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Prologue

PROLOGUE
Evolution has found a fashion to bypass the intrinsic chaos tendency of
the universe by creating frontiers to confine chemical reactions to little
spaces originating life. An elegant hierarchical order and great
complexity levels were conceived, and bacteria are a clear archetype of
this concept. Nevertheless, bacteria were long believed to be very simple
organisms. Prokaryotic cell biology has been a targeted field of research
for several years now. Along with the constant and rapidly developing
technological advances and microscopy, the use of fluorescent proteins,
new available genetic, biochemical and synthetic biology tools, it has
become evident and established that bacteria are much more intricate
than previously assumed. Bacteria possess a highly elaborated
intracellular compartmentalization system, cytoskeletal scaffolds, spatial
landmarks and cell cycle checkpoints. Currently, it is well known that
cell growth, elongation and division are tightly coupled to chromosome
and organelles replication, segregation and spatial distribution. All these
biological processes rely on dedicated cell cycle and cytoskeletal
proteins to properly allocate the necessary elements into the offspring
and to spatially organize the cell.
The present work aspires to contribute and reaffirm the statement that
prokaryotes are more than a simple “bag” of genetic material and
enzymes devoid of organization, but instead multifaceted organisms
with an exceptionally complex subcellular architecture.
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Abstract

Abstract
Magnetotactic bacteria synthesize dedicated magnetic organelles termed magnetosomes, which
are membrane-enveloped magnetic nanocrystals. To serve as an efficient magnetoreceptor,
magnetosomes are organized into a single, midcell positioned and tightly spaced chain that
aligns the cell to the Earth’s magnetic field, facilitating taxis towards a suitable environment. In
the model organism Magnetospirillum gryphiswaldense, the magnetosome chain is assembled by
concerted action of the actin-like MamK filament and the adaptor protein MamJ, which links
the magnetosomes to the MamK cytoskeleton. To pass on the selective advantage of
magnetotaxis to ensure cell fitness, during cytokinesis, the magnetosome chain is regularly
found traversing the cell division site, where it becomes equipartitioned. Subsequently, the
newly divided chains must undergo a hypothesized dynamic relocalization to midcell, which
has been attributed to MamK. Yet, the underling molecular mechanisms of magnetosomes
segregation, putative dynamics and coordination with the cell cycle have remained elusive.
In this thesis, in vivo time-lapse imaging and photokinetic approaches revealed that a directed
MamK filament treadmilling is responsible for a rapid and dynamic pole-to-midcell
repositioning of magnetosome chains in recently divided cells. In addition, it was found that
magnetosomes equal partitioning is highly precise and directly dependent on an intact MamK
filament dynamics. Thus, MamK dynamics and its interplay with MamJ provide an active
driving force for magnetosomes movement.
Peculiarly, loss of MamK did not abolish magnetosome chain configuration, but merely caused
fragmented chains, revealing an additional yet unrecognized determinant for magnetosomes
organization. In this work, a subcellular analysis by cryo-electron tomography (cryo-ET)
showed that the magnetosome chain is confined to the positive curvature of the cytoplasmic
membrane of the helical cell (i.e., the geodetic axis). Interestingly, the chain geodetic position
became lost in absence of the transmembrane protein MamY. Moreover, double deletion of
mamY and mamK entirely abolished chain configuration, suggesting MamY as a novel and
essential scaffolding element for magnetosomes organization and positioning. This notion was
substantiated by construction of an artificial magnetosome chain on MamY, circumventing both
MamK and MamJ functions. PALM and 3D-SIM analyses demonstrated that MamY is highly
enriched along the geodetic axis, likely in a polymerized state. These results evidence that
MamY acts as a landmark of positive cell curvature and positions a linear magnetoreceptor
inside a helical cell, aligning the motility axis and magnetosome chain magnetic-dipole
moment. Therefore, MamY is proposed as a new member of the hereby-termed
magnetoskeleton, which comprises essential proteins for magnetosomes spatial organization.
Since coordination of magnetosome dynamics with cell cycle is yet poorly understood, the role
of two major cell cycle regulators, PopZ and MipZ, was analyzed in this context. In
Alphaproteobacteria, PopZ serves as a polar landmark that anchors the chromosomes to the cell
poles allowing faithful segregation and cell division, whereas MipZ is an essential protein that
17

Abstract

acts downstream of PopZ and forms an intracellular gradient for proper septum localization.
M. gryphiswaldense possesses two MipZ homologs from which only MipZ-like 1 displayed a
gradient-like localization. Unexpectedly, single and double deletion of the mipZ-like homologs
was feasible, a major difference with the previously reported essential MipZ function. However,
only the absence of MipZ-like 1 impaired cell division. Similarly, deletion of a popZ homolog
elicited cell filamentation and polar mini-cells. Although, the three homologs were not found to
influence magnetosomes or MamK dynamics, PopZ and MipZ-like 1 proved to be key players
involved in cell cycle control of M. gryphiswaldense, which, interestingly, appears to have a
slightly distinct cell division regulation.
In addition, PopZ has been previously suggested to assemble a polar filamentous scaffold, yet
direct evidence was missing. In this thesis, Volta phase plate (VPP) cryo-ET showed that PopZ
generates a 3D network of disordered, flexible, tightly packed and cross-linked filaments at the
cell poles of M. gryphiswaldense. This direct imaging of PopZ filaments confirmed the existence
of a genuine bacterial cytoskeletal network in situ.
During the course of this work, extensive cryo-ET analyses were performed and led to the
unforeseen discovery of novel magnetosomal and subcellular structures. VPP cryo-ET enabled
visualization of a periplasmic plug-like structure associated with nascent magnetosomes, which
could possibly correspond to the long-speculated barrier between the lumen of the vesicle and
the periplasmic space. In addition, a ribosome-free exclusion zone around magnetosomes and a
surfacial concentric cover-like structure were detected, likely corresponding to a magnetosomal
protein shell. Furthermore, several other unidentified cellular structures were observed and
briefly summarized.
Altogether, the results of this thesis demonstrate that the magnetoskeleton and the cell cycle in
M. gryphiswaldense are more complex than previously assumed and that magnetosomes
represent one of the most intricate levels of organelle organization known in bacteria. Finally,
this work converges and substantiates the missive that bacteria are complex, powerful and
fascinating forms of life.
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Zusammenfassung

Zusammenfassung
Magnetotaktische Bakterien synthetisieren spezifische Organellen, die vereinfacht als
membranumschlossene

Magnetit-Nanokristalle

angesehen

werden

können

und

als

Magnetosomen bezeichnet werden. Die Magnetosomen werden in der Zelle mit Hilfe des
aktinartigen, filamentbildenden Proteins MamK und dem Adaptorprotein MamJ zu einer
linearen Kette kombiniert, die als effizienter Magnetfeldrezeptor wirkt, der die Zelle passiv am
Erdmagnetfeld

ausrichtet

Umgebungsbedingungen

und

so

optimiert.

deren
In

dem

taktische

Suche

nach

Modellorganismus

geeigneten

Magnetospirillum

gryphiswaldense befindet sich die Magnetosomenkette während der Zytokinese exakt in der
Zellmitte, wo sie in zwei Teilketten zerlegt und damit die Fähigkeit zur Magnetotaxis physisch
an

jede

Tochterzelle

direkt

übertragen

wird.

Anschließend

werden

die

Teilketten

wahrscheinlich durch MamK-abhängige Transportprozesse vom neuen Zellpol zur Zellmitte
transloziert. Die molekularbiologischen Grundlagen dieser dynamischen Kettensegregation
sowie deren Koordination mit dem Zellzyklus sind bisher weitgehend unerforscht.
In dieser Arbeit wird mit Hilfe fluoreszenzmikroskopischer und photokinetischer Experimente
in vivo gezeigt, dass eine gerichtete, laufbandartige MamK-Dynamik für die Kettentranslokation
vom Pol zur Zellmitte verantwortlich ist. Außerdem wird festgestellt, dass eine intakte
MamK-Dynamik für die präzise Zerlegung der Magnetosomenkette in zwei gleiche Teile
während der Zytokinese essentiell ist. MamK und MamJ werden damit als Triebfeder für die
dynamische Magnetosomenlokalisation identifiziert.
Eine mamK-Deletion führt überraschenderweise jedoch nicht zum völligen Verlust der
Kettenbildung sondern ruft die Entstehung fragmentierter Ketten hervor, was die Existenz
weiterer, bisher unentdeckter Strukturelemente nahelegt. In dieser Arbeit wird mit Hilfe von
Cryo-Elektronentomografie zunächst gezeigt, dass die Magnetosomenkette ausschließlich
entlang der positiven Kurvatur der inneren Zellmembran, d.h. entlang der geodätischen Achse
der helikalen Zelle verläuft. Diese geodätische Positionierung ging nach Deletion des
mamY-Gens verloren und eine mamK-mamY Doppelmutante war nicht mehr in der Lage,
Magnetosomen in Ketten anzuordnen, was nahelegt, dass das Transmembranprotein MamY
eine neue und essentielle Komponente der Magnetosomenkettenbildung und –positionierung
darstellt.

Diese

Annahme

wird

anschließend

durch

artifizielle

Konstruktion

einer

MamY-stabilisierten Magnetosomenkette in vivo unter Umgehung von MamK und MamJ
gestützt. PALM und 3D-SIM-Analysen zeigen, dass MamY entlang der geodätischen Zellachse
angereichert und hier wahrscheinlich in einem polymeren Zustand vorliegt. Diese Ergebnisse
weisen darauf hin, dass die Funktion von MamY darin besteht, positive Zellkurvaturen zu
markieren und einen linearen Magnetfeldrezeptor in einer helikalen Zelle so zu positionieren,
dass magnetisches Dipolmoment und zelluläre Motilitätsachse kongruent bleiben. MamY
repräsentiert damit eine neue Komponente des „Magnetskeletts“, das aus essentiellen Proteinen
für die räumliche Fixierung und Dynamik der Magnetosomen besteht.
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Zusammenfassung

Da die Koordination der Magnetosomendynamik mit dem Zellzyklus nur ansatzweise
verstanden ist, wurde des Weiteren die Funktion der Zellzyklusregulatoren PopZ und MipZ
analysiert. PopZ markiert in Alphaproteobakterien die Zellpole, verankert hier die
Chromosomen und erlaubt dadurch deren zuverlässige Segregation, während MipZ einen
intrazellulären Konzentrationsgradienten bildet, der für die richtige Lokalisierung des Septums
essentiell ist. Das Genom von M. gryphiswaldense codiert zwei MipZ-Homologe, jedoch konnte
nur für „MipZ-like 1“ die Ausbildung eines Konzentrationsgradienten nachgewiesen werden.
Unerwartet waren sowohl Einzel- als auch Doppeldeletion beider mipZ-Gene möglich, jedoch
beeinträchtigte die Deletion von mipZ-like 1 die Zellteilung. Ein Verlust von PopZ führte zur
Entstehung filamentöser sowie polarer Mini-Zellen. Obwohl für popZ- und mipZ kein Einfluss
auf die Magnetosomen- oder MamK-Dynamik gefunden wurde, erwiesen sich PopZ und
MipZ-like 1 als Schlüsselproteine im Zellzyklus von M. gryphiswaldense, welcher offenbar leicht
abweichend von anderen Alphaproteobakterien reguliert wird. Für PopZ wurde die Bildung
eines polar lokalisierten, filamentösen Netzwerks vorhergesagt, wofür bisher jedoch kein
direkter Nachweis existierte. In dieser Arbeit wird mit Hilfe von volta phase plate (VPP) Cryo-ET
gezeigt, dass PopZ in M. gryphiswaldense ein engmaschiges, dreidimensional ungeordnetes und
flexibles polares Netzwerk aus Filamenten bildet. Diese direkte Abbildung der PopZ-Filamente
bestätigt erstmalig die Existenz eines bakteriellen zytoskelettalen Netzwerks in situ.
Die umfangreichen Cryo-ET-Analysen in dieser Arbeit führten darüber hinaus zur Entdeckung
neuer magnetosomenassoziierter und anderer subzellulärer Strukturen. Mit VPP Cryo-ET
konnte beispielsweise eine periplasmatische, pfropfenartige Struktur identifiziert werden, die
mit naszierenden Magnetosomen in Verbindung steht und möglicherweise die diskutierte,
bisher aber unbekannte Diffusionsbarriere zwischen dem Lumen der Vesikel und dem
Periplasma

repräsentiert.

Außerdem

konnten

eine

ribosomenfreie

Zone

sowie

eine

konzentrische, schalenartige Struktur um die Magnetosomen detektiert werden, die
wahrscheinlich eine Hülle aus magnetosomenassoziierten Proteinen verkörpert. Darüber
hinaus wurden weitere, bisher unbeschriebene subzelluläre Strukturen gefunden und im
Überblick dargestellt.
Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass sowohl das „Magnetskelett“ als
auch der Zellzyklus von M. gryphiswaldense deutlich komplexer sind, als bisher angenommen
und

dass

Magnetosomen

außerordentlich

hoch

organisierte,

subzelluläre

Strukturen

repräsentieren, die von Bakterien bisher kaum bekannt sind und hebt hervor, dass auch diese
Organismen strukturell komplexe und zugleich faszinierende Lebensformen darstellen.
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1 Introduction2
1.1 Subcellular organization of prokaryotes
Prokaryotes have proved to possess not only a versatile, adaptable and multidimensional
cytoskeletal scaffolding system, but also and strikingly, a sophisticated intracellular
organization and compartmentalization composed of a repertoire of organelles with wideranging functions.
The discovery of FtsZ, a bacterial ancestor of tubulin, by three independent groups in the early
1990s 1-3 was a major breakthrough that revealed the first prokaryotic cytoskeleton. Cell growth
and division are basic processes to perpetuate life. During the bacterial cell cycle, FtsZ has a
fundamental function ruling the cytokinesis by forming a ring-like structure, termed Z-ring, at
the cell division site 4,5. Furthermore, the first discovered bacterial actin, the MreB protein, plays
an essential role in cell morphology contributing to the rod-like cell shape 6. Thus far, more than
35 actin-like families accomplishing diverse functions have been identified in bacteria 7.
Subsequently, the first prokaryotic homolog to metazoan intermediate filaments was found,
crescentin, which polymerizes into a filamentous structure with function in cell curvature
determination 8.

2 Section illustration adapted from Callaway, 2008. Nature.
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Remarkably, bacteria have also been shown to possess outstanding systems of internal
compartmentalization, which consist of organelles that comprise membrane-bounded or
protein shell compartments

9,10

. For instance, carboxysomes are protein shells that form cellular

micro-compartments in cyanobacteria and are capable of CO2 fixation 11. Carboxysomes become
linearly and equally spaced throughout the cell by a ParA-like protein 12, a Walker-type ATPase
protein associated with segregation of plasmid and chromosomal DNA in diverse bacterial
species

13

. Although ParA has been linked to carboxysomes spatial distribution, a specific

interaction between these players as well as the mechanism of action remains obscure. Thus, in
spite of this study, prokaryotic organelles positioning and segregation has remain a poorly
addressed and comprehended phenomenon.
Magnetotactic bacteria build dedicated and canonical organelles termed magnetosomes
(Figure 1), which are a captivating illustration of extraordinary subcellular order in prokaryotes.
Magnetosomes are magnetic sensors that represent one of the most sophisticated
compartmentalization systems and a particularly intriguing example of highly ordered
prokaryotic organelles. In this work, magnetosomes were used as a model to study the
underlying molecular and biochemical mechanisms of bacterial organelle spatial organization,
dynamics and segregation.

1.2 Magnetosomes: magnetotactic bacteria organelles
Magnetosomes are composed of magnetic nanocrystals enveloped by a lipid bilayer (Figure 1B
and 2A)

14,15

. To add up their magnetic moments, magnetosomes are brought to a higher

subcellular order by forming a linear array, the magnetosome chain (Figure 1). Due to its
greater magnetic-dipole moment, the magnetosome chain can act as a magnetoreceptor resembling a cellular compass needle - and passively aligns the cells to the weak geomagnetic
field, a phenomenon known as magnetotaxis

15

. This biologically built magnet serves as a

sensor to navigate along the Earth’s magnetic field, thereby reducing the three-dimensional
swimming space to vertically inclined vectorial directions. This is thought to facilitate the
search of suitable environmental conditions in chemically stratified water columns and
sediments, providing a major advantage to magnetotactic bacteria in their natural niche 15.
Lately, magnetosomes have become a well-established model to investigate prokaryotic
organelle biogenesis. However, despite the high environmental abundance and diversity of
magnetotactic bacteria, isolation of these microorganisms in pure culture has proved
challenging due to their specific and fastidious life style

16

. Therefore, only a very limited

amount of cultivable laboratory strains are available. Among them, the Alphaproteobacteria
Magnetospirillum gryphiswaldense and Magnetospirillum magneticum are two related species that
stand out due to their early isolation followed by a rapid development of tools for their genetic
manipulation, which allowed a systematic examination. Most magnetotactic bacteria and
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magnetosomes mechanistic- and functional-related knowledge have been gathered in these two
species

15

. Consequently, as it is genetically malleable and a consolidated model organism,

M. gryphiswaldense (Figure 1) was used in this work to investigate organelle genesis, assembly,
organization and spatial distribution.

A

M. gryphiswaldense

B

MamK

Vesicles

Crystals

Cell membrane

Figure 1. Magnetotactic bacteria. A. Transmission electron microscopy of M. gryphiswaldense. A linear configuration
of electron dense magnetite crystals is indicated by the black arrows. The model (lower left) depicts the typical
crystals localization. Scale bar: 500 nm (inset: 100 nm). B. 3D rendering of a cell examined by cryo-electron
tomography. Right panel: a 15.7 nm thick tomographic slice through the central part of a cell, electron dense particles
correspond to magnetite crystals (shown in red in the 3D representation). Scale bar: 200 nm. Presented images are
part of this work and adapted from Chapter 2.

1.3 Magnetosome biogenesis: vesicle formation and biomineralization
The biosynthesis and spatial organization of magnetosomes are under strict genetic control by a
distinct set of about 40 genes clustered in five operons (namely mamAB, mamGFDC, mamXY,
mms6 and feoAB) within a large genomic magnetosome island (MAI), which is conserved across
magnetotactic bacteria 15,17-19.
Magnetosomes emerge simultaneously by invagination of the cytoplasmic membrane at
random positions, generating vesicles of 20 to 70 nm in size (Figure 2A) 20-24. These vesicles serve
as “nanoreactors”, by creating an isolated and highly controlled local environment (iron
concentration,

redox

potential

and

pH)

for

magnetite

nucleation

and

further
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biomineralization 15,25,26. Although a minimal set of four genes involved in vesicle formation was
identified in M. gryphiswaldense, it seems to be an orchestrated process with many more
constituents involved 23. Furthermore, M. gryphiswaldense displayed two distinct populations of
magnetosome vesicles: those attached and seemingly continuous with the cytoplasmic
membrane, and a majority that is entirely detached as free vesicles in the cytoplasm
(Figure 2B) 21-23, likely being only temporary connected to the membrane. In contrast,
M. magneticum exhibits only magnetosome vesicles that seem permanently continuous with the
cytoplasmic membrane (Figure 2C).

A

B

M. gryphiswaldense

MamK
Vesicles
Crystals

C
Di

Dii

Crystals
M. magneticum MamK
Figure 2. Magnetosome biogenesis. A. Slices from cryo-electron tomograms displaying magnetosome vesicles
attached to the cytoplasmic membrane (white arrow). Upper panel: M. magneticum. Lower panel: M. gryphiswaldense.
OM: outer membrane CM: cytoplasmic membrane. Adapted from

15

. B. Intracellular 3D rendering of

M. gryphiswaldense visualized by cryo-electron tomography. White arrows indicate vesicles fully detached from the
cytoplasmic membrane and immersed in the cytoplasm. Modified from

27

. C. 3D rendering of a cell from

M. magneticum examined by cryo-electron tomography. Black arrows indicate membranous bridge between the
magnetosome vesicles and the cytoplasmic membrane. Modified from

28

. Di-ii. Electron micrograph of isolated

magnetosomes from M. gryphiswaldense showing the magnetite core covered by an organic layer (black arrowheads),
likely corresponding to the magnetosome membrane. Adapted from 29 and 30, respectively.

Isolated magnetosomes of Magnetospirillum spp. present an organic layer of 5 to 6 nm that
covers the crystal, which is composed of phospholipids and proteins (Figure 2D)

18,22,31-33

.

Proteomics studies of the magnetosome membrane described a specific subset of at least 30
MAI-encoded proteins, which direct the crystal biomineralization and magnetosomes
intracellular spatial organization 18,31,33,34. However, the mamAB operon (located within the MAI)
24
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direction of individual particles and full-length chain are illustrated (black arrows). Modified from 35. B. Upper panel:
magnetosome chain of M. magnetotacticum imaged by electron microscopy and depicts an electron interference patter
obtained by off-axis electron holography. Lower panel: magnetic fields lines obtained from the interference pattern
(from upper panel). Magnetic crystals positions are indicated in white. The confinement of the field lines within and
across the magnetosomes indicates the formation of a single magnetic dipole. Adapted from 36.

The physical properties of magnetic particles are determined by their size. Thus, a particle of
size between 30 to 100 nm presents a uniform magnetization, i.e., thermally stable singledomain (SSD) or magnetic moment (Figure 3A). However, in larger particles (>100 nm), the
magnetic structure is disrupted into multiple magnetic domains causing a low net magnetic
moment (Figure 3A). Small multiple domain particles close to ~100 nm size yet display an
SSD-like behavior albeit with non-uniform magnetization. On the other hand, a particle below
30 nm consist of an SSD, but the direction of its magnetic moment oscillates due to thermal
fluctuations causing a zero net magnetic moment, and is termed superparamagnetic
25
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(Figure 3A). In consequence, superparamagnetic particles are magnetically unstable and unable
to interact in absence of an external magnetic field

37-40

. Therefore, the size of a magnetic crystal

determines its effective magnetic moment.
First, for magnetic interactions to occur between two particles, they must present an SSD. In
magnetotactic bacteria, magnetosomes crystals are precisely within a size range of 30 to
120 nm 36,41, in which magnetic particles display an SSD. Notably, magnetosomes of
M. gryphiswaldense contain cubo-octahedral crystals of magnetite between 30 to 50 nm in
size 22,26,42,43, thereby highly enriched in SSD particles (Figure 1A). Also, it becomes apparent that
the accessory function of the remaining MAI operons from M. gryphiswaldense (namely mms6,
mamXY, mamGFDC and feoAB) is of significance in order to generate mature SSD magnetite
crystals that can magnetically interact. Therefore, magnetite particles from M. gryphiswaldense
are precisely designed bacterial-made magnets with crystal dimensions that maximize
magnetotaxis.
Second, when SDD particles are lined up, as in magnetotactic bacteria, strong inter-particle
interactions will cause their magnetic moments to orient parallel to each other along the chain
direction (Figure 3A and 3B) 44. The magnetotaxis capability or sensing strength is hence given
by the sum of all individual magnetic moments from each magnetosome crystal, i.e., chain
length. A large string of magnetosomes translates into a higher absolute magnetic moment,
ergo, in a permanent single magnetic dipole sufficiently strong to align the cell to the
geomagnetic field (Figure 3B)

40,45-48

. But, how strong should a magnetoreceptor be to sense the

geomagnetic field and to align the cell to it?
In effect, magnetotactic bacteria represent a swimming magnetic dipole, therefore, the cell
orientation in water at room temperature, i.e., magnetotaxis, is determined by:
(i)

the torque exerted by the Earth’s magnetic field on the cellular magnetic-dipole moment.

(ii)

the Brownian motion or diffusion of water molecules (driven by thermal energy) will
introduce randomizing forces and tend to disorient the bacterium during swimming.

Thus, as the ratio of the magnetic energy to the thermal energy increases, the average
orientation of an ensemble increases

46

. Based on the theoretical magnetic moment of

Magnetospirillum magnetotacticum (estimated from the size and number of magnetite crystals
determined from electron micrographs), Frankel and Blakemore (1980)

46

showed that a chain

greater than 10 particles display almost complete alignment to the geomagnetic field

46

.

Interestingly, as M. magnetotacticum display an average of 22 particles per cell, its alignment to
the geomagnetic field is virtually maximum, and an increase of particles would have only a
minor improvement 46. The first estimations of magnetic moments based on bulk measurements
of M. magnetotacticum ensembles either by light scattering or theoretical approaches (using
magnetite dimensions) resulted in 1.0 to 5.0 x 10−16 Am2 per cell 46,47,49,50.
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In M. gryphiswaldense, magnetosomes are organized in an outstanding concatenated, modular thereby flexible - linear array, which is gap-free and tightly spaced with 10 to 12 nm
inter-vesicle distances 22,51. Moreover, M. gryphiswaldense displays a single, coherent and midcell
positioned magnetosome chain that consists of ~45 units (Figure 1)

43

, though subjected to

culture conditions it could be larger than 100 units 15. To serve as an efficient magnetoreceptor,
the bar-magnet-like entity must be positioned and fixed within a highly helical cell body. In
consequence, the magnetosome chain imparts a magnetic moment to the cell that is parallel to
the axis of motility, optimizing magnetotaxis by enhancing host alignment (Figure 1). Indeed, a
recent determination of the magnetic moment of M. gryphiswaldense at the single cell level by
means of state-of-the-art magnetic tweezers and theoretical measurements (from magnetite
volume) was reported as between 2.4 to 9.9 x 10−16 Am2 per cell 43. This data is in agreement with
the above-mentioned values needed to align a cell in the geomagnetic field

46,47,49,50

. Thus,

M. gryphiswaldense builds an enhanced, cell shape-specific, and elastic yet robust magnetic
sensor, unique characteristics that maximize magnetoreception.

1.4.2 A cytoskeleton to line up magnetosomes
Although magnetotactic bacteria biomineralize SSD particles that can magnetically interact to
achieve cell orientation in a magnetic field, a string of magnetic dipoles such as the
magnetosome chain has an inherent tendency to collapse in order to decrease its magnetostatic
energy 52,53.
A decade ago, genetic approaches combined with the revolutionary cryo-electron tomography
(cryo-ET) technique

10,54

allowed the concomitant discovery by two independent groups of a

dedicated cytoskeleton for magnetosomes configuration into a linear chain, the actin-like
MamK filament along with the adaptor MamJ protein

24,32

. Since then, the intracellular

magnetosome chain stabilizing function has been attributed to these two main players, both
encoded adjacent to each other within the essential mamAB operon (Figure 4A)

15,55

. MamK

generates a cytoskeleton composed of two-to-four filaments in vivo, which provides a scaffold
for magnetosomes (Figure 4B and 4C) 22,32. Purified MamK protein from both M. gryphiswaldense
as well as M. magneticum showed ATPase activity and polymerized into filament bundles in
vitro

56-58

. MamK from the closely related M. magneticum was found to form dynamic filaments

that required an intact ATPase domain for their in vivo dynamics and in vitro disassembly 58,59.
An in-frame non-polar deletion of mamK in M. gryphiswaldense caused disrupted magnetosome
chains, displaying up to four shorter aberrant chains with an average number of
14 magnetosomes and ectopically located along the long cell axis (Figure 5A)
absence of mamK in M. magneticum caused scattered magnetosomes

32

22

. Also, the

. These phenotypes

evidenced the importance of the MamK cytoskeleton for magnetosomes organization in these
two species.
27

Introduction

A

mamAB operon
operon
mamAB

mamH mamI

mamE

mamJ mamK

mamM
mamL

mamN

B

mamO

mamP
mamQ mamB
mamU
mamA
mamR
mamS
1 kb
mamT

MamK
Vesicles
Crystals

C
mamXY operon

ftsZ-like

mamZ

mamX mamY
1 kb

Figure 4. MamK filament. A. Scheme of the mamAB operon from the magnetosome genomic island (MAI). The
essential genes for magnetosome arrangement into a chain, mamK and mamJ, are highlighted (blue). Modified after 15.
B. Tomographic slice from a M. gryphiswaldense cell. Black arrows: MamK filament. Cell envelope is rendered in blue.
Adapted from

22

. Inset: MamK filament flanking magnetosome vesicles in M. magneticum. Black arrows: MamK

filament. Scale bar: 100nm. Modified from

32

. C. 3D rendering of a cell from M. gryphiswaldense examined by

cryo-electron tomography. White arrow: MamK filament. Adapted from Chapter 2.

In M. gryphiswaldense, the acidic MamJ protein is a critical adaptor element that mediates
magnetosomes recruitment to the MamK filament

22,24,60

. Deletion of mamJ caused a collapsed-

chain phenotype, i.e., the agglomeration of magnetosomes into irregular clusters (Figure 5B) 24.
A two-hybrid assay of protein interaction and in vivo FLIM-FRET (Fluorescence lifetime
imaging microscopy - Förster resonance energy transfer) analysis of MamJ and MamK showed
that they appear to interact 60,61. Therefore, MamJ is thought to attach the magnetosome vesicles
to the MamK filament. Furthermore, a photokinetic analysis of MamK in M. magneticum
suggests that MamJ presence is linked to an increased MamK filament turnover 59. However, in
contrast to M. gryphiswaldense, deletion of mamJ in M. magneticum caused gaps devoid of
vesicles within the magnetosome chain, demonstrating only a minor effect in chain
organization. This difference might be explained by a gene redundancy, as M. magneticum
contains an additional mamK-like 62,63 and mamJ-like

59

homologs in a, so-called, magnetosome

genomic islet. On the other hand, M. gryphiswaldense harbors only a single mamJ and mamK
genes. The phenotypic dissimilarities of these two species denote a slightly different mechanism
of magnetosome chain assembly.
To examine magnetosome assembly dynamics, de novo biomineralization was studied by
addition of iron to non-magnetic iron-starved cells in M. gryphiswaldense

24,64

. Upon iron

induction, few crystalline particles appeared stochastically throughout the cell (Figure 5Ci),
which initially assembled into loosely spaced chain-like structures (Figure 5Cii). The crystals
gradually grew and progressed into straight, compactly packed chains of mature particles that,
28
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by then, are commonly confined to the cell center and generate a single magnetosome chain
(Figure 5Ciii)

22,24,64

. Interestingly, early superparamagnetic sized particles (unable to

magnetically interact in the absence of an external magnetic field) showed already a chain-like
prearrangement, a phenomenon that could be attributed to a putative MamK filament action.
This theory was also supported by an in silico simulation study, which describes that
magnetosomes diffusion and magnetic forces are insufficient to assemble a chain, but a
a
biologically guided external force must be added to
the system

65

d

. Therefore, collectively, the

evidence points towards a potential role of the MamK filament in magnetosomes mobility.
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downstream elements to generate the divisome complex machinery. Also, it is known that FtsZ
is implicated in cell wall growth at the septum

69-71

. Thus, the forces exerted by the divisome,

specifically by the FtsZ filaments sliding and/or treadmilling, together with de novo synthesis
and deposition of peptidoglycan at the cell wall likely drive the constriction and invagination of
the septum, and eventually cell division 67,70-76.

1.5.2 FtsZ and asymmetric cell division of M. gryphiswaldense

B
SW/ ST

Magnetotactic bacteria and magnetosomes are well-established models to investigate organelle

D

biogenesis. However, yet very limited information concerning their cell cycle regulation is
available.
Katzmann
et al have reported that cell
division
of M. gryphiswaldense involves
Swarmer/
stalked
Mid/
late pre-divisional

Basymmetry
D Mid/andlate
along two
directions, that is, the longitudinal
transversal
cellular axes. The long
Swarmer/
stalked
pre-divisional

SW/ ST

i.cell

i. as the septum is not always positioned
axis undergoes a slightly asymmetric division

i.

precisely at midcell, which generates two daughter i.
cells of different length, albeit always with

z

evenly segregated magnetosome
d chains

Early
PD Early

z

21

. The transversal cell axis presents a unidirectional

indentation
of the septum suggested
B
D d to facilitate the magnetosome chain partitioning during
Swarmer/ stalked

cytokinesis
ii.
i.

(Figure 6B)

21

Mid/ late pre-divisional

. Short arc-like putative FtsZ filaments have been found in

Fig. 2. T
Fig. 2.
ii.
d
the
C. cre
putative FtsZ structures along with local peptidoglycan synthesis at the cell vision site are
the
C.
Molecular
Microbiology
Molecular Microbiology
ii.
Fig.
2.
The
3D
structure
of
the
Z-ring
throughout
relative
hypothesized Molecular
to provide
the driving
ii. forces for the unidirectional constriction.
relativt
Microbiology
the C. crescentus cell cycle. (A) FtsZ axial localization
cells.
ColC
relative to cell center as a function of time for
275
cells.
cells. Color map ranges from white (lowest density)
Early
pre-divisional
Early
pre-divisional
C C i.Early pre-divisional
to to
blue
to blue and then red (highest density). (B–E) Repreblua
C.
crescentus
sentative
PALM
images
of
FtsZ
localization
throughxz-slice
Ci
Ciii
B
xy-slice
E
Mid/Mid/
i. Ai.
sentati
sentative
out the cell cycle, in xy (Left) and in zd cross-section
Late pre-divisional/
late
PD
late PD
E
(Right),
where
d
is
lateral
distance
from
cell
midplane
post-divisional
out th
out
in transformed xy coordinates, which removes
the the c
Late
pre-divisional/
Late
pre-divisional/
effect of cell curvature. Arrow indicates region shown
(Right)
post-divisional
(Right),
w
in z cross-section. Yellow line indicates automatically
post-divisional
FtsZ
ii.
determined cell outline. Corresponding phase-contrast
in tran
images are shown in Civ
SI Appendix, Fig. S3A. (Scalein
bars,transf
Cii
effect
500 nm.)
M. gryphiswaldense
Posteffect
of
merge
FtsZm
D
in z cr
div.
Postii. E
z cross
div. did not accumulate
cells
a large excess of FtsZ or FtsZ- continuous rings were relatively rare at all stages of thein
cell
ii.
determ
a2 (SI Appendix, Fig. S5).
cycle, conflicting with the lateral interactions model (Fig. 1C).
determin
FtsZ
FtsZ
images
ging2was performed
on synchronized
populations of swarmer
Next, we quantified Z-ring morphology for the same dataset.
By
s they transitioned into stalked cells and divided. Each PALM using semiautomated analysis (SI Appendix, Fig. S7), FtsZ localimages
ar
2
500 nm
6. performed
FtsZ and cell
division
of M.
gryphiswaldense.
A. 3D
Caulbacter
displaying
a
ition lasted 80 sFigure
and was
at an
exposure
time
of 10 izations
forPALM
each ofofFtsZ
275in cells
werecrescentus
classified
as patchy
(SI
th the use of astigmatic
imagingasforreference
3D localization
(11). Appendix,
and B, ii, discontinuous
annulus
all nm.)
ring-like structure
of its localization.
Modified Fig.
from S7. A,
B. ii,
Segmentation
of tomographed
cells ofwith
500
l resolution (i.e., minimum resolvable distance between two
PD

i.

ii.
M. ii.
gryphiswaldense and other bacteria with asymmetric
septation (Figure 6Ci-iv)

SW/ ST

z

21,77

. These

Early
PD

C

Mid/
late PD

E

Postdiv.

ge 35 of 36

0
Distance (µm)

Molecular Microbiology

2

vvi
RvReieew i
ererRre ev
Peeee R
r P er
rorP
FFooF Pe
r
Fo

66

arcs <180°), incomplete rings (SI Appendix, Fig. S7 A, iii, and
M gryphiswaldense.
The
unidirectional
indentation
the septum is indicated by white arrows. C. 3D rendering of a
s; SI Appendix) was
35 nm in xy and
120
nm in z. Note
that Z- ofB,
iii, discontinuous annulus with an arc >180°), complete rings
analyzed
by cryo-electron
tomography.
Ci. Internal
of a dividing
the continuous
position of putative
mages appear cell
slightly
(∼5%)
elongated along
the z axis
(SI view
Appendix,
Fig. S7cell
A,highlighting
iv, and B, iv,
annulus), or
ared with xy: this
is most
likely(white)
because
of a smallbeneath
amountthe cell
spots/discs
(SI(blue).
Appendix,
Fig. of
S7the
A, Z-arcs
i, and(white)
B, i, ellipsoid
Z-arc
structures
immediately
membrane
Cii. View
from a conage distortion along the z axis, rather than actual Z-ring taining no holes).
different angle. Ciii. Transversal tomographic slice at the constriction site displaying the individual Z-arcs, which are
metry (SI Appendix).
The large sample size of the HTPALM dataset allowed us to
ges of 280 fields
of view
wereinacquired
an automated
further
depicted
a scheme in Civ.
Magnetosome filament
vesicles (yellow).
B and C are
from 21. at difquantify (green);
the occurrence
of the different
ringadapted
morphologies
n in 350 min. D.
Cells
were immobilized
at FtsZ-mCherry
low density in
to M. gryphiswaldense
78. stage,
ferent stages of
the cell
cycle. Initially,
in the
swarmer
Fluorescence
microscopy of
displays
a midcell
localization.
Modified
fromcell
ize errors in detection of the cell outline. After filtering
90% of
show a polar
spot/disk morphology
(Fig.
4A, yellow
E. Subcellular
analysis
of FtsZ-mCherry
and275
FtsZm-EGFP
inbacteria
M. gryphiswaldense
by fluorescence
microscopy
display
ta (SI Appendix),
we were left
with HTPALM
data for
area), with the remaining 10% being patchy. As the cell cycle
ia. FtsZ-Dendra2
localizations
were
along the Scale
co-localization
(Müller
andprojected
Schüler, unpublished).
bars: 1 µm.
progressed,
the percentage of spots/disk dropped, reaching a miniof the cell and plotted as a function of time after synmum at approximately 170 min after synchrony. Subsequently, the
y, creating a low-resolution kymograph of FtsZ localization
percentage of spots/disks increased again, reaching 70% by the
2A), which, together with PALM images (Fig. 2 B–E), reend of the experiment when new progeny swarmer and stalked
30
lated the expected microscale FtsZ localization profile
cells could be observed. Analysis of ring-like morphologies (i.e.,
1A). At the beginning of the cell cycle (Fig. 2B), cells
excluding the spot/disk morphology) showed that midcell patchy
ned mainly polar spots. In early predivisional cells (Figs.
patterns are the most common (62%; Fig. 4A, green area), fold 3A), FtsZ was localized at midcell. In mid-/late predivi-

t accumulate a large excess of FtsZ or FtsZndix, Fig. S5).
accumulate
a large excess of FtsZ or FtsZformed
on
synchronized
populations of swarmer
dix, Fig. S5).
ioned into stalked cells and divided. Each PALM
rmed
onwas
synchronized
of swarmer
0 s and
performedpopulations
at an exposure
time of 10
ned
into
stalked
cells
and
divided.
Each
PALM
of astigmatic imaging for 3D localization
(11).
s(i.e.,
andminimum
was performed
at an distance
exposurebetween
time of 10
resolvable
two
astigmatic
imaging
for120
3Dnm
localization
(11).Zx)
was 35 nm
in xy and
in z. Note that

continuous rings were re
cycle, conflicting
withrela
the
continuous
rings were
we quantified
Z-ril
cycle,Next,
conflicting
with the
using semiautomated anal
Next, we quantified Z-ring
izations for each of 275
using
semiautomated
Appendix,
Fig. S7 A,analys
ii, an
izations
for
each
of
275
arcs <180°), incomplete c
Appendix,
Fig. S7 A, ii,annu
and
B, iii, discontinuous

Introduction

In M. gryphiswaldense, examination of FtsZ showed homo-oligomerization upon addition of
GTP and formation of filament bundles in vitro 78. Predictably, overproduction of FtsZ impaired
cell division causing highly elongated cells. In early expression stages, FtsZ localized to midcell
as expected (Figure 6D). Although a link between magnetosome chain and FtsZ was not
found 78, it is speculated that a connection between them might exist via the MamK filament. In
agreement and supporting this hypothesis, a putative FtsZ-MamK fusion gene has been
reported in a selective metagenomic approach using magnetotactic bacteria

79

. Furthermore,

several interactions between the tubulin-like FtsZ and actin-like homologs have been
reported 68,69,80.
In addition, M. gryphiswaldense has a second homolog of the tubulin-like FtsZ, the FtsZm
protein, which is, however, truncated and lacks 200 amino acids from the C-terminus and
encoded within the MAI 81. Despite the truncation, FtsZm is also capable of forming homo- and
even hetero-polymers with FtsZ

78

. As for FtsZ, the overexpression of FtsZm blocked cell

division producing elongated cells. FtsZm co-localized with FtsZ at midcell (Figure 6E), but in
some cells FtsZm was also observed at one cell pole 78, likely as remnant of the Z-ring at the
nascent cell pole. Notably, a similar pole-to-midcell repositioning is hypothesized for the
magnetosome chain during the cell cycle, which relates to the FtsZm localization. Unexpectedly,
however, its deletion did not influence magnetosome chain positioning, cell growth or cell
division, but instead caused the formation of superparamagnetic particles

78,82

. Although it was

initially speculated that FtsZm could have a role in cell division (pointed as responsible factor
of the asymmetric septation) and magnetosomes organelles positioning, later it was
demonstrated that despite the FtsZm interaction with FtsZ, its function is only limited to
magnetosome biomineralization 78.

