to a lesser extent, when respiring Fe* or
fumarate supplemented with Fe*. Although D. magneticus and S. putrefaciens are
phylogenetically and metabolically diverse, work from our group shows that homologous
proteins, encoded by a distinct operon, control the formation and function of the iron-
accumulating granules in both organisms (C.R. Grant & A. Komeili, unpublished). We
have proposed to name this organelle the ferrosome and hypothesize that it is widespread
among bacteria as well as some archaeal species.

ORGANELLES IN ARCHAEA

Given the growing evidence that eukaryotic cells emerged from an archaeal lineage, it
may not be surprising that organelle-like features have also been described in some
archaeal species. One intriguing example is that of the hyperthermophilic
crenarchaeal Ignicoccus species. At first glance, the large, vesicle-containing periplasmic
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space of these organisms, divided by the outer and innermost membranes, resembles
the complex endomembrane system of the Planctomycetes (Figure 3c) (108,
109). Ignicoccus species also lack a cell wall. Both of these features are unique traits, as
archaea typically have a single membrane and an S-layer cell wall (108, 109). Ignicoccus
hospitalis has been the focus of much research, as this archaeon is also the host
of Nanoarchaeum equitans (110, 111). Intriguingly, I. hospitalis does not have a typical
energized cytoplasmic membrane. Rather, the inner membrane encloses the DNA and
ribosomes, while the outer membrane houses ATP synthases and oxidoreductases for
sulfur respiration (112). Thus, energy conservation is spatially separated from information
processing and protein biosynthesis. In addition, some ATP-consuming pathways, such
as that of acetyl-CoA synthesis, are located in the intermembrane compartment,
indicating that it may be the site of CO, fixation (113). How do ATP and other substrates
enter the cytoplasm for the energy-consuming and essential processes of DNA
replication, transcription, and translation? How do proteins, synthesized in the cytoplasm,
localize to the outer membrane? It has recently been shown that cytoplasmic protrusions,
initially thought to be membrane vesicles, come into close contact with the outer
membrane (Figure 3c) (114). At this interface, docking sites and eukaryotic-like tethering
complexes may assist in the transfer of proteins to the outer membrane and ATP to the
inner membrane, while a matrix of filaments may support the dynamic inner cytoplasmic
membrane (112, 114). In addition to these focused studies of Ignicoccus, metagenomic
analyses have identified the Asgard archaea, an uncultivated group of organisms with an
unusually close phylogenetic association with the eukaryotes. The genomes of these
archaea encode numerous proteins that are homologous to eukaryotic membrane
trafficking components (115). It would be fascinating to isolate and image the subcellular
organization of the Asgard archaea. Perhaps we will discover a cell plan with intimate
similarities to that of eukaryotic cells.

CONCLUSION

In this review, we present a missing perspective in cell biology: that lipid-bounded
organelles are not limited to eukaryotes and are an important component of many
bacterial and archaeal lifestyles. At a fundamental level, the discovery and study of
bacterial and archaeal organelles mirror the practices established through decades of
work on eukaryotic cells. For instance, all organelles described in this review, from
magnetosomes to the sulfur globules studied by Winogradsky, were first discovered
through microscopy-based approaches. However, several distinct challenges impede the
study of bacterial and archaeal organelles. First, these organisms are small, and their
organelles are even smaller. We predict that many bacterial cells contain organelles, such
as the ferrosomes, that have been generally ignored since they are difficult to visualize
with traditional electron microscopy techniques. Broader adoption of high-resolution
electron microscopy, such as whole-cell CET, and super-resolution fluorescence
microscopy techniques is likely to accelerate the discovery and full exploration of these
compartments. Indeed, recent imaging by CET has shown that diverse bacterial species
contain many unidentified structures, some of which bear the cytological hallmarks of
membrane-bounded organelles (116). Second, many interesting bacterial and archaeal
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organelles are found in either uncultured organisms or those that are difficult to
manipulate genetically. For instance, Candidatus Ovobacter propellens is a unique
bacterium, with its DNA-containing cytoplasm surrounding a large central vacuole (117).
Even more fascinating are the hundreds of flagella rooted in a groove on one side of the
cell under which are rectangular-shaped organelles made up of stacked membranes. Are
these organelles coordinating motions of its flagella with external stimuli or, perhaps,
generating the localized pockets of energy needed to achieve the high-speed movement
of the organism? More focused efforts to cultivate microbes and develop molecular
genetic tools would be a significant boost in understanding the mechanisms of
compartmentalization in diverse organisms. A final, and perhaps most significant,
challenge is the far-too-prevalent view that compartments of bacteria and archaea are not
true organelles. Presenting bacterial and archaeal compartments as organelles is likely
to attract a more diverse cohort of scientists and to divert research power to the
development of tools for the study of cellular biology in small bacterial cells. As a result,
we may begin to uncover evolutionary ancestors of the proteins that establish and
maintain the eukaryotic endomembrane system. We may also discover new modes of
cell regulation and novel physiological pathways used by bacteria and archaea. Finally,
by leveraging the simplicity of bacterial and archaeal organelles and their unique
products, we may be able to devise powerful biomedical applications. A glimpse of this
promising future can be seen in the recent use of magnetotactic bacteria for hyperthermic
treatment of cancers and targeted drug delivery to tumors in animal models (32, 118).
Bacterial and archaeal model systems are normally coveted for their simplicity. The time
has come to investigate, and celebrate, the mysteries of their complex cell plans.
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Figure 1. Single tomograms and three-dimensional models show the magnetosome
chains in (a) AMB-1 (b) MSR-1, and (¢) Desulfovibrio magneticus RS-1. (a,b) In AMB-1,
most magnetosomes are continuous with the cell membrane, whereas in MSR-1 most
magnetosomes are separated. The crystals in AMB-1 and MSR-1 are colored in red. The
filaments in AMB-1 and MSR-1 are colored in yellow and green, respectively. The arrow
in panel a points to the magnetosome-associated filaments. (b) Subpanels / and ii are
tomographic sections corresponding to the white-boxed portions of the three-dimensional
model of magnetosomes in subpanel jii. Panel a reproduced from Komeili et al. (2006)
with permission from the American Association for the Advancement of Science. Panel b
adapted from Raschdorf et al. (2016) with permission from the Public Library of Science.
(c) The mature magnetite crystals of D. mangeticus RS-1 are not surrounded by a
membrane. Panel ¢ reproduced from Rahn-Lee et al. (2015) with permission from the
Public Library of Science. (d) Model for membrane formation and protein sorting. MamB
forms a complex with MamM and MamE, which may help to recruit other proteins (green
diamond). This complex of core proteins induces membrane formation by a proposed
protein crowding model. The soluble protein MamA (red dashes) interacts with the
cytoplasmic face of the magnetosome membranes after their formation and the initiation
of biomineralization.
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Figure 2. Magnetosome chain organization. (a) Electron cryotomography—generated
three-dimensional models of AMB-1 wild-type (WT) and mamK deletion strains. Filaments
(green) flank the magnetosome chain (yellow) in WT. The filaments are absent and the
magnetosomes are disorganized in the mamK mutant. Panel a reproduced from Komeili
et al. (2006) with permission from the American Association for the Advancement of
Science. (b) TEM images show the distribution of the magnetosome chain during cell
division in MSR-1 WT and mamK ATPase dead mutation (D161A) strains. Panel b
reproduced from Toro-Nahuelpan et al. (2016) with permission from the BioMed Central
(United Kingdom). (c) Crystal structure of a nonpolymerizing AMB-1 MamK mutant protein
(A278D) at 1.8-A° resolution. The cocrystallized AMP-PNP nucleotide is shown in black,
and the protein is colored indigo to red, like a rainbow, from the N terminus to the C
terminus. (d) Refined atomic model of the MamK filament. Unlike most actin-like proteins,
MamK monomers in neighboring strands are in register with each other, creating an
additional C2 symmetry axis along the filament axis. Panels ¢ and d reproduced from
Léwe et al. (2016) with permission from the US National Academy of Sciences.
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Figure 3. Organelles in Planctomycetes and Crenarchaeota. (a) (i) Highly invaginated
cell membranes of Gemmata obscuriglobus and other Planctomycetes create a periplasm
(pink asterisk) and cytoplasm (white asterisks) that appear as compartments and vesicles
in two-dimensional cross sections. Electron micrograph from Santarella-Mellwig et al.
(2010) and reproduced with permission from the Public Library of Science. (ii) Schematic
of the Planctomycetes cell plan depicts cell membrane invaginations reaching into the
cytoplasm. (b) (i) The anammoxosome, containing tubules and iron granules (white
arrows), is visible by electron microscopy in Candidatus Brocadia fulgida cells. Image
from van Niftrik et al. (2008b) and reproduced with permission from Elsevier. (ii) Isolated
anammoxosomes from Candidatus Kuenenia stuttgartiensis lose their highly curved
shape. Image from Neumann et al. (2014) and reproduced with permission from John
Wiley and Sons. (iii) The anammoxosome houses the anammox reaction, which proceeds
by three main steps (inset): nitrite reduction to nitric oxide by nitrite reductase (NIR),
hydrazine production from nitric oxide and ammonium by hydrazine synthase (HZS), and
hydrazine oxidation by hydrazine dehydrogenase (HDH). The electrons released from the
anammox reaction flow through an electron transport chain (ETC), which creates a
proton-motive force and drives ATP synthesis. Nitrite oxidation by nitrite oxidoreductase
(NXR) may be coupled to nitrite oxidation to nitric oxide by NIR or may generate reducing
equivalents for CO2 fixation by acetyl-CoA synthetase (ACS). (c) (i) Electron micrograph
of Ignicoccus hospitalis shows two clearly distinguished compartments with vesicle-like
structures (black carets) in the outermost compartment. Subpanel i image from National
Academy of Sciences (2008), copyright 2008, National Academy of Sciences. (ii) The
schematic of the Ignicoccus cell plan shows cytoplasmic protrusions extending toward
the outer cytoplasmic membrane that are observed as vesicles in two-dimensional cross
sections of cells.
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Figure 4. (a) (i) Large granules (arrows), identified as acidocalcisomes, as well as smaller
granules (arrowheads) are observed by electron microscopy in Agrobacterium
tumefaciens. (ii) Isolated acidocalcisomes appear to be membrane-bounded, as indicated
by the caret. Panel a from Seufferheld et al. (2003) and reproduced with permission from
The American Society for Biochemistry and Molecular Biology. (b) Rhodospirillum rubrum
forms acidocalcisomes (arrows) (i) that appear to be surrounded by a membrane
(arrowhead) in sectioned cells (ii). Panel b from Seufferheld et al. (2004) and reproduced
with permission from The American Society for Biochemistry and Molecular Biology. (c)
(i) Electron-dense granules are apparent in Desulfovibrio magneticus after transitioning
out of iron starvation. (ii) Cryo-electron microscopy revealed a membrane surrounding the
iron-containing granules. Panel ¢ from Byrne et al. (2010) and reproduced with permission
from The National Academy of Sciences. (d) (i) Shewanella putrefaciens forms electron-
dense granules (arrowheads) when respiring on ferrihydrite (arrows). (ii) A cross section
shows a membrane (arrowheads) surrounding the granules. Panel d from Glasauer et al.
(2002) and reproduced with permission from The American Association for the
Advancement of Science.
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Chapter 2

Genome editing method for the anaerobic
magnetotactic bacterium Desulfovibrio magneticus RS-1

Carly R. Grant, Lilah Rahn-Lee, Kristen N. LeGault, Arash Komeili

Department of Plant and Microbial Biology
University of California, Berkeley

The work presented in this chapter has been published previously in Applied and
Environmental Microbiology (2018).
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ABSTRACT

Magnetosomes are complex bacterial organelles that serve as model systems for
studying bacterial cell biology, biomineralization, and global iron cycling. Magnetosome
biogenesis is primarily studied in two closely related Alphaproteobacteria of the genus
Magnetospirillum that form cubooctahedral-shaped magnetite crystals within a lipid
membrane. However, chemically and structurally distinct magnetic particles have been
found in physiologically and phylogenetically diverse bacteria. Due to a lack of molecular
genetic tools, the mechanistic diversity of magnetosome formation remains poorly
understood. Desulfovibrio magneticus RS-1 is an anaerobic sulfate-reducing
deltaproteobacterium that forms bullet-shaped magnetite crystals. A recent forward
genetic screen identified 10 genes in the conserved magnetosome gene island of D.
magneticus that are essential for its magnetic phenotype. However, this screen likely
missed mutants with defects in crystal size, shape, and arrangement. Reverse genetics
to target the remaining putative magnetosome genes using standard genetic methods of
suicide vector integration have not been feasible due to the low transconjugation
efficiency. Here, we present a reverse genetic method for targeted mutagenesis in D.
magneticus using a replicative plasmid. To test this method, we generated a mutant
resistant to 5-fluorouracil by making a markerless deletion of the upp gene that encodes
uracil phosphoribosyltransferase. We also used this method for targeted marker
exchange mutagenesis by replacing kupM, a gene identified in our previous screen as a
magnetosome formation factor, with a streptomycin resistance cassette. Overall, our
results show that targeted mutagenesis using a replicative plasmid is effective in D.
magneticus and may also be applied to other genetically recalcitrant bacteria.

IMPORTANCE

Magnetotactic bacteria (MTB) are a group of organisms that form intracellular nanometer-
scale magnetic crystals through a complex process involving lipid and protein scaffolds.
These magnetic crystals and their lipid membranes, termed magnetosomes, are model
systems for studying bacterial cell biology and biomineralization and are potential
platforms for biotechnological applications. Due to a lack of genetic tools and unculturable
representatives, the mechanisms of magnetosome formation in phylogenetically deeply
branching MTB remain unknown. These MTB contain elongated bullet-/tooth-shaped
magnetite and greigite crystals that likely form in a manner distinct from that of the
cubooctahedral-shaped magnetite crystals of the genetically tractable MTB within the
Alphaproteobacteria. Here, we present a method for genome editing in Desulfovibrio
magneticus RS-1, a cultured representative of the deeply branching MTB of the class
Deltaproteobacteria. This marks a crucial step in developing D. magneticus as a model
for studying diverse mechanisms of magnetic particle formation by MTB.

INTRODUCTION

Magnetotactic bacteria (MTB) are a group of diverse microorganisms that align along
magnetic fields via their intracellular chains of magnetic crystals (10, 119). Each magnetic
crystal consists of either magnetite (Fe3O.) or greigite (FesS4) and is synthesized within
a complex organelle called a magnetosome (9). The first cultured MTB were
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microaerophilic Alphaproteobacteria, which form cubooctahedral-shaped magnetite
crystals, and have served as model organisms for understanding magnetosome formation
(14, 15, 120, 121). Early studies on Magnetospirillum spp. revealed a lipid-bilayer
membrane, with a unique suite of proteins, surrounding each magnetite crystal (17-19).
Development of genetic tools in Magnetospirilum magneticum AMB-1 and
Magnetospirillum gryphiswaldense MSR-1 revealed a conserved magnetosome gene
island (MAI) that contains the factors necessary and sufficient for the formation of the
magnetosome membrane, magnetite biomineralization within the lumen of the
magnetosome, and alignment of the magnetosomes in a chain along the length of the cell
(9, 122). These molecular advances, along with the magnetic properties of
magnetosomes, have made MTB ideal models for the study of compartmentalization and
biomineralization in bacteria as well as a target for the development of biomedical and
industrial applications.

Improvements in isolation techniques and sequencing have revealed that MTB are
ubiquitous in many aquatic environments. On the basis of phylogeny and magnetosome
morphology, MTB can be categorized into two subgroups. The first subgroup includes
members of the Alphaproteobacteria and Gammaproteobacteria, such as
Magnetospirillum spp., that synthesize cubooctahedral, elongated octahedral, or
elongated prisms of magnetite (123). The second subgroup comprises MTB from more
deep-branching lineages, including members of the Deltaproteobacteria class and the
Nitrospirae and Omnitrophica phyla, which synthesize elongated bullet-/tooth-shaped
magnetite and/or greigite crystals (37, 124). While all MTB sequenced to date have their
putative magnetosome genes arranged in a distinct region of their genomes (9, 26, 27,
31), many of the genes essential for magnetosome biogenesis in Magnetospirillum spp.
are missing from the genomes of deep-branching MTB (124). Likewise, a conserved set
of mad (magnetosome associated Deltaproteobacteria) genes are only found in deep-
branching MTB (51, 52, 124, 125). This suggests a genetic diversity underpinning the
control of magnetosome morphology and physiology in nonmodel MTB that is distinct
from the well-characterized Magnetospirillum spp.

Desulfovibrio magneticus RS-1, one of the few cultured MTB outside the
Alphaproteobacteria, is an anaerobic sulfate-reducing member of the Deltaproteobacteria
that forms irregular bullet-shaped crystals of magnetite (126, 127). As with the
Magnetospirillum spp., the magnetosome genes of D. magneticus are located within a
MAI and include homologs to some mam genes as well as mad genes (51, 124, 128).
Recently, we used a forward genetic screen combining random chemical and UV
mutagenesis with whole genome resequencing to identify mutations that resulted in
nonmagnetic phenotypes. These included many mutants that had the entire MAI deleted
(AMALI) as well as mutants with point mutations, frameshift mutations, and transposon
insertions in ten mam and mad genes of the D. magneticus MAI that resulted in
nonmagnetic phenotypes (52). However, this screen relied on a strict selection scheme
for nonmagnetic mutants. As such, we likely missed magnetosome genes that are
important for regulating the shape, size, and arrangement of magnetosomes. To elucidate
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the degree of conservation between mam genes and determine the function of the
proteins encoded by mad genes in D. magneticus, a reverse genetic method for targeted
mutagenesis is necessary.

D. magneticus and other Desulfovibrio spp. have gained much attention for their
importance in the global cycling of numerous elements, in biocorrosion, and in the
bioremediation of toxic metal ions (129, 130). The development of genetic tools, such as
expression vectors, transposons, and targeted genome editing systems, has enabled a
more detailed examination of the important activities of a few Desulfovibrio spp. (131,
132). Targeted mutagenesis using a one-step double recombination method was first
achieved in Desulfovibrio fructosivorans and, more recently, in Desulfovibrio gigas and
Desulfovibrio desulfuricans ND132 (133-135). With this method, plasmids that are
electroporated into the cell are thought to be rapidly linearized by endogenous restriction
modification systems (135-137). The linearized plasmid DNA, carrying a selectable
marker flanked by upstream and downstream regions of homology to a target gene, can
then undergo double recombination into the chromosome in one step (Figure 1A). This
efficient one-step method, which is dependent on electroporation of the plasmid (133—
135), is unlikely to be applicable for D. magneticus because plasmid uptake has only been
demonstrated using conjugal transfer (52). The second targeted mutagenesis method,
used in Desulfovibrio vulgaris Hildenborough, is a two-step double recombination that
makes use of a nonreplicative, or suicide, vector (136, 137). In the first step of this
method, a suicide vector, with sequences upstream and downstream of the target gene,
integrates into the genome upon the first homologous recombination event (Figure 1B).
Next, a second recombination event occurs whereby the vector is excised from the
genome, and cells with the desired genotype are selected with an antibiotic marker and/or
a counterselection marker (136, 137) (Figure 1B). For many bacteria, including D.
magneticus, plasmid uptake and integration occur at frequencies that are too low for
genetic manipulation via suicide vectors (52).

Here, we describe the method we developed for targeted gene deletion using a replicative
plasmid, thereby bypassing the need for suicide vector integration (Figure 1C). We
generated a mutant resistant to 5-fluorouracil by making a markerless deletion of the upp
gene, which encodes an enzyme in the pyrimidine salvage pathway that is nonessential
under standard laboratory conditions. Additionally, we deleted kupM, a gene encoding a
potassium transporter that acts as a magnetosome formation factor (52), via marker
exchange with a streptomycin resistance cassette. The deletion of both upp and kupM
conferred the expected phenotypes, which were subsequently complemented in trans.
Overall, our results show that targeted mutagenesis using a replicative plasmid is possible
in D. magneticus. It may also be suitable for other bacteria for which replicative plasmid
uptake is possible, but at a rate too low for suicide vector integration.

RESULTS

Design of a replicative deletion plasmid using sacB counterselection. Targeted
genetic manipulation in most bacteria requires a method to efficiently deliver foreign DNA
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destined for integration into the chromosome. One commonly used method involves
suicide vector uptake and integration prior to the first selection step (Figure 1B). In D.
magneticus, plasmid transfer has only been achieved via conjugation at low efficiencies,
making the uptake and subsequent integration of suicide vectors into its chromosome an
unlikely event (52). As such, we attempted to bypass the use of suicide vectors and use
a stable, replicative plasmid designed to delete specific genes via homologous
recombination (Figure 1C). Two features of this method enable the isolation of desired
mutants: (i) a selectable marker is used to identify double recombination events at the
targeted site and (ii) a counterselectable marker distinguishes the desired mutant cells,
which have lost all remaining copies of the plasmid.

sacB is a common counterselection marker that is effective in many bacteria. The sacB
gene from Bacillus subtilis encodes levansucrase, which converts sucrose to levans that
are lethal to many Gram-negative bacteria, including D. vulgaris Hildenborough (136, 138,
139). To test its functionality in D. magneticus, we inserted sacB under the expression of
the mamA promoter of D. magneticus (described in reference 52) in a plasmid that
replicates in both Escherichia coliand D. magneticus (Figure 2A). This plasmid (pAK914)
and a control plasmid were then conjugated into D. magneticus. We found no growth
inhibition for D. magneticus cells with the control plasmid in the presence of sucrose and
kanamycin. In contrast, cells expressing sacB were unable to grow with kanamycin and
sucrose concentrations of 1% (wt/vol) or higher (data not shown). To test if the plasmids
could be cured, D. magneticus with pAK914 was passaged two times in liquid medium
containing no antibiotic and plated on 1% sucrose. Individual sucrose-resistant (Suc')
colonies were inoculated and screened for kanamycin sensitivity (Kan®). All isolated
colonies (n=16) were Kan®, suggesting that the cells had lost the plasmid. These
experiments demonstrate that sacB is a suitable counterselection marker in D.
magneticus.

Construction of a Aupp strain by markerless deletion. To test our replicative deletion
method, we chose to target the upp gene, the mutation of which has a selectable
phenotype. The upp gene encodes uracil phosphoribosyltransferase (UPRTase), a key
enzyme in the pyrimidine salvage pathway that catalyzes the reaction of uracil with 5-
phosphoribosyl-a-1-pyrophosphate (PRPP) to UMP and PP; (140) (Figure 3A). When
given the pyrimidine analog 5-fluorouracil (5-FU), UPRTase catalyzes the production of
5-fluoroxyuridine monophosphate (5-FUMP). 5-FUMP is further metabolized and
incorporated into DNA, RNA, and sugar nucleotides resulting in eventual cell death
(Figure 3A) (141, 142). Previous studies have shown that Aupp mutants of D. vulgaris
Hildenborough are resistant to 5-FU, while wild-type (WT) cells are effectively killed by
the pyrimidine analog (137, 143). The D. magneticus genome has a homolog
(DMR_08390) to the D. vulgaris Hildenborough upp gene that is likely functional, as
detected by the sensitivity of D. magneticus to 5-FU (Figure 3B and Figure 4A). To show
that the upp gene product confers 5-FU sensitivity and to validate our replicative deletion
system, we chose to target the D. magneticus upp gene for markerless deletion.
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To construct a upp deletion vector, a markerless cassette containing the regions
upstream and downstream of the upp gene were inserted into plasmid pAK914 (Figure
2B). The resulting plasmid (pAK1126) was transferred to WT D. magneticus by
conjugation and single kanamycin-resistant (Kan') colonies were isolated and passaged
in growth medium containing no antibiotic. Since D. magneticus has interesting features
independent of its magnetosomes, the same deletion procedure was also carried out in
a nonmagnetic strain (AMAI) isolated in our previous genetic studies (52). After the third
passage, upp mutants that had lost the vector backbone were selected for with 5-FU and
sucrose. Compared with those obtained using a control plasmid (pAK914), >20-fold more
5-FU-resistant (5-FU") mutants were generated using pAK1126 at a frequency of
approximately 107°. PCR of the region flanking the upp gene confirmed that the 5-FU'
colonies harboring pAK1126 resulted from a markerless deletion of upp (Aupp), while 5-
FU' colonies from pAK914 were likely the result of point mutations (Figure 3B,D). Similar
to the results obtained for D. vulgaris Hildenborough (137), the Aupp mutant of D.
magneticus grew in the presence of 5-FU (Figure 4B, Table 1). Complementation of the
upp gene in trans restored UPRTase function, and the cells no longer grew with 5-FU
(Figure 2C, Figure 4C, Table 1). These experiments demonstrate that a replicative
plasmid can be used to directly edit the D. magneticus genome.

Construction of a AkupM strain by marker exchange mutagenesis. Because many
genetic mutations do not confer a selectable phenotype, we sought to develop our
replicative deletion plasmid for marker exchange mutagenesis. To test this system, we
chose to replace a gene with a known phenotype, kupM (DMR_40800), with a
streptomycin-resistance gene cassette (strAB). kupM is located in the D. magneticus MAI
and encodes a functional potassium transporter (52). Mutant alleles in kupM, including
missense, nonsense, and frameshift mutations, were previously identified in our screen
for nonmagnetic mutants (52). These kupM mutations resulted in cells that rarely
contained electron-dense particles and were unable to turn in a magnetic field, as
measured by the coefficient of magnetism (Cmag) (52).

To mutate kupM, we inserted a marker exchange cassette, with regions upstream and
downstream of kupM flanking strAB, into pAK914 (Figure 2D) to create the deletion
plasmid pAK941. Following conjugation, single colonies of D. magneticus harboring
pAK941 were isolated by kanamycin selection. After three passages in growth medium
without selection, potential mutants were isolated at a frequency of approximately 107° on
plates containing streptomycin and sucrose. Single colonies that were streptomycin
resistant (Str') and Suc’ were inoculated in liquid medium and screened for Kan®. Of the
isolates screened (n = 48), 20% were Kan® and 4% had the correct genotype
(AkupM::strAB) as confirmed by PCR and sequencing (Figure 3C,E).