1.5.3 Magnetosome chain partitioning in M. gryphiswaldense
To be faithfully partitioned during cytokinesis, the magnetosome chain has to be properly
positioned, cleaved and separated against intrachain magnetostatic forces. Thus, the organelles
are evenly distributed onto the next cell generation passing on the selective advantage of
magnetotaxis. M. gryphiswaldense has a single midcell-positioned magnetosome chain
(Figure 1A and 7Ai), which, during cell division, is positioned traversing the septum.
Subsequently, the chain is cleaved by unidirectional constriction of the septum accompanied of
a cell bending (Figure 7Aii, 7B and 7Ci-ii), both features are hypothesized to facilitate the chain
as well as MamK filament partition 21. In this manner, the magnetosome chain is split into the
nascent cells. Sequentially, the newly generated magnetosome subchains (located at the new
pole) must undergo either (i) a directed pole-to-midcell translocation, moving towards the
center of the daughter cells (Figure 7Aiii), or, alternatively, (ii) a polarized grow (at the newest
pole) to eventually localize the chain at the cell center, assuming a static chain behavior.
However and strikingly, the remaining chains upon MamK absence are not longer recruited to
31
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the site of cell division in M. gryphiswaldense, suggesting a MamK role in magnetosomes
positioning

21,22

. Also, M. gryphiswaldense appears to undergo elongation at the cell center likely

by local cell wall synthesis

21

, thus, discarding the second option. Moreover, the rather equal

partitioning of the magnetosome chain at the cell division site indicates that organelles
segregation is tightly coupled to cell cycle. Based on these observations, the actin-like MamK
protein was hypothesized to mediate the magnetosome chain dynamic positioning during the
cell cycle of M. gryphiswaldense, pointing the “pole-to-midcell chain migration” theory as most
plausible and compelling.
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cell biology field of magnetotactic bacteria, there are many open questions regarding
magnetosome chain organization and putative dynamics of the main building components.
For instance:
(i)

It is not clear whether the magnetosome chain in fact undergoes a directed intracellular
movement or repositioning;

(ii)

It is yet unknown if the MamK filament from M. gryphiswaldense displays a dynamic
growth and assembly;

(iii)

If so, do MamK filaments generate the necessary forces to move a string of
magnetosomes through the viscous cytoplasm?

(iv)

Also, the MamJ intracellular dynamics and its influence over the MamK filament in
M. gryphiswaldense are yet undetermined.

Consequently, the exact mechanism of the magnetosome chain assembly, mobility, and
segregation processes are yet to be elucidated. Therefore, the implications of the MamK
cytoskeleton in the putative magnetosomes motion, recruitment to the cell division site,
partitioning and segregation are dissected in this work.

1.6 MamY, a putative element for magnetosome chain assembly and positioning
Thus far, it was unclear how magnetotactic spirilla fit and maintain a linear magnetic field
sensor into a highly helical body shape that lacks straight surfaces to fix a chain of
magnetosomes. Furthermore, it was assumed that the actin-like MamK filament together with
MamJ are sufficient to assemble magnetosomes into a proper linear chain (Figure 2 and 5Ciii),
resulting in a single magnetic dipole that generates the maximum possible magnetic moment
for magnetotaxis. As the lack of the MamJ protein (connecting magnetosomes and MamK)
generated clustered magnetosomes (Figure 5B), it may be anticipated that the absence of MamK
could produce a similar phenotype. However and intriguingly, the mamK mutant of the study
model M. gryphiswaldense did not abrogate the magnetosome chain configuration (or display
clustered magnetosomes) as predicted. Instead, the mutant only presented shorter and
fragmented magnetosome chains (Figure 5A)

22

. This phenotype exposed a second puzzling

observation: MamK filaments are not the sole and unique structure capable to scaffold and
align individual magnetosomes to form a chain. But the MamK cytoskeleton is rather required
to render a coherent magnetosomes spatial organization (i.e., a single unified chain) than
functioning as their exclusive supporting structure. Therefore, it was hypothesized that others,
yet unrecognized, cytoskeletal elements acting in magnetosome organization must exist.
Of particular interest for this work is the MamY protein, which is encoded within the mamXY
operon (Figure 8A) that additionally harbors the mamX, mamZ and ftsZm genes. MamX
(carrying a magnetochrome blueprint domain: c-type cytochrome motif), MamZ (Major
Facilitator Superfamily protein with a transmembrane ferric reductase domain) and FtsZm
33

that are involved in magnetosome formation and most of the corresponding genes are located on the MAI (Schübbe et al., 2006;
Richter et al., 2007). Some of these proteins are homologous to
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In contrast, mamY deletion in M. gryphiswaldense caused a subtle yet very significant phenotype.

In the mamY mutant, the magnetosome chain is no longer properly positioned,
but it was found— 2014/1/27 —
“fmicb-05-00009”
mislocalized at the inner negative curvature of the cell (Figure 8B) 87. Upon observing this
phenotype and the reassessment of M. gryphiswaldense WT cells, it became evident that the
magnetosome chain possesses a meticulous planned intracellular position. The chain was
located crossing the cell from positive-to-positive inner curvature in a 2D projection of a
flattened cell, as observed by TEM (Figure 1A), and MamY is essential for this specific
localization (Figure 8B, red dashed line).
Recently, a de novo protein modeling suggests that the cytoplasmic domain of MamY display
several α-helices, which are further intertwisted in a manner that resembles a helical-bundle
folding configuration (Figure 8C) 81. The architecture of MamY is highly similar to that of Talin,
a eukaryotic protein that connects integrins (from the membrane) to the cytoskeleton (actin
filaments)

88

. These new insights into the MamY function opened a novel perspective

concerning its function towards a more structural-related role. In this work, we exploited
previous observations that (i) the magnetosome chain must be positioned and fastened within
the highly helically curved cell body, (ii) the absence of MamK still generated magnetosome
chains, and (iii) the mutation of mamY caused a chain mislocalization, to seek an additional
34
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cytoskeletal element acting in magnetosomes organization. Thus, the examination of MamY as a
prospective bacterial structural element, and its implications in magnetosomes intracellular
positioning and subcellular organization are of great interest and, therefore, addressed in this
thesis.

1.7 Identification of putative cell cycle and spatiotemporal regulators involved in the
intracellular organization of M. gryphiswaldense
The magnetosome chain localizes at the cell center and, during division, it becomes positioned
traversing the septum to be distributed to both daughter cells. Although there is a cue that
magnetosomes recruitment to the cell division site is likely regulated by the MamK
cytoskeleton, there are additional pending biological concerns regarding organelles
organization and segregation in magnetotactic bacteria, such as:
(i)

How is the magnetosome chain consistently (re-)located at midcell throughout the cell
cycle?

(ii)

How is the chain precisely recruited at the division site?

(iii)

Or, conversely, what are the regulators controlling the position of the septum at the
chain center?

Since the partitioning of magnetosomes seems well coordinated to cell cycle, it is suggested that
there are additional intrinsic cellular factors involved in this process. Possible candidates for
such factors could include putative cell cycle and cell division regulators. Notwithstanding the
aforementioned

studies

of

the

cell

division

and

magnetosomes

partitioning

in

M. gryphiswaldense, the cell cycle in magnetotactic bacteria is so far poorly scrutinized.
M. gryphiswaldense belongs to the Alphaproteobacteria, from which most information regarding
cell division has been obtained in Caulobacter crescentus, an established bacterial model to
investigate cell cycle

89-91

. In C. crescentus, PopZ and MipZ proteins were demonstrated to be

fundamental cell cycle regulators. Since M. gryphiswaldense harbors putative homologs of PopZ
and MipZ, they emerge as obvious candidates for cell cycle regulation and potential
synchronization to magnetosomes organization. Thereby, the roles of PopZ and MipZ in
M. gryphiswaldense are investigated in this thesis.

1.7.1 PopZ and MipZ as potential cell cycle regulators of M. gryphiswaldense
In C. crescentus the formation and localization of the Z-ring is directly linked with chromosome
segregation by two proteins, the polar organizing protein Z, PopZ, and the midcell positioning
of FtsZ protein, MipZ, both critical players that blend chromosome segregation to cell division.
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His6-PopZ was purified from an E. coli lysate and
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PopZ is intrinsically disordered and can therefore adopt various conformations. This enables
PopZ to interact with several proteins and is the base of its hub organizing function 96.
C. crescentus presents a dimorphic lifestyle, exhibiting a motile (swarmer) and sessile (stalked)
cells

100

. The stalk serves for surface attachment and colonizing purposes, and while attached to

a surface, the cell eventually divides originating a motile cell that can swim to favorable
environmental conditions. PopZ localizes at the old pole of the stalked pre-divisional cell and
assists bacterial spatial organization by recruiting downstream proteins (Figure 9Ai - upper
panel). Subsequently, as the cell elongates throughout the cell cycle and the chromosome
replicates, PopZ also appears at the opposite cell pole adopting a bipolar pattern (Figure 9Ai lower panel and 9Ci).
Chromosome segregation is conducted by the partitioning parABS system, which consist of
three elements: a centromere-like sequence (parS) at the chromosome, a centromere- (DNA-)
binding protein (ParB) and an NTPase motor protein (ParA). The latter interacts with the
centromere

nucleoprotein

complex

(parS-ParB)

to

segregate

the

chromosomes 13,101.

Simultaneously to the bipolar localization of PopZ, the genome replication originates a second
parS-ParB complex, associated to the newly synthesized chromosome. The parABS system
assists the migration of the sister chromosome towards PopZ at the new pole, where it is
anchored via a ParB-PopZ interaction, which avoids missegregation (Figure 9Ai- lower panel
and 9Ci-ii) 92,93. Later, the cell divides generating an old stalked and a new swarmer cells. In the
new motile cell, maturation of the link between PopZ and ParB is disrupted and the PopZ
function switches to a dedicated role recruiting regulatory proteins to the cell pole, which in
turn triggers metamorphosis of the flagellum into stalk

99

. Finally, generation of the stalk

induces the initiation of chromosome replication, closing the cell cycle loop (Figure 9Cii)

99

.

Interestingly, M. gryphiswaldense has homologs of the ParAB system, which are encoded in an
operon-like genetic arrangement. Furthermore, it harbors a proline-rich 25.4 kDa PopZ-like
protein that holds a 37% and 52% identity and similarity, respectively, to its counterpart from
C. crescentus, making it a suitable candidate for examination.
MipZ is an ATPase that generates a cellular gradient by interacting with ParB and chromosomal
DNA in C. crescentus (Figure 9D)

94,95

. Remarkably, MipZ stimulates the GTPase activity of FtsZ

affecting its polymerization and thus the assembly and positioning of the Z-ring 94. By means of
the interaction with ParB, MipZ is positioned at the cell poles producing a gradient inside the
cell that peaks at the poles and decreases toward midcell (Figure 9E and 9F)

94,95

. Therefore, the

Z-ring assembles at the region of lowest MipZ concentration, i.e., at midcell, properly localizing
the septum and ensuring correct chromosomes segregation (Figure 9Cii and 9E). Consequently,
downregulation of mipZ, deletion popZ or overexpression of both has a strong effect in division
causing cell filamentation

92-94

. In addition, the genome of M. gryphiswaldense seems to encode

two MipZ-like candidate proteins that hold a 46/65% and 43/64% identity/similarity,
respectively, with the MipZ from C. crescentus. Based on the reported FtsZ localization in
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M. gryphiswaldense

78

, the MipZ-like homologs can be speculated as putative regulators

controlling the Z-ring assembly at midcell.
Taken together, PopZ and MipZ are essential regulators for the spatiotemporal synchronization
of cell division and chromosome partitioning in C. crescentus (Figure 9Cii, 9E and 9F). Therefore,
their roles in the cell cycle of M. gryphiswaldense as well as magnetosomes organization are
assessed in this work.
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2 Scope3
In summary, the underlying mechanisms of magnetosome chain spatiotemporal localization,
motion and dynamics, together with additional scaffolding elements, chain configuration
determinants and cell cycle synchronization remain to be elucidated. Addressing these
questions could provide a significant advance for the understanding of the prokaryotic cell
biology and organelle organization.
The major goal of this thesis was to investigate and elucidate the assembly of magnetosomes
organelles into a linear chain as well as their segregation in M. gryphiswaldense. For this purpose,
magnetosome-related and putative intrinsic cell cycle proteins were studied.
The first part of this work was dedicated to investigate the magnetosome chain assembly,
dynamics and partitioning along with the role of the actin-like MamK filament in these
processes. Previously, MamK was reported to be involved in proper magnetosome chain
recruitment to the cell division site. Thus, I aimed to elucidate first how a chain of
magnetosomes is relocated at midcell upon cell division and what is the role of MamK and
MamJ. Using mutagenesis and photokinetic analyses, I intended to understand the mechanism
of MamK assembly into a filament, the MamJ protein dynamics and its interplay with MamK.

3 Section illustration belongs to this work: “3D rendering of a tomographed cell pole of M. gryphiswaldense (PopZ filament network)”.
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Also, a system to track the intracellular magnetosomes motion throughout the cell cycle and
correlate its behavior to MamK and MamJ dynamics was established.
Furthermore, MamK filaments alone proved insufficient to organize magnetosomes into a
chain, revealing the presence of an elusive additional scaffolding element. Therefore, a second
aim of this work was to seek and characterize such factor. Interestingly, mamY deletion caused a
magnetosome chain mislocalization to the opposite negative inner curvature, hence, coming
into sight as an appealing candidate of the missing magnetosomes organizing element. Aiming
to uncover the function of MamY in magnetosomes subcellular localization and chain
configuration, state-of-the-art techniques such as cryo-ET and super resolution microscopy
(photo-activated localization microscopy - PALM, and structured illumination microscopy SIM) were used, along with a synthetic tethering approach, mutagenesis and biochemical
analyses.
Third, to find a link between cell cycle and organelle positioning and inheritance, the PopZ and
MipZ homologs in M. gryphiswaldense were characterized. PopZ and two MipZ-like proteins
were studied by attempting the deletion of their encoding genes and assessing their impact in
cell division and magnetosome chain localization and segregation. Additionally, MipZ was
investigated for gradient formation, in vivo and in vitro protein kinetics, interaction with ParB
and the influence over FtsZ polymerization. Also, the implications of PopZ concerning the
control of polar determination and cell division were examined.
In addition, it is hypothesized that PopZ forms a polar scaffold composed of a filamentous
network. Consequently, the fourth objective was to demonstrate the existence of such PopZ
filamentous network in situ exploiting the combined cutting-edge technologies of Volta phase
plate with cryo-ET. I intended to obtain molecular features of PopZ filaments to shed light on
intrinsically disordered protein networks and how this specific putative polar network of
filaments is assembled and possibly connected.
Fifth, although not initially contemplated, the usage of Volta phase plate cryo-ET allowed the
serendipitous discovery of many unidentified structural and cytoskeletal features of
M. gryphiswaldense. These findings provide initial proof for a major long-standing dogma of
magnetotactic bacteria.
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3 Synopsis 4
In this thesis, I used cutting-edge light and electron microscopy techniques as well as forward
genetics, biochemical and synthetic biology approaches to answer questions regarding the
subcellular building of a bacterial-made magnet. I demonstrated that the magnetosome chain is
dynamic and undergoes motion from the pole towards midcell upon division of
M. gryphiswaldense cells. This motion is directly dependent on the actin-like MamK treadmilling
behavior. Furthermore, the existence of a new organizing element supporting magnetosome
chains and created by MamY was revealed. Additionally, PopZ and MipZ orthologs were
investigated concerning their action during cell division and organelle segregation, which
uncovered their importance in cell cycle and division. The existence of a genuine interconnected
prokaryotic cytoskeletal network was substantiated by a direct visualization in situ.
Furthermore, several unexpected yet unidentified structural and cytoskeletal features were
detected.

4 Section illustration belongs to this work: “Rendering of a M. gryphiswaldense cell”.
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The findings obtained during the development of this thesis resulted in six research articles or
manuscripts. The key findings of each manuscript are summarized below and reviewed in a
single synopsis figure. For the section 3.3 of the synopsis, regarding the discovery of novel
cellular structures in M. gryphiswaldense, no manuscripts are included as they are in early stage
preparation. Nevertheless, an overview of the results and the principal implications of the
findings are briefly discussed in this synopsis.

3.1. Magnetosome chain assembly and segregation
3.1.1 Magnetosomes movement is driven by dynamic MamK filaments
To date, the underlying molecular mechanisms of how MamK influences the magnetosomes
organelles spatial dynamics and chain remodeling has remained poorly understood. Previous
deletion of the mamK gene caused fragmented and ectopically located chains that failed to be
recruited to cell division site, suggesting MamK as an important player in magnetosomes
segregation and intracellular localization. We therefore investigated the effects of MamK
dynamics in organelle positioning (Chapter 1).
Microscopy time-lapse studies in magnetotactic bacteria have been challenging as they are
fastidious organisms, sensitive to permanent illumination, oxygen concentration and,
additionally, with a relatively slow growth rate. To elucidate the magnetosome chain
localization through the cell cycle of M. gryphiswaldense, we first developed an in vivo time-lapse
fluorescence microscopy imaging based on sealed agarose pads using a suitable medium
combination. The phototoxicity was overcome by using mild conditions such as short exposure
time and low laser or lamp power. By means of this approach, fluorescently labeled
magnetosomes were visualized for the first time throughout the cell cycle in magnetotactic
bacteria. We discovered that the magnetosome chain of M. gryphiswaldense undergo an
unexpectedly precise equipartition and a rapid and dynamic pole-to-midcell motion, which is
critical for the proper repositioning of the chain at the center of nascent cells (Figure
Synopsis 1A). The equal chain distribution and further repositioning are fundamental
properties to efficiently pass on the selective advantage of magnetotaxis to both daughter cells.
We further extracted biophysical data of mobility, which showed a directed, but also
constrained motion confined to midcell. By means of Fluorescence Recovery After
Photobleaching (FRAP) and Photoconversion, we observed that MamK forms highly dynamic
filaments that experience a particular treadmilling behavior. MamK subunits are added in the
filaments by the cell poles generating a directed and constant pole-to-midcell filament growth
(Figure Synopsis 1B). Additionally, we generated a point mutant of a conserved Aspartate
residue from the ATPase domain, termed MamKD161A. This mutation is known to impair the
ATPase activity in several actins, consequently, abolishing filament dynamics. The residue
exchange in MamKD161A caused highly stabilized filaments that have a strong decay in
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dynamics, which in turn correlated with a severely affected magnetosome chains
pole-to-midcell repositioning, eradicating their intracellular motion behavior.

Figure Synopsis 1. Dynamics of the magnetosome chain and MamK filament. A. Magnetosome chain motion
(tracked by means of MamC-EGFP) of a dividing cell displayed by a kymograph: x-axis: MamC-EGFP signal;
y-axis: time. Schemes above and below depict the septum and magnetosome chain position at the starting and ending
point of the time-lapse (MamK filament: green; magnetosome crystals: gray). The chains were imaged for 95 min
(every 5 min). B. MamK filament dynamics analyzed by FRAP. The kymograph displays fluorescence signal intensity
(x-axis) of bleached MamK filaments over the time (y-axis). The upper scheme represents the laser event performed
at the cell pole at (t0), which translates into a bleached part of the filament (gray circles) also observed as a dark zone
at the top left of the kymograph. The lower scheme (and white dashed line in kymograph) represents the fluorescent
signal recovery and progression. The bleach-marked filaments were followed for 5 min (every 30 s).
Scale bars: 500 nm.

Remarkably, by means of a combined in silico modeling and quantitative data extracted from
TEM micrographs, we found that magnetosome chains are equipartitioned with maximum
biologically possible precision. Since the division of the chain occurs between two
magnetosomes, the maximum precision to locate the chain center is of one magnetosome. In
M. gryphiswaldense, the magnetosome chain center is determined with an error of one-to-two
magnetosomes. Assessment of cells producing the MamKD161A mutant protein using the same
joint approach showed a strong magnetosome chain mispartitioning, revealing that an intact
filament dynamics is fundamental for the even organelle segregation. Therefore, our data
suggest that MamK governs the motion of the chain as well as the equal partitioning of
magnetosomes.
Furthermore, the dynamics of MamK filaments is necessary for magnetosomes concatenation
into a tightly spaced single chain. We also addressed the dynamic of the adaptor protein MamJ
and observed that its turnover is independent of and faster than the MamK dynamics.
In conclusion, we propose a mechanistic model for magnetosome chain assembly, partitioning
and pole-to-midcell translocation that relies strictly on the MamK filament dynamics. Finally,
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we categorize prokaryotic organelle segregation by suggesting a classification guideline based
on the utilized motor protein, akin to bacterial chromosome segregation systems. Thus, we
propose that a Type-II organelle partitioning system is based on actin-like proteins that
transport the cargo (Actin-based); group represented by the cytomotive actin-like MamK
filament, the adaptor MamJ and the magnetosomes as cargo. Whereas the Type-I system
(ParA-based) comprises organelles spatially distributed by Walker-type ATPases, and
represented by carboxysomes organelles and their respective ParA-like protein.

3.1.2 MamY forms a novel cytoskeleton to scaffold and position magnetosome chains
Thus far, an intriguing matter has been overlooked that is to build a biologically suited and
efficient magnetoreceptor, the linear, modular and thereby flexible magnetosome chain must
become fixed and accommodated as a bar-magnet-like entity within a highly helical cell body
(Figure Synopsis 2A). The actin-like MamK filament had remained the only known
magnetosome cytoskeletal scaffold, and together with the adaptor protein MamJ have been
thought to be sufficient to build the magnetosome chain. However, the mamK deletion mutant
in the model organism M. gryphiswaldense was, unexpectedly, found to generate magnetosome
chains (Figure Synopsis 2B), a puzzling observation that enlightened the existence of additional
yet unrecognized cytoskeletal factors acting in magnetosome organization. To this, the
transmembrane MamY protein came into light due to its particular deletion phenotype, which
showed a magnetosome chain mispositioning towards the cellular inner negative curvature 87.
Therefore, MamY became a possible candidate to perform an organelle structural function and
to

accommodate

the

linear

magnetoreceptor

inside

the

highly

curved

body

of

M. gryphiswaldense.
In this work (Chapter 2), we used state-of-the-art microscopy combined with genetic and
biochemical tools to characterize MamY. First, using TEM, we found that the magnetosome
chain followed a specific and consistent path from positive-to-positive inner cell curvature
(Figure Synopsis 2A). However, as TEM analysis allows a spatially limited 2D examination of
flattened cells, we next used cryo-ET for a detailed 3D inspection of the intracellular chain
positioning. In brief, cryo-ET is based on TEM, but performed at cryogenic temperatures to
image cryopreserved samples in a near-native state

102,103

. Different tilt angles images of the

sample are acquired, aligned and merged into a 3D tomographic reconstruction by a weighted
backprojection method

104

. However, some limitations should be considered, such as the

missing-wedge (lack of information from the missing high tilt projections) as well as sample
thickness, which is limited to around 500 nm

105

. Therefore, the thin cells of M. gryphiswaldense

(~400 nm) 43 are ideal candidates for examination by this technique.
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Figure Synopsis 2. MamY structure serves to position and scaffold a magnetosome chain. A. TEM micrograph of
the WT strain shows magnetosome chain localization from positive-to-positive inner curvature (white arrowheads).
B. ∆mamK strain depicting fragmented chains properly localized at the positive inner curvatures (red dashed line).
Ci. 3D rendering of a tomographed WT cell. Cii. Transversal view of the cell indicated by the red arrowhead shown
in Ci. White dashed lines: projection of the membrane. White curved semi-transparent arrow: magnetosome chain
along the positive inner membrane curvature (geodetic axis). White arrows: points of positive curvature from
segmented membranes. D. A ∆mamY cell with mislocalized chain at the inner negative curvature. Red dashed line:
WT-like chain positioning. E. Collapsed chain phenotype of the double deletion ∆mamKY strain with clustered
magnetosomes. F. A ∆mamJ cell depicting clusters of magnetosomes. G. 3D-SIM illustrating the MamY-mCherry
localization along the spirillum positive curvature. Gi. Z-stack maximum intensity projection of the mCherry-MamY
signal. Brightfield channel: blue. Gii. Fluorescence signal in the z-axis from the cell shown in Gi. Giii. Maximum
intensity projections of rotation around the y-axis of the fluorescence signal shown in Gii. Hi. PALM of Dendra2MamY in the WT strain. Image represents a PSF (point spread function) rendering of all detected single events.
Inset: brightfield channel. Hii. Clustering of events: events were clustered if the distance of their localization
precision areas were ≤ 0 nm. Light blue clusters: 5 to 50 molecules. Dark blue clusters: > 50 molecules.
Insets: magnified area. Scale bars for electron micrographs and SIM: 1 µm, for PALM: 500 nm.
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Cryo-ET analysis of WT cells showed that the magnetosome chain indeed follows a specific
geodetic path along the inner positive curvature of the cytoplasmic membrane in the helical cell
(Figure Synopsis 2Ci-ii), an arrangement that likely causes maximum magnetotaxis response.
MamY appears directly implicated in the geodetic positioning of the magnetosome chain, which
is lost upon mamY deletion (Figure Synopsis 2D), causing a decreased cellular magnetic
response. Strikingly, double deletion of mamK and mamY completely abolished the
magnetosome chain organization (Figure Synopsis 2E), resembling that of the ∆mamJ mutant
phenotype (Figure Synopsis 2F) and strongly suggesting that MamY functions as organelle
organizing and scaffolding element. By means of 3D-SIM and PALM, we demonstrated that
MamY displays a linear localization along the cellular geodetic axis underneath the membrane
in vivo (Figure Synopsis 2Gi-iii and 2Hi). Further, single-molecule events assessment by a
clustering algorithm, which groups events that are theoretically able to interact (based on the
proximity of their localization precision areas), suggested that MamY assembles into a putative
polymeric structure along the geodetic axis of the helical cell (Figure Synopsis 2Hii). MamY
protein truncation experiments indicated that a membrane-bound curvature-sensitive domain
could be physically separated from the magnetosome-recruiting section of the protein.
In order to recreate a de novo synthetic magnetosome chain on MamY in vivo, we used an
intracellular “nanotrap” approach to bypass the functions MamK and MamJ. Construction of an
artificial magnetosome chain onto the MamY structure demonstrated its capability to hold and
concatenate magnetosomes into chains by itself, even in the absence of the MamK filament. This
further substantiated that MamY is a genuine scaffolding element.
We thereby demonstrated that MamY is the missing stabilizing determinant of the
magnetosome chains in M. gryphiswaldense, and revealed MamY as the first membrane-bound
curvature-sensing protein with dedicated dual role acting in organelle scaffolding and
positioning. We further found that the geodetic localization feature of MamY is essential to
properly position the linear magnetoreceptor inside the helical cell. By aligning the spirillum
cellular motility axis and magnetic-dipole moment of the magnetosome chain, MamY
harmonizes swimming direction and magnetotaxis. Thus, we determined that both the MamK
and MamY scaffolding structures are fundamental to form a coherent and properly positioned
magnetosome chain.
Overall, our results suggest that in magnetotactic spirilla, magnetotaxis is tied to cell shape and
highlight that the cell biology of bacteria and magnetotaxis is much more sophisticated than
assumed. Finally, we coined the term “magnetoskeleton” to define the complex magnetosomeassociated cytoskeleton, now consisting of the membrane-bound curvature-sensing MamY
structure, actin-like MamK filament and the adaptor MamJ proteins.
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3.2 Role of PopZ and MipZ in the cell cycle and magnetosomes organization of
M. gryphiswaldense
Chromosome partitioning and cell division are widely addressed in bacteria. Yet, the
synchronization between organelle segregation and cell cycle has been poorly studied. Over the
last decade, magnetosomes assembly and inheritance have been exhaustively examined.
However, thus far, not much is know about magnetotactic bacteria cell cycle regulation and its
involvement in magnetosomes organization. In this work, we examined the role of putative cell
cycle related elements to evaluate, first, whether there are canonical equivalent of such elements
and, secondly, to investigate their function in magnetosomes dynamics. Consequently, we
searched for putative cell cycle orthologs in M. gryphiswaldense. PopZ generates an important
organizing center at the poles in the related Alphaproteobacterium C. crescentus, thereby
governing chromosome segregation and cell division 92,93.

Figure Synopsis 3. PopZ has a role in cell division. A. In vivo time-lapse fluorescence imaging of PopZ-EGFP
displays a perpetual bipolar localization. B. TEM micrographs of the ∆popZ strain displaying an elongated cell
defected in cell division and an enlarged magnetosome chain localizing at the cell center. C. A filamentous ∆popZ cell
imaged by fluorescence microscopy (DAPI: Nucleic acids and PHBs granules are observed by DAPI and Nile Red
staining, respectively). Scale bars: 3 µm. D. Conventional cryo-ET of a ∆popZ cell pole area displaying mini-cell
formation and missegregation of cellular material. Di. Tomographic slice through the central part of the cell.
Inset: magnified black dashed rectangle area displaying the base plate layer of a chemoreceptor array (black double
arrowhead). Dii. 3D rendering and segmentation of relevant subcellular features from cell in Di. Diii-v. Magnified
tomographic slices of the minicell section with highlighted features: (Diii) magnetosome vesicles (Black arrows),
(Div) the MamK filament and (Dv) the chemoreceptor array (Red arrowhead: periplasmic chemoreceptor domains.
Black double arrowhead: chemoreceptor base plate layer). Scale bars: Di (200nm), Diii-v and inset in Di (100nm).
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Here, we studied a PopZMgr homolog in M. gryphiswaldense (Chapter 3). Unlike the canonical
C. crescentus PopZCc, PopZMgr showed a bipolar localization throughout the cell cycle (Figure
Synopsis 3A). The appearance of a new PopZ focus at the site of division of a pre-divisional cell
was observed. 3D-SIM allowed resolving that area with higher resolution, and the presence of
two foci at the cell division area was observed, suggesting that definition of the new poles in
M. gryphiswaldense may occur before completion of cell division. The popZMgr deletion mutant
showed dramatically elongated cells with a conspicuous cell division defect (Figure Synopsis 3B
and 3C). Further, cryo-ET revealed that the ΔpopZ mutant strain present mini-cell formation at
the poles (Figure Synopsis 3Di-Dv), which indicated a clear mispositioning of the septum. An
examined mini-cell contained a chemoreceptor array, magnetosome vesicles, ribosomes and a
filamentous structure, likely corresponding to portions of the MamK filament. These
observations evidenced the cell division defect and a putative missegregation of cellular
content.
Furthermore, ΔpopZ cells exhibited impaired motility and magneto-aerotaxis as analyzed by a
swarming motility assay, likely due to cell clumping and slow growth. The magnetosomes were
still organized into chains, which were roughly positioned at midcell (Figure Synopsis 3B), and
no conspicuous mispartitioning or missegregation problems were observed. As MamK
filaments undergo a treadmilling behavior in which the subunits are incorporated by the pole,
we tested whether the polar PopZMgr affects the MamK filament dynamics. FRAP of MamK
filaments upon popZMgr absence showed that they still undergo treadmilling and add subunits at
the poles. Also, MamK filaments displayed a similar half-time recovery of the fluorescence to
that of WT cells. In addition, overproduction of PopZMgr generated an exclusion zone at the pole
devoid of PHB granules and chromosomal DNA, similar to previous observations for PopZCc in
C. crescentus. Finally, the distinct localization patterns showed by PopZMgr and PopZCc
prompted us to test whether this fact is host dependent. Subcellular localization of PopZMgr in
the heterologous host C. crescentus showed the typical unipolar to bipolar localization intrinsic
from PopZCc, whereas in Escherichia coli, PopZMgr formed a focus in DNA-free zones. Thus,
unipolar or bipolar PopZ localization likely requires host specific factors.
In summary, seemingly PopZMgr is not involved in either magnetosome chain assembly and
positioning. Nevertheless, PopZMgr is an essential element for the cell cycle and cell division,
resembling that of PopZCc function, and controls septum localization indirectly, likely by
regulation of chromosome segregation and thus MipZ action. The fact that the PopZ dynamic
localization seems host-specific, but not an inherent property of the protein evidenced likely
distinct species-specific mechanisms of cellular organization.
Downstream of PopZ, the gradient-forming protein MipZ coordinates chromosome segregation
with cell division. In C. crescentus, by interaction with the chromosome partitioning ParB
protein, MipZ follows the migrating sister chromosome towards the new cell pole.
Simultaneously, MipZ inhibits FtsZ polymerization, avoiding the Z-ring formation in a place
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other than midcell, where the lowest MipZ concentration is found after proper chromosome
segregation 94,95.
Interestingly, M. gryphiswaldense exhibits two MipZ-like proteins encoded in its genome
(Chapter 4). Subcellular localization analysis by fluorescent microscopy showed that
MipZ-like 1 created a gradient-like pattern within the cell (Figure Synopsis 4A), resembling that
of the C. crescentus MipZ, whereas MipZ-like 2 signal was spread throughout the cell. The loss
of MipZ-like 1 gradient localization by inducing protein overproduction generated a
conspicuous cell division defect (Figure Synopsis 4B). Unexpectedly, although MipZ is an
essential protein in C. crescentus, the deletion of the mipZ-like 1 gene was feasible in
M. gryphiswaldense. Lack of mipZ-like 1 elicited filamentous cells (Figure Synopsis 4Ci-Ciii,
4D and 4Ei-ii) and confirmed its importance for cell division. Yet, cell division in the
ΔmipZ-like 1 mutant was not abolished and presented aberrant and sporadically divided cells
(Figure Synopsis 4D). Cryo-ET of an elongated ΔmipZ-like 1 mutant cell undergoing division
displayed the characteristic unidirectional septum invagination described for M. gryphiswaldense
(Figure Synopsis 4Ei-ii). Furthermore, MamK filaments were found flanking the magnetosome
chain with no evident anomalies (Figure Synopsis 4Ei-ii). Therefore, both the membrane
constriction and MamK cytoskeleton seemed unaffected in the absence of MipZ-like 1.
On the other hand, the mipZ-like 2 mutant displayed a WT-like phenotype. Remarkably,
deletion of both mipZ-like genes in M. gryphiswaldense was also possible. Deletion of mipZ-like 1
in the ΔmipZ-like 2 genetic background originated the ΔmipZ-like 1 ΔmipZ-like 2 double mutant
that showed elongated cells, reminiscent of the ΔmipZ-like 1 strain phenotype.
Despite the importance of MipZ-like 1 in the cell cycle of M. gryphiswaldense, it seems not to be
involved in magnetosomes organelles positioning and segregation (Figure Synopsis 4Ci-iii).
Photokinetic studies showed that MipZ-like 1 turnover is similar to that of C. crescentus MipZ
(Figure Synopsis 4Fi-ii), while the dynamics of MipZ-like 2 protein is four-fold slower.
Biochemical in vitro analyses of MipZ-like 1 showed that it is an ATPase that binds the putative
ParB protein from M. gryphiswaldense, analogous to the MipZ-ParB interplay seen in
C. crescentus. Also, MipZ-like 1 binds DNA in an unspecific manner in vivo and in vitro.
Moreover, it appears that the dimeric state of MipZ-like 1 inhibits FtsZ polymerization by
inducing its GTPase activity (Figure 4G). Unlike MipZ from C. crescentus, the putative
monomeric state of MipZ-like 1 also had an effect in FtsZ GTPase activity and polymerization.
Furthermore, although MipZ-like 1 protein is relevant for the cell cycle of M. gryphiswaldense,
deletion of both mipZ-like genes was possible, suggesting that their functions are not essential.
Altogether, these findings denote a likely distinctive mechanism of action for MipZ-like 1
compared to C. crescentus. Also, these results demonstrate that M. gryphiswaldense possesses a
MipZ protein (MipZ-like 1) that potentially coordinates chromosome segregation to cell
division in a similar manner as in C. crescentus.
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Figure Synopsis 4. MipZ-like 1 forms a dynamic gradient that influences cell division. A. Fluorescence micrograph
of mCherry-MipZ-like 1 shows a gradient with highest concentration at the poles and lowest at cell center
(magnetosome chain: MamC-EGFP). B. Overexpression of mCherry-MipZ-like 1 (green) shows gradient loss and a
cell division defect. C. TEM micrographs of ∆mipZ-like 1 mutant cells, displaying (Ci) strongly elongated cells,
(Cii) normal sized and (Ciii) an even magnetosome chain partitioning (black arrowhead). D. In vivo time-lapse
microscopy of ∆mipZ-like 1 mutant strain shows filamentous growth (white arrowheads indicate divided cells).
E. Cryo-electron tomography of a ΔmipZ-like 1 cell division site from an elongated cell (as shown in D time point 8h).
Ei. Slice through a tomogram displaying the unidirectional constriction of the septum (black arrow). Eii. 3D surface
rendering of the cell shown in Ei. Magnetosome vesicles: yellow; actin-like MamK filament: green; chemoreceptor
arrays: purple. The cellular envelope inner and outer membranes are depicted in blue. F. Photobleaching of
mCherry-MipZ was used to evaluate the recovery of the fluorescence corresponding to the MipZ-like 1 gradient.
Fi. Quantification of the fluorescence recovery. Fii. Representative time-lapse images of an examined cell by FRAP.
White dashed circles: bleached area. G. Effect of MipZ on FtsZ polymers. Left: FtsZ plus GTP. Right: FtsZ plus GTP,
MipZ and ATP. Scale bars: 1 µm. Ei and G: 100nm.

Collectively, PopZ and MipZ from M. gryphiswaldense and C. crescentus are similar in many
aspects. However, they also behave slightly different (PopZMgr bipolar localization and nonessential role of MipZ in M. gryphiswaldense), which evidences a likely distinct underlying
mechanism

of

cellular

spatiotemporal

regulation

and

division

for

these

species.

Notwithstanding the lack of a functional role of PopZ and MipZ in magnetosomes organization,
these two studies (Chapters 3 and 4) paved the path to begin comprehending how cell cycle is
regulated in M. gryphiswaldense. Following from this work, dissection of additional putative cell
cycle regulators in M. gryphiswaldense (downstream of PopZ and MipZ) and their function in
relation to magnetosome chain organization should be carried out (see Discussion).
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3.3 In situ Volta phase plate cryo-ET reveals novel cytoskeletal and magnetosomal
structures
3.3.1 PopZ forms a 3D network of connected filaments
Previous structural studies of PopZ have been limited to the protein itself. Using nuclear
magnetic resonance spectroscopy and circular dichroism, it has been determined that the PopZ
protein has a disordered N-terminal region that can adopt different configurations. This is the,
so-called, molecular recognition features region of PopZ, which enables its interaction with
distinct protein partners and is the base of its multifaceted hub activity 96. It has been further
shown that PopZ forms filaments in vitro, which were proposed to form a yet debatable
network

92

. The putative network consisted of disordered filaments supposedly connected as

visualized by TEM; however, they might also represent superimposed filaments due to their
high density. A following in vivo PALM examination also suggested that PopZ generates a 3D
ultrastructure or matrix at the cell pole

98

. However, the direct imaging of such network has

been elusive and, thus far, there is no compelling evidence to sustain this hypothesis.

Figure Synopsis 5. PopZ forms a connected and unorganized filament network. A. In situ sensu stricto Volta phase
plate cryo-ET of a WT cell overexpressing PopZ. Ai. The tomographic slice shows a network-like structure extended
throughout the cell pole. Aii. Magnified imaged indicated in Ai (black dashed area) that display a putative PopZ
short and flexible filaments. B. 3D rendering of the cell shown in A, where automated filament segmentation was
applied to extract PopZ filaments (white). Bii. Lateral view of the polar PopZ network. C. Tomographic slices
displaying PopZ filamentous network junctions in situ (red arrowhead). Insets: scheme of the junction. Dashed blue
lines: axis of the slice shown in the right panel. D. Purified PopZ protein imaged by Volta phase plate cryo-ET
(upper panel) and the corresponding automated segmentation (red filaments, lower panel). Scale bars: 100 nm (Ai),
50 nm (D) and 20 nm (Aii and C).
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To answer whether PopZ forms a factual network, we use the Volta phase plate (VPP) cryo-ET
combined technique, which has proved to be a powerful approach to visualize intracellular
structures at the highest available resolution. Briefly, the VPP has revolutionized the cryoelectron microscopy field by dramatically improving signal to noise ratio

106

, i.e., causing an

increment in contrast that allows visualization of unprecedented structures

107-112

. The VPP is a

12 nm thin carbon film placed in the back-focal plane of the electron microscope. The exposure
of the film to the electron beam generates an electrostatic charging, so-called Volta potential,
which causes an electron phase shift when passing through the film that, ultimately, results in
an enhanced contrast 106.
PopZ overproduction in M. gryphiswaldense resulted in an exclusion zone at the cell pole. This
area is devoid of chromosomal DNA and macromolecules (section 3.2 and Chapter 3), which is
in line with previously reported findings in C. crescentus 93. A detailed assessment of this area by
VPP cryo-ET confirmed the lack of ribosomes, organelles and subcellular components. Most
significantly, the tomographic data of such exclusion zone at the cell pole allowed the
visualization of an apparent filamentous network in M. gryphiswaldense (Figure Synopsis 5Ai-ii)
and C. crescentus (not shown). We observed that the PopZ network is composed of short and
flexible filaments that were mostly bent, generating a disordered assemblage that lacks a
particular overall scaffold organization (Figure Synopsis 5Ai-ii). By using automated filament
segmentation tools, we were able to trace and identify individual filaments in an unbiased
manner. 3D rendering of PopZ traced filaments showed that forms a rather chaotic assembly
likely interconnected (Figure Synopsis 5Bi-ii, Movie 1 - multimedia content of in-preparation
manuscript 5). Furthermore, manual curation of the filament tracing confirmed that, in fact, the
PopZ mesh converged in certain points, which originated 3D multiple-way junctions (Figure
Synopsis 5Ci-ii). In agreement, a previous report proposed similar three- and four-way
junctions hypothesized from TEM observations 12. In addition, VPP cryo-ET of purified PopZ
filaments confirmed the flexible nature of the filaments (Figure Synopsis 5D, Movie 2 multimedia content of in-preparation manuscript 5). Therefore, the combination of cryo-ET with
the VPP technology enabled the direct visualization of the PopZ network in situ sensu stricto and
at high resolution. Altogether, the results strongly argue that PopZ forms a tightly packed polar
3D network or scaffold, which consist of disordered rather short and flexible cross-linked
filaments.
There are few other proteins that have been suggested to generate putative intracellular
bacterial networks or scaffolds, such as the intermediate filament-like FilP (filament-forming
protein) and Scy (Streptomyces cytoskeletal element) proteins from Streptomyces
positive-curvature sensor DivIVA protein in Bacillus

115,116

113,114

, and the

. However, thus far, none has been

directly visualized inside the cell. Therefore, the unambiguous confirmation of the existence of a
genuine PopZ filament network in situ is of major significance for the prokaryotic field.
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In addition, disordered hubs are also essential to coordinate and organize intricate signaling
networks in eukaryotic cells. For example, the intrinsically disordered regions of the p53 protein
can adopt different conformations, which generate promiscuity and allow its interaction with
several proteins

117

. In this manner, p53 and PopZ create a cellular hub, i.e., centers of

interaction and regulation. Thus, this work provides primary evidence to begin understanding
how intrinsically disordered hub proteins assemble and function in prokaryotic cells,
knowledge that can be potentially extrapolated to eukaryotes.