Similar to the phenotypes previously observed in kupM mutants (52), AkupM::strAB cells
were severely defective in magnetosome synthesis (Figure 5). Although a slight Cmag was
measured, few cells contained electron-dense particles or magnetosomes. Importantly,
the WT phenotype was rescued by expressing kupM from a plasmid in the AkupM::strAB
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mutant (Figure 5). These results confirm that the replicative deletion plasmid method
described here can be used successfully for marker exchange mutagenesis.

DISCUSSION

In this study, we expand the genetic toolbox for D. magneticus to include a replicative
plasmid method for targeted mutagenesis (Figure 1C). We show the utility of this method
for markerless deletion of genes with a selectable phenotype and for marker exchange
mutagenesis. Some of the earliest examples of targeted mutagenesis in Gram-negative
bacteria used replicative plasmids, similar to the method described here (139, 144).
These studies, which predated the application of suicide vectors, relied on plasmid
instability by introducing a second plasmid of the same incompatibility group or by limiting
nutrients in the growth medium (139, 144).

Because the D. magneticus genetic toolbox has a limited number of plasmids, antibiotic
markers, and narrow growth constraints, we used a replicative plasmid and established
sacB as a counterselection marker to generate and isolate mutants. While sacB
counterselection was ultimately successful, a large number of false positives were also
isolated at the sucrose selection step. Mutations in sacB have been found to occur at a
high frequency in many bacteria (136, 145-148). Indeed, we found that deletions and
mutations in Pnama-sacB are abundant in the false-positive Suc” Str" isolates (data not
shown). Alternative counterselection markers, including upp, have been shown to select
for fewer false positives (137, 148—150). Since D. magneticus is sensitive to 5-FU only
when the upp gene is present (Figure 4), the upp mutants generated in this study may be
used as the parent strains for future targeted mutagenesis with upp, rather than sacB,
serving as a counterselectable marker. Additionally, the combined use of upp and sacB
for counterselection might reduce the false-positive background that results from the
accumulation of mutations in these markers.

The replicative deletion plasmid described here was designed to replace a target gene
with an antibiotic resistance marker. As such, the construction of strains with multiple
directed mutations will be complicated by the need for additional antibiotic-resistance
markers, which are limited in D. magneticus. These limitations may be overcome by
removing the chromosomal antibiotic marker in subsequent steps (139, 151, 152).
Ultimately, improvements in conjugation efficiency or methods for electroporation with
high transformation efficiency are desired. Similar to the ongoing development of genetics
in D. vulgaris Hildenborough, establishment of a suicide vector delivery system in D.
magneticus will enable more high-throughput targeted mutagenesis and even the
construction of markerless deletion mutants (131, 137).

Overall, we have demonstrated the utility of a replicative deletion plasmid to generate
targeted mutants of D. magneticus. This method marks a crucial step in developing D.
magneticus as a model for the study of anaerobic sulfate reduction and diverse
mechanisms of magnetic particle formation by MTB. Both MTB and sulfate-reducing
bacteria have been singled out for their role in the global cycling of numerous elements
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and for potential applications, such as bioremediation (129, 130, 153, 154). D.
magneticus, in particular, may be useful in the bioremediation of heavy metals and in the
global cycling of iron, since it can form both magnetosomes and other iron-containing
organelles (50, 155). Through genetic manipulation of D. magneticus, pathways of
elemental cycling and heavy metal turnover may now be explored. Additionally, genetic
manipulation of D. magneticus will further our understanding of magnetosome formation
and provide answers to many longstanding questions for the deeply branching MTB.
Which proteins regulate and control magnetosome formation? To what extent are lipid
membranes involved in forming these crystals? How is the elongated and irregular crystal
shape achieved? Finally, in addition to D. magneticus, the method described here may
extend to other bacteria that are not amenable to targeted mutagenesis with suicide
vectors but are able to accommodate replicative plasmids.

MATERIALS AND METHODS

Strains, media, and growth conditions. The bacterial strains used in this study are
listed in Table 2. All E. coli strains were cultured aerobically with continuous shaking at
250 rpm at 37°C in lysogeny broth (LB). D. magneticus strains were grown anaerobically
at 30°C in sealed Balch tubes with a N> headspace containing RS-1 growth medium
(RGM) that was degassed with Nz, unless otherwise stated (50). Sodium pyruvate (10
mM) was used as an electron donor with fumaric acid disodium (10 mM) as the terminal
electron acceptor. RGM was buffered with HEPES, and the pH was adjusted to 6.7 with
NaOH (52). Before inoculating with cells, RGM was supplemented with 0.8% (vol/vol)
Wolfe’s vitamins, 100 uM ferric malate, and 285 uM cysteine-HCI (50). Solid agar plates
were prepared by adding 1.5% agar (wt/vol) to LB and 1% agar (wt/vol) to RGM. Vitamins
(0.8% [vol/vol]), ferric malate (20 uM), and cysteine (285 uM) as well as antibiotics and
selective agents, were added to the molten RGM agar as needed. For D. magneticus, all
plating steps were carried out aerobically, and the bacteria were transferred to an
anaerobic jar and incubated at 30°C for 10 to 14 days, as described previously (52). The
antibiotics and selective agents used are as follows: kanamycin (50 ug/ml for E. coli
strains, 125 ug/ml for D. magneticus strains), streptomycin (50 ug/ml for E. coli and D.
magneticus strains), diaminopimelic acid (300 uM for E. coli WM3064), 5-FU (2.5 ug/ml
for D. magneticus strains), and sucrose (1% for D. magneticus strains).

Plasmids and cloning. All plasmids used in this work are listed in Table 2. All cloning
was performed in E. coli DH5a Apir using the Gibson method (156) or restriction enzyme
ligation. For PCR amplification, KOD (EMD Millipore, Germany) and GoTaq (Promega,
USA) DNA polymerases were used with the primers listed in Table 3. All upstream and
downstream homology regions were amplified from D. magneticus genomic DNA. strAB
and Pyt were amplified from pBMS6 and pLR®6, respectively, and subcloned into pBMC7
to make pAK920, which served as the template for amplifying Pn,-strAB for the deletion
vectors. sacB was amplified from pAKO and inserted into pLR6 digested with Sall and
Xbal to create pAK914. To construct a plasmid for the targeted deletion of upp
(DMR_08390), 991 bp upstream and 1,012 bp downstream of upp were amplified and
inserted into pAK914 digested with Xbal and Sacl using a 3-piece Gibson assembly. To
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create the upp complementation plasmid, pAK914 was digested with BamHI and Sacl,
and the upp gene, with its promoter, were PCR amplified from D. magneticus genomic
DNA. To construct pAK941 for marker exchange mutagenesis of kupM, a cassette of
1,064 bp upstream region and 1,057 bp downstream region flanking PpprStrAB was
assembled using Gibson cloning. The cassette was amplified and inserted into pAK914
digested with Xbal using a two-piece Gibson assembly.

upp and kupM mutant generation and complementation. Replicative deletion
plasmids were transformed into E. coli WM3064 by heat shock and transferred to D.
magneticus by conjugation, as described previously (52). Single colonies of Kan' D.
magneticus were isolated and inoculated in RGM containing no antibiotic. Cultures were
passaged and, after the third passage, approximately 2 x 10® cells were spread on 1%
agar RGM plates containing either 50 ug/ml streptomycin and 1% sucrose or 2.5 ug/mi
5-FU and 1% sucrose. 5FU" Suc" and Str" Suc' colonies harboring plasmids pAK1126 and
pAK941, respectively, were recovered at a frquency of approximately 107°. Single
colonies were screened for Kan® and by PCR using the primers listed in Table 3.
Successful upp and kupM mutants were confirmed by Sanger sequencing. The
expression plasmids for the complementation of AkupM::strAB and Aupp, as well as
empty vectors for controls, were transferred to D. magneticus strains as described above.
Transconjugants were inoculated into RGM containing kanamycin to maintain the
plasmids.

Mutant phenotype and complementation analyses. The growth and coefficient of
magnetism (Cmag) of D. magneticus strains were measured in a Spec20
spectrophotometer at an optical density of 650 nm (ODeso), as described previously (19,
50). For upp mutant and complementation analysis, RGM was supplemented with 5-FU
(1.25 ug/ml in 0.01% dimethyl sulfoxide [DMSQ]) or DMSO (0.01%) and the growth was
measured for WT and Aupp strains with an empty vector (pAK914) and for the Aupp
strain with the complementation plasmid pAK1127. For kupM mutant and
complementation analysis, the Crnag Was measured by placing a large bar magnet parallel
or perpendicular to the sample to measure the maximum or minimum absorbance,
respectively, as the D. magneticus strains rotate 90° with the magnetic field. The ratio of
maximum to minimum absorbances was calculated as the Cunag (19). Whole-cell
transmission electron microscopy (TEM) was performed as previously described (50).
The Cnag calculations and TEM were performed for WT D. magneticus with an empty
vector (pBMK7) and the AkupM.::strAB with an empty vector (b BMK7) or complementation
plasmid (pLR41). For all growth measurements, Crmag measurements, and TEM, plasmids
were maintained in cells with 125 ug/ml kanamycin.
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FIGURES

Strr

Figure 1. Schematic of deletion methods used in Desulfovibrio spp. Plasmids (black lines)
are designed to replace a target gene (X, aqua arrows) in the chromosome (blue lines)
with a streptomycin resistance cassette (strAB, purple arrows). Regions upstream (*) and
downstream (**) of the target gene (blue boxes) on the chromosome undergo
recombination (red lines) with homologous regions that are cloned into the deletion
plasmid. Key steps, such as recombination events (red crosses), are indicated in the
boxes, and the selection steps are labeled in red. (A) Double recombination can occur in
one step after plasmids are linearized (dashed lines) by endogenous restriction enzymes.
Mutants are selected using the marker (e.g., strAB) that was exchanged with the target
gene. (B) Two-step double recombination is possible when suicide vectors integrate into
the chromosome in the first homologous recombination event and then recombine out
after the second homologous recombination event. The first step and second step are
selected for with antibiotic resistance markers (e.g., npt) and counterselectable markers
(e.g., sacB), respectively. (C) A replicative deletion plasmid designed to target genes for
deletion may undergo double recombination in one or two steps as shown in panels A
and B, respectively. After passaging the cells without antibiotic, the mutants are selected
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with an antibiotic resistance cassette (e.g., strAB) and a counterselectable marker (e.g.,
sacB). mob, mobilization genes (mobA’, mobB, mobC); npt, kanamycin-resistance gene;
Oripm, origin of replication for D. magneticus; orig., origin of replication for E. coli.
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Figure 2. Plasmids constructed for the present study. (A) Expression plasmid pAK914
expresses sacB from the mamA promoter and is the parent vector for the deletion
plasmids and upp expression plasmid described below. (B) Replicative deletion plasmid
to target upp for markerless deletion. The upp deletion cassette was cloned into Xbal-
Sacl of pAK914. (C) Expression plasmid used for upp complementation. The upp gene
and its promoter were cloned into BamHI-Sacl of pAK914. (D) Replicative deletion
plasmid to target kupM for marker exchange mutagenesis with StrAB.
The kupM::strAB deletion cassette was cloned into Xbal of pAK914. Labeling and colors
correspond to those in Figure 1.
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Figure 3. Confirmation of upp and kupM deletions. (A) The upp gene encodes UPRTase,
which is a key enzyme in the uracil salvage pathway. The product of the UPRTase
reaction, UMP, is processed by downstream enzymes in pathways for RNA, DNA, and
sugar nucleotide synthesis. 5-FU causes cell death by incorporating into this pathway via
UPRTase. (B) Schematic of genomic regions of upp in the WT or the AMAI mutant (top)
and the Aupp mutant (bottom). (C) Genomic region of kupM in WT (top)
and kupM::strAB (bottom) strains. Primers used to screen for the correct genotype are
indicated with half arrows. (D) Aupp mutants in WT and AMAI backgrounds were
confirmed by PCR using primers P19/P20 and agarose gel electrophoresis. WT and
AMAI strains show a band corresponding to the upp gene (2,691 bp), while the
Aupp mutants have a smaller band corresponding to a markerless deletion of
the upp gene (2,079 bp). The lower bands are likely nonspecific PCR products.
(E) kupM::strAB genotype confirmation by PCR and agarose gel electrophoresis using
primers P21/P22 (WT, 3,069 bp; kupM::strAB, 3,263 bp; AMAI, not applicable [NA]).
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Figure 4. upp mutant and complementation phenotype. Growth of the parent strain
(AMALI) (A), upp deletion (AMAI Aupp) (B), and complementation of the upp deletion
(AMAI Aupp/upp®) (C) when grown with 1.25 ug/ml 5-FU (o) or without 5-FU (e). Data

presented are averages from 2 to 3 independent cultures; error bars indicate the standard
deviations.
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Figure 5. kupM mutant and complementation phenotype. Cmag values (A) and electron
micrographs of WT (B), kupM::strAB (C), and AkupM::strAB/kupM" (D) strains. Scale
bars, 200 nm. Data presented are averages from 4 independent cultures; error bars
indicate the standard deviations.
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Growth rate (h™) Generation time (h)
Strain
Without 5-FU With 5-FU Without 5-FU With 5-FU
AMAI 0.077 £0.0017 NA? 9.1x0.2 NA
AMAI Aupp 0.079 £ 0.0017 0.070 = 0.0040 8.8x0.2 10.0+0.6
AMAI Aupplupp® 0.076 + 0.0041 NA 9.1x0.5 NA

“NA, not applicable.