3.3.2 A putative magnetosomal periplasmic barrier and protein shell
During the course of this thesis, extensive VPP cryo-ET analysis of many cells of
M. gryphiswaldense was carried out. The processing and examination of more than a hundred
tomograms led to an incidental detection of additional magnetosome- and cellular-related
features, which converged into the unforeseen discovery of novel cytoskeletal structures.
The lumen of magnetosomes that are yet connected to the cytoplasmic membrane appears
continuous with the periplasmic space, as observed by conventional cryo-ET

20,23,32

. However,

attempts to recruit periplasmic EGFP or periplasmic dyes into the magnetosome vesicles have
been unsuccessful

23

. Therefore, it has been assumed that a, so far, undetectable and likely

selective magnetosome barrier that physically separates the periplasmic space from the
magnetosome lumen must exist.
In this work, assessment of VPP cryo-ET collected data revealed a structure representing a
putative physical barrier at the end neck of the magnetosome vesicles (place where the vesicle
connects with the cytoplasmic membrane) and located in the periplasmic space, (Figure
Synopsis 6Ai-iv, black arrowheads). The visualization of such structure was widely distributed
and consistently detected across many cells of M. gryphiswaldense, which comprised WT and
mutant strains (harboring deletions of the mamK, mamJ or mamY genes). This barrier possibly
acts as a plug separating the periplasmic space from the vesicle lumen. This finding is of
substantial interest within the magnetotactic bacteria field, as it provides direct evidence in situ
sensu stricto of the putative and long-speculated magnetosome periplasmic barrier.
Although the function of the periplasmic plug-like structure of the magnetosomes remains to be
corroborated, this study provides the first hint to speculate about the role of this element.
Previously, experimental evidence has suggested that such elusive barrier seems to be selective
and tightly regulated

23

, therefore, it could be hypothesized that the imaged magnetosome

plug-like feature may have a gate-like function.
In a second observation, concentric densities converging into an edge on the magnetosome
membrane surface could be visualized (Figure Synopsis 6Bi-ii, red arrowheads). Such densities
appear to generate a surfacial ring located at a certain distance on the magnetosome membrane.
In addition, radial projections protruding from the magnetosome membrane were observed
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(Figure Synopsis 6Biii, black arrowheads) and located between the membrane and the surfacial
ring.

Figure Synopsis 6. Novel magnetosome structural features. Ai. Volta phase plate cryo-ET of a M. gryphiswaldense
cell shows a magnetosome vesicle attached to the membrane and a plug-like structure that separates the
magnetosome lumen from the periplasmic space (white arrowhead). Aii. Transversal section (y,z) of the cell
displaying the plug-like feature. A cross-section (x,z) through the structure shows an annulus (black dashed area),
which is further magnified (white arrowhead: annulus in x,z slice). CM: cytoplasmic membrane. * Cytoplasm.
Aiii. A magnetosome vesicle with plug-like structure and a cross-section (indicated by a red dashed line). White
arrowhead in cross section (x,z): periplasmic end/tip of the plug. Aiv. Additional tomographic slices of magnetosome
vesicles containing periplasmic plug-like structures (white arrowheads). Yellow arrowheads in A and B: ribosomes.
Bi-ii. Tomographic slice of a magnetosome vesicle displaying a concentric layer on the surface (red arrowheads).
Bi also shows a 3D surface plot of pixel intensity the tomographic slice. The exclusion zone (ring-like peaks) appears
of a similar intensity compared to the magnetosome lumen. Biii. Radial densities protruding from the magnetosome
membrane
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Bv. MamK filaments are not in direct contact with the magnetosome membrane and further experience deformation
nearby the magnetosome (blue arrowheads). Scale bars: 25 nm, Ai most left image: 100nm.
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Interestingly, no ribosomes were detected in contact with the vesicle membrane, and ribosomes
near the vesicle were rare. Instead, the ribosomes were commonly found at the, namely,
magnetosome surfacial ring edge (Figure Synopsis 6Aiv and 6Bi-iv, yellow arrowheads).
Additionally, despite the presence of radial projections, the area between the surfacial ring and
the magnetosome membrane appeared less electron-dense and less crowded compared to the
cytoplasm, displaying a “white halo” (Figure Synopsis 6Bi-ii). This can be visualized in a 3D
projection of the micrograph pixel intensity, in which the exclusion (or brighter) zone formed a
ring around the membrane and displayed similar intensity as the vesicle lumen (Figure
Synopsis 6Bii). Therefore, the presence of a putative exclusion zone located immediately around
the magnetosome membrane can be suggested. This zone represents an area devoid of
ribosomes and cytoplasmic macromolecules. Also, the end of such zone coincided with the
concentric surfacial ring-like density (Figure Synopsis 6Bi-ii). As calculated from tomographic
data, the distance between the magnetosome membranes and its surrounding ring was
determined as roughly 9 to 15 nm. In agreement, recently, an in situ energy dispersive X-ray
mapping approach has described the magnetosome organic matrix as of ~20 nm thickness

118

.

Moreover, a previously reported atomic force microscopy of isolated magnetosomes evidenced
a ~7 nm organic cover surrounding the magnetosomes, which is comprised of the lipid bilayer
and a ~4 nm densely packed cover likely composed of the MamA protein

119

. As it has been

described that the MamA protein appears to be located at the outermost magnetosome layer 119,
it could be hypothesized that the detected ring-like feature surrounding the magnetosome
vesicle could correspond to the putative MamA protein cover.
In addition, a magnetosome vesicle-to-vesicle (i.e., membranes) direct contact was not observed
(Figure Synopsis 6Biv). Accordingly, two independent studies have reported an inter-vesicle
distance of 10 to 12 nm as measured by conventional cryo-ET 22,51. Remarkably, MamK filaments
were not seen in direct contact with the magnetosome vesicle (Figure Synopsis 6Bv), instead,
they were found at a distance from the membrane. Moreover, some parts of the filaments were
found slightly bent when passing by near the vesicles (Figure Synopsis 6Bv, blue arrowheads),
a phenomenon that is likely caused by the putative surfacial protein cover. Therefore, it can be
speculated that such magnetosome surface projected edge may represent the putative protein
capsule or shell that envelopes the magnetosomes, here imaged in situ sensu stricto.
The exclusion zone along with the concentric ring-like edge resembles the previously proposed
magnetosomal matrix 31,118-121. However, the definition of the matrix is conflicting as may or may
not include its membrane as well as the MamA protein cover

31,118-121

. Therefore, to circumvent

this issue, we speculate that the concentric ring-like densities detected might correspond to the
MamA protein cover. This in turn generates the exclusion zone likely populated with
protruding and projecting proteins (radial densities) from the magnetosome membrane surface
or vice versa.
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Although this study provided evidence to suggest that the magnetosome surfacial ring (hereby
tentatively termed protein shell) could represent the tightly packed MamA protein cover, this
needs to be further verified. In conclusion, both the visualization of the putative magnetosome
“protein shell” and periplasmic “barrier” structures are significant to expand the understanding
of magnetosomes biosynthesis.

3.3.3 Unidentified cytoskeletal structures of M. gryphiswaldense
During the development of this thesis, additional cytoskeletal-related elements of M. gryphiswaldense were uncovered. These
findings are highlighted and briefly summarized in this section and the Figure Synopsis 7. Although these results lay the
groundwork for a prospective scientific article, they are yet not part of any listed manuscript under preparation.

In this thesis, the assessment of data obtained by means of VPP cryo-ET further resulted into the
unanticipated detection of novel bacterial structures. First, at the outer membrane level,
peculiar geometric indentations were spotted, which correspond to cylindrical invaginations
(Figure Synopsis 7A, black arrowheads). Similar structures were also observed at the outer
membrane of the C. crescentus (Toro-Nahuelpan and Schüler, unpublished).
Furthermore, short column-like densities radially positioned (perpendicular to the cell
membrane) were visualized in the periplasm (Figure Synopsis 7B, red arrowheads). These
periplasmic columns were found in intimate contact with the inner and outer membrane, and
regularly detected throughout the periplasmic space. These elements are distinct from the
peptidoglycan layer, found between and parallel and the inner and outer membrane.
Interestingly, at the cell poles, the cytoplasmic membrane undergoes deformations that
coincided with the position of such periplasmic columns. Therefore, it could be suggested that
the columns-like structures exert certain pulling tension on the cytoplasmic membrane (Figure
Synopsis 7B, blue arrowheads), which appeared somewhat stretched at points of contact with
such columns. Further, it could be hypothesized that the column-like periplasmic elements
together with the cell wall and osmotic pressure may serve to maintain a balance of the
cytoplasmic membrane tension avoiding its collapse.
In addition, we used a membrane-projecting tool, so-called membranogram (Engel et al,
unpublished), generated to analyze elusive membrane densities of tomographed cells. The
membranogram analysis of M. gryphiswaldense cells showed a periplasmic, cell spanning linear
structure (Figure Synopsis 7Ci). The element was reproducibly detected at the periplasmic
space across the geodetic axis (inner cell curvature) of the helical cell body (Figure
Synopsis 7Ci-ii) and presented a rather irregular appearance (Figure Synopsis 7Ci). Due to its
characteristics, it can be suggested that it is likely composed of peptidoglycan rather than a
protein-based structure. To this, a recent report described a periskeletal structure involved in
curvature regulation of Vibrio cholerae, the CrvA protein. CrvA forms a polymeric structure in
the periplasmic space, which drives asymmetric cell-wall deposition and is required for cell
curvature 122. Also, two concomitant recent reports showed that FtsZ filaments also induce local
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peptidoglycan insertion by recruitment of periplasmic enzymes to the division site

70,71

. Thus, it

can be hypothesized that the cell-spanning periskeletal element observed in M. gryphiswaldense
might be the product of a local and directed stimulation of peptidoglycan synthesis and
deposition. Since the periskeletal linear structure is the most prominent feature detected in the
periplasm of M. gryphiswaldense, and considering its geodetic localization that coincides with
the area of highest curvature in the spirillum, it could be further speculated that this element is
likely to play a role in the spirillum morphology, contributing to or generating the helical cell
shape. However, the nature and function of the geodetic periskeletal element of
M. gryphiswaldense remains to be verified.

Figure Synopsis 7. Unidentified cytoskeletal structures of M. gryphiswaldense. Volta phase plate cryo-ET of
M. gryphiswaldense. A. Tomographic slice displaying outer membrane invaginations (white arrowheads) and a
sectioning across them (x,z). OM: outer membrane. B. Column-like structures at the periplasm (red arrowheads) and
cytoplasmic membrane deformations at contact points with such columns at a cell pole (blue arrowheads).
Ci. Membranogram of the periplasmic space of a M. gryphiswaldense cell shows a cell spanning linear structure (black
arrowhead). Cii. 3D rendering of a M. gryphiswaldense cell illustrating the segmented periskeletal structure (white
arrowhead) at the geodetic axis. D. Membranogram of the inner side of the cytoplasmic membrane from a cell
undergoing division shows putative filaments in a zipper-like pattern. Right: magnified section indicted by the black
dashed area. E. Membranogram the cytoplasmic membrane showing parallel filaments perpendicular to the cell long
axis (black arrowhead). Right: magnified section indicted by the black dashed area. Fi-ii. Tomographic slice of
cytoplasmic structures with tube-like morphology. G. Slice of parallel filament-like elements positioned transversal
to the cell long axis. Scale bars: 25 nm, Fii: 100nm, G: 50nm. This figure is a brief compilation of additional results obtained
during the course of this thesis, which are however not part of any listed manuscript.
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Furthermore, due to their geodetic cellular localizations, a connection between MamY (localized
underneath

cytoplasmic

membrane)

and

the

putative

periskeletal

structure

in

M. gryphiswaldense cannot be discarded. However, mamY deletion did not affect the generation
of the periskeletal element (not shown) or helical shape in M. gryphiswaldense, demonstrating
that is not involved in cell shape determination. Although a localization of MamY dependent of
the geodetic periskeletal element cannot be ruled out.
Third, by means of membranograms, we could also observe several structures located
underneath the cytoplasmic membrane. A dividing M. gryphiswaldense cell displayed putative
filaments in an outstanding zipper-like pattern, which were found in close proximity to the
membrane at the septum (Figure Synopsis 7D). Therefore, it could be hypothesized that they
may relate to the Z-ring. The FtsZ role in cellular division is an extensively investigated issue 123;
however, how FtsZ filaments generate the constricting forces to bend and invaginate the
membrane is not clear. So far, cryo-ET studies of FtsZ have reported filamentous spiral domes,
ring- and arc-like filamentous structures in vivo and in vitro

21,67,77,124

. To this, it can be suggested

that the peculiar arrangement of interleaved putative FtsZ filaments observed in
M. gryphiswaldense might aid to produce the necessary constricting forces to bend and
invaginate the membrane. Thus, this finding might contribute to further understand the
mechanisms of FtsZ-driven cellular division. Nevertheless, the observed filaments zipper-like
organization should be further examined to ensure proper designation of its origin.
Furthermore, several filamentous structures relatively parallel to each other were identified
underneath the membrane. These filament-like elements were found positioned transversal to
the cell long axis (Figure Synopsis 7E). Accordingly, a previous report has shown that actin-like
MreB filaments are likely to arrange in a similar manner 125. Therefore, it could be hypothesized
that these filamentous features detected in M. gryphiswaldense may correspond to MreB
filaments.
Fourth, bundles of hollow tube-like structures were also observed in the cytoplasm (Figure
Synopsis 7Fi-ii), resembling the bacterial mini microtubules described in Prosthecobacter

126,127

.

Also, a bundle of parallel filaments crossing through the short cell axis (cell diameter) was
observed (Figure Synopsis 7G). All filamentous structures were detected in mutants devoid of
mamK, therefore, ruling out MamK filaments as source of such polymeric assemblies.
Despite reporting the imaging of the aforementioned putative cytoskeletal structures of
M. gryphiswaldense, all presented features throughout section 3.3 remain to be assigned and
thoroughly characterized.
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4 Discussion5
4.1 MamK filaments dynamics governs magnetosomes movement
4.1.1 MamK filaments display a directed pole-to-midcell treadmilling growth
In perspective, the magnetosome chain acts as an internal magnetic field sensor that assists
magnetotactic bacteria navigation limiting the traveling dimensionality only to the Earth’s
magnetic field lines, thus, facilitating swimming towards growth-favoring environments at the
bottom of natural waters. However, the mechanism of magnetosome chain assembly,
localization and segregation remained poorly understood. Specifically, it was unclear whether
MamK filaments from M. gryphiswaldense are dynamic and if they play a role in magnetosomes
putative movement.
In this work, photokinetic approaches demonstrated that MamK in fact forms dynamic
filaments that exhibit a specific pole-to-midcell treadmilling growth behavior (Figure 10).
However, a local filament turnover along the filament cannot be discarded. To this, in
M. magneticum, a model of putative lateral interaction has been proposed for MamK and its
second MamK-like homolog

62

. Furthermore, the results showed that an intact ATPase is

5 Section illustration belongs to this work: “3D rendering of a tomographed cell of M. gryphiswaldense“.
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fundamental to maintain the dynamics of MamK filaments, which is in agreement with findings
reported for other bacterial actins 7,128-130.
The currently verified M. gryphiswaldense MamK filament growth by the cell poles was also
previously inferred from cryo-ET observations, where filament bundles ended nearby the cell
polar area 21. Also, the heterologous expression of M. magneticum MamK in E. coli resulted in
filaments that ended at the cellular septa suggesting a putative origin near the cell pole

131

.

In the following, a mechanistic model for the MamK filament treadmilling uncovered in this
thesis is proposed, where MamK units are incorporated at the cell poles (the origin or growing
end of the filament) pushing the subunits in the filament towards midcell, which is equivalent
to exerting a “treadmilling against a wall” (Figure 10). Moreover, MamK filaments from
M. gryphiswaldense are proposed to gradually disassemble at the opposite “old” end, since the
earliest incorporated monomers within the filament might undergo ATPase activity causing
depolymerization (Figure 10). This is supported by the fact that MamK filaments showed a
stronger fluorescent signal at the cell poles from where they grow, signal which decreases along
the filaments length (Chapter 1). In agreement, Ozyamak et al demonstrated that MamK from
M. magneticum requires intact ATPase activity in order to undergo depolymerization 58. Thus,
MamK from M. gryphiswaldense as well as other bacterial actins are proposed to form bundles of
dynamic overlapping polymers that experience turnover or treadmilling 7,129,130,132,133, the latter is
also a characteristic of eukaryotic actin 134.

Figure 10. MamK filament treadmilling. MamK monomers either with ATP (red) or ADP (grey) are part of the
filament, where the MamK-ATP subunits are incorporated at the cell poles, pushing the monomers inside the
filament towards midcell. It is highly probable that the MamK filament disassembles by the opposite older end due
to ATPase hydrolysis, which generates MamK-ADP monomers prompt to depolymerize. Then, the MamK
monomers released from the filament are likely to undergo spontaneous nucleotide exchange to be subsequently
incorporated to the filament at the poles. Black dashed arrows: monomer leaving the filament. Red dashed arrows:
nucleotide exchange. Black-white gradient arrows: MamK-ATP subunits migration towards the growing end of the
MamK filament.
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Unlike MamK from M. magneticum (half-time fluorescence recovery (t ½) ~11 min 59), the MamK
filaments from M. gryphiswaldense undergo a turnover ten-fold faster (t ½ ~70 s) resembling that
of eukaryotic actin (t ½ ~13 s
such as ParM

130

135

) and several bacterial actins involved in plasmid segregation,

, AlfA (t ½ ~45 s

129

) and Alp7 7. Furthermore, MamJ and the MamJ-like LimJ

proteins are essential for MamK dynamics in M. magneticum, as their absence caused absolute
static filaments 59. Here, the absence of MamJ in M. gryphiswaldense still caused highly dynamic
MamK filaments. Therefore, although MamJ slightly influences the MamK filament dynamic in
a positive fashion in M. gryphiswaldense, it can be suggested that no additional MAI-encoded
proteins are necessary for the existence of M. gryphiswaldense MamK filament dynamics, which
appears to be self-sustained exhibiting recovery rates of similar magnitude and treadmilling
growth in several genetic backgrounds (even in an heterologous host). Those phenotypic
differences between M. gryphiswaldense and M. magneticum might be attributed to already
reported species-specific characteristics discussed in detail below (Discussion section 4.4).
Furthermore, MamJ turnover rate demonstrated to be significantly faster (t ½ ~10 s) when
compared to the MamK filament dynamics. Also, MamJ dynamics remain unaffected upon
presence of either native MamK or MamKD161A mutant, suggesting that its turnover is
independent of MamK dynamics. Since MamJ is known to interact with MamK

24

and, indeed,

co-localized as a filament when MamK is present 61, it can be concluded that MamJ and MamK
undergo a rather transient interaction.
Additionally, an intact ATPase activity was shown to be fundamental for proper MamK
filaments dynamics - in this case, treadmilling - as the D161A residue replacement cause static
filaments. Remarkably, this mutation also resulted in cells that chained-up, likely owing to the
highly stabilized non-dynamic MamK filaments crossing the cell division site as visualized by
cryo-ET (Chapter 1). Likewise, previous studies with equivalent mutations in bacterial
actins 7,129 or tubulin-like proteins 136, and overexpression of other cytoskeletal structures such as
intermediate filament-like proteins

137

showed similar phenotypes. Likely, the constricting

septum requires higher forces to partition these stable filaments, which might also be finally
separated due to local disassembly or putative turnover, supporting the hypothesis that
M. gryphiswaldense cells are connected by stiff MamKD161A filaments. This is in line with previous
observations that MamK (in M. magneticum) and ParM polymer disassembly require a
functional ATPase domain, as a similar residue exchange, formed stable polymers in vivo 59 and
in vitro 58,130.
Furthermore, the concept of “cytomotive filaments” has been coined for filaments that act as
linear motors based on a nucleotide-dependent dynamic assembly and/or bending, which
comprise homologs of actin and tubulin. Cytomotive filaments create a linear driving force that
can push or pull cellular objects and/or position them against a concentration gradient or
thermal motion

138

. Therefore, based on previous observations

21,58,59

and the results from this

work, the actin-like MamK filaments can be certainly cataloged as cytomotive.
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In addition, during development of this work, a new categorization and nomenclature for
filament-forming proteins has been proposed

139

. The classification is considering parameters of

assembly such as polymer internal arrangement, nucleotide binding, and whether the
polymerization is independent (spontaneously assembled) or collaborative (required a matrix
or scaffold to polymerize)

139

. The cytomotive actin filaments are designated as 2P(ANXP)N, i.e.,

two parallel (P) protofilaments that hydrolyze ATP (NXP) in order to generate a polymer
(AN, where A represent a monomer and N polymerization) 139. Therefore, based on the reported
structure for MamK filaments

58,140,141

and relying on the nomenclature system, the cytomotive

MamK filaments can also be assigned as 2P(ANXP)N, alike to actins.

4.1.2 MamK filament treadmilling is essential for magnetosome repositioning movement,
equipartitioning and, ultimately, proper segregation
Previously, it has been shown that MamK filaments are fundamental for magnetosome chain
recruitment to the cell division site in M. gryphiswaldense

21

. It was therefore speculated that

subsequently to the magnetosome chain division, the generated subchains are rapidly
repositioned into the daughter cells likely in a MamK-dependent fashion. However, so far,
whether the magnetosome chain undergoes a factual intracellular motion or repositioning, and
if MamK filaments are involved in such magnetosomes putative transport remained elusive.
In this work, it has been uncovered that the consistent magnetosome chain midcell localization
(Figure 11A) is due to a factual intracellular directed movement. To this, it should be considered
that after cell division, eventually new MamK filaments originate at the newly generated poles
of the nascent cells, which is also the place where the magnetosome chain is positioned
(Figure 11B). Then, the MamK cytomotive filaments provide the force to pull the chain towards
midcell, where migration finally ceases. The motion towards midcell is not random as expected
for a diffusion process, but instead is directed and stops specifically at the center of the
newborn cell, likely due to the (opposed) forces contribution of the two MamK filaments
(one per cell pole) keeping the chain at midcell (Figure 11A and 11C).
Magnetosomes movement and equipartitioning were strongly affected in the MamKD161A
mutant (impaired in dynamics generating static filaments), indicating that magnetosomes
repositioning movement relies directly on the MamK filament directed treadmilling behavior.
Furthermore, founded on the following premises: (i) the magnetosome chain splitting must
occur between two magnetosomes, and (ii) the size of a magnetosome is the maximal precision
at which the chain center can be found, the data suggest that magnetosome chain is
equipartitioned at the highest possible biological accuracy. Notably, the precision to locate the
septum at the magnetosome chain center was calculated as one-to-two magnetosomes. Hence,
since magnetosomes are not continuous lines but consist of discrete units; a higher precision to
locate the chain center would likely be unachievable. In effect, acknowledging a minor
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missegregated fraction (Chapter 1), the accuracy of equal magnetosome chain division observed
here is close to maximal.

Figure 11. Magnetosomes intracellular repositioning. A. M. gryphiswaldense cell depicting a single and central
positioned magnetosome chain aided by pole-to-midcell MamK filament treadmilling forces. B. Elongated
pre-divisional cell showing the MamK filament exerting forces direction (green arrows), the unidirectional
constriction of the cell division site (grey arrowhead) and the cell bending (double headed arrow). C. Magnetosome
chain pole-to-midcell repositioning based on the eventual MamK filament growth at the newly generated daughter
cell poles.

4.1.3 A new mechanistic model for the MamK filament action on magnetosomes dynamics
The results of this thesis converge into a model in which magnetosomes undergo a directed and
active transport that specifically relies on the MamK filament treadmilling and its interaction
with MamJ. Previous evidence suggested that MamJ links magnetosomes to the MamK
filament 24,60. In this manner, this interaction enables MamJ to transfer the forces generated by
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MamK filaments to the magnetosomes. Thus, the magnetosome chain is pulled from the poles
of recently divided cells towards midcell due to the inherent properties of the MamK filament
(pole-to-midcell) directed treadmilling growth behavior (Figure 12A). Consequently, the
interplay of MamJ and MamK could be interpreted as a dynamic mechanism where a putative
constant

generation

and

breakage

of

the

interactions

between

MamK-MamJ

and

magnetosomes-MamJ ultimately results in the pulling of magnetosomes from the pole towards
midcell.

Figure 12. MamK filament dynamics in magnetosome chain concatenation and motion. A. Scheme of the pole of a
recently divided M. gryphiswaldense cell. Immediately after cell division, the magnetosome chain localizes at the cell
pole of the nascent cell (upper panel). The directed pole-to-midcell treadmilling growth of the MamK filament
treadmilling and interplay with MamJ assist the magnetosome chain migration (black arrows) from the pole towards
midcell (middle and lower panels). B. Upon de novo magnetosomes genesis, MamK filament forces exerted from both
directions along the cell long axis (red arrows) together with magnetic interactions aid the concatenation of
magnetosomes into a single chain positioned at midcell. C. Detailed model depicting the MamK filament polar
subunit incorporation, filament interplay with MamJ and magnetosomes (see section 4.1.2 for description). Figure
modified after Toro-Nahuelpan et al (2016) from Chapter 1.

To notice, MamK treadmilling is faster (~310-340 nm/min) than magnetosome chain motion
(~18 nm/min). However, regarding to this discrepancy, it could be inferred that the intracellular
directed motion of a large object, such as a magnetosome chain, requires elevated energy to be
transported against the bacterial viscous cytoplasmic forces, where objects motion is
disproportionally constrained by its increasing size

142

. Thus, the fast-moving MamK-MamJ

“tracks” might provide the necessary force for magnetosomes repositioning and transport
against the friction exerted by the cytoplasmic viscosity. In agreement, the acting forces exerted
by the pole-to-midcell treadmilling growth of the MamK filament could assist magnetosomes
concatenation into a single linear chain (Figure 12B). Thus, ab initio, nascent magnetosomes
from random locations within the cell are pulled towards midcell by opposing forces of the
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MamK filaments that emerge from each pole, which might be aided by magnetic interactions
between adjacent magnetosomes generate a string of magnetosomes located at midcell as a final
destination. A recent study however, showed that a non-magnetic mutant of M. gryphiswaldense
that harbors empty magnetosome vesicles is capable of forming a chain-like arrangement

51

.

Similar conclusions were drawn in M. magneticum, in which magnetic interactions seem to be
dispensable for the alignment of magnetosomes into a chain, which specifically depended on
presence of the MamK filament

20

. In agreement, it has been shown that eukaryotic actin

polymerization can generate forces of ~1pN 143,144. Noteworthy, computer simulations confirmed
that magnetic interactions alone are not sufficient to conduce magnetosomes formation into a
chain

65

, and suggested that it is driven by an active transport (1pN required) and magnetic

interactions, theory which is substantiated by results of the present work.
The presented models are oversimplified for better comprehension; however, the mechanism
might be more complex, encompassing bundles of filaments (Figure 12C) as previously shown
in situ

22

. Thus, the MamK subunits may incorporate in the filament at the cell poles (Step 1,

Figure 12C), while MamJ could interact transiently either with free MamK or MamK monomers
in the filament (Step 2, Figure 12C), and also associating-dissociating from magnetosomes
(Step 3, Figure 12C).
In conclusion, dynamic MamK filaments and its interplay with MamJ likely provide the driving
force for intracellular motion of individual magnetosomes as well as a whole magnetosome
chain. This is, in turn, fundamental for proper magnetosome chain assembly, precise
equipartitioning,

pole-to-midcell

transport

into

daughter

cells

and,

consequently,

magnetosomes organelles segregation.

4.1.4 A putative classification for partitioning modes of prokaryotic organelles
Prokaryotic organelles have been defined as protein or protein-membrane complexes and
micro-compartments enclosed by a protein or a lipid (mono- or bi-) layer

145

. Later, a more

constrained categorization was proposed by Murat el al 9, which considered only membraneand protein-bounded organelles with dedicated biochemical function.
In order to propose a classification system for bacterial organelle partitioning, it is imperative
first to define what an organelle is. A first essential characteristic is that to be partitioned, an
organelle must first be inherited or passed onto the next generation, meaning that it should not
be only limited to de novo generation into the offspring. A second parameter that follows from
the above is that the acquired organelle by the daughter cell must be functional. Third, an
organelle must be an intracellular micro-compartment, either membrane-bounded or enclosed
by a lipid or protein monolayer, with a specific biochemical or biological function. Finally and
logically, information about its partitioning mechanism must be available, at least until certain
degree.
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In this work, the mechanism of action for magnetosomes partitioning, transport and motion
were systematically dissected for the first time. Based on the new evidence, it becomes clear that
magnetosomes segregation is driven by actin-like filaments, where the magnetosomes
represents the cargo, MamJ the adaptor and the actin-like MamK the driving motor protein. In
addition to magnetosomes, to date, only one case of distribution of bacterial microcompartments directed by a ParA Walker-type ATPase motor protein has been described for
carboxysomes. Deletion of parA led to a carboxysomes spatial misdistribution resulting in a
missegregation into the offspring. Yet, the direct physical link or adaptor between ParA and
carboxysomes organelles is unknown. However and notably, unlike magnetosomes that are
actively transported by the actin-like MamK protein, carboxysomes appears to be spatially
distributed by a ParA-like motor protein 12.
In analogy, the mechanisms for chromosome and plasmid partitioning (par) system are
classified based on the motor protein utilized. The Type-I and Type-II systems both contain a
cargo (chromosome), an adaptor (DNA-binding protein) and an NTPase motor protein, which
is a Walker-type or a cytomotive actin-like, respectively. Thus, the motor and adaptor protein
interact in order to segregate the genetic material

13,101

. Based on this par system, hereby, a

classification for bacterial micro-compartments partitioning akin to the genetic material
partitioning system is proposed. Thus, as the actin-like MamK filament actively drives
magnetosomes segregation, they could represent a type-II organelle partitioning system
(Figure 12C), whereas the less understood carboxysomes model the type-I system.
Currently, the use of state-of-art light and electron microscopy techniques are rapidly
expanding the knowledge of microbial cell biology. Therefore, it can be anticipated that in the
short term, more organelles are likely to be comprised within this proposed categorization or
even expanded to further partitioning mechanisms. For example, also a Type-III system for
plasmid segregation has been proposed, which uses a tubulin-like GTPase as motor
protein 136,146,147.
Furthermore, in an attempt to fulfill the mechanistic gap of how carboxysomes are spatially and
regularly distributed, and upon the assumption that carboxysomes interact with ParA by any
means (e.g. directly or by an adaptor protein), it can be speculated that their cellular even
distribution occurs in a similar fashion as ParA assist DNA migration. To date, it is
hypothesized that the bacterial genetic material segregation occurs by a ParA gradient, which
forms a propagating wave followed by the DNA-binding ParB and its bound cargo. Thus, the
cargo transport is proposed to be carried out either by a ParA diffusion-ratchet 148,149 or a DNArelay model. In the latter, the elasticity of the chromosome plays a mechanical role, assisting
ParA motion and its cargo by means of ParA-DNA interactions

150,151

. Also, a third less popular

model is a DNA-segregating spindle-like apparatus formed by ParA; however, the evidence is
arguable
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. Therefore, as for carboxysomes distribution by its ParA-like motor protein, a
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diffusion-ratchet mode of action can be expected. Though, upon putative unspecific binding to
DNA, the carboxysomes-segregating ParA could also experience a DNA-relay mechanism.
Furthermore, taking into consideration the extensive dissimilarities and divergences, the
uncovered mechanism of magnetosomes segregation could be tentatively placed into the
context of the eukaryotic model. In eukaryotes, microtubules and actin filaments act
cooperatively serving as tracks for motor proteins (such as kinesin/dynein and myosin V, for
microtubule and actin respectively) to transport organelles during the cell cycle

153

. In

Saccharomyces cerevisiae, most of the organelles (among them: vacuole, peroxisomes,
mitochondria, late Golgi elements) are segregated by the actin cytoskeleton operating together
with Myosin V, a motor protein that associates to cargo-specific adaptor proteins, carrying them
to the bud

154-158

. Acknowledging major differences and recognizing that this comparison is

highly speculative, the hereby proposed magnetosomes transport and segregation model can be
partially analogized to the myosin-actin organelle transport in yeast 154,156. Assuming that MamJ
can interact with MamK in its filamentous form 61, it can be hypothesized that cargo-associated
MamJ (a non-motor) protein does not slide or walk along the MamK filaments (as myosin does
along actin filaments), but instead MamJ is carried by MamK like “a luggage on a belt”.
Additionally, the MamJ transient interaction with MamK would result in a constant jumping on
and off of the MamK filament (Figure 12C). Thus, MamK and its interplay with MamJ provide
the driving force for magnetosome chain intracellular mobility, reminiscent of the organelle
segregation by actin in the budding yeast.

4.2 MamY as a novel magnetosome scaffolding element
Since their discovery and for a decade, the adaptor MamJ and the actin-like MamK filament
have been accepted and recognized as the two canonical elements to generate a linear
concatenated chain of magnetosomes. However, the conflicting fact that the mamK mutant still
generates magnetosome chains in M. gryphiswaldense was hereby reconciled. The discovery of
the MamY function revealed the so far missing link and unrecognized cytoskeleton structure
that is essential for magnetosomes configuration into a chain and intracellular positioning. The
results from this thesis along with previous work (87,159, and Müller, unpublished) showed that
MamY localizes in the inner membrane along the geodetic axis in vivo and, remarkably,
provides the infrastructure to hold and properly position a chain of magnetosomes.
In addition, magnetosomes tethering to MamY in ΔmamJ cells resulted in reconstituted albeit
fragmented chains, resembling the mamK mutant, even though mamK was present. Therefore,
the magnetosomes seem to be recruited exclusively to MamY, supporting that MamJ is needed
for magnetosomes-MamK contact. The present findings further substantiate the importance of
the MamK filament and its dynamics to generate a single concatenated and midcell located
magnetosome chain (Synopsis section 3.1 and Chapter 1).
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Similarly, reconstruction of a synthetic magnetosome chain onto the MamK filament in the
presence of mamY led to a single magnetosome chain at midcell, albeit the geodetic positioning
was lost due to the exclusive magnetosomes recruitment to MamK (Chapter 2). This
corroborates once more the role of MamY in the magnetosome chain geodetic positioning.
Altogether, these results verify that MamJ is fundamental for magnetosomes recruitment to
MamK as well as to the MamY membrane-bound cytoskeleton. In addition, the synthetic
reconstruction of a magnetosome chain in either MamY or MamK cytoskeletal elements
determined that the magnetosomes scaffolding function of both filaments is independent and
do not rely on each other. However, unlike the MamK filament, the MamY scaffolding structure
seems not to be involved in magnetosomes segregation, since its deletion did not affect this
cellular process (Toro-Nahuelpan, Schüler and Müller, unpublished).
In conclusion, the discovery of MamY as a constituent for mechanical support of magnetosomes
is of relevance for the subcellular organization of magnetotactic bacteria. MamY now represents
a cytoskeletal protein with unique properties, in addition to actins and Walker-type ATPases,
and participates as structural and localization factor for organelles in bacteria.

4.2.1 How is MamY positioned at the geodetic axis?
3D-SIM and PALM data indicated that MamY forms a structure along the geodetic membrane
axis in vivo. Moreover, concerning the PALM data, a developed algorithm - to seek putative
interacting molecules based on contiguousness - validated the MamY localization and
continuity. Unexpectedly, the MamY oligomerization and curvature sensing specifically relies
on the transmembrane and the three N-terminal α-helices domains. In order to sense membrane
curvature, a first indispensable prerequisite is strong self-interaction to be able to oligomerize
forming a higher molecular structure since single MamY molecules are certainly far too small to
sense topologies of the cytoplasmic membrane. However, a cell-spanning polymeric structure
could very well become stabilized at a continuous stretch of inner positive membrane
curvature, i.e., the geodetic cellular axis (Figure 13A and 13B). Similar considerations have been
made for DivIVA, a membrane-associated negative curvature-sensing protein

160

. In agreement,

MamY was found to form oligomers in vitro (not shown), and certain level of oligomerization
appears to be required in order to sense membrane curvature and localize properly at the
cellular geodetic axis, as observed by PALM.
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Figure 13. Model for geodetic positioning of MamY. A. 3D representation of a M. gryphiswaldense cell with a cell
spanning MamY geodetic localization (blue line) and a central magnetosome chain associated to the putative MamY
polymeric structure. B. Cross sections the cell shown in A to envision the MamY membrane inserted positioning
along with its localization along the inner positive membrane curvature. Dashed lines indicate the positioning of the
section. Red arrow indicates the inner positive membrane curvature and its location as it moves towards the next
cross section. Figure adapted from Toro-Nahuelpan et al (Chapter 2).

Based on the bacterial two-hybrid and PALM results (Chapter 2), it can be proposed that:
(i)

MamY mainly exists in membrane-bound protein oligomeric or polymeric complexes
that are highly enriched at sites of positive curvature. This, in turn, could further
promote MamY self-interactions leading to the observed geodetic localization pattern.

(ii)

The N-terminal transmembrane domain and the first three α-helices are likely essential
for oligomerization and/or curvature sensing.

(iii)

However, it cannot be discarded that the MamY curvature-sensing capability is indirect
and mediated by a yet unknown constituent that interacts with MamY and the
membrane.

(iv)

Besides an elusive mediator component, such a determinant could well be a specific
membrane lipid composition along the positive curvature similar as known for negative
curvatures such as cell poles or constriction sites 161-164.

(v)

Finally, an association with a periplasmic structure is also conceivable.

69

Discussion

Therefore, MamY is suggested to polymerize, at least to certain extent, in order to sense positive
membrane curvature, which in a helical cell body coincides with the geodetic axis.

4.2.2 MamY aligns the cellular motility axis and magnetic moment
Spirillum-shaped bacteria face a difficult yet unrecognized problem, which is that in order to
take full advantage of their magnetoreceptor, the magnetosome chain must:
(i)

Hold a linear localization inside the helical cell body (enlarging the sensing effect);

(ii)

Be overlapped (parallel) to the cell’s motility axis to avoid periodic magnetosome chain
misalignment during the cell gyratory swimming action.

Because of the absence of MamY in non-helical magnetotactic bacteria, it can be speculated that
MamY evolved specifically in spirillum-shaped magnetotactic bacteria. Based on this, it is
suggested that the function of MamY is to precisely position and fasten the elastic magnetosome
chain to the inner helical cell surface. Thus, MamY optimizes magnetotaxis and reconciles
magnetoreception and cell motility (Figure 13A). However, MamY might not only be limited to
magnetotactic spirilla. Structural proteins often just act by adopting specific folds and therefore
cannot easily be identified by sequence. To identify related proteins, determination of MamY
structure would be advantageous.
In addition, it cannot be ruled out that MamY might have an integrative function between the
bacterial cytoskeleton and organelles, for example, between the MamK filament and
magnetosomes. Thus, although MamY holds a magnetosome chain by itself (upon MamK
absence and vice versa), MamY could potentially (direct or indirectly) interact with the actinlike MamK filament acting in concert to form a magnetosome chain. In this manner, MamY
could resemble the role of Talin in eukaryotes (that connects integrins located at the cell
membrane to actin filaments)

88

, in this case, integrating cytoskeleton and organelles further

generating connectivity and complexity.

4.3 A revised model of the Magnetoskeleton and MamY mechanism of action
In this work, the term magnetoskeleton has been coined to define the magnetosome-specific
cytoskeleton, currently composed of the actin-like MamK, the transmembrane curvaturesensing MamY, and the adaptor MamJ protein. The results expose that the mechanisms of
magnetic organelle assembly, positioning and segregation are more complex than so far
assumed, and that the previous initial models should be extended to a more sophisticated
network consisting of known and yet unknown cytoskeletal proteins and other factors beyond
the MamK-MamJ partnership. Overall, a model depicting the essential role of MamY in
magnetosome chain assembly and positioning is presented, where MamY generates a
geodetically localizing cytoskeletal structure at the cytoplasmic membrane that acts as
70
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topological landmark and mechanical support for magnetosomes (Figure 14A). The latter are
connected via the adaptor protein MamJ to MamY and MamK scaffolding elements
(Figure 14A). Therefore, MamK, MamY and MamJ cytoskeletal elements act in concert to
generate a single concatenated chain of magnetosomes, which localizes at midcell due to the
pole-to-midcell MamK filament treadmilling forces and it is positioned along the geodetic
spirillum membrane axis by the action of MamY (Figure 14A). To reach this mechanically
convoluted and multidimensional modular assemblage, MamJ is an essential component to
bridge the gap between organelles and cytoskeleton (Figure 14A). Altogether, the present
findings uncover the cytoskeletal interacting networks implicated in organelle assembly,
positioning and inheritance.
As mentioned above, MamJ is an essential connector protein between the magnetosomes and
MamK (Figure 14B) 60, allowing MamK to exert forces on the magnetosomes to generate a single
midcell positioned chain

32,165

. In a similar manner, it could be assumed that MamJ must also

(directly or indirectly) be involved in recruitment of the magnetosomes to the MamY
cytoskeleton (Figure 14B). This notion is supported by three observations:
(v)

The

missing

chain

configuration

in

the

mamJ

mutant, where

agglomerated

magnetosomes formed even under the presence of MamY.
(vi)

The very similar phenotype of the mamJ and mamKY deletion mutants displaying
clustered magnetosomes.