Table 1. Growth rates and generation times of the parent strain (AMAI), Aupp mutant,
and upp complementation in trans with and without treatment with 5-FU.
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Strain or plasmid

Genotype or relevant characteristics

Reference

or source
Strains
E. coli
DH5a Apir Cloning strain Lab strain
WM3064 Conjugation strain; DAP auxotroph used for plasmid Lab strain
transfer
D. magneticus
AK80 Non-motile mutant of D. magneticus strain RS-1, referred to (50)
as wild-type
AK201 AMAI (52)
AK267 AMAI Aupp This study
AK268 Aupp This study
AK270 AkupM::strAB This study
Plasmids
pBMK?7 Conjugative vector with pBG1 and pMB1 replicons; Kan' (157)
pBMC7 Conjugative vector with pBG1 and pMB1 replicons; Cm' (157)
pBMS6 Cloning vector; source of strAB; Str’ (157)
pLR6 pBMK?7 with Ppama in HindllI-Sall; source of P,y; Kan' (52)
pLR41 pLR6 with Prama-kupM in Sall; Kan' (52)
pAKO Cloning vector, source of sacB; Kan' (19)
pAK914 pLR6 with sacB in Sall-Xbal; Kan' This study
pAK920 pBMC7 with P,-strAB inserted into Sacl site; Cm' Str’ This study
pAK941 pAK914 with cassette of 1,064 bp upstream and 1,057 bp This study
downstream of kupM flanking P,-strAB in Xbal; Kan' Str’
pAK1126 pAK914 with cassette of 991 bp upstream and 1,012 bp This study
downstream of upp in Xbal-Sacl; Kan'
pAK1127 pAK914 with P,p,-upp in BamHI-Sacl; Kan' This study

Table 2. Bacterial strains and plasmids used in this study.
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Name Sequence from 5’ end Desctription®

P1 aagccaagaaaaacgtcgccaacgtcgacatgaacatcaaaaagtttgca F sacB for pAK914

P2 gctcggtacccggggatcctctagaggccaataggatatcggceattt R sacB for pAK914

P3 cgactctagaggatcccecgggtaccgtagcttcacgetgeccgcaag F Py for pAK920

P4 cccgaatgtgcatgcgaaacgatcctcatectgte R P, for pAK920

P5 aggatcgttticgcatgcacattcgggatatttictcta F strAB for pAK920

P6 taatacgactcactatagggaattcgcccaggggataggagaagtc R strAB for pAK920

P7 aaatgccgatatcctattggcctctagagagatcgcgaagcagage F kupM upstream for pAK941
P8 tgcggcagcegtgaagcetacggtaccgecgtaatgcgtcagaaagt R kupM upstream for pAK941
P9 cttctectatccectgggegaattcagecgggtcatggaagtc F kupM downstream for pAK941
P10 cgagctcggtacccggggatcctctagaggccagggaatggagttt R kupM downstream for pAK941
P11 ggtaccgtagcttcacgctgcecgea F Pnp-strAB for pAK941

P12 gaattcgcccaggggataggagaagtcgcet R Pup-strAB for pAK941

P13 gccgatatcctattggectctagagectcccagatcgaccagtc F upp upstream for pAK1126
P14 ctatttggtgccggatcccatggacgcegceteetggg R upp upstream for pAK1126
P15 agcgcgtccatgggatccggcaccaaataggggg F upp downstream for pAK1126
P16 cgactcactatagggaattcgagctcgccaggcagacggeggtg R upp downstream for pAK1126
P17 gccgatatcctattggectctagagaagcetcgccgaaaagacce F Puppo-upp for pAK1127

P18 cgactcactatagggaattcgatgaaggcgaacgaggaac R Pypp-upp for pAK1127

P19 gcccgceattgaggacgtg To check upp deletion

P20 cagcgccccgagcettgee To check upp deletion

P21 cgtcagcaggcaaacgg To check kupM deletion

P22 accgttgtctcccatgtcte To check kupM deletion

°F, forward; R, reverse.

Table 3. Primers used in this study.
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Chapter 3
Genetic Basis of an Iron Storage Organelle,

the Ferrosome, in Diverse Anaerobic Bacteria

Carly R. Grant
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ABSTRACT

Like eukaryotic cells, bacteria are highly organized and often contain subcellular
membrane-enclosed structures, or organelles. Examples of bacterial organelles include
both protein- and lipid-bounded structures and have a range of functions, including carbon
fixation (e.g. carboxysomes (158)), cellular navigation (e.g. magnetosomes (9)), or
preventing oxidative stress (e.g. encapsulins (8)). Other bacterial organelles have been
observed; however, the genetic basis and function of these organelles has remained a
mystery (159). Membrane-bounded iron-containing organelles—here named
“ferrosomes” for “iron body”’—have previously been observed in both Desulfovibrio
magneticus RS-1 and Shewanella putrefaciens CN-32 (50, 106). Here, we report the
discovery of “fez’ gene clusters required for ferrosome formation in phylogenetically and
metabolically diverse bacteria with anaerobic lifestyles, including D. magneticus, S.
putrefaciens, Rhodopseudomonas palustris CGA009, and Desulfovibrio alaskensis G20.
Moreover, recombinant expression of S. putrefaciens fez genes in Escherichia coli is
sufficient for heterologous ferrosome formation. Finally, we provide evidence that
ferrosomes play a role in anaerobic iron homeostasis. Fitness studies in S. putrefaciens
suggest that ferrosomes act as an anaerobic iron reserve analogous to ferritin. Overall,
this work sets the stage for studying ferrosome formation and structure in many bacteria
as well as for future uses of ferrosomes in applications that leverage their metal-
accumulating capabilities or for drug targeting in pathogenic bacteria.

MAIN

Iron is an essential element for nearly all organisms as it is an enzymatic cofactor,
signaling molecule, and cellular respiration component. However, when intracellular iron
concentrations are too high and oxygen is present, iron can act as a catalyst for reactive
oxygen species, which damage DNA, proteins, and membrane lipids. Thus, cellular iron
homeostasis is vital and is maintained through tightly regulated pathways involving
import, efflux, storage, and detoxification (160—162). Examples of iron storage can be
found in all domains of life and has mainly been studied in the context of aerobic
respiration. The importance of iron storage during anaerobic metabolism is less
understood.

Desulfovibrio magneticus RS-1 is an anaerobic bacterium and an emerging model
organism for studying bullet-shaped magnetosomes (126, 163). Independent of
magnetosomes, D. magneticus makes electron-dense granules rich in iron, phosphorus,
and oxygen that are enclosed by a membrane (50, 52). These granules, here on called
ferrosomes, are visible in D. magneticus cells by transmission electron microscopy (TEM)
upon transitioning out of iron starvation to conditions with low to high concentrations of
iron (Supplementary Fig. 1) (50, 52).

To understand the mechanistic basis of ferrosome formation, we used mass spectrometry
to identify proteins associated with isolated D. magneticus ferrosomes (Supplementary
Fig. 2a-c). Relative protein quantification of whole cell lysate and isolated ferrosomes
revealed three proteins highly enriched in the ferrosome fraction, DMR_28330 (“FezP”)
DMR_28340 (“FezC”), and DMR_28320 (“FezA”), that are encoded by genes predicted
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to be arranged in an operon (fezAPC) (Fig. 1a, b). FezP, an uncharacterized heavy metal-
transporting P1g.s-ATPase, belongs to a large protein family that transports metals across
membranes using the energy of ATP hydrolysis (164). P1g.s-ATPases have the functional
motifs characteristic of the A-, P-, and N-domains of all P1g-ATPases, unique motifs that
align with the metal binding sites of characterized Pig-ATPases, and putative
transmembrane domains that are difficult to predict using prediction software (Fig. 1c,
Supplementary Fig. 2d, 3, Supplementary Table 1). In addition, FezP has a conserved N-
terminal HxzGRxRxR (R-rich) motif located in the domain often responsible for metal
binding and/or regulation (Fig. 1c¢, Supplementary Fig. 3). Similar motifs are found in other
P1g-ATPases, including CtpC, as well as proteins of unknown function, such as FezC
(Fig. 1d). The sequence similarity of FezC and the N-terminal domain of FezP is
reminiscent of the similarity between the N-terminal metal-binding site of copper
metallochaperones and their cognate P1g-ATPase which is well described in bacteria and
eukaryotes (165). Unlike characterized copper metallochaperones, FezC has predicted
transmembrane domains (Supplementary Fig. 4). Lastly, fezA encodes a small protein
with a hydrophobic N-terminal region that contains a conserved GxxxG motif, which may
facilitate protein-protein interactions in membranes (166, 167), and a conserved C-
terminal domain (Supplementary Fig. 5). These characteristics of metal binding, transport,
and membrane domains in FezP, FezA, and FezC led us to hypothesize that the fez
operon is the genetic blueprint of ferrosomes.

To test this hypothesis, we replaced the fezP and fezC genes with a streptomycin-
resistance cassette. The resulting mutant, AfezPCpn,, was unable to form ferrosomes but
could still form magnetosomes and complementing AfezPCpr, with fezAPCpp, in trans
rescued the phenotype (Fig. 1e-j). In addition to forming visible ferrosomes upon release
from iron starvation, both the WT and AfezPCp, mutant expressing fezAPCpn, in trans
made ferrosomes in iron replete medium with no effect on magnetosome formation
(Supplementary Fig. 6). Overall, these results suggest that the fez operon is essential for
ferrosomes in D. magneticus. Additionally, ferrosomes and magnetosomes have different
genetic requirements and are therefore distinct organelles.

A maximum likelihood tree of D. magneticus FezP and its top BLAST hits revealed a clear
clade of FezP homologs that can be further divided into two subgroups: FezPa, to which
D. magneticus FezP belongs, and FezPg (Fig. 2). FezP homologs are found in
phylogenetically diverse bacteria and archaea, most of which are strict or facultative
anaerobes (Fig. 2). For microorganisms in both subgroups, the gene that encodes FezP
is in a gene cluster that also encodes one or more distinct proteins of unknown function
that have a hydrophobic domain containing a GxxxG motif (Supplementary Fig. 5, 7). In
addition, several proteins have motifs or putative domains that resemble FezC or copper
chaperones (Supplementary Fig. 4, 7). Genes in some fezPsg clusters encode proteins
that have been characterized in other systems. All FezPg gene clusters encode a
homolog of MamC, a magnetosome membrane protein that binds to magnetite within the
magnetosome lumen (168), or a related protein, FezF (Supplementary Fig. 7, 8). Proteins
with domains related to iron storage, uptake, and regulation are also encoded in some
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fezPg gene clusters (Supplementary Fig. 7), supporting the hypothesis that FezP
transports iron (164). Lastly, some bacteria with a FezPg have a second uncharacterized
P1g-ATPase (FezH) with an R-rich motif and putative metal-binding domains that are both
similar and distinct from CtpC (Fig. 2, Supplementary Fig. 7, 9). Because of the
differences in the fez gene clusters, we next questioned whether or not bacteria with a
FezPg can make ferrosomes.

Shewanella putrefaciens CN-32 was previously shown to form membrane-enclosed
electron-dense granules consisting of mixed-valence iron, phosphorus, and oxygen when
respiring ferrihydrite or fumarate in anaerobic growth medium supplemented with iron
(106, 107) (Fig. 3b-d). Because S. putrefaciens has a FezPg (Fig. 3a), we hypothesized
that the iron-containing granules are ferrosomes. In addition to S. putrefaciens, we found
that Rhodopseudomonas palustris CGA009, which has a similar fez gene cluster to S.
putrefaciens (Fig. 4a), forms granules resembling ferrosomes when grown anaerobically
in photoheterotrophic medium supplemented with iron (Fig. 4b, c). This is in accordance
with a proteomics study that detected all but one of the proteins encoded by the fez genes
when R. palustris was grown under various anaerobic conditions while none of the
proteins were detected during aerobic growth (169). Desulfovibrio alaskensis G20 has a
larger fez gene region that encodes three P1g-ATPases: two copies of FezPg and FezH
(Fig. 5a, b). Similar to S. putrefaciens and R. palustris, we found that D. alaskensis has
granules when grown anaerobically (Fig. 5d).

To show that the granules in S. putrefaciens and R. palustris are ferrosomes, we made
markerless deletions of their fez gene clusters (Afezs, and Afezg, respectively). Mutants
lacking the fez genes no longer made granules and complementation by expressing the
fez genes on a plasmid rescued the phenotype (Fig. 3e-j, 4d, e). Next, we obtained
transposon mutants of each of the D. alaskensis ferrosome P1g-ATPases (170). We found
that a fezP1*mutant had significantly fewer ferrosomes than WT while a fezP2* mutant
did not (Fig. 5c-f). Conversely, the fezH*mutant had significantly more ferrosomes than
WT (Fig. 5¢, g). These results suggest that FezP1 may be important for iron import while
FezH may be important for iron export in D. alaskensis. Taken together, these results
support the hypothesis that diverse microorganisms make ferrosomes via conserved fez
genes.

We next sought to determine whether or not fez genes are sufficient for ferrosome
formation. To test this hypothesis, the S. putrefaciens fezgene cluster was heterologously
expressed from a plasmid in Escherichia coli. When grown anaerobically in minimal
medium supplemented with iron, E. coli expressing fezs, had a visibly dark pellet whereas
the E. coli control had a white pellet (Fig. 6a, b). TEM revealed electron-dense granules
in the E. coli / fezs," that had a dark pellet (Fig. 6). The granules have a diameter of
around 20 nm which is nearly double that of the iron storage proteins found naturally in
E. coli (160). Therefore, we presume that these granules are ferrosomes and the dark
color of the cell pellet is due to the iron stored within the ferrosomes.
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Despite the dramatic iron-loading by ferrosomes upon release from iron deprivation in D.
magneticus, we only observed a slight, though consistent, growth defect in iron-limited
conditions (Supplementary Fig. 10). The slight phenotype, which could not be
complemented, may be due to laboratory growth conditions, a secondary mutation, or
functional redundancy in the iron homeostasis network in D. magneticus. Meanwhile,
during anaerobic growth in iron-limited conditions elicited with the iron chelator EDTA, the
Afezs, mutant had a significantly longer lag time compared to WT S. putrefaciens (Fig.
7a). To show that this phenotype was due to iron limitation, we rescued the phenotype by
adding equimolar concentrations of iron (Fig. 7b). The complementation strain, Afezs,/
fezs,', had a significantly shorter lag time than WT S. putrefaciens when grown with EDTA
(Fig. 7a). Overall, these results mirror that of the ferritin mutant phenotype reported for E.
coli during aerobic growth (171). Therefore, we propose that ferrosomes likely function to
store iron during anaerobic metabolism.

In support of the hypothesis that ferrosomes function to store iron, we mined the literature
and databases for references to fez genes. Transcriptomic and proteomic studies in
multiple bacteria suggest that fez gene expression is upregulated in low iron
environments, including during infection in Clostridium difficile (172—175). D. vulgaris
Hildenborough fez gene expression is also induced by high hydrogen sulfide
concentrations and oxygen exposure, both situations in which iron can be limiting for
sulfate-reducing microorganisms (176—178). Similarly, in a D. alaskensis G20 transposon
mutant pool, the fezP1* mutant had attenuated growth in a sulfidogenic sediment
community (179). For the facultative anaerobe R. palustris, fez genes are regulated by
oxygen-sensing regulators in strains CGA009 and TIE-1 (180, 181). Based on these
previous results and our results here, we propose that ferrosomes have a broad role in
anaerobic iron homeostasis.

In summary, we have found the genetic requirement for ferrosomes and provide evidence
that ferrosomes function as an iron storage organelle during anaerobic metabolism. Our
finding that membrane proteins are associated with and required for ferrosomes supports
two independent studies that found membranes surrounding ferrosomes (50, 106). While
most P4g-ATPases maintain metal homeostasis by exporting excess metals from the
cytoplasm out of the cell, we propose that FezP has a unique function of transporting iron
into ferrosomes. Further studies are needed to elucidate how and when ferrosome
membranes form and the functions of the different ferrosome proteins. Finally, to
determine if this class of organelles is conserved and not confined to iron storage, genes
encoding proteins related to those identified in this study should be explored in other
bacteria that make membrane-enclosed granules (182, 183).

METHODS

Strains, media, and, growth conditions

The bacterial strains used in this study are listed in Supplementary Table 2. All aerobic
cultures were grown with continuous shaking at 250 rpm. Anaerobic cultures were grown
at 30°C in an anaerobic glovebox or in sealed Balch tubes with a N> headspace containing
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medium that was degassed with N2, unless otherwise stated. Ferrous iron stocks were
prepared by dissolving 1 M FeSO4 in 0.1 N HCI and subsequently stored in an anaerobic
glovebox. Stocks of ferric malate were prepared as 20 mM FeCl3/60 mM malate. If
needed, nitrilotriacetic acid (NTA) disodium salt was added to the ferrous iron to prevent
precipitation of iron in the growth medium. NTA alone did not affect cellular growth.

D. magneticus strains were grown at 30°C anaerobically in RS-1 growth medium (RGM),
as described previously (50, 52). For growth in iron replete medium, 100 uM ferric malate
was added to RGM prior to inoculation. For growth in iron limited medium, iron was
omitted from RGM and all glassware was washed with oxalic acid for 24 hours, as
described previously (50). To induce ferrosome formation, cells were grown anaerobically
in iron-limited RGM. When the cells were in log-phase (ODeso ~0.1), ferric malate was
added to the cultures at a concentration of 100 uM, unless otherwise stated.

S. putrefaciens strains were grown aerobically at 30°C in Luria-Bertani (LB) broth or
anaerobically at 30°C in LB broth supplemented with 10 mM lactate and 10 mM fumarate
or 40 mM hydrous ferric oxide (HFO). HFO was prepared as described previously (106).
As needed, 1 mM ferrous iron and 2 mM NTA, 100 uM ferrous iron, or 100 uM ferric
malate was added to the anaerobic growth medium.

R. palustris strains were grown at 30°C aerobically in the dark in YP medium (0.3% yeast
extract and 0.3% peptone) or anaerobically in photoheterotrophic medium (PM)
supplemented with 10 mM succinate (PMS-10), as described previously (184). Anaerobic
cultures were incubated in a growth chamber with constant light (100 uE of
photosynthetically active radiation). As needed, 1 mM ferrous iron was added to the
anaerobic growth medium. Because R. palustris can oxidize ferrous iron, 3.4 mM citrate
trisodium dihydrate was also added to prevent ferric iron precipitates from accumulating
in the growth medium.

D. alaskensis G20 strains were grown anaerobically at 37°C in MO basal medium with 60
mM lactate and 30 mM sulfate (MOLS), as described previously (185). The D. alaskensis
G20 transposon mutants were selected on 1.5% MOLS agar plates containing 400 ug/ml
G418. Transposon insertions were confirmed using the primers listed in Supplementary
Table 4, as described previously (170).

E. coli strains were grown aerobically at 37°C in LB or anaerobically at 30°C in M9 minimal
medium supplemented with 0.4% glucose and 10 mM fumarate. For anaerobic growth,
285 uM L-cysteine was added as a reducing agent. As needed, the anaerobic medium
was supplemented 1 mM ferrous iron and 2 mM NTA or 2 mM NTA.

Antibiotics and selective reagents used are as follows: kanamycin (50 ug/mL for E. coli

and S. putrefaciens strains, 125 ug/ml for D. magneticus, and 200 ug/ml for R. palustris),
streptomycin (50 ug/ml for E. coliand D. magneticus strains), diaminopilmelic acid (DAP)
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(300 uM for E. coli WM3064), G418 (400 ug/ml for D. alaskensis strains) and sucrose
(10% for R. palustris and S. putrefaciens, 1% for D. magneticus).

Plasmids and cloning

Plasmids used in this study are listed in Supplementary Table 3. In-frame deletion vectors
targeting fezr, and fezs, were constructed by amplifying upstream and downstream
homology regions from R. palustris CGA009 and S. putrefaciens CN-32 genomic DNA,
respectively, using the primers listed in Supplementary Table 4. The homology regions
were then inserted into the Spel site of pAK31 using the Gibson cloning method. The
deletion vector for fezPCpn was constructed by amplifying upstream and downstream
homology regions from D. magneticus AK80 genomic DNA using the primers listed in
Supplementary Table 4. The P,strAB cassette was subsequently ligated between the
upstream and downstream homology regions of the deletion vector via BamHlI.
Expression plasmids for fezr, and fezs, were constructed by amplifying the respective
gene cluster using the primers listed in Supplementary Table 4. The amplified DNA was
inserted into Hindlll/Spel-digested pAK22 via the Gibson cloning method. The AfezPCpn,
complementation vector was constructed by amplifying the Ps-fezAPC gene cluster from
D. magneticus genomic DNA using the primers listed in Supplementary Table 4. The
amplified DNA was then ligated into the Sall/Xbal sites of the expression vector pBMK?.

Plasmids were transformed into E. coli WM3064 and then transferred to D. magneticus,
S. putrefaciens, or R. palustris via conjugation. For D. magneticus, the conjugations and
gene deletion were performed as described previously (52, 163). Attempts to delete
fezAPCpm were unsuccessful. For conjugal transfer of plasmids to R. palustris, strains
were streaked onto 1.5% YP agar plates and incubated aerobically at 30°C for 5 days.
Two to three days prior to conjugation, single colonies were inoculated into YP medium
and incubated aerobically at 30°C, until an ODego Of 0.2-0.7. Mid-log cultures of E. coli
WM3064 carrying the plasmid to be transferred were mixed with R. palustris and spotted
on 1.5% YP agar plates containing 0.3 mM DAP. After 2-3 days of incubation at 30°C,
transconjugants were selected on 1.5% YP plates containing 200 ug/ml kanamycin. For
conjugal transfer of plasmids to S. putrefaciens, overnight cultures of E. coli WM3064
carrying the plasmid to be transferred and S. putrefaciens were mixed and spotted on
1.5% LB containing 0.3 mM DAP and incubated aerobically at 30°C for 1 day.
Transconjugants were selected with 50 ug/ml kanamycin. Afezg, and Afezs, candidates
were selected on 10% sucrose plates, screened for kanamycin sensitivity, and deletions
were confirmed by PCR.

Growth phenotype

For low iron growth, D. magneticus strains were inoculated in iron replete RGM, passaged
1:100 to iron limited RGM and then inoculated 1:400 into anaerobic bottles containing
iron limited RGM. For iron replete growth, strains were inoculated in iron replete RGM
and then passaged 1:100 into iron replete RGM. Growth was measured
spectrophotometrically at an optical density of 650 nm (ODeso).
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For S. putrefaciens, colonies were inoculated in anaerobic LB supplemented with lacate,
fumarate, and 100 uM ferrous iron. Stationary phase cultures were then passaged 1:200
into anaerobic LB supplemented with lactate, fumarate, and 0 uM or 100 uM EDTA. For
iron rescuing of the phenotype, the experiment was as above except that ferrous iron was
omitted from the preculture and instead was supplemented to the anaerobic medium
during the experiment. Cells were incubated at 30°C and growth was monitored in a
Sunrise microplate reader (Tecan) inside the anaerobic glovebag.

Ferrosome isolation

D. magneticus was grown anaerobically in RGM containing no added iron. Cells were
then passaged 1:400 in two liters of anaerobic iron limited RGM, as described above.
When the culture reached an ODgso ~0.1, 100 uM ferric malate was added. After three
hours, cells were pelleted at 8,000xg for 20 minutes and flash froze in liquid nitrogen
before storing at -80°C. Samples were observed by TEM before and after the addition of
iron to ensure ferrosomes had formed. We found that this method enriches for both
ferrosomes and magnetosomes (Supplementary Figure 2a-c). In order to prevent
contamination with magnetosomes and magnetosome proteins, we isolated ferrosomes
from D. magneticus AMAI and prepared the samples for proteomics.

Cell pellets were thawed on ice and resuspended in LyA buffer (10 mM Tris HCI pH 8.0,
50 mM NaCl, and 1 mM EDTA) containing 250 mM sucrose, leupeptin, pepstatin, and
PMSF. Cells were lysed by passing through a French press with a pressure of 1100 psi
three times. The lysate was then passed through a 0.2 um filter to remove unlysed cells.
The filtered cell lysate was gently layered over a 65% sucrose cushion and centrifuged at
35,000 rpm at 4°C for 2h. The resulting pellet was resuspended in 1 ml of LyA
supplemented with leupeptin, pepstatin, and PMSF, filtered through a 0.2 uM filter, and
washed two times with LyA before resuspending in a final volume of 50 pl.

Liquid Chromatography-Electrospray lonization-Mass Spectrometry

Isolated ferrosomes and whole cell lysate (50 ug) were prepared for liquid
chromatography-electrospray ionization-mass spectrometry (LC-ESI/MS). Each sample
was combined with 0.06% RapiGest SF surfactant (Waters Corporation, Milford, MA) and
12 mM NH4CO3 pH 7.5 at 80°C for 15 minutes. Samples were incubated with 2.9 mM
dithiothreitol at 60°C for 30 minutes followed by addition of 7.9 mM iodoacetamide
(Sigma-Aldrich, St. Louis, MO) at room temperature for 30 minutes. Samples were then
digested with 1:50 trypsin-protein (Promega) at 37°C overnight in the dark. Following
digestion, 0.5% trifluoroacetic acid (Sequanal Grade, Thermo Fisher Scientific) was
added and incubated at 37°C for 90 minutes to hydrolyze the RapiGest. The samples
were centrifuged at 14,000 rpm at 4°C for 30 minutes and the supernatant was tranfered
to Waters Total Recovery vial (Waters Corporation, Milford, MA).