(vii) Finally, the possibility to synthetically reconstruct a magnetosome chain onto MamY
bypassing the MamJ function.
Consequently, it is suggested that the putative MamY-MamJ interplay promotes magnetosomes
recruitment to the MamY cytoskeleton, resulting in the observed residual chains in the mamK
mutant.
MamY was also found at the magnetosome membrane (Figure 14B), which interestingly
represents a high positively curved surface, although much stronger bent than the cell body.
Yet, it is unknown if the membrane topology of magnetosomes alone is sufficient to recruit
MamY or if there are other required factors. Preliminary results suggest that MamJ is involved
in MamY recruitment to the magnetosome membrane (data not shown), which supports the
hypothesis of a MamJ-MamY interaction. Also, it can be assumed that as MamY is an integral
membrane protein, the MamJ-mediated recruitment of the MamY molecules into magnetosome
membrane likely occurs before they become pinched off from the cytoplasmic membrane.
Moreover, since MamY has a high potential to self-interact, it can be speculated that MamY
molecules present on the magnetosomes could be in contact with MamY complexes residing at
the cytoplasmic membrane. This, in turn, could assist the recruitment of magnetosomes to the
geodetic axis. However, these putative interactions proved insufficient to maintain the chain
configuration upon loss of mamJ.
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Figure 14. Model of the magnetoskeleton. A. The sketch represents a M. gryphiswaldense cell displaying: a midcell
positioned magnetosome chain; the geodetically localized (in 2D) MamY scaffolding element (blue); MamK filaments
flanking the magnetosomes, and MamJ (red) connecting the magnetosomes to MamK and MamY. Green arrows
indicate the direction of the MamK filament exerting forces. B. A magnified magnetosome model displaying the
MamY as transmembrane protein (blue: cytoplasmic domain; light blue: transmembrane domain) inserted into areas
of positive membrane curvature. MamY is also found in the magnetosome membrane, and it is speculated that
self-interact with MamY molecules sitting at the cytoplasmic membrane. The MamK filament (green) and interplay
with MamJ (orange) is shown. An interaction (direct or indirect) between MamJ (orange) and MamY is suggested.
Magnetite crystal: grey; magnetosome and cytoplasmic membranes: dark green. Figure B is adapted from
Toro-Nahuelpan et al (Chapter 2). Individual structural constituents and membranes are not illustrated to scale.

In summary, it is proposed that MamY forms a geodetic localized cytoskeletal membraneassociated structure, likely by sensing positive curved membranes upon oligomerization, which
is an essential mechanical scaffold for magnetosomes organization into a sophisticated and
higher subcellular order (Figure 13 and 14A). Nevertheless, the molecular mechanism for
oligomerization (protein contact sites) and curvature sensing of MamY remains to be further
investigated.
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4.4 Mechanistic differences of magnetosome biosynthesis and assembly among
magnetotactic bacteria
In several aspects, the two most extensively investigated magnetotactic bacteria models,
M. gryphiswaldense

and

M. magneticum,

have

shown

remarkable

differences.

Firstly,

M. gryphiswaldense assembles a single, continuous and midcell positioned magnetosome chain
that seems to incorporate nascent magnetosomes by the ends of the chain (Figure 7Ai). In
contrast, M. magneticum forms an alignment of magnetosomes throughout the cell long axis and
many intrachain vesicles that lack magnetite crystals, giving the chain an appearance of
discontinuous or fragmented when examined by TEM. Yet, it is not understood the reason of
such crystal-devoid vesicles gaps in M. magneticum.
Furthermore, initial forward genetics approaches that generated single gene mutants have
revealed that deletion of mamK in M. gryphiswaldense

22

caused formation of shorter and

segmented magnetosome chains, while M. magneticum displayed scattered magnetosomes

32

.

Moreover, mamJ deletion in M. gryphiswaldense caused a striking collapse of the magnetosome
chain, instead having clustered organelles

24

. The mamJ mutation in M. magneticum, however,

had only minor consequences, producing gaps within the chain

59

, reminiscent of the

M. gryphiswaldense mamK mutant. Also, mamY deletion in M. gryphiswaldense generated a chain
mispositioning (off-center the spirillum geodetic axis); while ortholog mutation in
M. magneticum caused a minor and debatable increase in vesicle size (from 60 to 68 nm)

86

,

disregarding additional cellular artifacts inherent to the sectioning of resin embedded samples
that may account for such slight variation. These phenotypic differences revealed
incongruences between ortholog mutants. To explain such divergences, the following points
should be taken into consideration:
(i)

MamK filament of M. gryphiswaldense presents unique features, such as treadmilling
behavior and pole-to-midcell directed growth, and also a distinctively higher dynamic,
as the half-time fluorescence recovery is one order of magnitude higher compared to
MamK from M. magneticum. As a matter of fact, the MamK filament dynamics from
M. magneticum is rather similar to that of the non-dynamic highly stable mutant
MamKD161A from M. gryphiswaldense, which may account for strong organizational
differences. Furthermore, the MamKD161A filament stability caused fragmented and
ectopically located chains in M. gryphiswaldense, suggesting that MamK dynamics degree
matters for the formation of a single fully assembled chain.

(ii)

Besides the inter-magnetosome magnetic interactions, an additional directed external
force of ~1 pN is indispensable to form a single and well organized midcell positioned
chain in M. gryphiswaldense 65. Therefore, it can be proposed that the M. gryphiswaldense
MamK filament pole-to-midcell growth and treadmilling behavior may provide the
necessary forces for magnetosomes transport that added to the magnetic interactions
will accomplish a single chain formation in M. gryphiswaldense.
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(iii)

During the course of this thesis, the magnetosome chain assembly in M. magneticum has
been proposed to have two stages. First, upon de novo vesicles formation, a long-range
alignment of magnetosome vesicles (devoid of magnetite crystals) across the long
cellular axis is reached. In this case, the inter-vesicle distances are considerable, leaving
large empty spaces between contiguous magnetosomes. Second, magnetosome vesicles
are further brought together by the MamK filament

20

, suggesting that only MamK is

necessary for the chain assembly and that inter-magnetosomes magnetic forces are
dispensable, conflicting with other studies 24,65.
(iv)

The enlightening of the MamY action in magnetosome chain assembly, as now the
remaining chains seen in the M. gryphiswaldense mamK mutant strain can be explained
due to the magnetosomes scaffolding action of MamY.

In addition, there are more differences concerning magnetosomes vesicle topology. During the
course of this thesis, two parallel studies by Raschdorf et al (2016)

23

and Cornejo et al (2016) 20

demonstrated that while M. gryphiswaldense display two types of vesicle populations:
membrane-attached and membrane-detached, M. magneticum on the other side, has exclusively
membrane-attached vesicles only. Furthermore, in both model organisms, the genesis of
magnetosome vesicles is independent of magnetite biomineralization

20,22-24,32

; however and

conversely, biomineralization relies strictly upon the formation of magnetosome vesicles

20,23

.

Unlike M. gryphiswaldense, M. magneticum has a vesicle emergence and growth development
progress easily tractable

20,32

and, additionally, displays a biomineralization-dependent

expansion of the vesicle, which consist of a two-stage mechanism: first, an initial growth of the
vesicle up to about 50 nm occurs, which remains stalled until the biomineralization begins. This
checkpoint permits to continue to the second stage, where magnetite precipitation causes the
membrane to keep expanding to generate a mature magnetosome particle 20.
Altogether these differences highlight that, although related, these two model organisms
possess distinctive and unique mechanism of magnetosome biogenesis, chain assembly and
intracellular positioning. However, such differences are not entirely unexpected, as both species
showed considerable genetic distinctions shown by, for example, presence of the second
magnetosome islet in M. magneticum.

4.5 PopZ and MipZ are not involved in magnetosomes organization, but act as cell
cycle regulators in M. gryphiswaldense
MamK, MamY and MamJ have been demonstrated to be key players for magnetosome chain
assembly and positioning. However, the contribution of generic cell cycle factors to
magnetosomes positioning and septum recruitment cannot be excluded.
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M. gryphiswaldense presents an asymmetric cell division along the short and long cell axes,
producing an unidirectional indentation of the septum and cells of different size, respectively 21.
In spite of this report and the study from Müller et al (2014) 78, where the role of FtsZ is partially
addressed

78

, the cell cycle regulation and its implications in magnetosomes organization in

M. gryphiswaldense have remained largely neglected.

Figure 15. Cell cycle regulators and magnetoskeleton in M. gryphiswaldense. A pre-divisional cell is illustrated. The
model assumes that the chromosome (not represented) is replicated and that each chromosome is anchored to a cell
pole by means of a ParB-centromere interaction and the corresponding interaction of ParB with PopZ polar hub.
Also, MipZ interaction with ParB at the poles generates a gradient that decreases its concentration towards midcell.
This, in turn, allows the FtsZ polymerization and proper Z-ring (purple) formation at the zone of lowest MipZ
concentration, generating the septum and unidirectional invagination. Magnetosome chain is traversing the cell
division site. MamK and MamY localizations is also integrated.

In this work, the inspection of two important and well-known (C. crescentus) cell cycle
regulators, namely PopZ and MipZ, confirmed their participation into controlling cell division
of M. gryphiswaldense. PopZ seems to be a potential polar landmark organizing hub protein in
M. gryphiswaldense (Figure 15) as it is for C. crescentus. Since deletion of popZ caused a cell
division defect in M. gryphiswaldense (Chapter 3), displaying cell filamentation and also minicell formation at the poles (resembling the popZ mutant phenotype in C. crescentus), it can be
suggested that it has an important function into properly localizing the septum by controlling
the Z-ring assembly likely via MipZ. In this direction, MipZ was analyzed next as reported
downstream of PopZ in the line of action. M. gryphiswaldense harbors two MipZ-like homologs,
from which only the so-called MipZ-like 1 holds an ATPase activity and forms a dynamic
gradient in vivo (Chapter 4). MipZ-like 1 interacts with ParB and induced FtsZ protofilaments
depolymerization (Chapter 4). Therefore, the MipZ-like 1 gradient peaks at the cell poles (where
it is expected to interact with ParB) and displays the lowest concentration level at midcell,
probably acting in assisting the proper Z-ring positioning (Figure 15). Remarkably, unlike in
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C. crescentus, MipZ-like 1 and MipZ-like 2 appear to be non-essential as the single and double
deletion of their encoding gene was successfully carried out in M. gryphiswaldense. This
observation argues for a slightly distinct mechanism of cell division in M. gryphiswaldense.
On a different angle, both PopZ and MipZ cell cycle players did not show an influence either in
magnetosome chain positioning, segregation nor MamK filament dynamics. Therefore, it can be
concluded that the magnetosome chain recruitment to the cell division site occurs downstream
of the currently two above described elements. Likewise, it can be hypothesized that if a
putative regulator for MamK exists - causing the filament to nucleate or grow specifically at the
cell poles -, it is likely polar localized and also downstream of PopZ.
Although a connection between PopZ and MipZ with magnetosomes organization was not
found

(Chapter

3

and

4),

their

characterization

demonstrated

the

versatility

of

M. gryphiswaldense as a useful model organism to investigate prokaryotic organelle organization
throughout the cell cycle. Subsequently, the question of how organelle genesis, localization and
segregation are potentially correlated with cell cycle processes such as chromosome segregation
and cell division needs to be addressed. Concerning this matter, it seems that MamK is in
charge of the equal magnetosomes segregation (Chapter 1); however, it is yet unknown how the
septum is positioned asymmetrically or how MamK precisely positioned the magnetosome
chain at the septum. Possibly, intrinsic cellular factors (non-MAI related) are also relevant for
this purpose. For example, a metagenomic study showed evidence of a MamK-FtsZ chimeric
gene 79. Additionally, an initial cue that FtsZ and MamK display certain level of interaction has
been found, as detected and quantified by a bacterial two-hybrid assay (Toro-Nahuelpan and
Schüler, unpublished). Interestingly, a putative interaction between the actin-like FtsA (a FtsZ
membrane-tethering protein) and MamK has also been independently corroborated
qualitatively

166

and quantitatively (Toro-Nahuelpan and Schüler, unpublished) by differently

based two-hybrid systems. However, the putative MamK interaction with FtsZ and FtsA should
be further corroborated directly and physically by other means, such as a pull-down assay. In
the same line, a de novo magnetosome chains formation in non-magnetic cephalexin-treated cells
(i.e., in cells with stalled cell division sites generating incomplete constriction), resulted in
chains that were still recruited at the constricted cell division sites, suggesting the participation
of additional cytoskeletal or cell cycle elements acting in such positioning. As cephalexin targets
the FtsI protein, such recruitment factor should hence be upstream of FtsI and downstream of
PopZ, and most likely at the divisome. This restricts the search from FtsA-FtsZ and
downstream, but upstream of FtsI. Therefore, these proteins are prominent candidates to test
for a putative direct connection between magnetosomes and cell cycle.
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5 Perspectives &
Future Directions6
From the ground of the present work and current state-of-the-art, there are several directions to
take and questions to answer. To recapitulate and compile the suggestions and open ends
across this dissertation, a point-by-point summary is presented.

v MamJKY interplay and coordinated mechanism of action
Of great interest are the protein domain surfaces and specific amino acids involved in the MamJ
and MamK pair. To this aim, structural data such as X-ray crystallography or single particle
cryo-electron microscopy of purified MamK and MamJ could help elucidating the mechanism
of action between of this unique partnership, which could improve the hereby-proposed
organelle classification system. Additionally, the MamY interplay with MamK and MamJ also
remains to be scrutinized in order to define their interactions and concerted mode of action.
Once the challenge to purify the MamY protein is overcame, the next step would be to perform
direct physical in vitro interaction assays such as surface plasmon resonance (or bio-layer
6 Section illustration belongs to this work: “PALM of MamY”.
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interferometry), dynamic light scattering, pull-down, among others. These approaches will
provide information about the MamY homo-oligomerization, nucleation size, and kinetics of
the interrelations with MamJ and MamK.
In the same matter, PALM analysis by dual labeling of MamK, MamJ, MamY and MamC
(magnetosome chain marker) can be performed to evaluate the interaction in intact cells, taking
further advantage of the protein-clustering assay presented in this work to define interacting
molecules. Also, the biophysical data obtained by in vivo single particle tracking of each protein
could help to dissect their individual dynamics to understand the interplay among these
proteins.

v Defining MamY membrane curvature sensing mechanism
To further elaborate in the idea that MamY is capable of specifically sensing positively curved
membranes, isolated MamY protein could be reconstituted in or simply added to liposomes
(or artificial lipid bilayers) to be imaged by single particle tracking or cryo-ET. A similar study
of MreB on liposomes by cryo-ET has served to elucidate its mechanism of membrane
contact 167. Likewise, the Min protein system - that is in charge to localize the septum in E. coli,
equivalent to MipZ – oscillating waves were studied in an artificial a lipid bilayer 168.

v Defining a minimal system: magnetosomes reconstitution into a chain in vitro
Every year research teams across the globe come closer to a bottom-up reconstitution of
bacterial cell division, chromosome segregation, etc. 80,168-174 in order to generate a minimum cell
system of life or to study biological processes taking a minimalistic approach to expand our
understanding. One of the greatest current challenges field is to reconstitute a synthetic
magnetosome chain and study its dynamic assembly in vitro by utilizing a minimal set of
components or biobricks, such as isolated magnetosomes and purified MamK and MamJ
proteins. This could be further taken to a more a higher complexity level using “lipid
chambers” to incorporate the MamY protein (reconstituted in such membrane layer with
positive and negative curvatures) into play for in vitro magnetosome chain reconstruction. This
would help to elaborate on whether MamY requires additional elements to sense curvature and
also if the MamK filament polar nucleation is mediated by cellular factors or is inherently
caused by MamK itself.

v Is the proposed magnetosome shell equivalent to the putative MamA protein cover?
In this work, it has been speculated that the concentric ring-like structure positioned on the
magnetosomal surface of M. gryphiswaldense could be a putative protein shell. Since the MamA
protein appears to be located at magnetosome surface
78
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, it would be interesting to examine
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whether the M. gryphiswaldense ΔmamA mutant strain presents a defective or is devoid of the
magnetosome putative protein shell. Likewise, overproduction of MamA or other bulky
macromolecules on the magnetosome membrane - similar to functionalization approaches

175,176

- could help to further visualize and resolve the shell edge as well as find the source and
function of this magnetosomal structural element.

v Further cryo-ET data analysis of magnetosomal and cellular structures
From this and other recent works 107-112, it has become evident the usefulness and power of VPP
cryo-ET to detect new subcellular features. However, it is imperative to analyze the current
dataset beyond. Subtomogram averaging is a commonly applied procedure on tomographic
data to generate a more detailed and refined density map of the structure of interest. Analysis
of the reported magnetosomal plug-like structure by subtomogram averaging is of significance
in order to obtain further functional information.
Also, the invention of the membranogram, a membrane-projecting tool, is a major advance to
examine structures in intimate contact with membranes, which were previously elusive. The
membranogram tool needs to be used extensively to re-assess the data collected during this
thesis that could lead to uncover even more cellular structures.
In addition, in order to identify the origin and to assign function to the reported unidentified
structures, it would be of interest to use a tag suitable for cryo-ET studies. Generation of such
tag would also help to define the cellular position of many magnetosome-related or cellular
components. Although a genetically encoded protein tag for cryo-ET has been described by
using ferritin (which generates a protein shell that encapsulates iron, thereby, with an electron
dense lumen)

177

, the reproducibility of such system is presently challenged. Also, as ferritin

forms an interacting shell, some clustering has been observed

177

, which can interfere with the

proper localization and characterization of the targeted protein or cellular structure. Therefore,
the development of a cryo-ET labeling tag is crucial to open an unimaginable amount of
opportunities to investigate proteins in situ at the highest possible resolution.

v Is chromosome and magnetosomes segregation connected or synchronized?
The work by Müller et al (2014) 78 concerning FtsZ and FtsZm laid the groundwork towards the
use M. gryphiswaldense for cell cycle studies. Furthermore, the studies related to PopZ and MipZ
presented within this thesis (Chapters 3 and 4), a dissection of their function in cell division,
magnetotaxis and magnetosome chain segregation was carried out. Specifically, these studies
created a standpoint in the magnetotactic bacteria field, leading and paving the path to establish
M. gryphiswaldense not only as a model to study organelle genesis, but also to investigate how
organelle synthesis, assembly and positioning are coordinated to the establishment of cell
79
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polarity, division and the cell cycle as a whole. However, although the inspection of FtsZ, PopZ
and MipZ translates into a major advance to elucidate the cell cycle of M. gryphiswaldense, there
are many more cell cycle proteins to explore.
An appealing candidate for further examination is the ParAB system for chromosome
segregation. M. gryphiswaldense possesses a putative a parAB operon and, currently, a parA gene
deletion has been achieved. Briefly, the parA mutant does not display cell growth impairment;
in contrast, an overdose of ParA led to growth deficiencies (Toro-Nahuelpan, Zwiener and
Schüler, unpublished). Nevertheless, the ParB relationship with PopZ is yet unknown.
Elucidating how M. gryphiswaldense segregates its chromosomes is the first step to later evaluate
whether it is coordinated or even connected with magnetosomes partitioning and distribution
into the offspring.
Thus far, PopZ is proposed as a putative landmark protein, which is a pending matter to be
demonstrated. Studying the relationships of PopZ with ParB and MipZ could reveal and
confirm the expected role of the latter as a landmark protein. Likewise, a further examination of
FtsZ in the M. gryphiswaldense cell cycle would be beneficial. However, either native-site
chromosomal deletion or expression of in-frame tagged of important cell cycle-related genes
(e.g. FtsZ) disturbs the cell cycle and are commonly not viable. Despite major efforts
performed 178, one of the prevalent limitations to push forward the cell cycle studies in
M. gryphiswaldense is the current lack of a faithful and tightly controlled reliable genetically
induced system. Such system will allow gene-dosage and gene depletion, which is fundamental
when working with essential cell cycle proteins, which upon overdose become lethal or cause
strong cell division phenotypes, as in the case of FtsZ, PopZ and MipZ.
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EPILOGUE
The results obtained during the course of this work are of broad and
keen interest for the microbial cell biology field. In brief, magnetosomes
in fact undergo an active transport mediated by dynamic MamK
filaments. A novel membrane-integral cytoskeleton generated by MamY
is essential for magnetosomes organelles scaffolding. The PopZ and
MipZ-like 1 proteins are involved in cell cycle control of
M. gryphiswaldense. In addition, major bacterial dogmas were settled,
such as direct visualization of a genuine interconnected network of
filaments as well as a putative magnetosome protein shell and
periplasmic barrier. Therefore, this work illustrates significant examples
for the existence of novel, unique and dedicated cytoskeleton elements
for prokaryotic organization.
These findings will further contribute to a deeper understanding of the
complex cellular structures governing bacterial cell cycle,
spatiotemporal organization, organelle assembly and magnetotaxis.
Finally, this dissertation contributes to the message that prokaryotes are
indeed complex organisms that possess an astonishing and intricate
cellular architecture and compartmentalization system.
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Abstract
Background: The navigation of magnetotactic bacteria relies on specific intracellular organelles, the magnetosomes,
which are membrane-enclosed crystals of magnetite aligned into a linear chain. The magnetosome chain acts as a
cellular compass, aligning the cells in the geomagnetic field in order to search for suitable environmental conditions in
chemically stratified water columns and sediments. During cytokinesis, magnetosome chains have to be properly
positioned, cleaved and separated in order to be evenly passed into daughter cells. In Magnetospirillum gryphiswaldense,
the assembly of the magnetosome chain is controlled by the actin-like MamK, which polymerizes into cytoskeletal
filaments that are connected to magnetosomes through the acidic MamJ protein. MamK filaments were speculated to
recruit the magnetosome chain to cellular division sites, thus ensuring equal organelle inheritance. However, the
underlying mechanism of magnetic organelle segregation has remained largely unknown.
Results: Here, we performed in vivo time-lapse fluorescence imaging to directly track the intracellular movement and
dynamics of magnetosome chains as well as photokinetic and ultrastructural analyses of the actin-like cytoskeletal MamK
filament. We show that magnetosome chains undergo rapid intracellular repositioning from the new poles towards
midcell into the newborn daughter cells, and the driving force for magnetosomes movement is likely provided by the
pole-to-midcell treadmilling growth of MamK filaments. We further discovered that splitting and equipartitioning of
magnetosome chains occurs with unexpectedly high accuracy, which depends directly on the dynamics of MamK
filaments.
Conclusion: We propose a novel mechanism for prokaryotic organelle segregation that, similar to the type-II bacterial
partitioning system of plasmids, relies on the action of cytomotive actin-like filaments together with specific
connectors, which transport the magnetosome cargo in a fashion reminiscent of eukaryotic actin-organelle transport
and segregation mechanisms.
Keywords: Actin, Bacterial cytoskeleton, Magnetosomes, Magnetotactic bacteria, MamK, Organelles, Partitioning,
Prokaryote, Segregation
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Background
In eukaryotes, the transport and segregation of organelles
mediated by cytoskeleton and motor proteins are wellstudied processes [1–4]. In contrast, it only recently became apparent that bacteria not only possess organelles
[5, 6] but also homologs of eukaryotic cytoskeletal proteins such as tubulin, intermediate filaments and several
actin families [7–9]. As in eukaryotes, during cell division,
the equipartitioning of plasmids, chromosomes and organelles has to be carefully controlled to ensure viability
and fitness of the offspring throughout the entire bacterial
life cycle. To date, only few examples of organelle or protein cluster segregation in bacteria have been studied in
some detail. For example, carboxysomes (protein microcompartments for CO2 fixation in cyanobacteria [10]) are
linearly spaced by the cell cycle-related ParA protein [11]
associated to chromosome-partitioning [12, 13], whereas
the segregation of cytoplasmic chemotaxis clusters in Rhodobacter sphaeroides also depends on the ParA-like PpfA
[14]. However, the fundamental mechanisms of bacterial
organelle segregation have remained largely unknown.
A particularly intriguing example of well-ordered prokaryotic organelles are the magnetosomes of magnetotactic bacteria. In the α-proteobacterium Magnetospirillum
gryphiswaldense MSR-1 (from now on referred to as
MSR) magnetosomes are composed of magnetite (Fe3O4)
crystals surrounded by a bilayer membrane, thus resembling eukaryotic organelles [15]. Individual magnetosomes
are assembled into a single linear magnetosome chain
(MC) that aligns the cell with the earth’s magnetic field.
So far, two proteins have been implicated in the assembly
of MCs [16], one of which is MamK, a bacterial actin,
which polymerizes into a cytoskeletal bundle of two-tofour filaments in vivo and is thought to assemble magnetosomes into a coherent chain [17–19]. MamK from the
closely related Magnetospirillum magneticum AMB-1
(AMB) was found to form filaments that require an intact
ATPase motif for their in vivo dynamics and in vitro disassembly [20, 21]. Furthermore, MamK interacts with MamJ
[22, 23], an acidic magnetosome-associated [24] protein
thought to attach magnetosomes to the MamK filament
in MSR, since mamJ deletion caused a collapsed-chain
phenotype [25].
To become faithfully divided and segregated during cytokinesis, the MC has to be properly positioned, cleaved and
separated against intrachain magnetostatic forces. In MSR,
the MC is positioned at midcell, and later localized traversing the division site to be cleaved by unidirectional constriction of the septum [19]. Upon mamK deletion MSR
cells formed shorter and fragmented MCs [17] that were
no longer recruited to the division site [19]. From these
observations, it was concluded that newly generated magnetosome sub-chains must undergo a pole-to-midcell
translocation into daughter cells, and MamK was
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hypothesized to mediate this positioning and migration
during the MSR cell cycle. However, the pole-to-midcell
movement of the MC and the role of MamK in MC positioning are yet to be demonstrated directly and questions
such as whether the putative dynamics of MamK filaments
may generate the forces required for magnetosome motion
and segregation need to be addressed. Overall, the exact
mechanism of MC repositioning and segregation (defined
as even inheritance of magnetosomes into the offspring)
has remained elusive.
Here, by using photokinetics and advanced electron
microscopy, we investigated the intracellular dynamics
of both the MC and the actin-like MamK filament
throughout the cell cycle. We discovered that equipartitioning of MCs occurs with unexpectedly high precision. We found that the MC dynamic pole-to-midcell
motion into daughter cells depends directly on the dynamics of MamK filaments, which seem to originate
at the cell pole undergoing a treadmilling growth from
the pole towards midcell. Furthermore, the observed
dynamics of MamJ indicates a transient interaction
with MamK. We propose a model where the specific
features of MamK filaments dynamics as well as its
interplay with MamJ are fundamental for proper MC
assembly, precise equipartitioning, pole-to-midcell
movement and, ultimately, segregation.

Results
Magnetosome chains undergo a rapid and dynamic poleto-midcell repositioning which becomes impaired by the
MamKD161A amino acid exchange

To assess the MC localization through the cell cycle, we
performed in vivo time-lapse fluorescence imaging of
EGFP tagged to MamC (the most abundant magnetosome protein that has been previously used as marker of
MC position) [26] in synchronized cells of MSR. In wildtype (WT) cells, single MCs were typically located at
midcell (as observed by MamC-EGFP fluorescence),
which became evenly partitioned and segregated into
daughter cells as the cell cycle progressed (Fig. 1a,
Additional file 1: Movie S1). After MC partitioning,
the recently divided daughter chains moved apart from
the new poles towards midcell into the newborn daughter
cells (Fig. 1a, b). MC pole-to-midcell repositioning proceeded with a speed of 18.4 ± 1.1 nm/min (n = 87) and
was completed after 61.1 ± 4.0 min, i.e., within < 25 % of
the MSR doubling time (typically around 240 to 280 min
[19, 27]). In addition, the MC repositioning mostly occurred before completion of cytokinesis (Fig. 1a, 80 minleft cell), but in few cells also within the first 30 min after
cell division (Fig. 1a, 80 min-right cell).
To study the role of MamK dynamics in magnetosome
segregation, we exchanged a conserved aspartate residue
by alanine within its ATPase domain (Additional file 2:
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Fig. 1 Imaging of magnetosome chain (MC) motion throughout the cell cycle. a In vivo time-lapse fluorescence microscopy of MCs by means of
MamC-EGFP signal (green) in the wildtype (WT). White bars: center of EGFP signal position. Distances between bars are indicated in the first and
last image. White arrowheads indicate the frame in which cytokinesis has been completed for each cell. White dotted lines: MamC-EGFP signal
progression. b Kymograph displaying the MamC-EGFP signal (x-axis) over the time (y-axis) of the WT cell indicated in “A” (dashed line box).
Schemes above and below depict the septum and MC position at the starting and ending point of the time-lapse. c In vivo time-lapse fluorescence
microscopy of MCs in the mamK D161A strain. Star: mispositioning of the chain at cell pole. d Kymograph displaying the MamC-EGFP signal (x-axis)
over the time (y-axis) of the mamK D161A cell indicated in “C” (dashed line box). Schemes above and below depict the septum and MC position at the
starting and ending point of the time-lapse. Scale bars: 1 μm. Scale bars of kymographs: 500 nm. e MC cumulative displacement as a function of time
in the WT (n = 24) and mamK D161A (n = 19) strains. Cumulative displacement was determined from the MamC-EGFP fluorescence signal

Figure S1A), yielding the mutant strain mamK D161A.
Mutation of these conserved residues (D161 or E143 in
MamK) abolished ATPase activity and, in turn, the filament dynamics of other actins [9, 21, 28–31].
In contrast to the WT, in vivo time-lapse imaging of
mamK D161A cells showed that the MC was inherited by
only one of the two daughter cells (Fig. 1c, left cell and
Additional file 3: Movie S2), suggesting an unequal partitioning of the MC. Further, the mamK D161A strain frequently exhibited a mislocalization of the magnetosome
signal next to the cell poles (Fig. 1c, 0 min, star). Remarkably, mamK D161A did not display MC reposition to the
daughter cell center, but instead, after 30 min, a MamCEFGP signal gradually appeared at the end of the chain
(Fig. 1c, d), owing to de novo magnetosome synthesis rather than MC pole-to-midcell repositioning. This indicates
that the MC was no longer dynamic in the mamK D161A
strain. Although a late and random displacement of MCs
was observed in a minor fraction of mamK D161A cells
(Additional file 4: Movie S3), MCs were rather static during
the previously described asymmetric cell elongation [19].

To quantify the difference in MC movement between
WT and mamK D161A strains, we determined the cumulative displacement (Fig. 1e) as well as the mean-square
displacement (MSD, Additional file 2: Figure S1B) of nascent MCs from cells undergoing division and plotted them
as a function of time. In the WT, both parameters exhibited an initial strong increase and entered a plateau at
around 90 min, likely because the MC reaches the midcell
position where motion is abruptly stopped. The biphasic
time dependence of the MC motion was consistent with
an initial directed movement followed by restricted mobility at the end [32]. This behavior became even more obvious when the apparent diffusion coefficient (D*) of MCs
from WT cells was plotted as a function of time, displaying a continuous increase in D*, consistent with directed
rather than diffusive motion, until reaching a maximum
value at 90 min lag time, which further underwent a
strong and steep decay as observed at 110 min (Additional
file 2: Figure S1C). In addition, the cumulative displacement,
MSD and D* values were considerably lower in the mamK
D161A strain (n = 19) compared to the WT (n = 24),
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indicating a higher displacement rate and mobility of MCs in
WT cells. Furthermore, using MC displacement data, we
have determined the velocity (VMC) as a function of time
(10 min intervals). Strikingly, the mamK D161A strain exhibited a low and fairly constant VMC (between 3.6 to 9.3 nm/
min; Additional file 2: Figure S1D), whereas WT cells
showed an increase of VMC during the first 40 min (up to
17.6 nm/min), which then decreased over time, reaching the
VMC levels of the mamK D161A mutant (8.3 nm/min; Additional file 2: Figure S1D). The WT VMC behavior matches
our hypothesis that MCs are highly mobile for a certain
period after cell division (pole-to-midcell transport), and then
undergo a strong drop of motion likely correlated with the
final midcell positioning. Moreover, VMC values during the
period of high mobility were in agreement with the MC
speed of WT cells determined above based on the traveled
distance (18 nm/min). Altogether, these results demonstrate
that MCs underwent a directed movement after cell division,
which then becomes restricted upon reaching the final position at midcell, and that the MC motion was severely impaired in mamK D161A cells.
The mamK D161A mutation causes a severe
mispartitioning of the magnetosome chain

Transmission electron microscopy (TEM) revealed that
the MC was evenly split in WT cells (Fig. 2a). Strikingly, TEM micrographs of mamK D161A cells showed
unequal partitioning of the chain, where one daughter
cell typically inherited a larger fraction of the MC
(Fig. 2b). To further study MC partitioning independently of de novo magnetosome synthesis (Fig. 2c), WT
and mamK D161A strains were incubated for 5 h under
21 % oxygen conditions to suppress magnetite production [33] and to ensure the completion of one entire
cell cycle. Again, quantification of the inherited chain
length from TEM micrographs showed that WT cells
tended to divide the MC into daughter chains of similar
lengths (Fig. 2d). Although a minor MC missegregation
was observed in few cells (7 %), 83 % of the cells
partitioned MCs into equal halves within up to only
10 % fluctuation of the mother chain length. In contrast, in the mamK D161A strain, 73 % of the chains
were unequally partitioned between a 70/30 % to 100/
0 % of the mother chain length, confirming a strongly
biased magnetosome segregation for the mamK D161A
mutant.
If scored for their intracellular position by TEM
(Additional file 5: Figure S2A), in mamK D161A cells a
majority of MCs were located at the pole (Additional file
5: Figure S2B) or adjacent to it (59 %: 37 % and 22 %, respectively; Additional file 5: Figure S2C and S2D). In
contrast, WT and ∆mamK cell MCs were predominantly
positioned at midcell (88 % and 68 %, respectively).
Therefore, the increment of MCs found at the poles
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after cell division, likely caused by absence of MamK dynamics, confirmed the repositioning defect in mamK
D161A cells resulting in magnetosome missegregation
into the offspring.
Magnetosome chain cleavage occurs with highest
possible precision at midchain

To determine whether the MC cleavage is random or
driven by specific factors such as directed forces, we analyzed the cumulative distribution of the chain length fractions. Data for the WT strain fitted extremely well (R >
0.99) to the exponential function, F(x) = 1–exp[–(x–0.5)/λ]
(Fig. 2e, pink dashed line), corresponding to a distribution
of the chain length fraction (x) in which increasingly unequal partitioning is exponentially suppressed. The parameter λ (=0.061), characterizing the accuracy of MC center
location, was obtained as 6.1 % of the chain length, which
for a chain of 40 magnetosomes corresponds to two magnetosomes. This result remained unchanged if the cell pairs
inheriting the MC into one daughter were excluded (Fig. 2e,
pink dotted versus dashed lines). Another parameter to
characterize the accuracy is the point at which the cumulative distribution is 0.5, that is the median of the distribution. For the fitted exponential function this was 0.542, i.e.,
4.2 % deviation from equal partitioning of chain length,
again close to one-to-two magnetosomes, suggesting that
partitioning proceeded with near-maximal precision.
Furthermore, the MC partitioning distributions of
mamK D161A cells were compared with a distribution expected for splitting a line (representing an MC) at a random position, which resulted in a linear cumulative
distribution (Fig. 2e, red line). A Kolmogorov–Smirnov test
of mamK D161A strain data was consistent with such random segregation (P = 0.14), supporting the MC partitioning defect. On the contrary, WT partitioning data were
inconsistent with random segregation (P = 5 × 10–33).
In addition, as MC partitioning measured by length
may not necessarily correlate with the magnetosome
number inherited per daughter cell (due to variants such
as double chains), we also quantified the latter, obtaining
similar results (Additional file 6: Figure S3). These results support the notion that MamKD161A protein residue exchange negatively affects the MC equipartitioning.
Furthermore, the exponential distribution of the deviation from MC equal partitioning in WT cells (Fig. 2e)
suggested that the chain center is determined by a balance of an active directed movement and diffusion. As a
consequence, the pole-to-midcell movement of the MC
after division reflects this active directed movement. We
tested this hypothesis in silico by simulating the pole-tomidcell movement of the chain after division. The computational model [34] considered an active transport of
magnetosomes towards the center of the cell (by MamK
filaments dynamics) as well as magnetosome diffusive
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Fig. 2 Distribution of magnetosome chain (MC) partitioning. TEM micrographs of (a) wildtype (WT) and (b) mamK D161A cells displaying MC partitioning
during cell division. Scale bars: 1 μm. c Scheme illustrating putative partitioning scenarios during MC length quantification. d Quantification of the
partitioned MC length to be inherited by future daughter cells as determined by TEM for the WT (n = 95) and mamK D161A (n = 64) strains. Cells were
incubated under 21 % oxygen for 5 h to suppress de novo magnetosome synthesis. e Cumulative distribution of partitioned MC length data for the WT
(n = 95) and mamK D161A (n = 64) strains

movements, with magnetic forces considered opposed to
such movements. Simulations resulted in an MC repositioning to the cell center upon low and high diffusive
movements (Additional file 7: Figure S4A). In the model,
active transport is characterized by a linear forcevelocity relation and thus by two parameters, a forcefree velocity (v0) and a stall force (Fs), against which
active transport can work. We hypothesized that defective MC active transport in mamK D161A cells could
occur by reduction of either parameter and tested both
scenarios. In both cases, the chain movement was
strongly slowed down (Additional file 7: Figure S4B and
S4C). Remarkably, two or more shorter MCs were
formed upon reduced Fs and high diffusive mobility
(Additional file 7: Figure S4C), resembling the phenotype
observed experimentally in mamK D161A cells.

Magnetosome concatenation is disturbed in the mamK
D161A strain

TEM analysis of the mamK D161A mutant showed an
intermediate phenotype between the WT and ∆mamK
with respect to MC organization. The WT strain showed
only 1 % of cells lacking an MC, whereas 98 % had a single
chain (Additional file 8: Figure S5A), consistent with the
MC equipartitioning observed before, the remaining 1 %
corresponded to cells with double chains. In contrast,
34 % of ∆mamK cells had two-to-four fragmented chains,
and 50 % of mamK D161A cells had between two-to-five
chains. Thus, mamK D161A cells displayed both WT-like
MCs and fragmented chains (Additional file 8: Figure
S5B) resembling that of ∆mamK [17]. Therefore, it can be
hypothesized that a lack of MamKD161A filament dynamics
increases MC fragmentation, causing the development of

Toro-Nahuelpan et al. BMC Biology (2016) 14:88

Page 6 of 23

Fig. 3 De novo magnetite formation kinetics assay. a TEM micrographs of non-magnetic wildtype (WT) cells induced for magnetite formation
upon addition of 100 μM iron at time zero. Cells are arranged by progression after iron addition. Black arrows indicate magnetite crystals
position. b Growth (OD565nm) and magnetic response (Cmag) for iron-starved non-magnetic WT and mamK D161A cells treated with iron
at time zero. c TEM micrographs of magnetite formation progression in mamK D161A cells. Doubling time was determined for WT and
mamK D161A strains as 4.4 and 4.9 h, respectively. Scale bars: 1 μm

more albeit shorter sub-chains due to magnetosome concatenation deficiency.
Considering that the replacement of D161A in MamK
had an evident impact on chain assembly, we next analyzed
whether this mutation also affects de novo MC development. To this end, magnetite formation was induced by readdition of iron to iron-starved non-magnetic cells [25].
The magnetosome synthesis in WT cells was first detected
by magnetic response [35] (Cmag) 150 min post-iron
addition, and TEM images revealed small crystallites
evenly scattered along the entire cell (Fig. 3a, b). After
180 min, individual crystals began to concatenate into precursory chains, magnetosomes gradually approached each

other and moved towards midcell until completion of a
WT-like MC at 360 min post-iron addition (Fig. 3a), demonstrating a dynamic MC concatenation as previously
described [17, 36]. In contrast, mamK D161A cells
showed an evident delay in appearance of Cmag
(Fig. 3b). Moreover, the crystals remained scattered
throughout the cell (i.e., spaced for > 50 nm, a distance assumed to be necessary for magnetostatic
interaction [17, 37]) even after 540 min post-iron
treatment, indicating that magnetosome concatenation was severely affected (Fig. 3c). Only 24 h postiron addition, mamK D161A cells displayed WT-like
MCs. In addition, MC uneven segregation and
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Fig. 4 Electron microscopy and cryo-electron tomography (CET) of mamK D161A connected cells. ai TEM micrograph of four connected cells.
Arrowheads indicate cell division sites. Scale bar: 1 μm. aii Closer view of a cell division site. Scale bar: 500 nm. b CET sections of a selected cell
division site of three connected cells (n = 30). Additional file 11: Figure S8A shows a CET micrograph corresponding to the three connected cells
indicating the division site imaged in “b”. Black arrowheads denote MamK filaments. Blue arrows indicate inner (IM) and outer (OM) membranes.
c, d CET reconstruction of the selected cell division site in “b”. Magnetite crystals (red) enclosed by vesicles (yellow) and flanked by the MamK
filament (green). The cellular envelope inner and outer membranes are depicted in blue. Flagella are represented in gold

mislocalization of the chains at the cell poles were
again observed (Fig. 3c).
The stabilized MamKD161A filaments cause connected cells

The mamK D161A strain displayed a further perturbed
cell separation phenotype. Although cells seemed almost completely divided, they sometimes failed to become fully separated forming up to four joined cells
(Fig. 4a and Additional file 9: Figure S6). Fluorescence

microscopy of mCherry-MamKD161A filaments in those
joined cells showed filaments likely traversing the cell
division sites (Additional file 10: Figure S7). Further,
cryo-electron tomography (CET) of mamK D161
division sites from connected cells revealed a tight
(35–50 nm) membranous channel connection between
the cells (Fig. 4b and Additional file 11: Figure S8A). The
MamKD161A filaments appeared to enter and exit the narrow connection of several examined cell division sites
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(Fig. 4b–d, Additional file 11: Figure S8B–S8F, Additional
file 12: Movies S4, Additional file 13: Movies S5, Additional
file 14: Movies S6). Consequently, these observations support the hypothesis that the stabilized, non-dynamic
MamKD161A filaments could form such rigid structures
holding the cells attached and preventing their separation
against forces generated by both the divisome complex and
the newly forming cell wall.
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MamK filaments exhibit dynamics strongly affected by
the D161A residue exchange

All phenotypes of the mamK D161A strain presented
so far were consistent with a putative lack of
MamKD161A filament dynamics. To verify this assumption, the filament dynamics was studied directly
by FRAP. In fact, a functional chromosomal translational mCherry-MamKchromosomal fusion [38] showed a

Fig. 5 MamK filament dynamics analysis by FRAP. Photobleaching of mCherry-MamK was used to follow the recovery of the fluorescence corresponding
to the MamK filament during 10 min. (a) mCherry-MamK and (b) mCherry-MamKD161A translational fusions expressed from a chromosomal insertion from
the native PmamAB promoter. (c) mCherry-MamK and (d) mCherry-MamKD161A translational fusions expressed from a replicative plasmid from the PmamAB
promoter. The left panels show representative cells for this assay, indicating the selected bleached areas (white dashed circles) and fluorescence recovery
progression. The pre-bleaching image is a composite of the bright field and fluorescence channel to display subcellular localization. The right panels
show the quantification of the MamK filament fluorescence recovery over the time from the corresponding strain. Time point zero was
measured immediately after laser pulse. The half-time fluorescence recovery is presented as t½ in each plot. Scale bars: 1 μm
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half-time fluorescence recovery (t½) of 68.3 ± 4.8 s
(Fig. 5a) after photobleaching. The same mCherrymamKplasmid fusion episomally expressed under
control of the native mamK promoter PmamAB in the
WT strain (i.e., in presence of the native mamK allele) displayed a coherent t½ of 71.8 ± 6.6 s (Fig. 5b).
We controlled for dark-state-reversal of mCherry
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fluorophore (described as ~20 s [39]) by fixing the
cells with 1 % formaldehyde for 1 h and subsequent
evaluation by FRAP, which showed no fluorescence
recovery after laser application (Additional file 15:
Figure S9A and S9B). These results indicated that
mCherry-MamK fluorescence recovery was not due
to photoswitching, but reflects a true dynamics of

Fig. 6 MamK dynamics in different genetic backgrounds. Photobleaching of mCherry-MamK was used to follow the recovery of the fluorescence
corresponding to the MamK filament. The mCherry-MamK translational fusion was expressed from a plasmid with the PmamAB promoter in the
following MSR strains: (a) ∆mamK, (b) ∆mamJK, (c) MSR-1B, and (d) E. coli. The left panels show representative cells for this assay, indicating the
selected bleached areas (white dashed circles) and fluorescence recovery progression. The pre-bleaching image is a composite of the bright field
and fluorescence channel to display subcellular localization. The right panels show the quantification of the MamK filament fluorescence recovery
over the time from the corresponding strain. Zero time was measured immediately after laser pulse. The half-time fluorescence recovery is
presented as t½ in each plot. Scale bars: 1 μm

Toro-Nahuelpan et al. BMC Biology (2016) 14:88

the filaments. In contrast, chromosomal and episomally expressed translational mCherry-MamKD161A fusion showed a consistent t½ of 12.5 ± 0.8 and 10.8 ±
0.7 min, respectively (Fig. 5c, d). Therefore, the
D161A exchange resulted in a strong decay (10-fold)
in dynamics causing stabilized filaments as expected
(recovery curves comparison, Additional file 15: Figure
S9C-S9F).
Previously, it was described that MamJ promoted
MamK filament turnover in the closely related bacterium AMB [20]. Therefore, we next examined the effect of MamJ on MamK filament dynamics in MSR.
First, a ∆mamK strain was used as a control to test
functionality of the mCherry-MamKplasmid fusion (episomally expressed from the PmamAB promoter) in the
absence of native MamK. mCherry-MamKplasmid fluorescence recovery t½ was 62.2 ± 6.0 s (Fig. 6a), similar
to that of mCherry-MamKchromosomal (Fig. 5a). Next,
MamK filament dynamics was measured in the
∆mamJK background and the non-magnetic mutant
MSR-1B (lacking most of the genes comprised within
genomic magnetosome island – MAI [40]) resulting
in a t½ of 98.4 ± 5.1 and 89.3 ± 8.8 s, respectively
(Fig. 6b, c). The latter results are statistically different
from the t½ value described for the mCherryMamKplasmid in the ∆mamK strain, as verified by an
unpaired Student’s t-test (Additional file 16: Figure
S10), indicating that MamJ absence has an effect on
MamK dynamics. Furthermore, the absence of other
MAI-encoded proteins along with MamJ did not promote an additional increase in MamK fluorescence recovery t½, excluding a joined epistatic effect of MamJ
and other MAI-encoded proteins. In order to evaluate
the MamK filament dynamics in the absence of MamJ
and all other magnetosome-specific factors from
MSR, the mCherry-mamK fusion was expressed in
Escherichia coli under control of the lac promoter
(Fig. 6d). Indeed, FRAP analysis resulted in a MamK
filament recovery t½ of 203.4 ± 15.9 s, a three-fold increase
compared to its recovery t½ in MSR. Despite the MamK
dynamics decreasing considerably in the absence of MamJ
or any MAI-encoded protein, the fluorescence recovery
was always completely restored to 1.0 during the experiment. This observation can be interpreted such that the
calculated mobility fraction for MamK molecules is a
100 % in all the genetic backgrounds tested, suggesting
that MamK is highly dynamic and dependent only partially on the presence of MamJ.
MamK filaments appear to originate at the cell poles and
undergo treadmilling growth

The observed mCherry-MamK filaments usually generated a fluorescence signal whose intensity was higher at
the cell poles and gradually decreased towards midcell
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along the filament length (Fig. 5a, b and Fig. 6a, c). In
contrast, mCherry-MamKD161A filaments appeared
slightly shorter and displayed an even fluorescence intensity that was not increased at the poles (Fig. 5c, d).
We generated kymographs from mCherry-MamK filaments bleached at the cell pole of four MSR strains:
WT, ∆mamK, ∆mamJK, and MSR-1B (Fig. 7ai–aiv, respectively, Additional file 17: Movie S7). Remarkably,
these kymographs showed that the fluorescence began
to recover at the pole itself and migrated towards midcell in the four analyzed strains. Moreover, when an
internal section of a MamK filament bundle was photobleached (Additional file 17: Movie S7), the bleached
zone moved towards the opposite pole from where the
filaments actually originated. Additionally, mCherrymamKchromosomal expressed from the native locus in
MSR also displayed filaments originating at the poles
(Additional file 18: Figure S11Ai and S11Aii), indicating
that this phenomenon was not caused by a MamK
overdose in strains expressing the fusion from multiplecopy plasmids. Therefore, insertion of subunits at the
cell pole likely pushes the subunits in the filaments towards midcell, suggesting a treadmilling behavior. Similar results were obtained in E. coli (Additional file 18:
Figure S11Bi and S11Bii), suggesting that the assumed
treadmilling growth is an inherent property of MamK
and does not require the presence of additional
magnetosome-specific factors.
To further substantiate the polar origin of the filaments, MamK was tagged with the Dendra2 fluorophore
capable of irreversible green-to-red photoconversion
upon blue or UV-light excitation [41], allowing tracking
of the newly activated red form and, consequently, protein dynamics [42]. The Dendra2-MamK filament was
visualized in the green channel to select the area to be
photoconverted. After application of a 405 nm laser
pulse to the Dendra2-MamK filament at a cell pole, the
photoconverted protein was monitored through the red
channel. A few seconds after photoconversion of the filament at one cell pole, the Dendra2-MamK red signal
was detected at the opposite pole as observed qualitatively (Fig. 7bi and Additional file 18: Figure S11C) and
quantitatively (Fig. 7bii). Quantification of the fluorescent signal after photoconversion indicated that, while
the photoconverted pole (red channel) signal intensity
decayed over time, the signal intensity of both the nonphotoconverted pole and non-polar area increased. The
half-time of the red fluorescent signal decay at the
photoconverted pole (187.8 ± 30.6 s, n = 21) and corresponding increase at the non-photoconverted pole
(147.9 ± 27.0 s) shared a comparable timing. However,
the half-time signal increment of the non-polar area
lagged behind (381.7 ± 94.5 s), proving that the signal
appearance in the non-photoconverted pole occurred

Toro-Nahuelpan et al. BMC Biology (2016) 14:88

Page 11 of 23

Fig. 7 MamK filament growth behavior analysis by FRAP and photoconversion. a Kymographs displaying fluorescence signal intensity (x-axis) of
bleached MamK filaments over the time (y-axis). mCherry-MamK fusion expressed from a plasmid (PmamAB promoter) in MSR: (ai) wildtype (WT), (aii)
∆mamK, (aiii) ∆mamJK, and (aiv) MSR-1B. The corresponding duplicated kymograph indicates bleaching time/area (red box) and filament fluorescent
signal progression (white dashed line). The bleach-marked filaments were followed for 5 min (imaging every 30 s). bi Photoconversion of Dendra2-MamK
expressed in WT cells from a plasmid (PmamAB promoter). Green channel: MamK filament prior to photoconversion. Red channel: photoconverted protein
after a 405 nm laser pulse. White dashed circle: photoconverted area. White dashed lines act a reference point. Red dashed lines: filament growth
progression. Arrow indicates appearance of MamK signal at the cell pole. A total of 91 % of cells (n = 54) showed polar appearance of
the photoconverted protein. bii Cartoon illustrating intracellular Dendra2-MamK dynamics. After the laser pulse (left pole), the filament
and Dendra2-MamK free subunits are photoconverted (green-to-red). Freely diffusible Dendra2-MamK subunits migrate and incorporate at
the right cell pole, where MamK filaments originate. biii Kymograph of a cell (Additional file 18: Figure S11E) displaying intracellular
localization of the red photoconverted signal (x-axis) over time (y-axis). The corresponding duplicated kymograph below indicates the
photoconverted time/area (red box) and MamK filament fluorescent signal appearance/progression (red dashed lines). biv Quantification of
photoconverted Dendra2-MamK signal in WT cells (n = 21). c Photoconversion of Dendra2-MamKD161A as in “bi”. Lack of dynamics was
observed in 100 % of cells (n = 16) (see Additional file 18: Figure S11D for quantitative data). d MamK filament treadmilling speed per
strain quantified from mCherry-MamK photobleaching data. An unpaired Student’s t-test was performed. * Significant: P = 0.01 to 0.05.
** Very significant P = 0.001 to 0.01. *** Extremely significant P < 0.001. ns: not significant.

faster than the suggested MamK filament treadmilling.
In addition, the occurrence of red photoconverted signal
at the opposite (non-photoconverted) pole was faster
than the putative MamK filament growth time (described below) to reach the opposite cell pole. Thus, by
the last two observations it can be ruled out that the

signal appearance at the non-photoconverted pole is due
to MamK filaments growing and reaching the opposite
(i.e., non-photoconverted) pole.
We also generated kymographs of the subcellular progression of the photoconverted signal that display the
MamK filament successive nucleation events in the non-
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photoconverted pole and further midcell displacement
due to filament growth (red dashed lines – right side –
in Fig. 7biii and biv; Additional file 18: Figure S11D). Remarkably, the filament nucleation event could also be
seen at the photoconverted pole after a certain time (red
dashed lines – left side – in Fig. 7biv and Additional file
18: Figure S11D), supporting the concomitant bipolar
filament nucleation theory. Furthermore, the gradual
disappearance of the fluorescence intensity along with
filament growth suggests a gradual depolymerization of
the filament at the opposite old growing end. Signal disappearance was not due to photobleaching during imaging since new signals appeared nucleating at the same
cell pole simultaneously (red dashed lines in Fig. 7biv
and Additional file 18: Figure S11D). Then, the photoconversion data set further supports the incorporation
of subunits to the filaments occurring at the poles. In
this manner, MamK filament polymerization proceeded
growing by the cell poles and migrating towards midcell,
likely depolymerizing gradually at the opposite old end. Assuming that the laser action at the cell pole photoconverted
both (1) part of the newly growing Dendra2-MamK filament
and (2) a pool of existing free Dendra2-MamK monomers,
the latter could rapidly diffuse to the non-photoconverted
pole to be integrated into the MamK filaments.
Photoconversion of Dendra2-MamKD161A , however,
resulted in static, non-dynamic filaments lacking cell
pole origination (Fig. 7c). In agreement with this, no signal intensity changes were detected upon quantification
of different cellular zones (Additional file 18: Figure
S11E). In order to further confirm this result, we generated a similar mutation of a conserved glutamate by alanine in the ATPase domain of MamK, MamKE143A , also
predicted to cause impairment of the ATPase activity
and thus filament dynamics [20, 21, 28]. Dendra2MamKE143A photoconversion at the cell pole also resulted in static filaments (Additional file 18: Figure
S11F). Accordingly, photoconversion experiments also
support the notion of MamK filament cell pole origination, treadmilling growth, and lack of dynamics of
MamKD161A filaments.
We next calculated the speed of MamK filament putative treadmilling from the bleached filaments dataset.
MSR cells expressing mCherry-MamKchromosomal had a
treadmilling speed of 313 ± 12.1 nm/min (n = 36), significantly similar to that of mCherry-MamKplasmid in MSR
WT (337 ± 14.6 nm/min, n = 27) and ∆mamK backgrounds (313 ± 10.6 nm/min, n = 28) (Fig. 7d; Additional
file 18: Figure S11G and S11H). Strikingly, the filament
treadmilling speed was considerably higher (17-fold)
than the MC motion (18 nm/min). Furthermore, MamJ
stimulation of MamK filament dynamics was also
reflected in the putative treadmilling growth, since absence of mamJ as well as the MAI decreased the
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treadmilling speed to 200 (n = 20) and 261 (n = 28) nm/
min, respectively (Fig. 7d), which are statistically different from the filament speed obtained in the ∆mamK
strain. To verify the influence of MamJ absence in the
MamK filament treadmilling speed and the corresponding fluorescence recovery t½, we generated a correlation
plot of treadmilling speed versus fluorescence recovery
t½ using data of all analyzed MSR strains (Additional file
18: Figure S11I). The data fitted to a linear regression
and the Pearson correlation coefficient (r) showed a significant (P = 0.01 to 0.05) negative linear relationship (r
= –0.9097) between the decrease in filament treadmilling
speed and the increment of fluorescence recovery t½
upon absence of MamJ. Therefore, it can be suggested
that the mCherry-MamK filament fluorescence recovery
is likely due to treadmilling growth, which in turn is
stimulated by MamJ presence.
MamJ turnover is higher than that of MamK

To analyze a direct connection between the MamK filament dynamics and magnetosome motion, the MamKinteracting and magnetosome-associated MamJ protein
dynamics was examined. FRAP of two MamJ C-terminal
tagged fusions (EGFP and mCherry, expressed either
chromosomally or episomally) using two laser lines
showed a consistent recovery t½ of 11.3 ± 1.0 and 9.2 ±
1.4 s, respectively (Fig. 8a and b; Additional file 19: Figure
S12A), determining that MamJ turnover is faster compared to MamK recovery t½. Notably, the fluorescence recovery of MamJ-EGFP reached 100 % at approximately
5 min post-bleaching (not shown), suggesting a 100 %
fraction mobility for the MamJ protein.
Photoconversion of MamJ-Dendra2 was employed to
investigate whether MamJ, like MamK, originates at the
cell poles. MamJ-Dendra2 overexpressed in MSR WT
showed a week filamentous signal compared to the cytoplasmic signal (Additional file 19: Figure S12B), indicating a limited availability of MamK molecules to interact
with. Photoconversion of the poles in this strain did not
function properly as the tracking of red photoconverted
proteins was difficult due to the fast MamJ mobility
(arrow, Additional file 19: Figure S12B). Therefore, we
overexpressed MamK together with MamJ-Dendra2 in
MSR WT and ∆mamJK (Fig. 8c and Additional file 19:
Figure S12C, respectively), which showed an improved
MamJ filamentous localization where photoconversion
suggested a rapid polar appearance of the signal after
photoconversion of the opposite cell pole (arrows,
Fig. 8c and Additional file 19: Figure S12C; dashed
lines, Fig. 8a). However, the overly fast MamJ dynamics prevented unambiguous interpretation of its polar
origination.
We further evaluated whether the MamK dynamic status affects MamJ turnover, and specifically whether the
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Fig. 8 Analysis of MamJ dynamics. Photobleaching of EGFP and mCherry was used to follow the recovery of the fluorescence corresponding to
MamJ. a MamJ-EGFP and b MamJ-mCherry translational fusions expressed from a Tn5-based chromosomal insertion and a replicative vector,
respectively. White dashed circles indicate bleached areas. White dashed line acts a reference point. Red dashed line indicates signal progression.
The right panels show the quantification of the MamJ fluorescence recovery over the time from the corresponding strain. Zero time was
measured immediately after laser pulse. The half-time fluorescence recovery is presented as t½ in each plot. c MamJ-Dendra2 photoconversion
upon mamK co-expression in MSR wildtype (WT). Arrow indicates appearance of MamJ signal at the cell pole. A 67 % of analyzed cells (n = 27)
showed a putative polar appearance of the photoconverted protein. Green channel displays the filament prior to photoconversion. Red channel
shows photoconverted the protein after a 405 nm laser pulse application. d Photobleaching of MamJ-mCherry upon mamK D161A co-expression
in MSR WT. The white dashed circle indicates the bleached area while the right panels show the quantification of the MamJ fluorescence recovery
over time. The half-time fluorescence recovery is presented as t½ in each plot. Scale bars: 1 μm
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lack of MamKD161A dynamics has an influence on the
dynamics of MamJ. Thus, this assay could provide further proof for the short-lived interaction between MamJ
and MamK. For this, MamJ-mCherry dynamics was analyzed upon co-expression of mamK D161A in the MSR
WT, ∆mamK, and ∆mamJK strains. It is important to
note that MamKD161A is a negative trans-dominant mutation in the WT background as shown in Fig. 5d. FRAP
analysis of MamJ-mCherry showed a consistent recovery
t½ of 8.6 s (±1.0), 10.6 s (±2.0), and 12.2 s (± 1.7) for the
WT (Fig. 8d), ∆mamK, and ∆mamJK strains (Additional
file 19: Figure S12D and S12E), respectively. The latter
values of recovery t½ are similar to that of the MamJ dynamics in the presence of the mamK WT gene (from
Fig. 8a, b and Additional file 19: Figure S12A). In
addition, photoconversion assessment of MamJ-Dendra2
upon co-expression of mamK D161A gene in ∆mamJK
(Additional file 19: Figure S12F) and MSR WT (not
shown) strains revealed a fast MamJ motion throughout
the cell after the photoconversion event.
We controlled for dark-state-reversal of all used fluorophores fused to MamJ as mentioned above, revealing
no fluorescence recovery or dynamics in fixed cells
(Additional file 20: Figure S13A–S13D). To corroborate
that mamJ and mamK were properly expressed, we
checked for complementation of the ∆mamJK strain that
no longer displays a linear MC, but instead has a phenotype that resembles that of ∆mamJ, i.e., clustered magnetosomes. TEM micrographs indicated that cells were
rescued by either of these constructs as the agglomerated magnetosomes in ∆mamJK were reconstituted into
linear MC (Additional file 21: Figure S14B–S14D), which
was also properly segregated upon presence of mamK
(Additional file 21: Figure S14B and S14D). It is important to note that, for reconstitution of a WT-like MC
and proper mispartitioning, both mamJ and mamK
must be present. Although non-complemented cells
exhibiting clustered magnetosomes can still be observed (Additional file 21: Figure S14B–S14D), this is
absolutely within expectations due to the fact that we
mostly used replicative plasmid derivatives of the
pBBR1 vector. It has previously been reported that
gfp expression from pBBR1 plasmid in MSR causes
only up to 26 % of cells to fluoresce [43]. Therefore, the
observed cells harboring clustered magnetosomes are likely
unable to express the fusion of interest, but not due to a
lack of functionality of the fusion itself. As a matter of fact,
the complementation is such that the chains are even correctly localized at midcell and further properly partitioned
(Additional file 21: Figure S14B and S14D), confirming that
MamJ as well as MamK must be strictly present. Finally,
when co-expressing a mamJ fusion together with a mamK
D161A gene in ∆mamJK cells, the agglomerated magnetosomes were reconstituted into linear MCs. Additionally,
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the phenotypes of MC mispartitioning and polar retention
in single cells were also commonly observed (Additional
file 21: Figure S14E and S14F).
Collectively, these findings reveal that the MamJ turnover does not depend on MamK dynamics and that the
rapid MamJ turnover upon the presence of static
MamKD161A filaments indicates a putative transient
interaction with MamK, where MamJ might constantly
bind and dissociate from MamK filaments.

Discussion
By direct imaging of MCs in live cells, we showed that
MCs are precisely partitioned into equal halves and, indeed, undergo a dynamic pole-to-midcell repositioning.
Furthermore, MC equipartitioning and motion relied directly on a dynamic MamK filament with an intact ATPase
domain. In fact, despite a minor missegregated fraction, in
most cells, MCs were precisely partitioned typically into
equal halves. The precision with which the MC center was
placed at the septum roughly corresponded to the dimension of two magnetosomes. Since (1) MCs splitting must
naturally occur between two magnetosomes and (2) the
maximal precision to locate the chain center is the size of
one magnetosome, our data suggest that equipartitioning
of MCs take places with the highest possible accuracy.
Our data support the notion that MSR MamK filaments
originate and grow from the cell poles likely undergoing
treadmilling, where incorporation of MamK subunits at
the cell poles pushes the subunits in the filament towards
midcell equivalent to exerting a “treadmilling against a
wall”. In agreement with this, previous CET observations
showed that MSR MamK filament bundles appeared to
end nearby the cell poles [19], inferring a putative filament
polar origin. The results of photoconversion experiments
of MamK filaments also support this hypothesis, as the
polar photoconverted filament area moved towards midcell together with the appearance of a new signal at the
non-photoconverted cell pole. Moreover, the MSR MamK
filament likely disassembles gradually at the opposite
growing end, since the earliest incorporated monomers
within the filament might undergo ATPase activity causing depolymerization. In accordance with this, MamK filaments exhibited a stronger fluorescent signal at the cell
poles (i.e., at their origin) that decreased along the filament length, in contrast to the stable MamKD161A filaments. In agreement with our observations in MSR, in the
related AMB, an intact ATPase activity was also a prerequisite for disassembly of polymeric MamK in vivo and
in vitro [20, 21, 28]. Additionally, in our study, the polar
photoconverted filaments exhibited a dilution of the signal
over time, which may be either due to photobleaching
during imaging or filament turnover, assuming that
MamK forms bundles of overlapping polymers, nonphotoconverted oligomers could be substituted along the
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Fig. 9 MamK-MamJ tracks drive magnetosome chain concatenation and repositioning. a Progression of a recently divided MC undergoing
motion from the pole towards midcell conducted by the MamK-MamJ tracks due to the MamK incorporation to the filament at the cell poles
and further treadmilling growth. b Stepwise magnetosome concatenation into a linear chain driven by MamK filament treadmilling and its
interaction with MamJ. c Models depicted in “a” and “b” show only one filament. However, it is known that MamK forms filament bundles that
flank the MC. Steps 1 to 3 represent the putative dynamics and interactions of MamK, MamJ, and magnetosomes during MC assembly
and/or transport

filaments by lateral association-dissociation, as suggested
for other bacterial actin filaments such as AlfA [29] and
MreB [44]. Thus, MSR MamK as well as other bacterial
actins are proposed to form bundles of dynamic polymers
that experience turnover and/or treadmilling [9, 28, 29,
44, 45], the latter also a feature of eukaryotic actins [46].

Based on our observations, we propose a model where
magnetosomes are actively transported by a mechanism
dependent on MamK filaments and their interaction
with the magnetosome-associated MamJ [24, 25]. Considering that MamK filaments eventually originate from
the new cell poles of recently divided cells, the suggested
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constant generation and breakage of interactions between MamK-MamJ and magnetosomes-MamJ would
direct magnetosome motion from the poles of newborn
cells towards midcell (Fig. 9a). Notably, this implies that
MamK-MamJ complexes move faster than MCs, inferring that the intracellular directed motion of large objects like MCs across the viscous cytoplasm requires
elevated forces and energy, as motion is disproportionally constrained with object size increment [47]. It has
been shown that eukaryotic actin polymerization can
generate forces of approximately 1 pN [48, 49], therefore, the fast-moving actin-like MamK filaments and the
suggested interplay with MamJ might provide sufficient
forces for magnetosome transport towards midcell
against the cytoplasmic friction. In the same fashion,
MSR MamK filament growth features could explain why
magnetosomes become concatenated into a linear chain
specifically located at midcell (Fig. 9b). Independent of
the magnetostatic forces, an external force of approximately 1 pN is indispensable to form a single midcell
positioned MC in MSR [34], matching the hypothetical
force that could be exerted by MamK. Thus, stochastically nucleated crystals in the magnetosome vesicles
could be guided towards midcell by MamK filaments
and aided by magnetic interactions between adjacent
magnetosomes generating a single midcell localized MC.
However, the mechanism might be even more complex
assuming not a single filament but a bundle of two to
four filaments (Fig. 9c), as previously shown [17], implying that these filaments could be laterally connected.
This is also based on the fact that bleached areas of a
bundle of MamK filaments seem to move coordinately,
making tracking of the treadmilling growth front line
possible. On the same matter, a related study by Abreu
et al. [50] proposed a model for MamK lateral interaction with a second MamK-like homolog. In addition,
each single filament could have different polymerization
states; thus, the older part of the filament segments
could undergo ATPase activity and disassemble. The
filament disassembly also seems to be coordinated as observed by photoconversion, which could be explained
due to a coordinated growth rate of many single filaments and their putative lateral interactions helping to
synchronize bundle growth. In this scenario, MamK
molecules may be incorporated by the cell poles (Fig. 9c,
Step 1), whereas MamJ could interact transiently with either free MamK or MamK units incorporated in the filament (Fig. 9c, Step 2), and also associating-dissociating
from magnetosomes (Fig. 9c, Step 3). Although there is
strong evidence endorsing a direct MamK-MamJ interaction [22, 23], the presence of a third party intermediary protein cannot be discarded, which could have an
important role in the interplay of these two proteins
regulating their dynamics. However, our data suggest
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that a dynamic MamK filament and its interplay with
MamJ are fundamental for proper MC assembly and
intracellular motion in MSR.
MamK possesses a recovery t½ comparable to eukaryotic
actin (~13 s) [51] and several bacterial actins involved in
plasmid segregation such as ParM [28], AlfA (~45 s) [29],
and Alp7 [9]. Strikingly, MamK from MSR has a recovery
t½ 10-fold faster with regards to AMB MamK (~11 min)
[20], which instead resembles that of MSR MamKD161A
stable filaments. Furthermore, MamJ is essential for AMB
MamK dynamics as its deletion caused absolutely static
filaments [20]. Although we observed that MamJ enhances
the MSR MamK filament dynamics, namely treadmilling,
no additional magnetosome-specific factors are necessary
for its dynamics as it was self-sustained, exhibiting a fast
fluorescence recovery rate, 100 % of mobility fraction, and
treadmilling growth in all tested genetic backgrounds.
These phenotypic differences between MSR and AMB
might be attributed to species-specific characteristics previously reported. For instance, while MSR forms a single
or double compact coherent MC located at midcell, AMB
generates a long and continuous MC that may traverse
the entire cell. However, and remarkably, MCs of AMB
seem to be fragmented, as mature crystals are often interspersed with empty magnetosome vesicles. Second, deletion of mamK in MSR caused formation of shorter and
segmented MCs [17], but not scattered magnetosomes as
in AMB [18]. A third and more striking difference resulted
from the deletion of mamJ, which in MSR caused loss of
the linear MC, forming clustered magnetosomes instead
[25], whereas in AMB, the same deletion had only a minor
phenotype in MC organization as the chain displayed
small gaps lacking magnetosome vesicles [20]. Furthermore, AMB contains a single mamK-like [50, 52] and
mamJ-like [20] homolog, whose independent deletion had
no major influence in MC arrangement. These examples
reveal incongruences between identical mutants of MSR
and AMB, conferring unique processes of chain assembly.
Replacement of key residues within the ATPase active
site of MamK (MamKD161A) also generated connected
cells in which the separation of individual cells was
impaired, reminiscent to previous observations where
equivalent mutations in bacterial actins [9, 29] or tubulinlike proteins [53] and overexpression of intermediate
filament-like proteins [54] resulted in comparable phenotypes. Likely, the growing septum requires higher constricting forces to split these rigid filaments, which
eventually might break due to local filament disassembly
or turnover.
Following from our study, an intriguing question remains to be answered: what are the cellular factors
causing the MamK filaments to first originate at the
cell poles and to then position the MC at midcell?
To address this, obvious candidates such as other
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cytoskeletal structures including the actin-like MreB
(with functions in cell shape and growth) [55] or the
tubulin-like FtsZ (forming the Z-ring and organizing
the divisome) [7] need to be investigated with respect
to their influence on MC assembly, positioning, and
segregation through the MSR cell cycle. In addition,
an assessment of MamK protein surfaces involved in
direct contact with either MamJ or with other MamK
proteins (by putative lateral filaments interaction) is
needed to further understand the MamK dynamics.
Further, current cutting edge microscopy techniques
such as single molecule tracking at nanometer resolution could serve to meticulously study the intracellular motion of MamK.
To date, only few other prokaryotic organelles were
studied with respect to their intracellular distribution
and segregation. For instance, the intracellular distribution of carboxysomes was found to be directed by the
cell cycle-related ParA [11]. The type-I (ParA-based)
partitioning system encodes a Walker-type ATPase
(ParA), a DNA-binding protein (ParB), and a cis-acting
centromeric site, parS [12, 13, 56]. Thus, ParA is associated to chromosome-partitioning forming a protein gradient based on monomer-dimer states [57, 58] as well as
specific and unspecific interactions with ParB and DNA,
respectively. Furthermore, segregation of cytoplasmic
chemotactic clusters in R. sphaeroides was also attributed to the ParA-like PpfA [14]. These two examples are
based on a type-I system somewhat reminiscent of
chromosome segregation. In contrast, the mechanism of
MC segregation seems entirely dissimilar, as it is based
on the MamK actin-like cytomotive protein resembling
the type-II partitioning system, which is also defined by
dynamic actin-like filaments represented by the ParM
family [59]. Thus, magnetosome segregation mechanisms could classify as a type-II-like system, where
MamJ could serve as an adaptor between the motor protein (MamK) and cargo (magnetosomes). Our model is
also reminiscent of the myosin-actin organelle transport
in yeast [60] in which most organelles are segregated by
the actin cytoskeleton operating with the motor myosin
V protein [60, 61]. Although this comparison currently
seems speculative, we hypothesize that the non-motor
cargo-associated MamJ does not “walk” onto the MamK
filament as myosin does on actin, but instead MamJ is
carried by MamK, like “a luggage on a belt”, continuously “hopping on and off” along the MamK filament.

Conclusion
Our findings provide direct evidence to sustain that,
after cell division, MCs are in fact repositioned from the
newborn cell pole to the cell center of the daughter cell
as hypothesized in previous work. In addition, our data
support the concept that MC motion is directly
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dependent on the dynamics of the MamK filaments suggested to undergo treadmilling. Thus, MamK filaments
display a positive growing end located at the cell poles,
where MamK units are incorporated to the filament,
thereby pushing the units already in the filament towards the cell center. Finally, we demonstrated that the
dynamics of MamK filaments is a fundamental feature for
proper MC equipartitioning, intracellular motion and, ultimately, faithful organelle segregation. In conclusion, we
have dissected here, for the first time, the mechanism of
segregation of a cytoskeleton-interacting bacterial organelle, which seems to be independent of endogenous segregation systems and instead utilizes a dedicated mechanism
controlled by magnetosome-specific proteins.

Methods
Bacterial strains, plasmids and culture conditions

Bacterial strains and plasmids generated and used in this
work are listed in Table A and Table B within Additional
file 22: Supporting Methods. The plasmid construction
procedure is described in Additional file 22: Supporting
Methods. Strains of M. gryphiswaldense MSR-1 were
grown under microoxic conditions in 2 % oxygen
aerated modified flask standard medium [62] (FSM)
containing 50 μM ferric citrate and low iron media [63]
(LIM, modified FSM) at 30 °C and moderate agitation
(120 r.p.m.). E. coli strains DH5α and BW29427
(Datsenko and Wanner, Purdue University, IN, USA)
were grown in LB medium at 37 °C [64]. E. coli strain
BW29427 used for conjugations of plasmids into MSR
was supplemented with 1 mM DL-α,ε-diaminopimelic
acid (DAP). For strains carrying recombinant plasmids,
media were supplemented with kanamycin at 25 g mL–1
for E. coli and 5 g mL–1 for MSR.
In vivo time-lapse fluorescence microscopy

For time-lapse imaging, two approaches were used. First,
an Olympus BX81 microscope equipped with a 100 X
UPLSAPO100XO objective with a numerical aperture of
1.40 and an Orca-ER camera (Hamamatsu) was used.
For time-lapse microscopy, synchronized cells (as described by Katzmann et al. [19]) were fixed on agarose
pads in a 1:1 ratio of culture:agarose (LMP) 1.5 %. The
coverslips with the immobilized cells were then placed
into a Ludin chamber (Life Imaging Services, Basel,
Switzerland). Cells were imaged at room temperature
(25 °C) every 5 or 10 min for up to 10 h and focused
manually (in DIC channel) before frame acquisition.
Phototoxicity was kept at minimum by using 20 % of the
light source power and an exposure of 200 ms.
Alternatively, cells were spotted onto a 1 % agarose
pad with a special FSM medium preparation (8 mM nitrate, 1 g L–1 peptone, without iron or trace elements,
from now on referred to as microscopy MSR agarose
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pad) and sealed with paraffin wax. In this case, cells were
imaged with a Delta Vision Elite (GE Healthcare, Applied Precision) with a CoolSnap HQ2 CCD camera
(Photometrics) and using an Olympus IX71 microscope
equipped with a four color standard set Insight SSITM illumination module with the following excitation wavelengths: DAPI 390/18 nm, FITC 475/28 nm, TRITC 542/
27 nm, Cy5 632/22 nm; single band pass emission wavelengths DAPI 435/48 nm, FITC 525/48 nm, TRITC 597/
45 nm, Cy5 679/34 nm and a suitable polychroic beam
splitter. Time-lapse imaging was performed at 30 °C
with a hardware based “Ultimate-Focus” autofocus and
images were collected with a 100× Oil PSF Objective
(U-PLAN S-APO 100X Oil, 1.4NA, 0.12 WD) using the
FITC filter set for imaging of MamC-EGFP.
Scoring of magnetosome chain partitioning

To quantify the uniformity of the MC partitioning, cells
were grown under microoxic conditions and then transferred for 5 h to 21 % oxygen. Subsequently, cells were
fixed (1 % formaldehyde) and TEM grids were prepared.
Only cells undergoing division were taken into account,
chain partitioning was scored in terms of length and
magnetosome number fractions inherited per each future daughter cell. The total length or crystal numbers
of the chain (considering the sum of both chains from
the future cells) correspond to 100 %. A linear and exponential function were used to fit to the cumulative distribution of the fraction of the chain in one daughter cell:
!

"
x−50%
F ðxÞ ¼ 1− exp −
λ
This cumulative distribution corresponds to a distribution of the chain fraction that decays exponentially from
50 %, for x between 50 and 100 %. The parameter λ represents the accuracy with which segregation happens in
the center of the MC. In addition, the half-maximum of
the cumulative distribution (F(x) = 0.5) corresponds to
the median of the distribution and characterizes the deviation from equal partitioning (50:50).
Scoring of magnetosome positioning

To assign MC position in several strains, cells were
grown microoxically, fixed, and absorbed onto TEM
grids (see below). Intracellular MC positions were scored
based on TEM micrographs. To this end, MSR cells
were divided into three main sections: (1) Pole, within
400 nm from the cell pole or a constriction site; (2) Adjacent: approximately 400–800 nm away from nearest
cell pole or constriction; and (3) Midcell: between adjacent areas, i.e., more than 800 nm away from the nearest
constriction (Additional file 5: Figure S2A). To assign a
chain to a section, the chain outermost particle/
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magnetosome closest to the pole was considered. This
particle defined the position of the chain inside the cell.
Special consideration to differentiate between Adjacent
and Midcell chains was that at least 51 % of the chain
must fall into the Adjacent area to be ascribed as such.
Simulations of magnetosome chain dynamics

Formation of the chain and relocation to midcell after
cell division was simulated with the model of Klumpp
and Faivre [34]. The friction coefficient γ was chosen independent of the diffusion coefficient D, which allows to
interpret active transport as having a linear force velocity
in relation with stall force Fs and zero-force velocity v0
= Fs/γ. For simulations of movements after division, we
started simulations with 15 magnetosomes of maximal
size and magnetization, regularly spaced at the boundary
of the simulation volume representing the cell.
Induction of de novo magnetite crystal formation

Iron induction experiments were carried out as per
Scheffel et al. [25]. For details see Additional file 22:
Supporting Methods. Briefly, cells were grown in 6-well
plates with LIM medium in a microaerobic environment.
For induction of magnetite biomineralization 100 μM
Fe(III)-citrate was supplemented to cells, which were
previously iron-starved by four passages in LIM
medium [25, 63].
Photokinetic analysis

Photokinetic experiments, such as fluorescence recovery
after photobleaching (FRAP) and photoconversion, were
performed on M. gryphiswaldense strains expressing several constructs. For genes under control of the tetracycline promoter, the induction of expression was initiated
by addition of anhydrotetracycline to 50 ng mL–1. Cells
were mounted on microscopy MSR agarose pads. Cells
were imaged with a Delta Vision Elite system (GE
Healthcare, see above) at 30 ºC. Time-lapse imaging
was also performed at 30 °C with a hardware based
“Ultimate-Focus” autofocus and images were collected
with a 100× Oil PSF Objective using specific settings
for each protein fusion as described in Additional file
22: Supporting Methods.
Dark-state fluorophore reversal control

Dark-state reversal of each fluorophore fusion was controlled by fixing cells with 1 % formaldehyde for 1 h at
room temperature prior to a laser pulse and image
analysis.
Image and data analysis

Images were aligned (StackReg plugin [65]) and further
analyzed with Fiji [66], each region of interest was
background subtracted and corrected for bleaching by
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considering the whole cell fluorescence as described by
Gavet and Pines [67], and Kiekebush et al. [68]. Relative values were used in order to allow comparison
and further averaging of several cells. A value of 1 corresponds to the quotient of the integrated density corrected by whole cell fluorescence, before the bleaching
event per selected regions (bleached and unbleached
areas, and whole filament when required). Thus, we
did not quantify the recovery of the bleached part of
the filamentous structure analyzed here, but we have
followed the fluorescence recovery in the zone of the
cell were the laser was initially applied. The average
values of 20 to 41 MSR cells of several biological replicates were plotted. Recovery rates were determined
by fitting the data obtained for the bleached region to
the single exponential function:
F ðt Þ ¼ A ½1− expð−k $ t Þ& þ F ð0Þ
Where F(t) is the fluorescence at time t, A the maximum intensity, k the rate constant and F(0) the relative
fluorescence intensity at t = 0 min.
Quantification of the photoconversion data was obtained as described above for FRAP data. Briefly, after
correction by whole cell fluorescence, relative values
were used in order to allow comparison and further
averaging of several cells. A value of 1 was assigned,
however, to integrated density of the photoconverted
area at t = 0 min (measured immediately after the laser
event), as it is the maximum fluorescent signal possibly
obtained. Signal decay or increment rates were determined by fitting the data obtained to the photoconverted
pole, non-polar and non-photoconverted pole areas
using the single exponential function shown above.
MamK filament treadmilling speed measurement

Fiji software was employed to quantify the MamK filament treadmilling growth speed from the mCherryMamK FRAP data (imaging performed every 30 s). To
this end, only cells bleached at or near the polar area
were considered, as the filament growth front line is
more conspicuous to visualize as well as giving greater
time space to follow it. Thus, treadmilling growth was
determined manually by meticulously following the filament recovery front line in each case. The scalar magnitude distance of the advancement of the filament growth
front line was determined as a function of the time generating speed in nm/min. Filament treadmilling speed
was calculated by assessing a minimum of four consecutive frames, equivalent to a 90 s interval. In order to
avoid data misinterpretation, the quantification began
only when the filament growing front line was clearly
distinguishable, usually 60 s post-bleaching at the cell
pole. This period was necessary to discard
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miscalculations in speed by waiting for the pole to first
recover the fluorescence. The average values of 20 to 36
bleached filaments for each strain from several biological
replicates were plotted. Graphs were plotted and statistical tests were run with GraphPad Prism 5.0.
Transmission electron microscopy (TEM)

For conventional TEM analysis, cells were grown at 28 °C
under microaerobic conditions, fixed in formaldehyde
(1 %) and concentrated. Next, unstained cells were
absorbed on carbon coated copper mesh grids (Plano,
Wetzlar). Bright field TEM was performed on a FEI
CM200 (FEI; Eindhoven, The Netherlands) transmission
electron microscope using an accelerating voltage of
160 kV. Images were captured with an Eagle 4 k CCD
camera using EMMenu 4.0 (Tietz) and FEI software. For
data analysis the Fiji software was used.
Cryo-electron tomography (CET)