Trypsin-digested samples were analyzed using an Acquity M-class liquid chromatograph

(LC) that was connected in-line with a Synapt G2-Si high-definition ion mobility mass
spectrometer equipped with an electrospray ionization (ESI) source (Waters, Milford,
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MA). Mass spectrometry data analysis was performed using Progenesis QI for
Proteomics software (Nonlinear Dynamics/Waters, Milford, MA) for relative protein
quantification using a label-free approach.

Electron microscopy
Whole-cell transmission electron microscopy was performed as described previously
(50).

Multiple sequence alignments and tree construction

To construct the FezP maximum likelihood tree, unique protein sequences were obtained
via iterative BLAST searches of DMR_28330 in the IMG Genome Browser. Amino acid
sequences were aligned using MUSCLE (7.0.26) and the resulting alignment was
trimmed using Gblocks (186). The trimmed alignment was used to generate a phylogeny
using RAXML (187) with the LG+G+F model (determined using SMS (188)) and 100
bootstraps. The tree was rooted with a P1a-ATPase, KdpB from E. coli, and was visualized
and annotated using iTol (189).

Other proteins encoded by fez gene clusters were identified by searching the Uniprot
database with JACKHMMER on the HMMER web server (190, 191). Three to four aligned
sequences, with the ends trimmed if needed, were used for the JACKHMMER search
until convergence, or until mosaics of large proteins dominated the returned sequences.
The genes were mapped to the genomic regions containing fezP using GeneSpy (192).
FezP, FezH, FezC, FezD, and FezJ sequences were aligned using Clustal Omega (1.2.4)
to identify conserved domains. Hydrophobic domains were mapped using TOPCONS 1.0
(193). For the GxxxG motif-containing proteins, a Clustal Omega alignment was used to
generate a logo to show the consensus sequence(s) of each protein (194). Because the
FezF JACKHMMER search returned sequences that included MamC, we made a multiple
sequence alignment using MUSCLE (7.0.26). This alignment was then used to generate
a maximum likelihood phylogeny tree (model LG+G+F predicted using SMS (188)) in
MEGA (195). The tree was rooted with a sequence that did not meet the threshold during
the JACKHMMER search.
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Figure 1. Proteins enriched with ferrosomes isolated from D. magneticus are essential
for ferrosome formation. (a) Proteins enriched with ferrosomes were identified through
comparison of the average normalized abundance of proteins associated with isolated
ferrosomes with the whole cell lysate, as detected by LC-ESI/MS. (b) Three proteins that
were highly enriched with isolated ferrosomes are encoded by genes that are arranged
in a putative operon, fezAPC. (c) Schematic of FezP. FezP has the conserved A-, P-, and
N-domains of all P1g-ATPases and six putative transmembrane domains (rectangles), as
predicted with TOPCONS 1.0. Conserved motifs found in the N-terminal domain and
transmembrane domains 4-6, which may be involved in metal binding and transport, are
shown. Details of this schematic are based on the alignments shown in Supplementary
Figures 2 and 3. (d) The N-terminal domains of FezP, FezC, and CtpC have homology
and contain a conserved R-rich motif. Residues conserved in the three sequences are
highlighted green and residues conserved in two of the three sequences are highlighted
gray. (e) Transmission electron micrographs of D. magneticus after transitioning out of
iron starvation. WT D. magneticus (e, h) has visible ferrosomes that are not found in the
AfezPCpp, strain (f, i). Complementation with fezAPC expressed in trans rescues the
phenotype (g, j). Micrographs in h-j are insets of e-g. White carets indicate
magnetosomes. Scale bars, 200 nm; insets, 100 nm.
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Figure 2. Maximum likelihood tree of FezP and related proteins. FezP forms two clear
clades that are depicted with the light gray color strip (FezPa) and the dark grey color strip
(FezPg). FezH, which is most closely related to CtpC, is indicated with the black color
strip. Branch colors indicate the phylum or superphylum of organisms that have a FezP
homolog. Clades containing proteins that are not encoded in fez gene clusters are
collapsed and have white color strips. The tree was rooted with a P1a-ATPase, KdpB,
from E. coli. Bootstraps >70% are indicated with black circles.
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a Sputcn32_3193

Figure 3. fez genes are essential for S. putrefaciens to make ferrosomes. (a) S.
putrefaciens has a fez gene cluster that is distinct from D. magneticus. (b-j) Transmission
electron micrographs of S. putrefaciens strains respiring hydrous ferric oxide (HFO) (b, e,
h) or fumarate in medium supplemented with 100 uM ferric malate (c, f, i) or 1 mM ferrous
iron (d, g, j). WT S. putrefaciens makes ferrosomes visible by TEM (b-d) that are not found
in the Afezs, strain (e-g). The complementation strain, Afezs, / fezs,”, makes visible
ferrosomes (h-j). White arrows indicate ferrosomes. Scale bars, 100 nm.
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a RPA2333

Figure 4. fez genes are essential for R. palustris to make ferrosomes. (a) R. palustris has
a fez gene cluster that is similar to S. putrefaciens. (b-e) Transmission electron
micrographs of R. palustris CGA009. R. palustris CGA009 forms ferrosomes (white
arrows) when grown anaerobically (c) and not aerobically (b). Deletion of the fezgp, gene
cluster abolishes ferrosome formation (d), a phenotype that can be complemented (e).
Polyphosphate granules are indicated with a white asterisk. Scale bars, 200 nm.
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Figure 5. FezP1 and FezH affect ferrosome formation in D. alaskensis. (a) D. alaskensis
has a larger fez gene cluster with three P1g-ATPases. (b) Schematic of FezH. Like FezP,
FezH has the conserved domains of Pig-ATPases. FezH has 8 putative transmembrane
domains (rectangles), as predicted with TOPCONS 1.0. The N-terminal domain contains
an R-rich motif, similar to FezP. Conserved motifs that may be involved in metal binding
in transmembrane domains 6-8 are shown. Details of this schematic are based on the
alignments shown in Supplementary Figure 9. (d-g) Transmission electron micrographs
of D. alaskensis WT (d), fezP1* (e), fezP2* (f), and fezH* (g). All strains make ferrosomes
that are visible by TEM, except the fezP1* mutant (c, €). The fezH* mutant appears to
make significantly more ferrosomes than WT (c, g). The box plot graph shows the number
of ferrosomes per cell in each of the D. alaskensis strains: G20 (n=21), fezP2*
(Dde_0498) (n=23); fezP1* (Dde_0495) (n=14); fezH* (Dde_0489) (n=21). Statistical
significance of the mutants compared to WT was determined using the Mann-Whitney
test. ns, not significant; ***, p=0.0001; ****, p<0.0001. (B-E) White arrows indicate
ferrosomes. Scale bars, 100 nm.
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Figure 6. E. coli makes ferrosomes when expressing the S. putrefaciens fez genes
heterologously. E. coli/ fezs," has a visibly dark cell pellet when grown anaerobically in
growth medium supplemented with iron (b). (c, d) Transmission electron micrographs of
E. coli strains grown anaerobically in growth medium supplemented with iron show
electron-dense granules in E. coli/ fezs,™ (d). No granules are visible in E. coli harboring
a control plasmid (c), which has a white cell pellet (a). Scale bars, 100 nm.
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Figure 7. S. putrefaciens Afezs, mutant has a growth defect in iron limited medium. (a)
The S. putrefaciens Afezs, mutant has a significant longer lag phase when grown in
growth medium supplemented with the chelator EDTA (100 uM). Complementation of the
mutant rescues the phenotype. (b) Adding back equimolar amounts of iron (100 uM
ferrous iron) rescues the phenotype. EDTA (100 uM) and/or ferrous iron (10 uM or 100
uM) were added to the growth medium. Data presented are averages of 3 independent
cultures; error bars indicate the standard deviations. Statistical significance determined
using Welch’s t-test. ns, not significant; **, p<0.01; ***, p<0.001; ****, p<0.0001.
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Supplementary Figure 1. Ferrosomes are visible by TEM in whole D. magneticus cells
after transitioning from iron limited to iron replete conditions. In D. magneticus,
ferrosomes are visible one hour after addition of 1 uM (a), 10 uM (b), 100 uM (c), and 1
mM (d) ferric malate to iron-starved cells. Scale bars, 200 nm.
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Apar_0966 VLM CAI IVALNSSFIAAG

DMR_28330 VLL CAI ICLINSVILGLG

mru_0534 VLM CAI IVMFNGSLIGLG

CD630_05910 ILM CAL IIGFNLGLILLG

Abu_0711 IL.Q CAL TVGINSAILAGA
FezP | Sputcn32_3193 VLQ CAL TLRANTGILGAA

RPA2333 VLOQ CAL TVGLNTTILGLA

Dde_0495 VLT CAI AVGINSAVLLLA

Rru_A2796 VFL CAV AAGINTAVMFGA

vifu_A02104 VFL CAL AEYVNSGIMLAA
CtpC Rv3270 MLLIACPCAVGL SIAVNAAGLLIG AILHNASSVAVV
ZntA b3469 LLLIGCPCALVI ALGLKGIFLVTT VLADTGATVLVT
PfeT BSU13850 FMVVASPCALVA SLAVICLLICAN VIGHEGSTILVI
CopA AF_0473 VLVVACPCAFGL ALIYNVILIPAA GLAMAMSSVSVV
CopB TtJL18_0311 VVVIACPHALGL ATGYNAIALPLA ALFMSLSTVIVA

Supplementary Figure 2. Isolation of ferrosomes and unique metal-binding sites of
FezP. (a) Ferrosomes were isolated from WT D. magneticus cells that had transitioned
from iron limited to iron replete medium by filtering whole cell lysate through a 65%
sucrose cushion (left). A pellet is visible at the bottom of the sucrose cushion that contains
ferrosomes, as confirmed by TEM (b). Magnetosomes were isolated from WT D.
magneticus cells grown in iron replete medium using the same procedure (a, right; c). (b,
c) Scale bars, 100 nm. (d) FezP has a conserved DYSCAxKL motif in the fourth
transmembrane domain (TM4). A previous study identified the P1g.s-ATPase TM4 motif
as SCA (164). Here, we note that [Y/F]SC aligns with the metal binding sites, CPC and
CPH, of the characterized Pig-ATPases. Additionally, a conserved HNxx[S/T] motif is
found in TM6 that has not been identified previously. Black stars indicate residues that
align with known metal coordinating residues. Residues conserved in FezP are
highlighted green and residues conserved in most Pig-ATPases are highlighted yellow.
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Supplementary Figure 3. Multiple sequence alignment of FezP. The tree, pruned from
Fig. 2, shows the proteins from the two subgroups of FezP used for making the Clustal
Omega alignment. Conserved functional motifs in the A-, P-, and N-domains are indicated
with yellow, purple, and blue stars, respectively. Transmembrane regions, predicted using
TOPCONS 1.0, are underlined for each amino acid sequence. Conserved residues in the
R-rich motif in the N-terminal domain are indicated with red stars and putative metal-
binding sites in transmembrane domains 4-6 are indicated with black stars. Highly
conserved residues are highlighted in green and conserved residues are highlighted in

gray.
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FezJ

CUREO_0409 LDDMSKKELAKIGLSVSMGLTVLSAFSL--KSKFSKNLHVISGALMVGFAF YHNSLYDKNS
SMUL_2746 WDLDTKKEVAKIGMTASMAIVIGTSFGM--KSKIMKNLHIGAGVALVGFSLWHHMLYQPSK
Selin_2034 PPKHSQRELAKLAMTASLGLTVITALFM--KGKMAKRLHTGAGIALIASS IWHHQLYQPVK
Dde_0494 VVLRNKKTLAKTGMAVALGALVATGLMNTDRTPAARRVHLLSGAALVGFSLWHVSLYNKTR
Dacet_2132 PPLOKKRRYAKYAMAGAMGVLVYTGMQ-~--RGRTSRSLHIAAGTALVGLSVYHTLLYKNRS

Supplementary Figure 4. Multiple sequence alignment of chaperone-like proteins,
FezC, FezD, and Fezd. FezC has an N-terminal domain containing an R-rich motif and
the C-terminal end of FezC has two putative transmembrane domains. FezD has an N-
terminal domain with homology to FezC, but lacks transmembrane domains. Conversely,
FezJ has transmembrane domains with homology to FezC but lacks the N-terminal
domain of FezC. Highly conserved residues are highlighted in yellow and conserved
residues are highlighted in gray. Yellow lines connect conserved residues between FezC
and FezD or FezJ. Transmembrane regions predicted with TOPCONS 1.0 are underlined.
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Hydrophobic region C-terminal helices