For CET, 5 μL of MSR culture mixed with 5 μL of 15 nm
colloidal gold clusters (Sigma, for subsequent alignment
purposes) were added on glow-discharged Quantifoil
holey carbon copper grids (Quantifoil Micro Tools
GmbH, Jena), blotted and embedded in vitreous ice by
plunge freezing into liquid ethane (< −170 °C). Samples
were assessed with a FEI Tecnai F30 Polara transmission
electron microscope (FEI; Eindhoven, the Netherlands),
equipped with 300 kV field emission gun, a Gatan GIF
2002 Post-Column Energy Filters, and a 2 K Multiscan
CCD Camera (Gatan; Pleasanton, CA). Data collection
was performed at 300 kV, with the energy filter operated
in the zero-loss mode (slit width of 20 eV). Tilt series were
acquired using Serial EM [69] and FEI software. The specimen was tilted about one axis with 1.5° increments over
a typical total angular range of ± 65°. To minimize the
electron dose applied to the ice-embedded specimen, data
were recorded under low-dose conditions. The total dose
accumulated during the tilt series was kept below 150 e
Å–2. To account for the increased specimen thickness at
high tilt angles, the exposure time was multiplied by a factor of 1/cos α. The object pixel size in unbinned images
was 0.71 at a magnification of 18,000×. Images were recorded at nominal −7 μm defocus.
CET data analysis

Three-dimensional reconstructions from tilt series were
performed with the weighted back-projection method using
the TOM toolbox [70]. Membrane segmentation was done
using the software TomoSegMemTV and a complementary
package, SynapSegTools, both for Matlab [71]. Visualizations of the tomograms were done with Amira software
"(FEI company)"on one-time binned volumes.
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Additional files
Additional file 1: Movie S1. In vivo time-lapse imaging of magnetosome chain motion in wildtype strain. Fluorescence microscopy video of
a 95 min study with frames every 5 min as shown in Fig. 1a. Movie was
performed at 4 fps. Scale bar: 1 μm.
Additional file 2: Figure S1. Alignment of actins ATPase motifs and
magnetosome chain parameters: mean-squared displacement, apparent
diffusion constant and velocity. (A) The Connect 1 and Phosphate 2 motif
from the ATPase domain [72] were aligned from several prokaryotic actins
and the human actin. Red residues indicate high conservation. The residues
of the MSR MamK protein, glutamate E143 and aspartate D161, mutated in
this work are indicated. Alignment was performed in CLC Main Workbench
software as per Derman et al. [9] using the following sequences: MSR MamK
(CAM78025.1), AMB MamK (WP_011383398.1), E. coli ParM (WP_000959884.1),
Bacillus subtillis MreB (WP_003229650.1), B. subtillis AlfA (WP_013603336.1), B.
subtillis Alp7A (WP_013603291.1), Homo sapiens Actin (NP_001605.1). (B)
Magnetosome chain (MC) mean-squared displacement (MSD) as a function of
time in the wildtype (WT) (n = 24) and mamK D161A (n = 19) strains. MSD was
determined from the MamC-EGFP fluorescence signal. (C) MC apparent
diffusion constant (D*) as a function of time calculated from MSD data. (D) MC
velocity (VMC) determined from displacement data (time interval: 10 min) for
the WT and mamK D161A strains. (PDF 141 kb)
Additional file 3: Movie S2. In vivo time-lapse imaging of magnetosome chain motion in mamK D161A strain. Fluorescence microscopy
video of a 240 min study with frames every 10 min as shown in Fig. 1c.
Movie was performed at 4 fps. Scale bar: 1 μm.
Additional file 4: Movie S3. Overview of in vivo time-lapse imaging of
magnetosome chain motion in mamK D161A strain. Fluorescence microscopy imaging during 13 h with frames every 10 min. Movie was performed at 7 fps. Scale bar: 1 μm.
Additional file 5: Figure S2. Intracellular magnetosome chain position.
(A) Scheme representing how the intracellular positioning assessment was
carried out. Several TEM micrographs were analyzed and the newly formed
end of each chain was used to determine its position. For instance, when a
chain end was found within a determined area, the chain was assigned
to that position. (B) TEM micrograph of a mamK D161A cell displaying a
polar localized magnetosome chain (MC). Scale bar: 1 μm. (C) Bar plot
representing data of cells with a single or multiple MCs. (D) Bar plot
representing the same data set as in “B”, but cells having single or multiple
MCs are plotted independently. Magnetospirillum gryphiswaldense MSR-1
wildtype (n = 312), mamK D161A (n = 929: single = 373, multiple = 556) and
∆mamK (n = 514: single = 282, multiple = 232). (PDF 847 kb)
Additional file 6: Figure S3. Magnetosome chain (MC) segregation. (A)
Quantification of the MC segregation in terms of magnetosomes per cell
to be inherited by future daughter cells (wildtype (WT): n = 83; mamK
D161A: n = 68). Cells were incubated under 21 % oxygen for 5 h. (B)
Cumulative distribution of MC segregation data in “A”. (C) Quantification
of the MC segregation length to be inherited by future daughter cells
(WT: n = 39; mamK D161A: n = 123). Cells were grown under microoxic
conditions (2 % oxygen). (PDF 200 kb)
Additional file 7: Figure S4. Simulations of magnetosome chain (MC)
dynamics. (A) MC motion after cell division was modeled under low and
high diffusive mobility varying (B) velocity (V0) or (C) force (Fs). (PDF 261 kb)
Additional file 8: Figure S5. Magnetite crystal size and mamK D161A
strain phenotypes. (A) Quantification of magnetosome chains (MCs) per cell
under microoxic growth (2 % oxygen) in Magnetospirillum gryphiswaldense
MSR-1 wildtype (n = 298), mamK D161A (n = 521) and ∆mamK (n = 469). (B)
TEM micrographs of mamK D161A displaying wildtype-like (left panel) or
fragmented (right panel) MCs. Scale bars: 1 μm. (PDF 1828 kb)
Additional file 9: Figure S6. Connected cells of mamK D161A strain. TEM
micrographs of mamK D161A displaying four cells that seem completely
divided, albeit still connected by some membranous bridging structures
(indicated by arrows) and suggested to be held by MamKD161A stable
filaments. Scale bars: 1 μm. (PDF 1014 kb)
Additional file 10: Figure S7. Fluorescence microscopy of mCherryMamKD161A filament in connected cells. Cell membrane was stained with
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the fluorescent dye CellBriteTM Blue. Arrows indicate the cell division site
constriction where the mCherry-MamKD161A filament signal appears to
cross. Scale bar: 1 μm. (PDF 16 kb)
Additional file 11: Figure S8. Cryo-electron tomography (CET) of cell
division sites of mamK D161A connected cells. (A) CET micrograph of
three connected cells. The indicated cell division site (placed on the
grid’s hole) was selected for tomography (imaged cell division site in
Fig. 4b–d). (B) CET micrograph of three connected cells. Both cell division
sites (arrowheads) were suitable for tomography. (Ci-Civ) CET sections of
cell division site 1, (Di-Dv) and cell division site 2 as indicated in “B”.
White arrowheads indicate MamK filaments entering and exiting the
membranous bridge. Blue arrows indicate inner (IM) and outer (OM)
membranes. (Ei-Eiv) CET 3D rendering of the cell division site 1, (Fi-Fiii)
and cell division site 2 indicated in “B”. Magnetite crystals: red. Vesicles:
yellow. MamK filament: green. Cellular envelope, inner and outer
membrane: blue. Flagella: gold. (PDF 4458 kb)
Additional file 12: Movie S4. Cryo-electron tomography of mamK
D161A connected cells. View through the z-stack tomogram of the
division site of mamK D161A connected cells at 18,000× magnification
from Fig. 4b–d. Vesicles (yellow) and magnetite (red) associated with the
MamK filament structure (green), which traverses the cell division site.
Cellular envelope (blue).
Additional file 13: Movie S5. Cryo-electron tomography of mamK
D161A connected cells (Cell 2, division site 1). View through the z-stack
tomogram of a cell division site of mamK D161A connected cells at
18,000× magnification from Additional file 11: Figure S8B, S8C and S8E.
Vesicles (yellow) and magnetite (red) associated with the MamK filament
structure (green), which traverses the cell division site. Cellular envelope
(blue).
Additional file 14: Movie S6. Cryo-electron tomography of mamK
D161A connected cells (Cell 2, division site 2). View through the z-stack
tomogram of a cell division site of mamK D161A connected cells at
18,000× magnification from Additional file 11: Figure S8B, S8D and S8F.
Vesicles (yellow) and magnetite (red) associated with the MamK filament
structure (green), which traverses the cell division site. Cellular envelope (blue).
Additional file 15: Figure S9. Controls and curves of fluorescence
recovery after photobleaching. Dark-state fluorophore reversal was
controlled by fixing the cells with 1 % formaldehyde for 1 h and then FRAP
was performed. Therefore, the translational fusion mCherry-MamK expressed
from (A) the mamK locus or (B) a replicative plasmid in ∆mamJK background was evaluated in fixed cells. (C–F) Comparison of fluorescence
recovery curves over the time after the laser application for different strains.
Only bleached areas were plotted for each strain. Zero time was measured
immediately after laser pulse. SD corresponding to each time point is not
showed for a better comparison of the curves. (PDF 455 kb)
Additional file 16: Figure S10. Half-time fluorescence recovery of
MamK. (A) Half-time recovery of the fluorescence (t½) of mCherry-MamK in
several strains is presented as bar chart highlighting significant differences.
An unpaired Student’s t-test was carried out. * Significant: P = 0.01 to 0.05. **
Very significant P = 0.001 to 0.01. *** Extremely significant P < 0.001. ns: not
significant. (B) Half-time recovery of the fluorescence (t½) box and whiskers
plot for a better comparison of data distribution among strains. Error bars in
“A” represent SEM and in “B” the 10–90 percentile. Lines inside the box
specify the median. (C) Detailed half-time recovery of the fluorescence (t½)
with SEM per strain. (PDF 273 kb)
Additional file 17: Movie S7. MamK filament treadmilling.
Fluorescence microscopy imaging of mCherry-MamK after photobleaching of the filament by a 561 nm laser pulse applied between the first and
second frame. Imaging was carried out for 10 min with frames every 30 s.
Upper panel shows mCherry-mamK expressed in the wildtype (chromosomally, Fig. 5a), ΔmamK and MSR-1B, respectively. Lower panel (left to
right): mCherry-mamK expressed in MSR ΔmamJK and E. coli (as shown in
Additional file 18: Figure S11B). Movie was performed at 7 fps. Scale bar:
1 μm.
Additional file 18: Figure S11. MamK filament treadmilling and
dynamics. Bleach-marked mCherry-MamK filaments were used to follow the
treadmilling in (Ai) MSR (chromosomal expression from the mamK locus.
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Fig. 5a) and (Bi) E. coli (expression from the lac promoter induced for 9 h,
1 mM IPTG). (Aii and Bii) Kymographs displaying fluorescence signal
intensity (x-axis) of bleached MamK filaments over the time (y-axis) in the
respective strains. The corresponding duplicated kymograph indicates the
bleaching time/area (red box) and filament fluorescent signal progression
(white dashed line). The bleach-marked filaments were followed for 5 min
with imaging every 30 s. (C) Two kymographs of the red photoconverted
Dendra2-MamK signal (x-axis) over time (y-axis). The corresponding duplicated
kymograph below indicates the photoconversion time/area (red box) and
MamK filament fluorescent signal appearance/progression from the cell pole
(red dashed line). Right panel: cell shown in Fig. 7bi. (D) Quantification of
photoconverted Dendra2-MamKD161A signal in the WT strain (n = 16). (E)
Photoconversion of Dendra2-MamK (n = 31) or (F) Dendra2-MamK E143A
(n = 39) expressed from the tetracycline-inducible promoter (Ptet), 6 h induced.
Green channel: filament prior to photoconversion. Red channel: photoconverted protein after a 405 nm laser pulse. White dashed circles:
photoconverted areas. Arrowhead indicates appearance of MamK
signal at the cell pole. White dashed lines act as reference point. Red
dashed lines: filament growth progression. (G) Dot plot of MamK
filament treadmilling speed distribution in several strains, quantified
from mCherry-MamK photobleaching data. Scale bars: 1 μm. (H)
Detail of MamK filament treadmilling speeds. (I) Correlation plot of
MamK filament growth speed versus the corresponding half-time
fluorescence recovery. A linear regression (r2 = 0.8275) shows negative
correlation between speed and fluorescence recovery. Pearson correlation
coefficient (r) shows a significant (P = 0.01 to 0.05) negative linear relationship (r = –0.9097). E. coli data was excluded of this analysis. (PDF 521 kb)
Additional file 19: Figure S12. MamJ dynamics. (A) Photobleaching of
MamJ-mCherry co-expressing mamK and evaluation of the fluorescence
recovery in ∆mamJK. The right panel shows the quantification of the
MamJ-mCherry fluorescence recovery over the time. Zero time was
measured immediately after laser pulse. Half-time recovery of the
fluorescence is presented as t½ in the plot. (B) Photoconversion of
Dendra2 fused to MamJ in MSR wildtype. Arrow indicates MamJ
signal progression. Similar behavior was observed in other analyzed
cells (n = 22). (C) Photoconversion of MamJ-Dendra2 (n = 10) coexpressed with mamK in ∆mamJK. Arrow indicates appearance and
progression of MamJ signal at the cell pole. (D) Photobleaching of
MamJ-mCherry co-expressing mamK D161A under the control of the
tetracycline-inducible promoter (Ptet) (24 h induced) and evaluation of
the fluorescence recovery in MSR ∆mamK and (E) ∆mamJK strains.
The plots show quantification of the MamJ-mCherry fluorescence
recovery over the time. Zero time was measured immediately after
laser pulse. Half-time recovery of the fluorescence is presented as t½
in the plot. (F) Expression of mamJ-dendra2 co-expressing mamK
D161A (n = 15) from the tetracycline-inducible promoter (Ptet) (24 h
induced) and posterior photoconversion in MSR ∆mamJK strain. Green
channel displays the filament prior to photoconversion. Red channel
shows photoconverted protein after a laser line 405 nm pulse application.
(PDF 573 kb)
Additional file 20: Figure S13. Controls of MamJ dynamics assays. (A)
Representative cell of a fixed control of MamJ-Dendra2 photoconversion
co-expressing mamK (n = 4) in MSR wildtype (WT) strain. Green channel
displays the filament prior to photoconversion. Red channel shows photoconverted protein after a laser line 405 nm pulse application. (B) Control
for dark-state-reversal of mCherry fluorophore fused to MamJ and coexpressing mamK in MSR WT (n = 15) and (C) ∆mamJK strains (n = 15). (D)
Control for dark-state-reversal of MamJ-EGFP fusion expressed under the
control of the mamGFDC operon (located in the MAI) promoter (PmamDC)
from a Tn5-based chromosomal insertion in the MSR WT strain (n = 12).
Zero time was measured immediately after laser pulse. Scale bars: 1 μm.
(PDF 322 kb)
Additional file 21: Figure S14. MamK and MamJ functional
complementation. (A) ∆mamJK cells forming clustered magnetosomes were
used for evaluation of functionality of the constructs. (B) ∆mamJK strain
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co-expressing mamK and mamJ-mCherry from a replicative plasmid. (C)
∆mamJK strain expressing mamJ-dendra2 from a replicative plasmid. (D)
∆mamJK strain co-expressing mamK and mamJ-dendra2 from a replicative
plasmid. (E) ∆mamJK strain co-expressing mamK D161A together with either
mamJ-mCherry or (F) mamJ-dendra2 from a replicative plasmid under the
control of the tetracycline-inducible promoter (Ptet) (24 h induced).
Reconstitution of linear magnetosome chains (MCs) indicated successful gene
expression and complementation of the phenotype. Notably, in (E) and (F),
the mamK D161A phenotype of MC mispartitioning, polar localization and
segmented chains were also observed in the complemented strains devoid of
the mamK gene. Scale bars: 1 μm. (PDF 3422 kb)
Additional file 22: Supporting Methods. Text including details of methods
that were not included in the main text (Additional file 23: Figure S15).
(DOCX 190 kb)
Additional file 23: Figure S15. MamK immunoblot. MamK protein
presence was evaluated by western blot in the MSR WT, mamK
D161A mamC-egfp, mCherry-mamK D161A and ∆mamK strains. MamK:
~37 KDa (lower arrowhead). mCherry-MamK: ~68 kDa (upper arrowhead). (PDF 50 kb)
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Segregation of prokaryotic magnetosomes organelles is driven by treadmilling of
a dynamic actin-like MamK filament

Supplementary Information- Manuscript 1
Additional File 1: Movie S1. In vivo time-lapse imaging of magnetosome chain motion in WT strain. Fluorescence
microscopy video of a 95 min study with frames every 5 min as shown in Figure 1A. Movie was performed at 4 fps.
Scale bar: 1µm.
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Additional File 2: Figure S1. Alignment of actins ATPase motifs and magnetosome chain parameters: meansquared displacement, apparent diffusion constant and velocity. (A) The Connect 1 and Phosphate 2 motif from the
ATPase domain [1] were aligned from several prokaryotic actins and the human actin. Red residues indicate high
conservation. The residues of the MSR MamK protein, glutamate E143 and aspartate D161, mutated in this work are
indicated. Alignment was performed in CLC Main Workbench software as per Derman et al. [2] using the following
sequences: MSR MamK (CAM78025.1), AMB MamK (WP_011383398.1), E. coli ParM (WP_000959884.1),
Bacillus subtillis MreB (WP_003229650.1), B. subtillis AlfA (WP_013603336.1), B. subtillis Alp7A (WP_013603291.1),
Homo sapiens Actin (NP_001605.1). (B) MC mean-squared displacement (MSD) as a function of time in the WT (n=24)
and mamK D161A (n=19) strains. MSD was determined from the MamC-EGFP fluorescence signal. (C) MC apparent
diffusion constant (D*) as a function of time calculated from MSD data. (D) MC velocity (VMC) determined from
displacement data (time interval: 10 min) for the WT and mamK D161A strains.
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Supplementary Information – Manuscript 1
Additional File 3: Movie S2. In vivo time-lapse imaging of magnetosome chain motion in mamK D161A strain.
Fluorescence microscopy video of a 240 min study with frames every 10 min as shown in Figure 1C. Movie was
performed at 4 fps. Scale bar: 1µm.
Additional File 4: Movie S3. Overview of in vivo time-lapse imaging of magnetosome chain motion in mamK
D161A strain. Fluorescence microscopy imaging during 13 h with frames every 10 min. Movie was performed at 7
fps. Scale bar: 1µm.
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Additional File 5: Figure S2. Intracellular magnetosome chain position. (A) Scheme representing how the
intracellular positioning
WT assessment
n=312 was carried out. Several TEM micrographs were analyzed and the newly formed
mamK D161A n=929

WT found n=314
end of each chain was
used to n=514
determine its position. For instance, when a chain end was
within a determined
DmamK
mamK
D161A
area, the chain was assigned to that position. (B) TEM micrograph of a mamK D161A cell
displaying
a polar localized
-single

n=373

-multiple
n=556(D) Bar plot
MC. Scale bar: 1 µm. (C) Bar plot representing data of cells with having a single or
multiple MCs.

representing the same data set as in “B”, but cells having single or multiple MCs
are plotted independently.
DmamK
-single

n=282

MSR WT (n=312), mamK D161A (n=929: single=373, multiple=556) and ∆mamK (n=514: single=282,
multiple=232).
-multiple
n=232
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Chain distribution into daughter cells during segregation
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Additional File 6: Figure S3. Magnetosome chain segregation. (A) Quantification of the MC segregation in terms of
magnetosomes per cell to be inherited by future daughter cells (WT: n=83; mamK D161A: n=68). Cells were incubated
under 21% oxygen for 5 h. (B) Cumulative distribution of MC segregation data in “A”. (C) Quantification of the MC
segregation length to be inherited by future daughter cells (WT: n=39; mamK D161A: n=123). Cells were grown under
microoxic conditions (2% oxygen).
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Additional File 7: Figure S4. Simulations of magnetosome chain dynamics. (A) MC motion after cell division was
modeled under low and high diffusive mobility varying (B) velocity (V0) or (C) force (Fs).
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Additional File 8: Figure
S5. Magnetite
crystal size and mamK D161A strain phenotypes. (A) Quantification of MCs
mamK D161A n=521
DmamK
n=469(2% oxygen) in MSR WT (n=298), mamK D161A (n=521) and ∆mamK (n=469).
per cell under microoxic
growth
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(B) TEM micrographs
ofD161A
mamKn=521
D161A displaying WT-like (left panel) or fragmented (right panel) MCs.
mamK
Scale bars: 1 µm.

Additional File 9: Figure S6. Connected cells of mamK D161A strain. TEM micrographs of mamK D161A displaying
four cells that seem completely divided, albeit still connected by some membranous bridging structures (indicated by
arrows) and suggested to be held by MamKD161A stable filaments. Scale bars: 1 µm.
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Additional File 10: Figure S7. Fluorescence microscopy of mCherry-MamKD161A filament in connected cells.
Cell membrane was stained with the fluorescent dye CellBriteTM Blue. Arrows indicate the cell division site
constriction where the mCherry-MamKD161A filaments signal appears to cross. Scale bar: 1 µm.

119

Supplementary Information – Manuscript 1

A

mamK D161A mamC-egfp
Imaged cell
division site
Cell division
site 2

B

mamK D161A mamC-egfp

Imaged cell
division site 1

Ei

Imaged cell
division site 2

Eii
Ci

OM
IM

Eiii

Di

Dii

Eiv

Cii
Diii
Fi

Fii

Div
Ciii
Fiii
Civ

Dv

Additional File 11: Figure S8. Cryo-electron tomography of cell division sites of mamK D161A connected cells.
(A) Cryo-EM micrograph of three connected cells. The indicated cell division site (placed on the grid’s hole) was
selected for tomography (imaged cell division site in Figure 4B-4D). (B) Cryo-EM micrograph of three connected
cells. Both cell division sites (arrowheads) were suitable for tomography. (Ci-Civ) CET sections of cell division site 1,
(Di-Dv) and cell division site 2 as indicated in “B”. White arrowheads indicate MamK filaments entering and exiting
the membranous bridge. Blue arrows indicate inner (IM) and outer (OM) membranes. (Ei-Eiv) CET 3D rendering of
the cell division site 1, (Fi-Fiii) and cell division site 2 indicated in “B”. Magnetite crystals: red. Vesicles: yellow.
MamK filament: green. Cellular envelope, inner and outer membrane: blue. Flagella: gold.
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Additional File 12: Movie S4. Cryo-electron tomography of mamK D161A connected cells. View through the zstack tomogram of the division site of mamK D161A connected cells at 18,000x magnification from Figure 4B-4D.
Vesicles (yellow) and magnetite (red) associated with the MamK filament structure (green), which traverses the cell
division site. Cellular envelope (blue).
Additional File 13: Movie S5 Movie. Cryo-electron tomography of mamK D161A connected cells
(Cell 2, division site 1). View through the z-stack tomogram of a cell division site of mamK D161A connected cells at
18,000x magnification from Additional File 11: Figure S8B, S8C and S8E. Vesicles (yellow) and magnetite (red)
associated with the MamK filament structure (green), which traverses the cell division site. Cellular envelope (blue).
Additional File 14: Movie S6. Cryo-electron tomography of mamK D161A connected cells (Cell 2, division site 2).
View through the z-stack tomogram of a cell division site of mamK D161A connected cells at 18,000x magnification
from Additional File 11: Figure S8B, S8D and S8F. Vesicles (yellow) and magnetite (red) associated with the MamK
filament structure (green), which traverses the cell division site. Cellular envelope (blue).
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Additional File 15: Figure S9. Controls and -†0.5
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recovery
after9 photobleaching.
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Therefore, the translational fusion mCherry-MamK expressed from (A) the mamK locus or (B) a replicative plasmid in
∆mamJK background was evaluated in fixed cells. (C-F) Comparison of fluorescence recovery curves over the time
after the laser application for different strains. Only bleached areas were plotted for each strain. Zero time was
measured immediately after laser pulse. SD corresponding to each time point is not showed for a better comparison
of the curves.
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Additional File 16: Figure S10. Half-time fluorescence recovery of MamK. (A) Half-time recovery of the
fluorescence (t½) of mCherry-MamK in several strains is presented as bar chart highlighting significant differences.
An unpaired Student’s t-test was carried out. * Significant: P= 0.01 to 0.05. ** Very significant P= 0.001 to 0.01. ***
Extremely significant P < 0.001. ns: not significant. (B) Half-time recovery of the fluorescence (t½) box and whiskers
plot for a better comparison of data distribution among strains. Error bars in “A” represent SEM and in “B” the
percentile 10-90. Lines inside the box specify the median. (C) Detailed half-time recovery of the fluorescence (t½) with
SEM per strain.
Additional File 17: Movie S7. MamK filament treadmilling. Fluorescence microscopy imaging of mCherry-MamK
after photobleaching of the filament by a 561 nm laser pulse applied between the first and second frame. Imaging
was carried out for 10 min with frames every 30 s. Upper panel shows mCherry-mamK expressed in the WT
(chromosomally, Figure 5A), ΔmamK and MSR-1B, respectively. Lower panel (left to right): mCherry-mamK expressed
in MSR ΔmamJK and E. coli (as shown in Additional File 18: Figure S11B). Movie was performed at 7 fps. Scale bar:
1µm.

122

K_speed_median_Strains expresing
Supplementary
InformationManuscript 1
mCherry::mamK
plasmid

Bi E. Coli, mCherry-mamKplasmid G

Bii

5 min

Aii Cell Pole

C

WT, Ptet dendra2-mamKplasmid
Green channel

Red channel

Before
photoconversion

K_speed_SEM_Strains expresing
mCherry::mamKplasmid

600

Filament speed nm/min
Filament speed nm/min

Ai WT, mCherry-mamKchromosomal

500
400

***
**

300
ns

400
200

***

ns

350
100
300
0
hr

id
K id
Bmid
olimid
las mid amlK
sm
mpJlasm RB-p1las E.licplas
pa
S
o
1
mJaK
c
mK Dm
Dam
M
R
E.
a
Dm
MS
Dm

250WTTcchrom WTTp plas
W

W

200

MSR strains

150

Time after photoconversion (min)

Before
photoconversion

0

1

2

100
3

4

50

5

0

li id
s id
K id
B id
K id
hr
plaasm amplasm ampJlasm R-1plasm .licpolasm
Tc om
E
K
B
K
S
W T chr WWTT pl Dm
o
m
1
c
M
DamJ
W
am
RE.
Dm
MS
Dm

MSR strains

D WT, PmamAB dendra2-mamKplasmid
Cell Pole

Midcell

Cell Pole

H
10 min

WT chrom
WT plasmid
DmamK
DmamJK
MSR-1B
E. coli

Speed (nm/min)
313.3 ± 12.1
337.3 ± 14.6
313.3 ± 10.6
199.8 ± 10.3
261.2 ± 13.3
140.4 ± 13.0

n= 36
n= 27
n= 28
n= 20
n= 28
n=13

Speed vs Recovery

I

400

Filament speed
(nm/min)

Photoconversion: PH_dendra-K_D161A

PH_dendra-K_D161A
E1.2 WT, PmamABPhotoconversion:
dendra2-mamK
D161Aplasmid

300

1.0

0.8

0.6

0.4

0.2

Relative Integrated Density

Relative Integrated Density

1.2

1.0

0.8

0.6

0.4

-0.5 0

100

photoconverted area

photoconverted area

non-photoconverted area

non-photoconverted area

0.2

-0.5 0

F

200

1

1

2

2

3

3

4

4

5

Time
5 (min)
6

6

7

7

8

8

9

9

0
50

10

Time (min)
WT, Ptet
dendra2-mamK
E143Aplasmid
photoconverted area= no variation of fluorescence
non-photoconverted area= no variation of fluorescence
Green
channel

photoconversion

70

80

90

100

110

Red channel

n=16area= no variation of fluorescence
photoconverted
non-photoconverted area= no variation of fluorescence
Before
Before
n=16

photoconversion

60

Half-time of the
fluorescence recovery (s)

10

Time after photoconversion (min)
0

2

4

6

8

14

Additional File 18: Figure S11. MamK filament treadmilling and dynamics. Bleach-marked mCherry-MamK
filaments were used to follow the treadmilling in (Ai) MSR (chromosomal expression from the mamK locus.
Figure 5A) and (Bi) E. coli (expression from the lac promoter induced for 9 h, 1mM IPTG). (Aii and Bii) Kymographs
displaying fluorescence signal intensity (x-axis) of bleached MamK filaments over the time (y-axis) in the respective
strains. The corresponding duplicated kymograph indicates the bleaching time/area (red box) and filament
fluorescent signal progression (white dashed line). The bleach-marked filaments were followed for 5 min with
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imaging every 30 s. (C) Two kymographs of the red photoconverted Dendra2-MamK signal (x-axis) over time
(y-axis). The corresponding duplicated kymograph below indicates the photoconversion time/area (red box) and
MamK filament fluorescent signal appearance/progression from the cell pole (red dashed line). Right panel: cell
shown in Figure 7Bi. (D) Quantification of photoconverted Dendra2-MamKD161A signal in the WT strain (n=16).
(E) Photoconversion of Dendra2-MamK (n=31) or (F) Dendra2-MamK E143A (n=39) expressed from the tetracyclineinducible promoter (Ptet), 6 h induced. Green channel: filament prior to photoconversion. Red channel:
photoconverted protein after a 405 nm laser pulse. White dashed circles: photoconverted areas. Arrowhead indicates
appearance of MamK signal at the cell pole. White dashed lines act as reference point. Red dashed lines: filament
growth progression. (G) Dot plot of MamK filament treadmilling speed distribution in several strains, quantified
from mCherry-MamK photobleaching data. Scale bars: 1 µm. (H) Detail of MamK filament treadmilling speeds.
(I) Correlation plot of MamK filament growth speed versus the corresponding half-time fluorescence recovery.
A linear regression (r2= 0.8275) shows negative correlation between speed and fluorescence recovery. Pearson
correlation coefficient (r) shows a significant (P= 0.01 to 0.05) negative linear relationship (r = -0.9097). E. coli data was
excluded of this analysis.
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Additional File 19: Figure S12. MamJ dynamics. (A) Photobleaching of MamJ-mCherry co-expressing mamK and
evaluation of the fluorescence recovery in ∆mamJK. The right panel shows the quantification of the MamJ-mCherry
fluorescence recovery over the time. Zero time was measured immediately after laser pulse. Half-time recovery of the
fluorescence is presented as t½ in the plot. (B) Photoconversion of Dendra2 fused to MamJ in MSR WT. Arrow
indicates

MamJ

signal

progression.

Similar

behavior

was

observed

in

other

analyzed

cells

(n=22).

(C) Photoconversion of MamJ-Dendra2 (n=10) co-expressed with mamK in ∆mamJK. Arrow indicates appearance and
progression of MamJ signal at the cell pole. (D) Photobleaching of MamJ-mCherry co-expressing mamK D161A under
the control of the tetracycline-inducible promoter (Ptet) - 24h h induced - and evaluation of the fluorescence recovery
in MSR ∆mamK and (E) ∆mamJK strains. The plots show quantification of the MamJ-mCherry fluorescence recovery
over the time. Zero time was measured immediately after laser pulse. Half-time recovery of the fluorescence is
presented as t½ in the plot. (F) Expression of mamJ-dendra2 co-expressing mamK D161A (n=15) from the tetracyclineinducible promoter (Ptet) - 24h h induced - and posterior photoconversion in MSR ∆mamJK strain. Green channel
displays the filament prior to photoconversion. Red channel shows photoconverted protein after a laser line 405 nm
pulse application.
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Additional File 20: Figure S13. Controlsn=12
of MamJ dynamics assays. (A) Representative cell of a fixed control of
MamJ-Dendra2 photoconversion co-expressing mamK (n=4) in MSR WT strain. Green channel displays the filament
prior to photoconversion. Red channel shows photoconverted protein after a laser line 405 nm pulse application. (B)
Control for dark-state-reversal of mCherry fluorophore fused to MamJ and co-expressing mamK in MSR WT (n=15)
and (C) ∆mamJK strains (n=15). (D) Control for dark-state-reversal of MamJ-EGFP fusion expressed under the control
of the mamGFDC operon (located in the MAI) promoter (PmamDC) from a Tn5-based chromosomal insertion in the MSR
WT strain (n=12). Zero time was measured immediately after laser pulse. Scale bars: 1 µm.
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A

ΔmamJK

B

ΔmamJK, PmamAB mamK_mamJ-mCherryplasmid

C

ΔmamJK,
PmamAB mamJ-dendra2plasmid

E

ΔmamJK,
Ptet mamK D161A_mamJ-mCherryplasmid

D

F

ΔmamJK,
PmamAB mamK_mamJ-dendra2plasmid

ΔmamJK,
Ptet mamK D161A_mamJ-dendra2plasmid

Additional File 21: Figure S14. MamK and MamJ functional complementation. (A) ∆mamJK cells forming clustered
magnetosomes were used for evaluation of functionality of the constructs. (B) ∆mamJK strain co-expressing mamK
and mamJ-mCherry from a replicative plasmid. (C) ∆mamJK strain expressing mamJ-dendra2 from a replicative
plasmid. (D) ∆mamJK strain co-expressing mamK and mamJ-dendra2 from a replicative plasmid. (E) ∆mamJK strain coexpressing mamK D161A together with either mamJ-mCherry or (F) mamJ-dendra2 from a replicative plasmid under the
control of the tetracycline-inducible promoter (Ptet) – 24 h induced. Reconstitution of linear MC indicated successful
gene expression and complementation of the phenotype. Notably, in (E) and (F), the mamK D161A phenotype of MC
mispartitioning, polar localization and segmented chains were also observed in the complemented strains devoid of
the mamK gene. Scale bars: 1 µm.
Additional File 22: Supporting Methods. Text including details of methods that were not included in the main text.
See below.
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Additional File 23: Figure S15. MamK immunoblot. MamK protein presence was evaluated by western blot in the
MSR WT, mamK D161A mamC-egfp, mCherry-mamK D161A and ∆mamK strains. MamK: ~37 KDa (lower arrowhead).
mCherry-MamK: ~68 kDa (upper arrowhead).
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Supporting Methods (additional file 22)
Molecular and genetic techniques
The draft genome sequence of M. gryphiswaldense (GenBank accession number CU459003) was
used for oligonucleotides design. Oligonucleotides were purchased from Sigma-Aldrich. All
constructs were sequenced on an ABI 3700 capillary sequencer (Applied Biosystems), utilizing
BigDye Terminator v3.1. Sequence data were analyzed with CLC Main Workbench Software
(Qiagen).
Plasmids construction
Plasmids were constructed by amplifying the DNA fragments of interest with the Phusion High
Fidelity DNA Polymerase (Thermo Scientific). Plasmid description and oligonucleotides are
listed in Table A and Table B, respectively (see below). For details of the in-frame insertion or
deletion mechanism with the pORFM-galK plasmid refer to Raschdorf et al. (2014) [3]. All
plasmids were introduced into M. gryphiswaldense by means of conjugation.
Plasmid pMT003 (in-frame deletion of mamK) was constructed to delete the mamK gene in the
ΔmamJ background. Since the mamK gene is immediately downstream of mamJ, the upstream
region of the plasmid should correspond to that of the mutant lacking mamJ gene. Then, about
1.5 kb of the mamK up- and downstream region were amplified from ΔmamJ genomic DNA
using the primer pairs oMTN012-013 and oMTN014-015, respectively. Once the fusion of these
regions was performed by overlap PCR, the fused fragments were cloned into pORFM-galK
between the SalI-NotI restriction sites. This vector was used to create the in-frame deletion of
mamK generating the strain MT002 by homologous recombination.
Plasmid pMT004 allows the in-frame insertion of the mamK D161A point mutation. The mamK
gene was amplified from gDNA with the primer pair oMTN020-021 and served as a template
for site-directed mutagenesis. Thus, mamK was mutated into mamK D161A by using the primer
pair oMTN020-021 together with a third oligonucleotide (oMTN023) with an internal mismatch
to direct the mutation where the codon GAT for aspartic acid (D) was replaced with GCC, a
codon for an alanine (A). The mutagenized fragments were cloned into pORFM-GalK with the
SalI-NotI restriction sites and sequenced to confirm correctness of the insert, and subsequently
introduced by conjugation into several strains of M. gryphiswaldense to generate strains MT007
and MT008 by homologous recombination. MamK, MamKD161A and mCherry-MamKD161A
protein presence was evaluated by immunoblot (Additional File 23: Figure S15).
To create pMT009, the plasmid pFM244 (with a constitutive PmamAB promoter from the operon
mamAB) was digested with NdeI-BamHI enzymes. The fragment mCherry-mamK was amplified
from gDNA from the strain FM022 with primers oMTN044-045, identically digested and ligated
into pFM244.
To construct pMT010, the mCherry-mamK D161A fragment was amplified with the primers
oMTN044-045 using gDNA from strain MT008 as template, and further NdeI-BamHI digested
and cloned into pFM244.
For creation of pMT062, an overlapped PCR of dendra2 and mamK was performed. The
fragment dendra2 was amplified with primers oMTN184-185, while mamK with oMTN186-045.
These PCR fragments serve as template for the overlapped PCR using the primers oMTN184045 to generate the dendra2-mamK fusion, which was NdeI-BamHI digested and cloned into the
identically digested pMT009.
pMT063 was created by amplifying the mamK D161A gene with primers oMTN186-045 using
pMT010 as template, the fragment as well as pMT062 were NheI-BamHI digested and ligated.
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To generate pMT065, the fragment dendra2-mamK was amplified with oMTN186-045 using
pMT062 as template and further cloned into the vector pAP160 under the control of a
tetracycline-inducible promoter (Ptet) using the restriction sites NdeI-BamHI.
For construction of pMT067, the fragment mamK was amplified with oMTN187-045. Then,
mamK served as template for mutagenesis into mamK E143A by using the primer pair
oMTN187-045 together with a third oligonucleotide (oMTN100) with an internal mismatch to
direct the mutation where the codon GAC for glutamic acid (E) was replaced with GCC, a
codon for an alanine (A). The mutated fragment mamK E143A was NheI-BamHI digested and
ligated into the identically digested pMT065.
Annealing two 5’-phosphorilated oligonucleotides oMTN224-225 generated an α-helix linker
with a multiple cloning site before (NdeI-KpnI-EcoRI) and after (NheI-HindIII-BamHI). The
annealed oligonucleotides having complementary overhangs to NdeI-BamHI were cloned into
the pMT009 vector NdeI-BamHI digested, producing the plasmid pMT080.
Vector pMT081 was created by amplifying dendra2 gene with the primers oMTN270-216 and
cloned into pMT080 between the restriction sites HindIII-BamHI.
To construct pMT082, the fragment mamJ was amplified with the oligonucleotides oMTN213229 and further cloned into pMT081 between the restriction sites NdeI-EcoRI.
For creation of the pMT083 vector, mamK and mamJ were amplified with oMTN040-271 and
oMTN272-229, respectively. Afterwards, the fusion of both fragments (with the 5’ mamC
intergenic region as spacer) was performed by overlapped PCR using mamK and mamJ
fragments as templates and the oligonucleotides oMTN040-229. The mamK-mamJ insert as well
as pMT081 vector were NdeI-EcoRI digested and ligated.
The plasmid pMT085 was made by amplification of mCherry gene with oligonucleotides
oMTN230-239 and cloning into pMT080 between NheI-BamHI restriction sites.
Plasmid pMT086 was generated by the amplification of mamK-mamJ with the primers
oMTN040-229 and using the vector pMT083 as template. Next, the mamK-mamJ insert and
pMT085 were NdeI-EcoRI digested and ligated.
Finally, to construct the vector pMT090, mamK D161A and mamJ-mCherry were amplified with
oMTN040-271 and oMTN272-239, respectively. Afterwards, the fusion of mamK D161A and
mamJ-mCherry was performed by overlapped PCR using mamK D161A and mamJ-mCherry
fragments as templates and the oligonucleotides oMTN040-239. The mamK D161A_mamJmCherry fused fragment as well as pSB7 vector were NdeI-BamHI digested and ligated.
To create the vector pMT091, the dendra2 gene was amplified with the primer pairs oMTN270216 and cloned into pMT090 using the restriction sites HindIII-BamHI.
Magnetosome chain mean-squared displacement, diffusion and velocity determination
MSD was determined using consecutive localizations for each track with a total of N steps and
calculated as:
1
!"# =
!−!

!!!

(!!!! − !! )! + (!!!! − !! )!
!!!

MSD values were plotted over a range of lag times by calculating displacements over multiple
frames. The apparent diffusion coefficient (D*) was obtained using the MSD data:
!"#
!∗=
2! !
Where d is the number of dimensions (x and y) and ! is the time interval as previously shown
[4]. MC velocity (VMC) was determined from the calculated displacement based on the
coordinates (x, y) using a ! of 10 min.
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Induction of de novo magnetite crystal formation
Briefly, in order to create non-magnetic cells, i.e., lacking magnetosomes, cells were iron starved
in 6-well plates with LIM medium (containing 20 µM 2,2’ dypiridyl) in a microaerobic
environment without agitation at 30ºC. For induction of magnetite biomineralization 100 µM
Fe(III)-citrate was supplemented to cells, which were passaged at least 4x in LIM [5, 6]. Samples
were withdrawn and fixed every 10 min during the first hour, every 30 min during the
following 8 h, and every 24 h for the next 2 days. The O.D.565nm and magnetic response (Cmag) [7]
were determined after fixation.
Photokinetic analysis
The specific settings used for each protein fusion during photokinetics experiments (such as
FRAP and Photoconversion) was as follows:
FRAP
FRAP assays were carried out by photobleaching a small area of a cell and further imaging at
various time intervals for MamK and MamJ fused to diverse fluorophores and upon the
following conditions:
mCherry-MamK: mCherry filter set, 32% SSI with 150 ms exposure. Bleaching: 561 nm laser line
(50 mW) at 10% power, 70% of laser in TIRF mode (only to decrease laser power as TIRF
imaging was not performed) and a single pulse for 4 ms. Cell were imaged every 30 s.
MamJ-EGFP: FITC filter set, 32% SSI with 500 ms exposure. Bleaching: 488 nm laser line (100
mW) at 10% power, 65% of laser in TIRF mode and three iterations for 15 ms. Cell were imaged
every 4 s.
MamJ-mCherry. mCherry filter set, 10% SSI with 250 ms exposure. Bleaching: 561 nm laser line
(50 mW) at 100% power, 75% of laser in TIRF mode and a two iterations for 8 ms. Cell were
imaged every 5 s.
The laser event was always placed after the first image. Half-time fluorescence recoveries (t ½)
were calculated independently per each bleached cell and averaged in order to obtain the SEM
for the cells community. Additionally, each FRAP related plot show the SD per each time point.
Photoconversion
The monomeric Green-to-Red photoconvertable Dendra2 protein was used for qualitative
evaluation of intracellular protein dynamics in MSR. Non-activated Dendra2 possesses
excitation-emission maxima at 486 and 505 nm and can be visualized with the FITC filter set.
Upon a 405 nm laser pulse application, Dendra2 can be activated or photoconverted to a red
fluorescent state of an excitation-emission maxima at 558 and 575 nm, respectively, and imaged
with the TRITC filter set.
Dendra2-MamK. Before photoconversion: FITC filter set, 10% SSI with 150 ms exposure was
used. Photoconversion: 405 nm laser line (100 mW), 10% power, 70% of laser in TIRF mode and
a single pulse for 4 ms. For imaging after photoconversion: TRITC filter set, 32% SSI with 500
ms exposure. Cell were imaged every 30 s.
MamJ-Dendra2. Before photoconversion: FITC filter set, 10% (or 5% for the construct pMT084
co-expressing mamK) SSI with 500 ms exposure was used. Photoconversion: 405 nm laser line
(100 mW), 10% power, 70% of laser in TIRF mode and a single pulse for 4 ms. For imaging after
photoconversion: TRITC filter set, 32% SSI with 500 ms exposure. Cells were imaged every 5 s.
The laser event was always placed after the first image.
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Table A. Bacterial strains created and used in this work
Strain*

Genotype or characteristics

Reference or source

ΔmamJ

Wild-type (RifR, SmR). Host for gene expression and localization studies.
Refered to as MSR WT.
ΔmamJ

Schultheiss and Schüler,
2003 [8]
Scheffel et al, 2006 [5]

ΔmamK

ΔmamK

Katzmann et al, 2010 [9]

MSR-1B

Spontaneous non-magnetic mutant

Schübbe et al, 2003 [10]

FM021

mamC-egfp

Raschdorf et al, 2014 [3]

FM022

mCherry-mamK

Raschdorf et al, 2014 [3]

MT002

ΔmamJK

This work

MT007

mamK D161A, mamC-egfp

This work

MT008

mCherry-mamK D161A

This work

MT009

MSR WT, conjugated with Tet-pBam_MamJ-EGFP, TcR

This work

MT010

MSR WT, conjugated with pMT090, Km

This work

MT011

ΔmamK, conjugated with pMT090, KmR

This work

MT012

ΔmamJK, conjugated with pMT090, KmR

This work

MT013

ΔmamJK, conjugated with pMT091, KmR

This work

MT014

MSR WT, conjugated with pMT091, KmR

This work

eMT001

MSR WT, conjugated with pMT009, Km

R

This work

eMT002

MSR WT, conjugated with pMT010, KmR

This work

eMT003

ΔmamK, conjugated with pMT009, KmR

This work

eMT004

ΔmamJK, conjugated with pMT009, KmR

This work

eMT005

MSR-1B, conjugated with pMT009, Km

This work

eMT006

MSR WT, conjugated with pMT062, KmR

This work

eMT007

MSR WT, conjugated with pMT063, KmR

This work

eMT008

MSR WT, conjugated with pMT065, KmR

This work

eMT009

MSR WT, conjugated with pMT067, KmR

This work

eMT010

MSR WT, conjugated with pMT082, Km

R

This work

eMT011

MSR WT, conjugated with pMT084, KmR

This work

eMT012

ΔmamJK, conjugated with pMT084, KmR

This work

eMT013

MSR WT, conjugated with pMT086, KmR

This work

eMT014

ΔmamJK, conjugated with pMT086, Km

This work

M. gryphiswaldense
MSR-1 R3/S1

R

R

R

E. coli
DH5α
BW29427
eMT015

Host for cloning. F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1
hsdR17 (rK-, mK+) phoA supE44 λ-thi-1 gyrA96 relA1
thrB1004 pro thi rpsL hsdS lacZΔM15 RP4-1360 Δ(araBAD)567
ΔdapA1341::[erm pir (wt)]
DH5α, transformed with pMT009, KmR

Invitrogen
Datsenko and Wanner
(unpublished)
This work

* MTN strains: chromosomally stably modified. eMTN strains: transformed with a replicative vector.
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Table B. Plasmids created and used in this study
Plasmid

Relevant characteristics

Reference or source

pORFM-GalK-MCS

Integrative backbone vector for in-frame gene deletion. oriT, PtetgalK, KmR, TcR
Replicative backbone vector for in trans
gene expression in MSR. oriT, mob, KmR
pBAM1 derivative (TcR, ApR, γR6K origin of replication, oriT, Tn5
vector). mamJ-egfp under control of PmamDC promoter
pBAM1 derivative (KmR, γR6K origin of replication, oriT, Tn5
vector). egfp under control of Ptet promoter
pBBR1-MCS2 based vector. PmamAB;KmR

Raschdorf et al, 2014 [3]

pBBR1-MCS2
Tet-pBAM_MamJEGFP
pSB7
pFM244
pAP160

Kovach et al, 1994 [11]
Kolinko et al, 2014 [12]
Borg et al, 2014 [13]
F. Müller, (unpublished)
A. Pollity (unpublished)

pMT009

pBBR-MCS2, with Ptet, egfp,
terminator-fragment, PNeo-TetR; KmR
pORFM-GalK derivative,
mamK deletion into ΔmamJ strain
pORFM-GalK derivative,
mamK D161A mutation
pFM244 derivative, PmamAB-mCherry-mamK

pMT010

pFM244 derivative, PmamAB-mCherry-mamK D161A

This work

pMT062

pMT009 derivative, PmamAB-dendra2-mamK

This work

pMT063

pMT062 derivative, PmamAB-dendra2-mamK D161A

This work

pMT065

pAP160 derivative, Ptet-dendra2-mamK

This work

pMT067

pMT065 derivative, Ptet-dendra2-mamK E143A

This work

pMT080

pMT009 derivative, PmamAB-α-helix

This work

pMT081

pMT080 derivative, PmamAB-α-helix- dendra2

This work

pMT082

pMT081 derivative, PmamAB-mamJ-dendra2

This work

pMT083

pMT081 derivative, PmamAB-mamK_mamJ-dendra2

This work

pMT085

pMT080 derivative, PmamAB-α-helix-mCherry

This work

pMT086

pMT083 derivative, PmamAB-mamK_mamJ-mCherry

This work

pMT090

pSB7 derivative, Ptet-mamK D161A_mamJ-mCherry

This work

pMT091

pMT090 derivative, Ptet-mamK D161A_mamJ-dendra2

This work

pMT003
pMT004

This work
This work
This work
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Table C. DNA Oligonucleotides used in this study
Primer

Sequence 5’→3’

Remarks

oMTN012

AGACTAGTCGACGAGCTGGGGGCGCCTATCGCTTTTCCCA

SalI, overhang

oMTN013

tcaaaagtcggcctgttcttgGCCTGGCCTTCACCTTCACTC

oMTN014

caagaacaggccgacttttgaTGGTTGCCGGGGCGCTCTGCGGC

oMTN015

AGACTAGCGGCCGCCATGCCCACATTGACGCCGATGGAAAC

Lowercases: complementary region
to oMTN014
Lowercases: complementary region
to oMTN013
NotI, overhang

oMTN016

CTACTCCTGTTGCCGGGGGGGGTAA

oMTN017

CCCGATTTGGGCCACTGATAATGCTTGC

oMTN018

TTTGGCCAACCGATGATGCCCATTGCCG

oMTN019

GGCTGTTAGTCTCAATGGCGACACAGCG

oMTN020

oMTN023

AGACTAGTCGACGGATTGATCTGTTAGCACGCGAACGGAGTGACA
A
AGACTAGCGGCCGCGCCACGCATCTTCGCCAACCAAAATGACATC
C
CCATCATTGTCGccATCGGCGCCGGGAC

oMTN024

ATCGGCGTGCCGGCCCGAGCGTCGGGAGC

oMTN040

AGACTACATATGAGTGAAGGTGAAGGCCAGGCC

NdeI, overhang

oMTN044

AGACTACATATGGTGAGCAAGGGCGAGGAGGATAAC

NdeI, overhang

oMTN045

AGACTAGGATCCTCACTGACCGGAAACGTCACCAAGC

BamHI, overhang

oMTN100

CTGGTGGTATCCGcgCCGTTCATG

nucleotide exchange

oMTN184

AGACTACATATGAACACCCCGGGAATTAACCTGATCAAG

NdeI, overhang

oMTN185

agctcgagatcttaaggtaccCCACACCTGGCTGGGCAGGG

oMTN186

gcggccgccgatcctGCTAGCATGAGTGAAGGTGAAGGCCAGGCC

oMTN187

AGACTAGCTAGCATGAGTGAAGGTGAAGGCCAGGCC

Lowercases: complementary region
to oMTN186
Lowercases: complementary region
to oMTN185. NheI
NheI, overhang

oMTN213

CATATGGCAAAAAACCGGCGTGATCGCGG

NdeI

oMTN216

GGATCCTTACCACACCTGGCTGGGCAGG

BamHI

oMTN229

AGACTAGAATTCTTTATTCTTATCTTCAGCATCACATTTCGGCGATG

EcoRI, overhang

oMTN230

AGACTAGCTAGCATGGTGAGCAAGGGCGAGGAGGATAAC

NheI, overhang

oMTN239

AGACTAGGATCCTTACTTGTACAGCTCGTCCATGCCG

BamHI, overhang

oMTN270

AGACTAAAGCTTATGAACACCCCGGGAATTAACCTGATCAA

HindIII, overhang

oMTN271

cgctgttgtccttaattcaagggtcagTCACTGACCGGAAACGTCACCAAGCTG

oMTN272

ctgacccttgaattaaggacaacagcgATGGCAAAAAACCGGCGTGATCGCGG

oFM280a

CTGCCACTCATCGCAGTCTAGCTTGG

Lowercases represent the mamC
intergenic region and the
complementary region to oMTN272
Lowercases represent the mamC
intergenic region and the to
oMTN271
Raschdorf et al, 2014 [3]

oFM281

GGCTTTCTACGTGTTCCGCTTCCTTTAGC

Raschdorf et al, 2014 [3]

oMTN021
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Summary
Magnetotactic bacteria synthesize magnetoreceptor organelles, magnetosomes, which are
membrane-enveloped magnetite nanocrystals organized into a chain by the actin-like MamK
protein.

However,

magnetosome

the

chains,

Magnetospirillum
revealing

gryphiswaldense

additional

structural

mamK

mutant

determinants

for

still

contains

magnetosome

organization. Here, we identified MamY, a membrane-bound curvature-sensing protein and
essential mechanical scaffold for magnetosomes. Cryo-ET shows that mamY deletion causes
magnetosome chain deviation from the positive curvature (geodetic axis) of helical cells, while
mamKY co-deletion completely abolishes chain formation. Synthetic tethering of magnetosomes
to the MamY structure reconstitutes chain configuration in vivo. 3D-SIM and PALM
demonstrate that MamY localizes as a linear polymeric structure along the cell geodetic axis,
positioning the magnetosome chain, reconciling magnetoreception and swimming direction in
helical cells. Our results suggest MamY as the first membrane-anchored cytoskeletal element
acting in prokaryotic organelle organization, revealing a magnetosome-associated cytoskeleton
(magnetoskeleton) encompassing the actin-like MamK and curvature-sensing MamY.
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Introduction

The ability to sense and to navigate along the Earth’s magnetic field is widely distributed from
microorganisms to animals, but still poorly understood and matter of controversial discussions
(Uebe and Schüler, 2016; Wiltschko and Wiltschko, 2006). One of the best characterized model
among the versatile magnetotaxis systems is represented by magnetotactic bacteria (MTB),
which use dedicated magnetic organelles termed magnetosomes for magnetic orientation.
Magnetospirillum gryphiswaldense MSR-1 (referred to as MSR) is a model organism to study
biosynthesis and dynamic subcellular organization of magnetosomes, complex prokaryotic
organelles that contain membrane-bounded magnetite nanocrystals able to respond to a
magnetic field. However, the force generated by a single magnetosome in the Earth`s magnetic
field is too low to align a bacterial cell (Blakemore and Frankel, 1981; Frankel and Blakemore,
1980). On the other hand, multiple magnetic particles within a cell would just agglomerate by
magnetic attraction and result in a net magnetic moment close to zero (Kirschvink, 1982;
Kobayashi et al., 2006). In MSR, magnetosomes become concatenated into a chain of ∼45 units
(Zahn et al., 2017), which adds the single magnetic moment of each particle and results in a
functional magnetic dipole strong enough to passively orient a cell to the geomagnetic field,
akin to a compass needle (Frankel and Blakemore, 1980; Moskowitz et al., 1988; Rosenblatt et
al., 1982a; Rosenblatt et al., 1982b; Uebe and Schüler, 2016). However, a string of magnetic
dipoles such as the magnetosome chain has an immanent tendency to collapse to decrease its
energy (Kirschvink, 1982; Kobayashi et al., 2006). In MSR, the magnetosome chain (MC) is
assembled by concerted action of the actin-like MamK cytoskeletal filament and MamJ, an
adaptor protein connecting magnetosomes to MamK (Draper et al., 2011; Katzmann et al., 2010;
Komeili et al., 2006; Scheffel et al., 2006; Scheffel and Schüler, 2007). Thus, the MamK filament
serves as scaffolding structure where the magnetosomes are lined up via MamJ, generating a
single tightly spaced MC that become dynamically positioned at midcell for proper segregation
upon cytokinesis (Katzmann et al., 2011; Katzmann et al., 2010; Toro-Nahuelpan et al., 2016). As
a consequence, upon deletion of mamJ, magnetosomes lose their chain organization and
agglomerate due to uncontrolled magnetic interactions (Scheffel et al., 2006). By contrast and
peculiarly, mamK deletion does not cause the same phenotype, but merely results in short and
fragmented MCs (Katzmann et al., 2010); strongly suggesting that actin-like filaments are
needed to maintain a coherent magnetosome assembly rather than acting as the exclusive
scaffolding structure to allocate individual magnetosomes.
Intriguingly, the prototypical magnetotactic spirilla face another difficult yet unrecognized
problem. To take full advantage of their intracellular compass needle, the MC does not only
have to be maintained straight within the helical cell body (to maximize the magnetic dipole
effect) but also absolutely parallel to the cell’s motility axis to avoid MC misalignment during
each round of the rotational cell movement. Attempting to reconcile these inconsistencies, we
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searched for additional putative cytoskeletal factors able to organize the organelles. As
synthesis and organization of magnetosomes are strictly controlled by genes encoded in a
genomic island (magnetosome island – MAI) (Uebe and Schüler, 2016), we focused on
uncharacterized genes of this genomic region.
Interestingly, a recent de novo modeling of the transmembrane (TM) and MAI-encoded MamY
protein showed that the cytosolic domain adopt an intertwisted or four-helix bundle fold
configuration (Nudelman and Zarivach, 2014). The same study also described MamY as having
high structural similarity to Talin (Nudelman and Zarivach, 2014), an eukaryotic structural
protein with helical-bundles conformation able to tether actin filaments to the cytoplasmic
membrane via integrins (Niggli et al., 1994). Moreover, in silico examination of MamY from the
closely related M. magneticum AMB-1 (AMB) shows weak similarity to eukaryotic
bin/amphiphysin/rvs (BAR) domains (Tanaka et al., 2010), able to sense membrane sections
with positive curvature (Peter et al., 2004). Based on the putative structural features, we
reasoned that MamY might be structurally involved in MC organization and may support the
fragmented chains in the mamK mutant. Thus, MamY became a candidate for a potential novel
structural protein with a putative function in MC assembly and positioning.
In this study, we investigate the role of MamY in magnetosome organization at high resolution
by combining genetic tools, Structured Illumination Microscopy (SIM), Photo-Activated
Localization Microscopy (PALM), clustering algorithms and Cryo-Electron Microscopy (CryoEM). In particular, we (i) proved that MamY is a novel magnetosome scaffolding protein and
responsible for the remaining fragmented chains inside the mamK mutant, (ii) show that MamY
in vivo localizes at the cell geodetic axis likely by curvature sensing and (iii) systematically
assessed the domains involved in curvature-sensing and magnetosome recruitment. Finally,
bypassing the function of MamJ with a Nanotrap, we tethered magnetosomes to MamY being
able to reconstruct a de novo artificial MC. Overall, we demonstrate that MamY is a novel
curvature-sensitive

transmembrane

protein

that

serves

as

topological

landmark for

magnetosomes. Thus, MamY provides a perfect match between curved cell shape and enhanced
magnetotaxis by a sophisticated localization of prokaryotic organelles within a helical cell body.
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Results

The magnetosome chain traverses the cell along a geodetic line and MamY is its positioning
determinant
MamY is encoded in the mamXY operon within the MAI and has no known homologs outside
MTB. The adjacent genes from the operon (mamX, mamZ and ftsZm) exert functions in
biomineralization of magnetite (Ding et al., 2010; Müller et al., 2013; Raschdorf et al., 2013;
Siponen et al., 2013). Therefore, to investigate a putative role of MamY in MC organization, we
deleted mamY and analyzed MCs of the mutant by transmission electron microscopy (TEM). At
first, the cells appeared reminiscent to the WT with coherent chains, a closer inspection
however suggested that the chains were mislocalized and shifted as a whole compared to the
WT chain position, i.e., the MC was detached from the inner positively curved membrane, and
shifted to the negative curvature (Fig. 1A). This subtle phenotype prompted us to re-assess MC
positioning in WT cells in more detail. A thorough examination of TEM images suggested that
in the WT, MCs seem to always trace a well-defined path parallel to the long cell axis (Fig. 1B).
Despite of cell bending, the chain itself appeared always straight in the cell body but regularly
seemed to touch sections of positive cell curvature, which was also evident in the fragmented
chains of ΔmamK cells (Katzmann et al., 2010). However, TEM microscopy only generates a twodimensional (2D) projection of the three-dimensional (3D) highly helical cells. We therefore
used cryo-electron tomography (cryo-ET), which provides a 3D visualization of the cell in a
hydrated close-to-native state (Tocheva et al., 2010), to re-investigate the MC position.
Tomographic slices and 3D rendering of the cell membrane and magnetosomes revealed that in
the WT, the MC does not approach the cytoplasmic membrane punctually or randomly, but
always tightly associates with the region of highest positive curvature (Fig. 1Ci to 1Civ. Fig S1A
and Movie S1). Strikingly, this path coincides with a geodetic line, defined as the shortest
distance between two points on a curved surface (Kürner et al., 2005), which in a helical cell
equals the line from pole-to-pole along the inner positive (convex) cell curvature. We performed
scanning electron microscopy (SEM) to better visualize the spiral-shape of a MSR cell and to
envision the geodetic axis (Fig. 1Cv).
Cryo-ET and segmentation of ΔmamY cells confirmed the MC deviation from the geodetic axis.
We found the chains shifted (Fig. 1D, Fig. S1B and Movie S2) and transiting the cell along the
negative curvature of the cytoplasmic membrane (Fig. 1Dii and S1Bi and S1Biv), following the
longest possible distance contrary to a short geodetic path. Although no morphological
alterations were observed in the spirillum-shaped cells, loss of MamY caused a reduced cellular
magnetic response (Cmag (Schüler et al., 1995): 64% of WT. Fig. S2A), indicating that a tight
fitting of the MC to the geodetic axis is necessary to achieve maximum efficiency of
magnetotaxis. The native MC position could be restored in ΔmamY cells by trans-
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complementation with the mamY gene (Fig. S2B). Therefore, it can be concluded that MamY is
an essential factor to properly localize the MC in MSR.

A mamY-mamK double deletion abolishes magnetosome chain formation
Intrigued by the idea that MamY could represent a novel magnetosome-associated cytoskeletal
element, we investigated whether MamY plays a role also in maintaining the fragmented MCs
in ΔmamK cells (Fig. 2A). When we deleted mamY in the mamK mutant, we markedly found that
ΔmamKY cells no longer exhibited MCs, but instead contained agglomerated magnetosomes
(Fig. 2B), reminiscent to the ΔmamJ strain phenotype observed before (Fig. 2C) (Scheffel et al.,
2006). The Cmag of ΔmamKY cells was strongly reduced (20% of WT, Fig. S2A) and similar to the
ΔmamJ strain (10% of WT, Fig. S2A). Notably, trans-complementation of the ΔmamKY strain
with mamY restored the fragmented MCs along the geodetic axis corresponding to the ΔmamK
phenotype (Fig. S2C). In turn, expression of mamK in ΔmamKY cells generated a single MC but
mispositioned and shifted to the negative curvature (Fig. S2D), restoring the ΔmamY phenotype.
Furthermore, trans-complementation of ΔmamKY cells with both mamK and mamY recovered
the WT-like MC phenotype (Fig. S2E). Together, these results sustain that MamY is able to
scaffold the fragmented MCs of ΔmamK cells.

MamY displays a cell-spanning linear localization in vivo
MamY analysis by TMHMM (Krogh et al., 2001) and I-TASSER (Zhang, 2008) servers displayed
distinct structural features, such as two N-terminal TM helices and a cytosolic domain
composed of seven predicted α-helices (7H). To investigate the subcellular localization of
MamY, we generated N- (Fig. 3A) and C-terminal (Fig. S3A) mCherry fusions. Fluorescence
microscopy revealed that MamY localized as a linear structure across the positive membrane
curvatures of the cell, likely following a geodetic path. Also, in agreement with the predicted
TM domain of MamY, we found weaker fluorescence intensity at the entire cellular membrane.
Both the N- and C-terminal tagged fusions of MamY were functional, displaying WT-like
positioned MCs as seen by TEM (Fig S3B and S3C).
By immunodetection of MamY-mCherry in separated cell fractions and isolated magnetosomes,
we found the protein in the insoluble and the magnetosome fractions supporting the notion that
MamY is associated with the cytoplasmic and the magnetosome membranes (Fig. 3B).
Furthermore, in order to assign functionalities to individual MamY protein domains (such as
putative polymerization, curvature sensing or interaction with constituents of the MC) we
generated distinct episomal EGFP-tagged N- and C-terminal MamY truncations. MamYFullEGFP, encompassing the complete protein, showed the typical membrane and geodetic linear
localization seen before (Fig. 3Ci). When only the TM domain was fused to EGFP (MamYTM143

Chapter 2

EGFP) the fluorescence localized exclusively at the cellular membrane and no linear structures
were observed (Fig. 3Cii). However, a longer version including the following 3H (MamYTM-3HEGFP) regained the linear positioning (Fig. 3Ciii). Lastly, MamY7H-EGFP (N-terminal truncation
of MamY lacking the TM domain) and MamY2H-EGFP fusions (harboring only the last 2H)
showed disperse cytoplasmic signals (Fig. 3Civ and 3Cv). These results demonstrate that the Nterminal three cytoplasmic α-helices and, unexpectedly, the TM domain are together necessary
to assemble such linear putative polymeric structure whereas the last four helices are
dispensable. No differences in these localization patterns were observed when the truncated
MamY versions were expressed in ΔmamY and MSR-1B (lacking most of the MAI) strains
(Fig. S4A to S4E), suggesting that neither native MamY nor other magnetosome-related genes
are needed for the detected patterns.
To analyze whether the distinct MamY localization patterns can be evoked in other spirillumshaped bacteria and hence are an intrinsic property of the protein, we expressed mamY in the
heterologous host Rhodospirillum rubrum, a photosynthetic spirillum-shaped α-proteobacterium
that exhibits positively bent membranes with the potential to integrate a discrete geodetic axis
as MSR. Indeed, fluorescence microscopy of MamYFull-EGFP and MamYTM-3H-EGFP in R. rubrum
showed the typical enriched geodetic localization as seen in MSR (Fig. 3D). For comparison, we
expressed mamYFull-egfp in the rod-shaped Escherichia coli lacking positive cell curvature. Here,
we only observed membrane-associated fluorescence but no linear structures (Fig S4F). Taken
together, these results demonstrate that the putative geodetic localization of MamY to
positively curved membranes is entirely independent of other MAI-encoded proteins and
apparently of the host.

MamY interacts with itself and via its C-terminus with the magnetosome chain
Based on the localization patterns of the MamY-EGFP truncations, we hypothesized that the Nterminus of the protein may be involved in membrane tethering, positive curvature-sensing and
putative oligomerization along the geodetic axis, whereas the C-terminus could be responsible
to interact with and to localize magnetosomes. To test this, we repeated the chromosomal
mCherry-mamY labeling in the MSR mamC-egfp strain where the most abundant magnetosome
membrane protein, MamC, is chromosomally fused to egfp for visualization of the MC by
fluorescence microscopy (Scheffel et al., 2006; Toro-Nahuelpan et al., 2016). As expected, the
fluorescence micrographs showed that the mCherry-MamY and the MamC-EGFP signal colocalize (Fig. 3E). We next replaced the mCherry-mamY gene by a truncated mCherry-mamYTM-3H
version. MamY and MC localization patterns suggested that the truncated mCherry-MamYTM-3H
protein still localized WT-like in a linear structure along the geodetic cell axis (Fig. 3F), whereas
the MamC-EGFP signal was shifted to the inner negative membrane as in the mamY mutant,
which could be verified by TEM analysis (Fig. 3F and 3G). This suggests that the C-terminal 4H
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of MamY are not involved in protein localization and putative oligomerization but rather in
recruitment of magnetosomes to MamY and thereby to the geodetic axis.
To corroborate the notion that the MamY TM domain is essential for curvature sensing or
geodetic linear localization, we exchanged it against the TM domain of an arbitrary histidine
kinase (not involved in magnetosome synthesis) from MSR, generating the chimeric TMHKMamY7H protein. Fluorescence microscopy of TMHK-MamY7H-EGFP in the magnetosome-free
MSR-1B strain exhibited only membrane localization (Fig. 3H). In agreement, the TMHKMamY7H-EGFP fusion in R. rubrum also lost the enriched signal of the WT MamY at the geodetic
axis and localized only to the membranes (Fig. S4G). However, in MSR WT cells, TMHKMamY7H-EGFP co-localized specifically with the MC (MamC-mCherry), but the signal did not
extend to the cell poles as observed for WT MamY, rather suggesting a recruitment of the
chimeric protein to magnetosomes (Fig. 3I). Whereas the TMHK alone (TMHK-EGFP), used as
negative control, localized exclusively to the membrane in WT cells (Fig. S4H). These results
again indicate that the TM domain of MamY is fundamental for putative curvature sensing
and/or oligomerization, whereas the C-terminus is involved in MC recruitment.
Next, we tested whether MamY can self-interact to assemble into an oligomeric or polymeric
structure as a premise to become sensitive to membrane curvature. To test this hypothesis,
MamY and the truncated versions (MamYTM-3H and MamY7H) were analyzed for interactions by
a bacterial two-hybrid (BTH) assay (Karimova et al., 1998). BTH results suggest that MamYFull as
well as the truncated MamY versions are able to self- and cross-interact (Fig. 3J), indicating that
MamY as other scaffolding proteins has the potential to form homo-oligomeric complexes in
vivo.
Since we found MamY highly enriched in the cellular and the magnetosome membrane, we
examined whether the presence of MamY on the magnetosome surface alone is sufficient to
guide magnetosomes towards the geodetic axis. To this end, we used the ΔmamY strain to
chromosomally express a chimeric MamC-MamY7H fusion, where MamC substituted the MamY
TM domain and served as magnetosome-specific membrane anchor. TEM micrographs of this
strain showed agglomerated magnetosomes mislocalized mostly at the negative curvature
(Fig. S5A). Noticeable, in this strain, mamC-mamY7H is the only version of mamY, and the
clustering of magnetosomes occurs in the presence of mamJ and mamK, suggesting that MamY
may interact (directly or indirectly) via its C-terminus with MamJ (or MamY proteins) located
onto the nearest neighboring magnetosome. Therefore, MamC-MamY7H did not complement
the function of the native MamY. Expression of mamC-mamY7H in WT cells (native mamY
present) induced magnetosomes clustering as well, indicating a negative dominant effect;
however, magnetosomes localized at the proper positive curvature likely due to the influence of
native MamY (Fig. S5B). This suggests that MamY needs to be present at the cytoplasmic
membrane to convey the MC to the geodetic position.
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MamY assembles into a geodetically localizing polymeric structure in vivo
To determine whether MamY is in fact able to form a higher polymeric molecular assembly
associated with the cytoplasmic membrane, we used two state-of-the-art super-resolution
fluorescence microscopy techniques. First, we used 3D-SIM, which doubles resolution in x, y
and z directions compared to conventional widefield fluorescence microscopy, to analyze
localization and structures formed by mCherry-MamY (Fig. 4A). 3D-SIM showed a rather
continuous linear structure along the cell, running from positive-to-positive curvature in the 2D
space (Fig. 4Bi, 4Bii and Fig. S6). Strikingly, a 3D visualization including the z-depth displayed
a fluorescence signal resembling a sinusoidal wave with an up-down circular fluctuation along
the cell, which appeared to continuously follow the inner positive helical curvature and thereby
the geodetic axis (Fig. 4Biii, 4Ci-iii, and Movie S3).
Next, we imaged Dendra2-MamY by PALM to localize single MamY molecules with the highest
possible resolution. PALM imaging produced an average localization precision of 26 nm
(typically ranging from 5 to 50 nm). Rendering of Dendra2-MamY single events using the FullWidth Half-Maximum (FWHM) of the Gaussian distribution of the point spread function (PSF)
computed a high-resolution micrograph. Strikingly, the PALM image showed that MamY forms
a linear structure extending throughout the spirillum long axis from positive-to-positive
curvature in 2D, following a geodetic path (Fig. 5Ai). This is in line with aforementioned 3DSIM observations. When we plotted all single-molecule events, we also observed molecules
outside the putative polymeric structure, which are likely residing at the cytoplasmic
membrane. However, the linear potential polymeric element had an evident higher density of
Dendra2-MamY molecules (Fig. 5Aii).
In addition, to further verify our hypothesis that MamY forms a cytoskeletal polymeric element
in vivo, we designed an algorithm that considered the localization precision and clustered
events that, theoretically, are able to interact. To this end, only single-molecules whose
precision areas were in direct contact or overlapped became clustered. Remarkably, the
clustering examination showed that the geodetically positioned MamY polymeric element is the
most prominent structure and contains the largest clusters within all examined cells (Fig. 5Aiii).
In addition, the detected clusters were found aligned to the geodetic axis (traveling from
positive-to-positive inner membrane areas in 2D space) and corroborated the existence of a
continuous MamY polymeric structure.
We next carried out PALM of Dendra2-MamY in the ΔmamK strain (localization precision
average ~25 nm). Rendering of the PSF FWHM and visualization of single-molecule events
suggested that MamY is still capable to form a geodetically positioned polymer (Fig. 5Bi
and 5Bii). The clustering analysis confirmed the linear polymeric organization of interacting
MamY molecules positioned at the geodetic axis, which was also the most extensive and
frequently identified structure (Fig. 5Biii and Fig. S7A), evidencing that MamY does not rely on
MamK to form such structure.
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We validated our clustering algorithm pipeline by application to the well-characterized actinlike MamK protein for which filament formation has been demonstrated previously. PALM
imaging of Dendra2-MamK (localization precision average ~25 nm) and further rendering of the
PSF FWHM as well as plotting of single-molecule events demonstrated that MamK forms a
linear structure in vivo (Fig. 5Ci and 5Cii). When the clustering algorithm was applied to the
Dendra2-MamK data set, we identified clusters that match a continuous filamentous structure
corresponding to MamK (Fig. 5Ciii and Fig. S7B), endorsing our algorithm pipeline to
accurately find clusters of interacting proteins based on proximity and also as suitable and
effective tool to segment a polymeric structure in an unbiased manner. By the algorithm, we
occasionally detected some clusters seemingly branching from MamY and MamK polymeric
structures, which are likely artifacts arising from the 2D imaging that generates a projection of
the whole cell volume. Altogether, 3D-SIM, the high precision PALM data and the polymeric
structure found by the validated clustering algorithm substantiate that MamY forms a
polymeric cytoskeletal element along the geodetic axis in vivo.

MamY cytoskeletal structure is capable to sustain a synthetic magnetosome chain even in
absence of MamK
Thus far, the collapsed-chain phenotype of the ΔmamKY mutant, MamY truncation and
interactions, together with super-resolution microscopy data argue that the MamY cytoskeletal
structure is capable to support a MC. To unambiguously confirm this statement, we aimed to
rebuild an artificial MC on the MamY structure in vivo circumventing both the MamJ and
MamK function. To this end, we constructed an intracellular nanobody-based “Nanotrap”, i.e.,
engineered antibodies expressed in MSR to generate intracellular tethers or to re-locate protein
complexes by antibody-antigen interactions (Borg et al., 2015; Pollithy et al., 2011; Rothbauer et
al., 2006).
First, and as a proof-of-principle, we attempted to reconstruct an artificial MC on the MamK
filament in absence of the MamJ adaptor. We employed the mCherry-binding nanobody
(MBN), fused to MamC (referred to as MamC-MBN, restricted to the magnetosome membrane
by MamC (Pollithy et al., 2011)) and mCherry-MamK to recruit MBN-decorated magnetosomes
to MamK and to re-build a synthetic MC on the MamK filament (referred to as “Nanotrap-toK”) in the ΔmamJ strain. Using the Nanotrap-to-K, ΔmamJ cells were able to reconstitute the
agglomerated magnetosomes into a single MC; however and notably, mislocalized to the
negative curvature as observed by TEM (Fig. S8A and S8B), resembling the ΔmamY strain
phenotype although mamY was present. This result shows that a MC can artificially be reconstructed with the “Nanotrap” approach, and also suggests that MamJ mediates MamY
interaction to the magnetosomes.
We next tested the MamC-MBN and MamY-mCherry pair to recruit magnetosomes to the
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MamY polymeric structure (referred to as “Nanotrap-to-Y”) and to reconstitute a MC in
absence of MamJ (Fig. 6A). Strikingly, TEM micrographs of ΔmamJ cells expressing the
Nanotrap-to-Y showed reconstituted organization of magnetosomes into linear chains (Fig. 6B),
overriding the clustered magnetosomes phenotype of the ΔmamJ strain. The reconstituted MCs
were fragmented and located at the geodetic axis alongside the positive curvature resembling
the WT-like position (red dashed line, Fig. 6B), indicating that the MamY structure is capable to
serve as a cytoskeletal scaffold for MCs. The formation of fragmented MCs (resembling ΔmamK
cells) was expected as we targeted magnetosomes specifically to MamY in absence of MamJ,
which in the WT connects the magnetosomes to MamK. Therefore, the MamK filament was not
linked to magnetosomes and could not exert its function in MC concatenation (Katzmann et al.,
2010; Toro-Nahuelpan et al., 2016).
To further exclude that MamK plays a role for the in vivo synthetic reconstitution of the MC on
the MamY cytoskeleton, we generated a mamJ-mamK double deletion mutant, ΔmamJK, which
also exhibited aggregated magnetosomes as dominant phenotype due to mamJ absence (Fig.
6C). Remarkably, upon expression of the Nanotrap-to-Y, ΔmamJK cells were able to concatenate
and align magnetosomes into fragmented MCs located at the geodetic axis of the cell similar to
that of ΔmamK cells (red dashed lines, Fig. 6D and 6E). We also examined whether MamY
influences the assembly of the artificial MC onto the MamK filament. Consequently, we used
the mamJ-mamY double mutant, ΔmamJY, which again showed clustered magnetosomes due to
the dominant ΔmamJ phenotype (Fig. S8C). TEM micrographs showed that expression of the
Nanotrap-to-K reconstituted MCs, although mislocalized to the negative curvature (Fig. S8D),
confirming that the synthetic reconstruction of a MC onto either MamK or MamY cytoskeletal
structures is independent from each other. These results support the notion that MamY
interacts with magnetosomes, possibly via MamJ, and further establish that the MamY
cytoskeletal element is able to support mechanically a MC by itself, even in the absence of the
actin-like MamK filament. The latter evidenced that MamK is not essential for the artificial
reconstitution of a MC onto the MamY polymeric structure and further substantiating its role as
cytoskeletal scaffold.
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Discussion

MamY is a novel constituent of the magnetoskeleton
Our data strongly suggest that MamY forms a cytoskeleton in vivo, positioned along the
geodetic cell axis and likely underneath and in close proximity to the cytoplasmic membrane,
providing the infrastructure to assemble, position, and hold a chain of magnetosomes (Fig. 7A).
Notably, a decade after the identification of the actin-like MamK filament (Komeili et al., 2006;
Scheffel et al., 2006), the discovery of MamY as core constituent of the MC scaffold uncovers an
additional and novel cytoskeletal protein with unique properties in MSR. Therefore, we coined
the term “magnetoskeleton” to define the magnetosome-specific cytoskeletal elements,
composed of the membrane-sensing polymer-forming MamY, actin-like MamK, and the
adaptor protein MamJ.
MamJ is essential to connect magnetosomes to the MamK filament (Scheffel et al., 2006; Scheffel
and Schüler, 2007) and to transduce forces from MamK to the magnetosomes in order to
generate a single midcell positioned chain (Toro-Nahuelpan et al., 2016). In a similar manner,
we assume that MamJ must also (directly or indirectly) be involved in recruitment of the
magnetosomes to the MamY cytoskeleton (Fig. 7B). Besides the very similar phenotype of the
mamJ and mamKY deletion mutants, this notion is supported by two observations: (i) chains are
missing in the mamJ mutant, even in the presence of MamY and (ii) the function of MamJ can be
replaced by a Nanotrap to synthetically reconstruct MCs on MamY.
Using the Nanotrap (mCherry-MBN) approach, we found that the MamY cytoskeletal element
is able to hold a synthetically reconstituted MC by itself (Fig. 6D), i.e., in absence of mamK
and/or mamJ. In addition, we observed that in ΔmamJ cells, reconstituted MCs onto MamY were
fragmented (resembling the mamK mutant) even upon mamK presence. This suggests that the
magnetosomes were recruited exclusively to the MamY polymeric structure, confirming that
MamJ is needed for the magnetosome-MamK interaction (Scheffel et al., 2006). However,
reconstruction of a synthetic MC onto the MamK filament in the ΔmamJ strain led to a single
MC at midcell, albeit the geodetic positioning was lost (Fig. S8B), again suggesting that MamJ is
also needed for magnetosome recruitment to the MamY cytoskeleton. In addition, the synthetic
reconstruction of a MC on either MamY or MamK demonstrates that the magnetosome
scaffolding function of both elements is primarily independent and does not rely on each other.
MamY was also found at the magnetosome membrane, which interestingly represents a surface
with high positive curvature, although much strongly bent than the cell boundary. Yet, it is
unknown if the membrane topology of magnetosomes alone is sufficient to recruit MamY or if
there are other factors necessary. Preliminary results suggest that MamJ may be involved in
MamY recruitment to the magnetosome membrane (not shown), which could also explain why
there are no MCs formed in the mamJ mutant. Since MamY is an integral membrane protein,
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MamY molecules likely become incorporated into the magnetosome membrane before vesicles
are pinched off from the cytoplasmic membrane. The existence and conformation of potential
MamY complexes at the magnetosome surface is unknown. However, since MamY has a high
potential to self-interact, we speculate that MamY on the magnetosomes contacts MamY
complexes at the cytoplasmic membrane, which in turn assist the recruitment of magnetosomes
to the geodetic axis.
To conclude, MamY represents a missing and hitherto unrecognized cytoskeletal element
essential for MC assembly and positioning, a keystone of the cytoskeletal networks implicated
in MC assembly, positioning and inheritance.

MamY represents a novel type of membrane-integral curvature-sensing protein and
cytoskeletal scaffold for bacterial organelles
The MamY cytoskeletal structure possesses an internal membrane anchor, while other bacterial
cytoskeletal elements are regularly associated to the membrane by intermediary structural
factors. For instance, the tubulin-like FtsZ and intermediate filament-like crescentin proteins are
membrane anchored by the actin-like FtsA and MreB proteins, respectively. In turn, FtsA and
MreB associate with the membrane via an amphipathic helix (Charbon et al., 2009; Salje et al.,
2011). Unlike the abovementioned cytoskeletal elements, MamY is not involved in cell division
or morphology. However, it has a critical role in spatial magnetosome organization and
represents the first membrane-integral scaffold to mechanically support bacterial organelles.
Thus, it can be assumed that the MamY polymeric structure localized along the cellular
geodetic axis the positive inner membrane must be extensive enough, continuous and
sufficiently strong (i.e., mechanically resilient intra-polymer interactions) to be able to maintain
magnetosomes as chains, avoiding their collapse into agglomerated clusters. Based on our
results along with the MamY predicted conformation and the lack of a conserved NTP-binding
domain, we argue that the membrane-bound MamY polymeric structure is a novel bacterial
cytoskeletal element that performs a dual role acting as a curvature-sensing and organelle
scaffolding and positioning protein.
But, how does MamY itself become precisely positioned at the geodetic axis? Since single
MamY molecules are far too small to sense topologies of the cytoplasmic membrane, a first
indispensable prerequisite is a certain level of either homo- or hetero-oligomerization and/or
polymerization to form a high molecular long-ranging structure which could very well become
stabilized at and follow a continuous stretch of positive membrane curvature. Similar
considerations have been made for DivIVA, a membrane-associated negative curvature-sensing
protein (Oliva et al., 2010). Based on our BTH and PALM results, we propose that MamY
mainly exists in membrane-bound protein complexes that are highly enriched at sites of
positive curvature. This, in turn, could further promote MamY self-interactions and lead to the
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observed geodetic localization pattern. The N-terminal TM domain and the first three α-helices
are likely essential for polymer generation and curvature sensing, and the localization in the
heterologous host R. rubrum supports this theory. However, thus far, it cannot be fully
discarded that the MamY curvature sensing capability may also be indirect and mediated by an
unknown interacting factor. Yet, such a factor would need to be present in both MSR and R.
rubrum. Besides an elusive interacting protein, such a determinant could well be a deviant
membrane lipid composition along the positive curvature similar as known for negative
membranes such as cell poles or constriction sites (Kawai et al., 2004; McMahon and Boucrot,
2015; Nishibori et al., 2005; Ramamurthi et al., 2009). Finally, an association with a periplasmic
structure is also conceivable. Although our data strongly suggest that MamY is the first
bacterial membrane-integral cytoskeletal protein, structural examination of MamY at atomic
resolution will provide further proof to unambiguously sustain this postulation.