FezA

FezG

FezE

Fezl

FezL

FLP

Supplementary Figure 5. GxxxG-motif containing proteins are encoded by fez gene
clusters. Logos show the consensus sequences in the GxxxG-motif containing proteins.
FezA, FezG, and FezE have hydrophobic regions with GxxxG-motifs and conserved C-
terminal helices. For many of the proteins, the C-terminal conserved region is annotated
as a coiled-coil domain in Uniprot. The only conserved region of Fezl is the hydrophobic
region with an FWKGxxxG motif. FezL has a conserved PFxxGxxxG motif in the
hydrophobic region and C-terminal helices that are not highly conserved between the
proteins. The ferritin-like proteins (FLP) encoded in some fez gene clusters have a
rubrerythrin domain and a conserved C-terminal GxxxG motif.
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Supplementary Figure 6. WT and AfezPCpn D. magneticus strains make ferrosomes in
iron replete medium when expressing fezAPC in trans. Transmission electron
micrographs of WT (a) and AfezPCpn, (b) strains with a control plasmid make
magnetosomes (white carets) when grown in iron replete medium. When expressing
fezAPC in trans, both the WT (c) and AfezPCpn, (d) strains make magnetosomes as well
as ferrosomes when grown in iron replete medium. Scale bars, 200 nm.
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Supplementary Figure 7. Genomic regions of FezP. The genes encoding FezP are
found in genomic regions with additional conserved genes which are colored. The key
describes the conserved fez genes. Schematics of the proteins encoded by the fez genes
show conserved domains (not to scale). Schematics of FezP and FezH are based on
Supplementary Fig. 3 and Supplementary Fig. 9, respectively. Schematics of the
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chaperone-like proteins are based on Supplementary Figure 4. Schematics of GxxxG
motif-containing proteins are based on Supplementary Figure 5. MamC and FezF
schematic based on Fig. 8. Domains found in multiple proteins are colored the same
(transmembrane domain with GxxxG motif, white square; FezC and FezJ transmembrane
domains, navy blue square; N-terminal domain with R-rich motif, red star). Domains
specific to a protein are colored the same as the gene.
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Magnetospirillum magneticum AMB-1 (amb0951)
Desulfomonile tiedjei (Desti 4195)
Beggiatoa leptomitiformis (ALO38 05620)

1 Thioalkalivibrio nitratireducens (TVNIR 0607)
_I:Thioﬂavicoccus mobilis (Thimo 2896)

Thioflavicoccus mobilis (Thimo 2290)

Marichromatium purpuratum (MARPU 04745)
—l E Allochromatium vinosum (Alvin 1680)

Thiocystis violascens (Thivi 1335)
Rhodomicrobium vannielii (Rvan 0377)
Rhodospirillum rubrum F11 (F11 14355)

Shimwellia blattae (EBL ¢28290)
Pluralibacter gergoviae (LG71 25370)
Brenneria goodwinii (AWC36 02470)
Leminorella richardii (NCTC12151 00658)
Photobacterium marinum (C942 03868)
Shewanella japonica (SJ2017 3867)
Moritella viscosa (MVIS 0111)
Vibrio furnissii (vfu A02102)
Vibrio harveyi (AL538 03725)
Arcobacter butzleri RM4018 (Abu 0713)
Arcobacter nitrofigilis (Arnit 2678)
Wolinella succinogenes (WS1573)

Sulfurospirillum multivorans (SMUL 2750)
Sulfurospirillum barnesii (Sulba 1600)

Helicobacter apodemus (CDV25 04230)

Campylobacter ureolyticus (CUREO 0406)
£Campylobacter curvus (CCV52592 1379)
Campylobacter gracilis (CGRAC 1013)

Psychromonas sp. CNPT3 (PCNPT3 02830)

———— Shewanella putrefaciens CN-32 (Sputcn32 3195)
Rhodopseudomonas palustris CGA009 (RPA2335)
Magnetospirillum gryphiswaldense MSR-1 (MGMSRv2 3981)
Azospirillum brasilense Az39 (ABAZ39 15210)

Rubrivivax gelatinosus (RGE 30610)
Thauera chlorobenzoica (Tchl 1630)
— Azotobacter vinelandii (AvCA 22690)
0.5 Azotobacter chroococcum (Achr 23880)

Calothrix elsteri CCALA 953

‘

Sputcn32_3195  ELSNFEIRGAVAAALLTALQQTDGAKKKKSKPKAKKVLKRALQGGVATAVGMGVANAVEVKEY--EQALLLLLGGGAGIASIELLI
RPA2335 EIATNFTRGMVAAGLLAAIQDS----RTSGKPHRRKLLRQALQGGVALAAGAAVAESVRDQDY - -FGALTALAGGALGALALETLL
MGMSRv2__3981 ELAGNETRGLVATGLLAAIQDR----WSRGQPSNRKVLRLALQGGTALAAGIATAESLRRGDY--ARALIAVAGGALGVAATEMLL
MGMSRv2_ 2393 GILGGIVGG-AAALAKNARLLKD--KQITGTEAAIDTGKEAAGAGLATAFSAVAATAVGGGLVVSLGAALIA--GVAAKYAWDLGY
Dde_0492 GLLGALVGG-VAEAAGSAAQVRA--GTITROOAVTNVAREAGTTGLATGGAVAVAGSLGLTGFASLAGI ILVATGA--KYALDSLL
Rru_A2798 GAVGALVGG-TAALATAARKLKD--QEITRDEALRKVLIGAARSGVATGLGALVASSLRGNPL--LSATAMVATGAAVLYVMDGAE

Supplementary Figure 8. Maximum likelihood tree and alignment of MamC and FezF.
Two clear clades are shown in purple (MamC) and blue (FezF). Below, a multiple
sequence alignment of MamC and FezF amino acid sequences. Transmembrane regions
predicted with TOPCONS 1.0 are underlined. Residues conserved in all sequences are
highlighted yellow. Residues conserved only in FezF are highlighted blue and those
conserved only in MamC are highlighted purple. MamC groups with Dde_0492 whereas
RPA2335 and Sputcn32_3195 are found in the FezF clade. A protein that was below the

threshold in the JACKHMMER search was used to root the tree.

65



* kK

Desulfovibrio alaskensis Dde 0489  -—————- MKNRVRIKHSVAGRVRFYVQALRRNDILADSVCSAMLQ
Pararhodospirillum photometricum RSPPHO_01628 MTATGGPGGHVAVRHSVPGRIRFRVHPKASASWL-GAVC---QT
Denitrovibrio acetiphilus Dacet 2137 ~  ————-- MVNVLKIVHSSDGRVRLKYAGLSGSQ--AASIEQTLLN
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RSPPHO_01628
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Dde_0489
RSPPHO_01628
Dacet_2137
CUREO_0402
MARPU_15525
Rv3270

Campylobacter ureolyticus CUREO_0402 - —-MSIVIKSNLKDRVRLKSDLFTKKN--ENFINQ--IL
Marichromatium purpuratum MARPU_15525 - —-MIQIRHQIPGRIRLRIPALARNRPLADWIEHELGA
Mycobacterium tuberculosis Rv3270 (CtpC)  -—-————-—- MTLEVVSDAAGRMRVKVDWVRCDSRRAVAVEEAVAK

YDGIEHVRANTACSSLVVFFVPAQMSVHDVTAGLEAVMAQNHAARQPVCEPACASGLC--~-GGVACRTTRTGCDPVRPAARKFAVLSALMGGVF
FPGVRQVRVNPACAATIIVVYEPRHTTARRLLTAARAAV--VAEAQTPLLRPVASTPAC---GCLRPSSPS----QGNPHLLRFLALTGVMAFVF
KAGVSYVRCNLPCRSIIVGFDONVINTNSIADIV---L--RKYASAP-IQKSCDTKSC---HCECEDITKN--STFGSRKVEFAGLSAALGVSV
ENRVIDLRFNLSCNSLIIKFNSLEISLNDILDLLYKNFK----ISSNLIEDKLENSFKNCNDCLVCKKTHS-KKTWRRKVYEIVGLSVVAVVVFE
VPGVEQATCNPGCASLVVRYGHSRLDPETIRAHLEATIIARPIDPSRL----TCDPVDG---RCRSCQRGTQDQAPPLKRILSLVLLAGYLGYVL
QONGVRVVHAYPRTGSVVVWYSPRRADRAAVLAATIKGAAH---VAAE--LIPARAPHSA---EIRNTDVLRM---VIG---GVALALLGVRRYVF

VRRTVLGLPLAVTAFSPLGLVTVAACVPLFRQAYRQ-TRORRFTLEAFL.GASCVAAVAAGEAVTALEVLWINSGADLLKAWITERSRKSISDIL
VRKVLGGVLLAETALSPLGLVALLAAAPVAREALRH-AQDKRFSLEGELAAGCVAAVASGOALTALEILWVOSGAESLKAWVSERSRASISAIL
LSKRLLGRTVASTVFSPLWFVTSLFALPLLIKASREIVKEKKIALSGELGTGVAAALGAGETMTALEILWVNSGSELIQGYVTEKSRKSIKNIL
VKEHILATPFSAISNIALGSLSVVAALPLLNEAKND-ILNKKFSLETEMAFSLLLATIFGEEIAAAFEVIYILRASRLFEEYTAQKSRIATIKNLI

IREHLLKRPVAQHALSPTGLIALAGAIPLLRDAWHETFVERRFTLHOFLAFSLVLGILMEGEALTAFEIILVLRGGELLEGFVANRSRRAIRRML
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Supplementary Figure 9. Multiple sequence alignment of FezH and CtpC. The
alignment is annotated as for the FezP alignment shown in Supp. Figure 3. FezH has the
conserved residues in the A-, P- and N-domains, except that it lacks the glutamate in the
dephosphorylation site of the A-domain. Residues found only in FezH are highlighted
green. Residues found in FezH and CtpC are highlighted gray. Transmembrane regions
predicted with TOPCONS 1.0 are underlined.
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Supplementary Figure 10. Growth curves of D. magneticus WT and AfezPCpr, grown in

iron replete medium (a) and iron-limited medium (b). WT, solid lines; AfezPCpn dashed
lines.
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P,s-ATPase Phobius® TMHMM® TMPred  TOPCONS®

S
346-369 187-207
370-394 350-365 341-361
DMR 28330 gg1.609 ~ NA STOS spa3se
705-723 678-698
685-700 701-721
708-728
103-120 103-123
144-167 162-182
200-240 314-334
Sputcn32_3193 504-523 NA 329.337 339-359
504-519 651-671
657-678 673-693
FezP
96-116
97-114
151-171
148-171 g
RPA2333 NA NA 219-234
330-350
498-513
oo 645-665
667-687
99-118 121-141
125-142
166-186
216-234 Bl
Dde_0495 NA NA 319-334
343-363
340-360
652-672
654-669 ottt
677-696
47-65 117137
113-130 139-159
114-131 137-159 168-188
137-159  134-156  175-194 190-210
FezH  Dde_0489 344-363  176-198  347-363 340-360
369-394 365-381 362-382
632-648 685-705
693-712 707-727
96-117 96-116
122-142
121-142 e
96-116 155-180 R
CtpC RV3270 128-146 NA 335-353 o
158-183 359-381
355-375
617-632
e 669-689
691-711

Table 1. Transmembrane domain regions of FezP, FezH, and CtpC as predicted using
prediction software %(196); °(197); °(193).
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Strain Reference/Source
D. magneticus AK80 (50, 126)

D. magneticus AMAI (52)

D. magneticus AfezPCpp, this work

R. palustris CGA009 (184)

R. palustris Afezgp, this work

S. putrefaciens CN-32 Gift of Jeffrey Gralnick (UMN)
S. putrefaciens Nezg, this work

E. coliWM3064 lab strain

E. coliDH5a A-pir lab strain

D. alaskensis G20 (170)

D. alaskensis JK04090 (A0489::tn5) | (170)

D. alaskensis JK05437 (A0495::tn5) | (170)

D. alaskensis JK12571 (A0498::tn5) | (170)

Supplementary Table 2. Bacterial strains used in this study.
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Plasmid | Description Reference
pBMK7 Plasmid backbone for pAK1173 (157)
pAKO Suicide vector backbone for pAK1175 and pAK1176 (19)
pAK22 Vector backbone for pAK1177 and pAK1181 (20)
AK914 Replicative deletion plasmid backbone for targeted mutagenesis in D. (163)
P magneticus
AK1171 Deletion vector backbone for targeting dmr_28330-40 in pAK914 digested This work
P with Sacl/Xbal
Deletion vector targeting dmr_28330-40 with P,,~strAB ligated into BamHI .
PAKT172 between upstream and downstream homology regions in pAK1171 This work
dmr_28320-40 expressed under native promoter in pBMK7 backbone .
PAKTI73 | jigested with Sall/Xbal This work
Deletion vector targeting S. putrefaciens CN-32 sputcn32_3193-8 in pAK31 .
PAK1175 digested with Spel-HF This work
AK1176 Deletion vector targeting R. palustris CGA009 rpa2333-8 in pAK31 digested This work
P with Spel-HF
AK1177 sputcn32_3193-8 expressed under native promoter in pAK22 digested with This work
P Hindlll/Spel
pAK1181 | rpa2333-8 expressed under native promoter, digested with Hindlll/Spel This work

Supplementary Table 3. Plasmids used in this study.
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Name

Sequence from 5’ end

Description

CCGATATCCTATTGGCCTCTAGACCTGCAAC

P1 TTCCTGGGCAG F dmr_28330-40 upstream for pAK1171

P2 CGGCCGGGGCGGATCCTTGAAACTCCACCC | R dmr_28330-40 upstream for pAK1171
GGCAAG with BamHI for P,,~strAB insertion

P3 GGAGTTTCAAGGATCCGCCCCGGCCGTCCT | F dmr_28330-40 downstream for pAK1171
GCCC with BamHI for P,,-strAB insertion
CGACTCACTATAGGGAATTCGAGCTCGGAG

P4 GTAGGCCAGGTAGG R dmr_28330-40 downstream for pAK1171

P5 gGTCTCGGATCCGCCCAGGGGATAGGAGAA F Pyur-strAB for pAK1172

P6 GGTCTCGGATCCGTAGCTTCACGCTGCCGC | R Pyy-strAB for pAK1172

P7 GTTGTCGACGCTTCGGCCGTGCTCATCG F Pamr 28320-dmr28320-40 for pAK1173

P8 GTTTCTAGATCAGGCCAGAAACCGCCGCC R Pamr 28320-dmr28320-40 for pAK1173
GAATTCCTGCAGCCCGGGGGATCCACTAAC

P9 GGAATTGCTGCAAG F sput3198-3 upstream for pAK1175

P10 gggE%ATATTAGGCGAACATTTATTTTAAGT R sput3198-3 upstream for pAK1175
CACTTAAAATAAATGTTCGCCTAATATCATCG

P11 TTAGAAAGC F sput3198-3 downstream for pAK1175
CGGTGGCGGCCGCTCTAGAACATTAGGTTA

P12 CCGATTGAC R sput3198-3 downstream for pAK1175
CGAGGTCGACGGTATCGATAAGCTTCTTTAT

P13 CCATAATTTCACC F Pspuis19s-Sput3198-3 for pAK1177
GTGGCGGCCGCTCTAGAACTAGTTAAAAGC

P14 TAACACCTGTAG R Pspuiz19s-sput3198-3 for pAK1177
GAATTCCTGCAGCCCGGGGGATCCATCGCG

P15 TGTAGTGCTGG F rpa2338-3 upstream for pAK1176

P16 CGAACGAGATGCCGACGCAGACCTTG R rpa2338-3 upstream for pAK1176

P17 CGTCGGCATCTCGTTCGCATCAAAGAAAC F rpa2338-3 downstream for pAK1176
CGGTGGCGGCCGCTCTAGAATCGAAGCTGC

P18 AGCATTC R rpa2338-3 downstream for pAK1176
CGAGGTCGACGGTATCGATAAGCTTTCTGG

P19 AAATCCTCGTTTCG F Pipazsss-rpa2338-3 for pAK1181
GTGGCGGCCGCTCTAGAACTAGTCTTCGTC

P20 GCCCAGTCTTC R Pipazsss-rpa2338-3 for pAK1181

P21 TGAAAATAATAGCCCGCACC F dde_0495::tn5 (80:C2) check

P22 CCCGTAAGTTCGCTGTTCTC F dde_0489::tn5 (61:F6) check

P23 TTTCTGTACGGACTTTGCCC F dde_0498::tn5 (186:E2) check

P24 | ACTGAGAAGCCCTTAGAGCC R to check G20 Tn insertions

(pRL27_IE_rev1)

Supplementary Table 4. List of primers used in this study.
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Chapter 4

Conclusions and Future Directions

Carly R. Grant
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The aim of this dissertation was to develop Desulfovibrio magneticus RS-1 as a model
organism in order to elucidate the genetic basis for ferrosome formation and function.
Surprisingly, we found that fez genes are necessary and sufficient for many bacteria to
make ferrosomes. Now, with a fleet of genetically tractable bacteria, we can begin to
understand the mechanism of ferrosome formation and function. This chapter discusses
some of the exciting future research of magnetosomes and ferrosomes.

Bullet-shaped magnetosome formation

Our understanding of magnetosome formation is based mainly on two closely related
bacteria— Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense
MSR-1—that make cubooctahedral-shaped magnetite crystals within the magnetosome
lumen (9, 159). The mechanism by which bacteria make elongated, bullet-shaped
magnetite and greigite crystals is currently unknown. Now, with a system to directly
manipulate the D. magneticus genome, described in Chapter 2, we may begin to
understand and appreciate the different mechanisms of magnetosome formation (163).
While a forward genetic screen successfully identified ten nonmagnetic mutants of D.
magneticus (52), the function of the remaining 80% of the genes in the D. magneticus
magnetosome gene island (MAI) remain unknown.

Genetic dissection of the D. magneticus MAI should begin with the genes conserved in
the deeply branching MTB. Of particular interest are proteins that might help shape the
magnetite crystal. Because the deeply-branching magnetotactic bacteria (MTB) lack the
crystal shape-determining protein Mms6 of the Magnetospirillum spp., some mad genes
may be the shape-determining factors for bullet-shaped crystals (198). Mad23
(DMR_40890), a protein encoded in the MAI regions of all deeply branching MTB (124),
was previously suggested to have a role in forming the magnetite crystals of D.
magneticus (199). While making a targeted mutation of kupM, we also attempted,
unsuccessfully, to mutate mad23 using sacB counterselection. By using upp
counterselection rather than sacB, | recently made a targeted mutation of mad23. This
mutant, Amad23, has a lower Cnag than WT. While we were expecting the crystals of the
Amad23 mutant to be deformed or smaller than WT, we instead found that the
magnetosome chains were misaligned with normal magnetite crystal size and shape (Fig.
1). The crystal size and shape explains why this mutant wasn’t isolated during the forward
genetic screen and demonstrates the importance of having a method for targeted
mutagenesis. Continued efforts to mutate the remaining D. magneticus MAlI mad and
mam genes is necessary to elucidate which genes are important for shaping the bullet-
shaped magnetite crystal, positioning the magnetosomes in the cell, or in forming a
magnetosome membrane, the presence of which is up for debate (50).

Mechanism of ferrosome formation and iron storage

The finding that ferrosome proteins have putative membrane domains supports the
previous observations that ferrosomes are bound by lipid membranes (50, 106), and
raises the question, how and when do ferrosome membranes form? Perhaps the answer
lies in the unusual membrane topology of FezP and/or in the small Fez proteins with
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hydrophobic GxxxG motif-containing domains. GxxxG motifs are common in membrane
proteins and have been shown to facilitate protein-protein interactions within lipid
membranes (166, 167). The protein-protein interactions facilitated by GxxxG motifs have
even been shown to induce local curvature and tubulation of membranes (200). In support
of an interaction hypothesis, the two R. palustris Fez proteins with FxxGxxxG motifs
(FezG [RPA2334] and FezE [RPA2336]) were copurified and have been shown to interact
in R. palustris (201). Future research aimed at determining if the GxxxG motif-containing
Fez proteins or FezP affect membrane shape is needed.

Key in understanding the structure and function of ferrosomes is to determine the
localization of the Fez proteins. Do Fez proteins localize to the cytoplasmic membrane or
are they positioned on the ferrosome membrane? In addition to localization studies using
microscopy, biochemical studies are needed to determine the function of Fez proteins. In
a biochemical approach, ATPase activity of purified FezP and FezH can be measured in
vitro. Using this assay, we can determine if FezP and FezH specifically transport iron or
if other metals may be transported. Additionally, we can determine if FezC, FezD, and
FezJ act as chaperones by improving metal specificity and increasing the rate of metal
transport of FezP or FezH. Using genetics, biochemistry, and microscopy, the function of
specific domains of FezP and FezH, as well as the putative chaperone-like proteins, will
be key toward understanding how ferrosomes function. For example, does the R-rich
motif, found in the N-terminal domain of FezP and FezH and putative chaperone-like Fez
proteins, function in metal-binding or interact with lipid membranes? Are the conserved
motifs in the transmembrane metal binding domains of FezP and FezH important for iron
transport? The finding that proteins with domains related to iron homeostasis (e.g. the
ferritin-like protein and FeoA-domain containing protein), are encoded by some fez gene
clusters supports the hypothesis that ferrosomes are specific to iron storage. It will be
interesting to determine if these proteins have a role in ferrosome formation or function.
It will also be interesting if MamC and FezF bind iron within the ferrosome lumen. Finally,
if ferrosomes function to store iron, then iron must be transported into and out of
ferrosomes. Because Pig-ATPases typically transport metals in one direction, from the
cytoplasm out of the cell, it will be fascinating to learn how iron is transported into and out
of ferrosomes.

Because iron storage appears to be a function of ferrosomes, we have focused on how
Fez proteins may be involved in iron transport across the ferrosome membrane. However,
it is likely that phosphate is also stored within ferrosomes (50, 106). The purpose of
phosphate storage and the mechanism by which phosphate enters ferrosomes are
important details of ferrosome research that remain unanswered.

Regulation of ferrosomes

In Chapter 3, | described the conditions under which ferrosomes are formed in diverse
bacteria. In D. magneticus, we only observe ferrosomes when the cells are transitioning
out of iron starvation. The pattern of ferrosome formation in D. magneticus suggests that
fezpm gene expression is negatively regulated by the transcription factor Fur. As a
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negative regulator, Fur, with Fe?* as a cofactor, can bind to DNA and repress transcription
(162). Thus, when iron is replete, many Fur-regulated genes are repressed and and when
iron is limited, Fur-regulated genes are derepressed. Previous transcriptomic studies in
many bacteria, including D. vulgaris Hildenborough which has a similar fez gene cluster
to D. magneticus (172—174), have found that fez genes are negatively regulated by Fur.
If Fur negatively regulates the fez genes, then in a Afur mutant, ferrosomes might be
made constitutively. Recently, using upp counterselection, | was able to make a D.
magneticus fur mutant by replacing the fur gene with a streptomycin-resistance cassette.
This Afur mutant has improved growth in iron limited medium and a growth defect and
lower Cmag in iron replete medium. Surprisingly, the Afur mutant grown in iron replete
medium makes fewer magnetosomes and is instead filled with enlarged ferrosomes (Fig.
2). Although transcriptomic and proteomic analyses are needed, these results suggest
that Fur regulates fez gene expression. It will be fascinating to determine if this phenotype
repeats for other bacteria in which Fur has been shown to regulate fez gene expression.

Unlike D. magneticus, Desulfovibrio alaskensis G20, Shewanella putrefaciens CN-32,
and Rhodopseudomonas palustris CGA009, make a smaller number of ferrosomes
during anaerobic metabolism when iron is replete. This suggests that the regulation of
ferrosomes may be different for these bacteria. R. palustris strains CGA009 and TIE-1
have nearly identical fez gene clusters that are positively regulated by the oxygen sensors
AadR and FixK (180, 181). In addition to the fez genes, a gene encoding a Fur family
transcriptional regulator (RPA2339, Rpal_2583) upstream of the fez gene cluster is also
positively regulated by the oxygen sensors (180, 181). To determine if RPA2339
regulates the fezg, genes, | made a markerless deletion of rpa2339. Unlike D.
magneticus, the Arpa2339 looks similar to WT cells by TEM. Similarly, my undergraduate
mentee, Sunaya Krishnapura, has found that a Afur mutant of S. putrefaciens does not
appear to make ferrosomes constitutively. While further experiments are needed to
untangle the network of ferrosome regulation, it is clear that the regulation of fez gene
expression differs between these metabolically and phylogenetically diverse bacteria.

How widespread are ferrosomes?

While the bacteria found to form ferrosomes described in Chapter 3 are all isolates from
the environment, many of the bacteria and the archaea with a FezP, homolog are host-
associated, some of which can cause diseases in humans. Based on our finding that
diverse microorganisms make ferrosomes via conserved fez genes, | hypothesize that
host-associated microorganisms with fez genes also make ferrosomes. If so, ferrosomes
may have an important role in maintaining iron homeostasis in these host-associated
microorganisms. A previous study found that expression of the Clostridium difficile fez
gene operon (cd0591-2) is regulated by Fur and is induced in iron limited conditions,
including during hamster infection (172). These results suggest that fez genes in host-
associated microorganisms are important for iron homeostasis and may be important for
infection. Further research is needed to determine if C. difficile, and other host-associated
microorganisms, make ferrosomes via the fez genes. Ferrosomes may prove to be an
important target for drug development.
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In Chapter 3, we identified FezP and FezH as two subgroups of Pg-ATPases. Both FezP
and FezH have membrane domains that are difficult to predict and may be important for
ferrosome structure and/or function. The maximum likelihood tree of FezP described in
Chapter 3, has additional clades of P1g-ATPases that are closely related to FezP or FezH.
One of these clades contains Pig-ATPases from microorganisms of the phylum
Cyanobacteria. The genes coding for these Cyanobacteria P1g-ATPases are part of
conserved gene clusters. Similar to the fez gene clusters, many of the Cyanobacteria
clusters have additional conserved genes that code for proteins with hydrophobic GxxxG
motif domains and chaperone-like proteins. Intriguingly, many of these Cyanobacteria
make amorphous calcium carbonate granules that are bound by a membrane (182, 183),
raising the possibility that ferrosomes are part of a larger class of storage organelle.
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FIGURES

Figure 1. TEM of D. magneticus Aupp Amad23 mutant. The Aupp Amad23 mutant (right)
has magnetosomes, similar in size and shape to the parent strain Aupp (left), that are not
aligned in a chain along the length of the cell. Scale bars, 200 nm.
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Figure 2. TEM of D. magneticus Aupp Afur mutant. Many Aupp Afur mutant mutant cells
are filled with ferrosomes when grown in iron replete medium. Obvious magnetosomes
are denoted with a white caret in the inset (right); however, additional magnetosomes
may be masked by the ferrosomes. Scale bars, left 500 nm; right inset, 200 nm.
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