The biophysical function of MamY is to perfectly align the cell magnetic-dipole moment and
motility axis
The MC serves as an intracellular magnetoreceptor to guide the active swimming of MTB along
the inclined Earth’s magnetic field vector and towards growth-favoring microoxic zones in
chemically stratified water columns or sediments. However, the prototypical magnetotactic
spirilla face an as yet unnoticed challenge: to take full advantage of their modular compass
needle, the MC has to be maintained as linear as possible within the helical cell body (to
maximize the magnetic-dipole effect) and, most significantly, it has to overlap with the cell’s
motility axis (equivalent to the spirillum central long axis, i.e., swimming direction) to avoid
periodic MC misalignment during the rotational cell movement. In addition, such chain
localization is essential to maintain the field alignment when cells stop swimming. This effect is
highlighted by the observation that differences in the cellular magnetic orientation (Cmag) of
strains impaired in chain assembly are much more pronounced in fixed (i.e., non-motile) cells
(Scheffel and Schüler, 2007). This phenomenon can be explained as that fixed cells stay
misaligned in contrast to rotating cells, where the swimming direction and magnetic field
vector temporarily coincide. We therefore suggest that the biological role of MamY is to
precisely position and immobilize a flexible and modular magnetoreceptor to the (inner)
positive helical cell surface. This in turn perfectly reconciles the direction of the cellular
magnetic- dipole moment imparted by the magnetosome chain with the motility axis in a
helical cell body.
Overall, we propose a model representing the essential role of MamY in MC positioning, where
MamY generates a cytoskeletal element underneath the cytoplasmic membrane that serves as
topological landmark and mechanical support for magnetosomes. The latter are further
proposed to be connected via the adaptor protein MamJ to the MamY and MamK cytoskeletal
elements (Fig. 7B).
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Finally, our work exposes that early models of bacterial magnetotaxis, magnetic organelle
assembly, positioning and segregation are more complex than assumed and need to be
expanded to a more intricate network including novel cytoskeletal proteins and cell shape.
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Methods

Bacterial strains, plasmids and culture conditions
Bacterial strains, plasmids (construction procedure) and oligonucleotides generated and used in
this work are listed in Table 1, Table 2 and Table 3, respectively (see Supporting methods).
Strains of M. gryphiswaldense MSR-1 were grown under microoxic conditions in 2% oxygen
aerated modified flask standard medium (Heyen and Schüler, 2003) (FSM) containing 50 µM
ferric citrate at 30ºC and moderate agitation (120 rpm). Rhodospirillum rubrum was grown in YPS
medium (Falk and Johansson, 1983) photoheterotrophically in closed screw cap tubes with
illumination from a light bulb at 28°C. E. coli strains DH5α, BW29427 (Datsenko and Wanner,
unpublished) and WM3064 (W. Metcalf, unpublished) were grown in LB medium at 37ºC
(Bertani, 1951). E. coli strain BW29427 and WM3064 used for conjugations of plasmids into MSR
were supplemented with 1 mM DL-α,ε-diaminopimelic acid (DAP). For strains carrying
recombinant plasmids, media were supplemented with kanamycin at 25 g ml-1 for E. coli, and 5
g ml-1 for MSR and R. rubrum.

Fluorescence microscopy
We used either (i) an Olympus BX81 microscope equipped with a 100x/1.40 Oil
UPLSAPO100XO objective and an Orca-ER camera (Hamamatsu) or (ii) a Delta Vision Elite (GE
Healthcare, Applied Precision) Olympus IX71 microscope with a CoolSnap HQ2 CCD camera
(Photometrics), a 100x/1.40 Oil PSF objective (U-PLAN S-APO 100x Oil, 0.12 WD) and equipped
with a four color standard set Insight SSITM illumination module. MSR cells were spotted onto
a 1% of the solution named “MSR agarose pad” as per Toro-Nahuelpan et al (2016), whereas R.
rubrum was spotted onto a 1% PBS (NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8
mM, pH 7.3) agarose pad. Imaging was performed at room temperature (25ºC, in the Olympus
BX81 microscope) or at 30ºC (Delta Vision Elite microscope).

3D Structured Illumination Microscopy
3D-SIM was performed on a DeltaVision OMX V4 Blaze fluorescence microscope (GE
Healthcare) using a 60x/1.42 Oil PlanApo N UIS2 objective lens (Olympus), giving 80 nm pixel
spacing in raw images with striped illumination at 3 angles and 5 phases. High precision
coverslips of 170 µm thickness, and immersion oil with a refractive index of either 1.514 or 1.516
at 593 nm were used to eliminate sample induced spherical aberration, matching the measured
PSF of the calibrated system, for high quality image reconstructions at around 120 nm lateral
(x,y) spatial resolution with 40 nm reconstructed image pixel spacing. Fast piezo stage Z-series
images were taken at 1.5-3.0 µm total thickness with 0.125 µm Z-step spacing with raw frame
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exposure times of 100 ms, avoiding detector saturation of the 15 bit 1.6 electron read noise
pco.Edge sCMOS camera (PCO), using the mCherry/Alexa Fluor 658 fluorescence emission
filter (581-636 nm) and fluorescence excitation with a 568 nm laser. Cells expressing mCherrymamY from the mamY locus were spotted onto a 1% MSR agarose pad as per Toro-Nahuelpan et
al (2016). 3D-SIM image reconstruction was performed in SoftWoRx v6 (GE Healthcare)
according to the method of Gustafsson and colleagues (Gustafsson et al., 2008).

Photo-Activated Localization Microscopy
Sample Preparation
Matrix preparation: A 1.5 % low melting point agarose solution (Biozym), prepared in 0.22 µmpore filtered Milli-Q water, was incubated at 80ºC for 1.5 h. Gas-tight Gene Frame® (1.5 x 1.6
cm, 65 µL volume, Thermo Fisher) was filled with the agarose solution and covered with 18 x
18 mm high precision coverslips of 170 ± 0.005 µm thickness (Zeiss). Glass slides and coverslips
used for these experiments were plasma-cleaned for 5 min and kept sealed in a plasma-cleaned
box until use. Agarose pads were freshly prepared, incubated 20 min at 4ºC and 30 min at room
temperature before use.
Cell preparation: MSR cells were grown and induced in darkness. The expression of the gene
fusion dendra2-mamY under control of the tetracycline promoter (Ptet) was induced by addition
of anhydrotetracycline to 50 ng mL–1 for 3 to 5 hours, which proved sufficient to produce fusion
protein localizing as a line in MSR cells. Then, 10 mL cell culture was fixed in 1% of
formaldehyde (0.22 µm-pore filtered) for 30min at room temperature. Next, cells were spun
down at 3,000 x g for 10 min and the cell pellet was gently resuspended in 10 mL of HEPES
buffer (10 mM, pH 7) and 100 mM glycine (0.22 µm-pore filtered), incubated for 10 min and
spun at 3,000 x g for 10 min. Then, the cell pellet was washed with 10 mL of HEPES (10 mM, pH
7) and again spun at 3,000 x g for 10 min. Finally, cells were resuspended in 300 µL of HEPES
(10 mM, pH 7).
Mounting: 2 µL of concentrated cells were mixed with 6 µL of a 1:1,000 dilution of TetraSpeck
beads (Thermo Fisher) used as fiducial markers for further alignment purposes. From the
mixture, 2 µL were spotted onto the agarose pad, incubated for 2 min to evaporate the excess of
water and subsequently sealed with a coverslip. Using this ratio, an optimal concentration was
reached, yielding three to five beads and sufficient cells per field of view. Moreover, the matrix
preparation generated cells and beads found close to the coverslip at similar z-distance, ideal
for imaging.
Imaging conditions:
A Zeiss ElyraP1 microscope was used for PALM imaging with an Alpha Plan-Apochromat
100x/1.46 oil objective DIC M27 and equipped with an Andor iXon 897 EM-CCD camera. The
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Dendra2 fluorophore was imaged in epifluorescence illumination mode in a sample of
approximately 500 nm thickness. A 405 nm (50 mW) laser was used for the photo-conversion of
the fluorophore. The 405 nm laser power started at zero and was gradually increased until most
fluorophores were detected (the power was manually changed during the experiments in order
to keep the photo-conversion frequency as stable as possible). A 561 nm laser line (15% power
of a 200 mW laser line) combined with a Long Pass 570 nm (LP570) emission filter and an
exposure time of 50 ms were used to detect and bleach the blinking fluorophores. The EMCCD
camera gain was set to 200 and typically 15,000 frames were acquired. Prior to each imaging,
the sample was exposed to the 561 nm laser to bleach pre-activated molecules and the
fluorescent beads, the latter in order to avoid pixel saturation of the EMCCD camera, which
impairs the Gaussian fitting to localize the marker. The pre-bleaching time was conditioned to
the fluorescent bead brightness and was approximately in the order of one minute. Throughout
the imaging, the blinking events per cell were commonly one per frame and kept below three.
Data post-processing and quality check:
PALM images were calculated and lateral frame drift was corrected by alignment of the
fluorescent beads as reference points using the Zeiss ZenBlack software. Data coordinates were
exported and further analyzed in R-studio. Subsequently, a stringent data filtering was applied
in order to eliminate multiple events and to isolate only resolved single-molecule events.
Sorting by PSF width at half-maximum intensity (80 to 160 nm) and photon number (100 to 500)
(Bach et al., 2017; McKinney et al., 2009; Wang et al., 2014), multiple events that cannot be
resolved and molecules that do not correspond to the Dendra2 photon emission range,
respectively, were filtered out (Fig. S9A-S9B). Moreover, to avoid unresolvable multiple events,
imaging of one molecule per cell per frame was aimed, maintaining below thee events per cell
per frame (Fig. S9C). After application of the filtering parameters, a localization precision area
average of ~25 nm (ranging from 5 to 50 nm) per imaged cell was obtained. Importantly, the
linear polymeric structure remained unchanged and consistent (Fig. S9D and S9E). In addition,
the background from the agarose matrix (0.3 events/µm2) and MSR WT cells (82 events/cell,
distributed throughout the cell (n= 5), Fig. S7C) were negligible and do not contribute to the
polymeric structure.

Clustering algorithm and image rendering
R programming language (R Development Core Team, 2014) and RStudio (RStudio Team, 2015)
were used to create a molecule clustering script. First, data was loaded into R-studio and
filtered by photon number and PSF as above-mentioned. Next, each single event was tested for
putative interaction with its neighboring events by a local search and taking into consideration
their localization precision area. To this aim, interactions between the event and its neighbors
were tested only within a square area (lateral side: 200 nm) centered on the tested event. Two
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molecules were clustered together only if the distance between the two localizations was
smaller than the sum of the precision of the two molecules divided by two, i.e., only molecules
whose localization precision areas were in direct contact or overlapped (≤ 0 nm) were clustered.
Clusters were further classified by size, thus, single-molecules and clusters smaller than 5
molecules were colored as light blue (R color: lightskyblue1), clusters between 5 to 50 molecules
were blue (R color: skyblue2), and cluster with more than 50 molecules as dark blue (R color:
royalblue4).
The centroid is the geometric center or arithmetic mean position of each fluorophore, which is
taken from the contour map of intensities obtained from its PSF. Centroid plots were generated
using ggplot2 package (Wickham, 2009). Finally, for plots displaying the clustering results were
generated using plotrix package (Lemon, 2006), the localization precision area of each molecule
was rendered and colored based on the size of the cluster they belonged.
A computed fluorescent image (density rendering) was generated by rendering of the PSF
FWHM in the Zeiss ZenBlack software. The PSF FWHM multiplicator was 0.71 and the
dynamic range a 100%.

Scanning electron microscopy
Cells were harvested and resuspended in 10 mM HEPES buffer (pH 7,2). Fixation was carried
out by addition of fresh glutaraldehyde to 4% and incubation at 4°C for 4 h. Fixed cells were
mounted onto poly-L-lysine coated coverslips and dehydrated through an ascending series of
ethanol baths (35%, 50%, 70%, 80%, 95%, 100% and 100% for 10 min each) followed by critical
point drying. Samples were mounted onto stubs, sputter coated with platinum and examined
by using a Zeiss Ultra plus FE-SEM (acceleration voltage: 3 kV; aperture size: 30 µm, working
distance: 6.5 mm).

Transmission electron microscopy
For conventional TEM analysis, cells were grown at 28°C under microaerobic conditions, fixed
in formaldehyde (1%) and ten-times concentrated. Next, unstained cells were adsorbed on
carbon coated copper mesh grids (Plano, Wetzlar). Bright field TEM was performed on a FEI
CM200 (FEI; Eindhoven, The Netherlands) transmission electron microscope using an
accelerating voltage of 160 kV. Images were captured with an Eagle 4k CCD camera using
EMMenu 4.0 (Tietz) and FEI software. Alternatively, a FEI Tecnai F20 operated at 200 kV and an
Eagle 4k CCD camera was used, and micrograph acquisition was performed using SerialEM
software (Mastronarde, 2005). For data analysis the Fiji software was used.
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Plunge-freezing vitrification
5 µL of MSR culture were mixed with 2 µL of (two-fold concentrated) BSA-coated 15 nm
colloidal gold clusters (Sigma) used for subsequent alignment purposes. The mixture was
added on glow-discharged Quantifoil R 2/1 holey carbon molybdenum grids (Quantifoil Micro
Tools GmbH, Jena), manually blotted for 4 s and embedded in vitreous ice by plunge freezing
into liquid ethane (< −170°C). The grids were stored in sealed boxes in liquid nitrogen until
used.

Cryo-electron tomography
Tomography was performed under low-dose conditions using a FEI Tecnai F30 G2 Polara
equipped with a 300 kV field emission gun, and a Gatan GIF 2002 post-column energy filter. A
3838 x 3710 Gatan K2 Summit Direct Detection Camera operated in counting and dosefractionation mode was used for imaging. Data collection was performed at 300 kV, with the
energy filter operated in the zero-loss mode (slit width of 20 eV). Tilt series were acquired using
Serial EM software (Mastronarde, 2005). The specimen was tilted about one axis with 1.5°
increments over a typical total angular range of ± 60°. The cumulative electron dose during the
tilt series was kept below 150 e- Å-2. To account for the increased specimen thickness at high tilt
angles, the exposure time was multiplied by a factor of 1/cos α. Pixel size at the specimen level
was 5.22 Å at an EFTEM magnification of 22,500x. Images were recorded at nominal −5 µm
defocus.

Tomogram reconstruction and segmentation
Tomograms were reconstructed in the IMOD package (Kremer et al, 1996). Tomographic
reconstructions from tilt series were performed with the weighted back-projection with IMOD
software using particles as a fiducial marker. Aligned images were binned to the final pixel size
of 31.32 Å. For tomographic reconstruction, the radial filter options were cut off: 0.5 and fall off:
0.05. The dataset for this study consisted of 7 tomograms for the WT strain and 9 tomograms for
ΔmamY strain. Tomograms were treated with an anisotropic nonlinear diffusion denoising
algorithm to improve signal-to-noise ratio.
Segmentation of the tomogram was done with Amira software on binned volumes with a voxel
size of 31.32 Å. Membrane segmentation was done using the software TomoSegMemTV and a
complementary package, SynapSegTools, both for Matlab (Martinez-Sanchez et al., 2014).
Tomogram slices were obtained using 3dmod software from the IMOD package.
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Figure 1. MamY determines the localization of the magnetosome chain at the geodetic axis of Magnetospirillum
gryphiswaldense. See full legend in the next page.

161

Chapter 2
Figure 1. MamY determines the localization of the magnetosome chain at the geodetic axis of Magnetospirillum
gryphiswaldense. (A) TEM micrograph of a ΔmamY cell showing the magnetosome chain (black electron-dense
magnetite crystals) mispositioned at the negative curvature. The model (lower-left corner) indicates the observed and
theoretical WT chain position (red dashed line). The inset shows a magnification of the WT-like magnetite crystals.
Scale bar: 500 nm (inset: 100 nm). (B) TEM of a WT cell. The magnetosome chain (dark electron-dense magnetite
crystals) is positioned at midcell and touches sites of positive curvature (also indicated in the model, lower-left
corner). The inset shows a magnification of the magnetite crystals. Scale bar: 500 nm (inset: 100 nm). (C) Cryo-ET of a
WT cell. (Ci) A 15.7 nm thick tomographic slice through the central part of the cell showing magnetosome vesicles
(black-double arrowheads) and magnetite crystals (black arrowhead). Inset: tomographic slice at different z-stack
position displays magnetosome chain continuity and close proximity to the positively curved cytoplasmic
membrane. Scale bars: 200 nm. (Cii) 3D rendering generated from the whole tomogram of the cell in Ci. Magnetite
crystals: red; magnetosome membrane vesicles: yellow; actin-like MamK filament: green. The cellular inner and outer
membranes are depicted in blue. (Ciii and Civ) 3D rendering views from the angle indicated by the red and lightblue arrowheads in Cii. Curved white dashed lines indicate an approximation of the absent membrane projection
(missing wedge). White curved arrows indicate the magnetosome chain track inside the cell along the positive
cytoplasmic membrane curvature. (Cv) SEM image of two M. gryphiswaldense cells (of different length) highlighting
their helical morphology and the geodetic axis (red dashed line). Scale bars: 500 nm (upper) and 200 nm (lower).
(D) Cryo-ET of a ΔmamY cell. (Di) A 15.7 nm thick tomographic slice with the magnetosome chain shifted to the
negative curvature. Inset: tomographic slice of another ΔmamY cell, displaying the magnetosome chain running along
the negative curvature. Scale bars: 200 nm. (Dii) 3D rendering from the whole tomogram of the cell from Di.
(Diii to Dv) 3D rendering views (from the angle indicated by the red and light-blue arrowheads in Dii) shows
misplacement of the magnetosome chain apart form the geodetic axis. White arrow in Div indicates the theoretical
course of a WT magnetosome chain along the cell geodetic axis. Curved white dashed lines in Diii and Div indicate
an approximation of the absent membrane projection (missing wedge). White dashed straight-line in Dii and Dv
represents a projection of the geodetic axis in 2D space.
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Figure 2. MamY is essential to support the fragmented magnetosomes chains in the mamK deletion mutant.
(A) TEM images of ΔmamK cells displaying fragmented magnetosome chains that follow a path along the positive cell
curvature (indicated by the red dashed line - lower inset). (B) TEM micrographs of the mamY-mamK double deletion
mutant, which is unable to organize magnetosomes into chains and display aggregated magnetosomes.
(C) TEM image of a ΔmamJ cell that presents aggregated magnetosomes. Insets: magnification of the magnetite
crystals. Scale bars: 500 nm. Insets: 200 nm (except lower inset in A: 500 nm).
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Figure 3. MamY localizes as a linear structure along the positive curvature in Magnetospirillum gryphiswaldense
cells. See full legend in the next page.
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Figure 3. MamY localizes as a linear structure along the positive curvature in Magnetospirillum gryphiswaldense
cells. (A) Subcellular localization of a markerless chromosomal native-site N-terminal mCherry fusion to MamY seen
by widefield fluorescence microscopy. mCherry (red); DIC (blue). (B) Cell fractionation and immunodetection of
mCherry-MamY and MamC (control for cross-contamination of cell fractions) in the magnetosome membrane (MM),
total membrane (TM) and soluble (S) fractions. Molecular weight standards are indicated by a dot (kDa).
MamC ∼12 kDa, mCherry-MamY ∼68 kDa. (C) Localization patterns of EGFP-labeled full length and truncated
versions of MamY in the WT strain. MamYFull: consists of a transmembrane (TM) domain plus seven predicted
α-helices (7H). MamYTM: harbors only the TM domain. MamYTM-3H: TM domain followed by three N-terminal
α-helices. MamY7H: without TM domain. MamY2H: last two C-terminal α-helices. (D) Localization patterns of MamY
full length and C-terminal truncated MamYTM-3H are conserved in the heterologous host R. rubrum. EGFP (green);
DIC (blue). (E) Magnetosome chain and MamY co-localize in MSR. mCherry (red); MamC (green); DIC (blue).
(F-G) MamY C-terminal domain is essential to recruit the magnetosome chain to the positive cell curvature.
(F) The MamC-EGFP fluorescence signal is shifted to the negative curvature in the mCherry-mamYTM-3H mutant.
mCherry (red); MamC (green); DIC (blue). (G) TEM image shows displacement of the magnetosome chain to the
negative cell curvature in the mCherry-mamYTM-3H mutant. (H-I) MamY TM domain exchanged against a histidine
kinase TM domain (HKTM-MamY7H) and subcellular localization was evaluated in the (H) non-magnetic MSR-1B and
(I) WT strains. (J) Detection of MamY self-interaction by bacterial two-hybrid analysis. E. coli BTH101 was
transformed with pairs of plasmids encoding fusions of MamY to the T25 and T18 fragments of Bordetella pertussis
adenylate cyclase. Interaction is evidenced by the growth of blue colonies (see Supplemental Material). Positive
control (+): T25-zip/T18-zip. Scale bars: 1µm (G: 500 nm).
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Figure 4. MamY forms a continuous polymeric structure along the positive curvature. (A) Conventional wide-field
fluorescence microscopy of MamY-mCherry (red, DIC: blue) for comparison of resolution. (B) 3D-SIM of a
markerless chromosomally inserted mCherry-MamY translational fusion expressed from the mamY locus.
(Bi) Micrograph of a z-stack maximum intensity projection of the mCherry-MamY signal overlaid with the
brightfield channel (blue). (Bii) mCherry channel only. (Biii) Inspection of the z-axis from the cell in Bi.
(Ci) Elongated MSR cell illustrating the MamY-mCherry localization (maximum intensity projection) along the
spirillum positive curvature. (Cii - Ciii) Examination of the z-axis of the fluorescence signal in Ci shows the
continuity of the polymeric structure and a spiral-like localization along the positive cell curvature, i.e., along the
geodetic axis (see also Movie S3). Micrographs are maximum intensity projections from the indicated angles.
Scale bars: 1 µm.
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Figure 5. PALM reveals that MamY forms a linear polymeric structure in vivo. Single-molecule detection of
Dendra2 fused to MamY in the (A) WT (native MamY present) and (B) ΔmamK strains. (C) PALM of Dendra2-MamK
in the WT strain as control for a filament-forming protein. (i) PSF rendering: a computed fluorescence image
generated by density rendering of the PSF FWHM of all detected single events. Insets: brightfield channel.
(ii) Centroids: each dot represents the geometric center position of a fluorophore. Insets: magnification of centroids
within the indicated area. (ii) Clustering: algorithm that takes into consideration the localization precision area of
individual events and the intermolecular distances. Two molecules are clustered if the distance of their localization
precision areas are ≤ 0 nm. Blue: clusters of 5 to 50 molecules. Dark blue: clusters of > 50 molecules. Insets:
magnification of the indicated area showing clusters of molecules rendered with their corresponding localization
precision area. Scale bars: 500 nm.
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Figure 6. Reconstruction of a synthetic magnetosome chain on the MamY cytoskeleton. (A) TEM micrograph of a
ΔmamJ cell harboring the typical agglomerated magnetosomes. (B) Several ΔmamJ cells transformed with the
Nanotrap-to-Y (MamY-mCherry and MamC-MBN) displaying artificially restored magnetosome chains onto the
MamY cytoskeleton. Red line: geodetic axis in 2D space. (C) The mamJK double deletion mutant displays clustered
magnetosomes. (D) ΔmamJK cells transformed with the Nanotrap-to-Y harbor synthetically restored magnetosome
chains onto the MamY cytoskeleton. Red line: projection of the geodetic axis in 2D space. (Ei) Model of a ΔmamJK cell
with clustered magnetosomes localized at the positive curvature. Blue: MamY cytoskeleton. (Eii) Model of a ΔmamJK
cell plus the Nanotrap-to-Y (mCherry-MamY and MamC-MBN), where the antigen-antibody interaction (mCherryMBN) allows the artificial recruitment of the magnetosomes to the MamY cytoskeleton. Scale bars: 500 nm.
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Figure 7. Model for MamY localization and its function within the magnetoskeleton. (A) 3D rendering illustration
of a helical, highly curved cell body (purple) highlighting the MamY cytoskeleton (blue) positioned along the cellular
geodetic axis (following the inner positive membrane curvature). MamY scaffolds and organizes the magnetosomes
(membrane-bounded grey crystals) into a chain along the geodetic axis. (B) The magnified model shows MamY as a
transmembrane protein assembling into a polymeric structure (blue) underneath the cytoplasmic membrane and in
contact with MamY residing in the magnetosome membrane. A direct or indirect MamJ-MamY interplay is also
suggested. MamY cytoplasmic domain: blue; MamY transmembrane domain: light-blue; MamJ: purple; MamK
filament: green; magnetite crystal: grey; magnetosome and cytoplasmic membranes: dark green.
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Figure S1. Cryo-ET of WT and ΔmamY strains. Cryo-ET tomographic slices of several (A) WT (n=7) and (B) ΔmamY
(n=9) cells showing the intracellular magnetosome chain localization. Slice thickness: 15.7 nm. Scale bars: 200 nm.
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Figure S2. Magnetic response and mutant complementation assays. (A) Magnetic response (Cmag) of fixed cells from
the WT, ΔmamK, ΔmamY, ΔmamJ and ΔmamKY strains. A one-way ANOVA and a post hoc Tukey's multiple
comparison test resulted in the differences shown in the plot. Noticeable, the test shows that ΔmamJ vs ΔmamKY
strains as well as ΔmamK vs ΔmamY do not differ significantly in Cmag, but all of them are different from the WT
(*** P < 0.001, ns: not significant). Error bars represent the SD. (B) TEM micrograph of the complementation analysis
of ΔmamY with mamY gene. (C) TEM micrograph of the complementation analysis of ΔmamKY with mamY, (D) mamK
and (E) mamK-mamY genes. Scale bars: 500 nm (except most right micrograph in E: 1 µm).
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Figure S3. N- and C-terminally tagged MamY proteins are functional. (A) Fluorescence microscopy of MamYmCherry displaying a linear localization along the positive curvature of M. gryphiswaldense. Scale bar: 1 µm.
(B) TEM micrograph of the ΔmamY strain with mamY-mCherry gene shows that the C-terminal tagged MamY restores
the WT magnetosome chain positioning phenotype and thereby is functional. (C) TEM micrograph of a markerless
native site in-frame chromosomally inserted mCherry gene upstream of mamY resulting in the mCherry-mamY fusion.
This N-terminally tagged MamY shows a WT magnetosome chain positioning phenotype, demonstrating
functionality. Scale bars of TEM micrographs: 500 nm.
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Figure S4. MamY truncation analysis and TM domain swapping. Localization patterns of EGFP tagged MamY
variants in ΔmamY, the non-magnetic mutant MSR-1B, and in heterologous hosts seen by fluorescence microscopy.
(A) MamYFull: consists of a predicted transmembrane (TM) domain plus seven α-helices (7H). (B) MamYTM: harbors
only the TM domain. (C) MamYTM-3H: TM domain followed by first three N-terminal α-helices. (D) MamY7H: lacking
the TM domain. (E) MamY2H: last two C-terminal α-helices only. (F) MamYFull-EGFP localization in the rod-shaped
E. coli. (G) MamY TM domain exchanged against the TM domain of the histidine kinase (HK) Mgr_1233 (HKTMMamY7H) and subcellular localization in R. rubrum and (H) MSR WT. Scale bars: 1µm.

174

Supplementary Information- Manuscript 2
A

ΔmamY, mamC-mamY7H

B

mamC-MamY7H

Figure S5. Exclusive MamY recruitment to the magnetosome membrane causes clustered magnetosomes.
Exchange of the MamY TM domain by MamC resulted in the mamC-MamY7H allele at the mamC locus. TEM
micrograph of (A) ΔmamY, mamC-mamY7H and (B) mamC-mamY7H (native mamY present) strains showing aggregated
magnetosomes primarily located at the negative or positive curvature, respectively. Scale bars: 1 µm.

Figure S6. 3D-SIM of mCherry-MamY. 3D-SIM imaging of cells expressing mCherry-mamY from the mamY locus.
Left panel: Micrograph of a z-stack maximum intensity projection of the mCherry-MamY signal with brightfield
channel. Right panel: mCherry channel only. Scale bars: 1µm.
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Figure S7. PALM imaging quality assurance: WT background and additionally analyzed cells. (A) PALM imaging
of Dendra2-MamY in ΔmamK cells and application of the clustering algorithm. A range of 1,850 to 3,900 singlemolecule events per cell with a localization precision average of ~25 nm was acquired. Insets: computed PSF
rendering. (B) PALM imaging of Dendra2-MamK in WT cells and application of the clustering algorithm. A range of
2,200 to 10,900 single events with a localization precision average of ~25 nm was obtained. Insets: computed PSF
rendering. Blue: clusters of 5 to 50 molecules. Dark blue: clusters of > 50 molecules. Insets: magnification of the
indicated area showing the clusters and molecules rendered with their corresponding localization precision area.
Scale bars: 500 nm. (C) WT cells imaged by PALM. Centroids show the background events intrinsic of a MSR cell
(average: 82 events/cell, n = 5). Insets: brightfield channel.
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Figure S8. Synthetic magnetosome chain reconstruction onto the MamK filament in vivo. (A) TEM micrograph of
a ΔmamJ cell harboring the typical agglomerated magnetosomes. Scale bars: 500 nm. (B) Several ΔmamJ cells
transformed with the Nanotrap-to-K (mCherry-MamK and MamC-MBN) displaying artificially restored
magnetosome chains localized at the positive curvature. Red line: projection of the geodetic axis in 2D space.
Scale bars: 1 µm (insets: 500 nm). (C) The mamJY double mutant contains clustered magnetosomes. Scale bar: 500 nm.
(D) ΔmamJY cells transformed with the Nanotrap-to-K harbor synthetically restored magnetosome chains localized at
the positive curvature. Red line: projection of the geodetic axis in 2D space. Scale bars: 500 nm.
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Figure S9. PALM imaging quality assurance: filtering effects and details. Filtering parameters are: PSF FWHM
(80 - 160 nm), fluorophore emitted photon number (100 - 500). To show an example of the filtering effects and quality
of the PALM imaging, a selected single cell is shown (ΔmamK plus Dendra2-MamY). (A) Plot of PSF width at
half-maximum versus number of photon emitted. (B) Plot of localization precision area versus number of events. (C)
Number of events per frame for a single cell. (D) PSF rendering and centroids localization of the
(Di and Ei) pre-filtered and (Dii and Eii) post-filtered cell. Scale bars: 500 nm. (F) Application of the clustering
algorithm. (Fi) All clusters rendered, (Fii) clusters ≥ 5 molecules and (Fiii) ≥ 50 molecules. Cluster color code:
light blue, clusters < 5 molecules; blue, clusters of 5 to 50 molecules; dark blue, clusters > 50 molecules. Insets:
magnification of the indicated area showing either the centroids or clusters of molecules rendered with their
corresponding localization precision area.
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Movie S1. Cryo-ET and 3D rendering of a WT cell. Cryo-electron tomography of a WT cell. View through the
z-stack tomogram of the cell at 22,500× magnification. Magnetite crystals: red; magnetosome membrane vesicles:
yellow; MamK filament: green; inner and outer cellular membrane: blue. This movie is related to Fig. 1C.
Movie S2. Cryo-ET and 3D rendering of a ΔmamY cell. Cryo-electron tomography of a ΔmamY cell. View through
the z-stack tomogram of the cell at 22,500× magnification. Magnetite crystals: red; magnetosome membrane
vesicles: yellow; MamK filament: green; inner and outer cellular membrane: blue. This movie is related to Fig. 1D.
Movie S3. 3D-SIM of a ΔmamY cell. Fluorescence signal of mCherry-MamY in an elongated M. gryphiswaldense cell
analyzed by 3D-SIM. The movie shows a 3D rendering of the mCherry-MamY signal rotating in 360º first around the
x-axis and subsequently around the y-axis, depicting how the MamY linear structure localizes along the positive
curvature of the spirillum-shaped cell. This movie is related to Fig. 4C.
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Supporting Methods
Molecular and genetic techniques
The draft genome sequence of M. gryphiswaldense (GenBank accession number CU459003) was
used for oligonucleotide design. Oligonucleotides were purchased from Sigma-Aldrich. All
constructs were sequenced on an ABI 3700 capillary sequencer (Applied Biosystems), utilizing
BigDye Terminator v3.1 or by Macrogen Europe (Amsterdam, Netherland). Sequence data were
analyzed with CLC Main Workbench Software (Qiagen) or Geneious (Biomatters).
Plasmid construction
Plasmids were constructed by amplifying the DNA fragments of interest with the Phusion High
Fidelity DNA Polymerase (Thermo Scientific). Plasmid description and oligonucleotides are
listed in Table 2 and Table 3, respectively (see below). For details of the in-frame insertion or
deletion mechanism with the pORFM-galK plasmid refer to Raschdorf et al. [1]. All plasmids
were introduced into M. gryphiswaldense and R. rubrum by conjugation.
Plasmid pMT005 was constructed to delete the mamY gene. The mamY up- and downstream
region were amplified (upstream: oMTN025-026, downstream: oMTN027-028, producing 700
and 900 bp fragments, respectively). Both regions were fused by overlap PCR (oMTN025-028)
and the fused fragment was cloned into pORFM-galK between the SalI-NotI restriction sites.
This vector was used to create the in-frame deletion of mamY by homologous recombination in
the WT, ΔmamJ and ΔmamK genetic backgrounds generating the strains MT001, MT004 and
MT015, respectively.
To construct pMT099, the mamY gene was amplified (oMTN310-312) and further cloned into
the vector pJH2 under the control of a tetracycline-inducible promoter (Ptet) using the restriction
sites NdeI-XbaI.
For creation of pMT102, the mamY gene was amplified (oMTN311-312) and NheI-XbaI digested
and cloned in-frame downstream of the dendra2 gene into the identically digested pMT065
vector.
For construction of pMT103, the mamY gene from M. magneticum AMB-1 was amplified
(oMTN324-325) and NdeI-BamHI digested and cloned under the control of the Ptet promoter into
the identically digested pJH2.
To generate pMT104, the genes mamC (oMTN328-345), RBP (anti-RFP nanobody – oMTN346329), mamY-mCherry fusion (oMTN330-331) were amplified. Next, mamC and RBP were fused
by overlap PCR (oMTN328-329). Subsequently, the mamC-RBP and mamY-mCherry PCR
products were fused by overlap PCR (oMTN328-331) generating the mamC-RBP_mamYmCherry, which was NdeI-XbaI digested and ligated into the identically digested pMT099 vector.
The plasmid pMT105 was generated by amplifying the mamK gene (oMTN040-350) and further
NdeI-XbaI digested and cloned into identically digested pMT099 vector.
For construction of pMT106, the mamK (oFM564-565) and mamY (oFM566-567) genes were
amplified and the PCR products were fused by overlap PCR (oFM564-567). The mamK_mamY
fused fragment as well as the pMT099 vector were NdeI-XbaI digested and ligated.
The plasmid pFM251 (chromosomal mamC-mamY7H fusion) was derived from pFM237 [1].
mCherry was cut out from pFM237 with KpnI and EcoRI and replaced by the 3` mamY fragment
amplified with oFM435-436.
pFM252 (C-terminal markerless mamY-mCherry fusion) was constructed as follows: mamY was
amplified with primers oFM439-440 and ligated into pORFM galK blu after digestion with SalI
and SpeI. mCherry was amplified with oFM441-442 and the mamY downstream fragment was
amplified with oFM443-444. Both fragments were fused by overlap PCR and ligated into the
same vector after digestion with XmaI and SpeI.
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To generate pFM253 (N-terminal markerless fusion of mCherry to mamY) the upstream fragment
of mamY and mCherry were amplified with oFM446-447 producing a 1 kB and a 705 bp fragment
respectively. Both fragments were fused by overlap PCR and cloned into pORFM galK blu after
digestion with SalI and BamHI. The 5` region of mamY was amplified with oFM450-451,
producing a 1,01 kB fragment which was cloned behind the fused upstream-mCherry fragment
using NotI and SpeI restriction sites.
The pFM269a-g vectors are pAP160 based [2] and were constructed to analyze localization of
MamY full length and truncated proteins by EGFP tagging. For pFM269 (mamY full length) the
gene was amplified with primers oFM484-487, for pFM269a with oFM484-482, for pFM269g
with oFM484-483a, for pFM269c with oFM485-487 and for pFM269d with oFM486-487.
pFM269h was used to exchange the TM domain of MamY by the that of a histidine kinase (acc.
no. CAM76561. Locus tag Mgr_1233). Therefore, the TM encoding section of mgr_1233 was
amplified with primers oFM556-557 and the 3’ part of mamY was amplified with oFM558-487.
Both fragments were fused by overlap extension PCR. All amplified fragments were cloned into
pAP160 using NdeI and HindIII restriction sites.
To generate pFM272, the upstream and 5’ region of mamY was amplified with oFM439-514
generating a truncated mamY version. The mamY-mCherry region from pFM252 was cut out
with AvrII and exchanged by the PCR product generating a truncated allele for allelic
replacement.
To construct pFM283, mgr_1233 was amplified with oFM560-561, digested with NdeI and
cloned into pAP160.
Finally, to construct the vector pOR035, the PmamXY was amplified (oOR087-088) and cloned into
pBBR1-MCS2 between the sites BamHI and HindIII. Subsequently, the mamY gene was
amplified (oOR089-090) and inserted downstream the PmamXY promoter between NdeI and XhoI
restriction sites. Then, the mCherry gene was amplified (oOR100-101) and cloned in-frame
downstream the mamY gene between the sites NheI-NsiI.
Bacterial two-hybrid (BTH) plasmids
To clone mamY and its truncated versions in-frame with the adenylate cyclase domain of p25
and p18 expression vectors, the respective gene fragments were PCR amplified and inserted
into PstI and EcoRI restriction sites of the p25 and p18 vectors. Primer pairs for the full-length
versions were BTH_Yf1-BTH_Yr5, BTH_Yf1-BTH_Yr3, BTH_Yf5-BTH_Yr5 and BTH_Yf1BTH_Yr3. For the TM-3H-version, primer pairs were BTH_Yf1-BTH_Yr6, BTH_Yf1-BTH_Yr4,
BTH_Yf5-BTH_Yr6 and BTH_Yf1-BTH_Yr4 and for the MamY7H version, primer pairs were
BTH_Yf9-BTH_Yr5, BTH_Y_Yf9-BTH_Yr3, BTH_Yf13-BTH_Yr5 and BTH_Yf9-BTH_Yr3.
Bacterial two-hybrid (BTH) assay
The BTH assays were carried out as per Karimova et al.[3] and Battesti and Bouveret [4]. E. coli
BTH101 was transformed with complementary two-hybrid plasmids and grown at 37°C in LB
broth containing 100 µg/ml ampicillin and 50 µg/ml kanamycin. Interaction analyses were
performed according to manufacturer instructions (Euromedex). Briefly, cells were spotted onto
M63 minimal medium agar plates (supplemented with: 0.2 % Maltose, 50 µg/ml ampicillin and
25 µg/ml kanamycin, 80 µg/ml X-Gal and 0.5 mM IPTG) and incubated at 30°C for 48 h. Since
cya+ cells are mal+, they are able to grow on a minimal medium supplemented with maltose as a
unique carbon sources. Furthermore, the lacZ gene encoding β-galactosidase is positively
controlled by cAMP/CAP. Therefore, bacteria expressing interacting hybrid proteins will be
detected by the presence of growth (mal+ colonies) and also by their blue coloring (lac+ colonies).
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Cell fractionation, SDS-gel electrophoresis and immunological protein detection
Cell lysis and cell fractionation with magnetosome purification of MSR-1 were performed
essentially as previously described [5, 6]. Briefly, after cell disruption, the lysate was subjected
to centrifugation at 4000 g for 60 min to remove residual cell debris. The supernatant was
applied on a magnetized separation column to withdraw magnetosomes and to isolate the
magnetic fraction. To separate soluble and insoluble non-magnetic fractions, the flow-trough
was subjected to 60 min of centrifugation at 160 000 g. The sedimented membrane fraction was
resuspended (100 mM Tris-HCl, pH 8,0) and both fractions were centrifuged a second time at
160 000 g for 120 min. The resulting supernatant contained the non-magnetic soluble and the
resuspended pellet the non-magnetic insoluble fraction. For SDS-PAGE, samples were
supplemented with electrophoresis buffer, heated to 95°C for 10 min and applied to 11% (for
mCherry-MamY) or 15% (for MamC) polyacrylamide gels. For Western blot, proteins were
semi-dry electro-blotted on PVDF membranes. Immunological protein detection was performed
using Anti-RFP (6G6αRed, ChromoTek GmbH, Martinsried, Germany) and Anti-MamC [5]
primary antibodies. HRP conjugated secondary antibodies and chemiluminescence substrate
(Quant HRP substrate, Takara Biotech) were used to generate signals which were detected with
a ChemiDocTM XRS+ system (Biorad).
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Table 1. Bacterial strains created and used in this work
Strain*

Genotype or characteristics

Reference or source

MSR WT

Wild-type MSR-1 R3/S1 (RifR, SmR).

Schultheiss and Schüler,
2003 [7]

ΔmamJ

ΔmamJ

Scheffel et al, 2006 [8]

ΔmamK

ΔmamK

Katzmann et al, 2010 [9]

MSR-1B

Spontaneous non-magnetic mutant

Schübbe et al, 2003 [10]

FM019

mamC-mCherry

Raschdorf et al, 2014 [1]

FM021

mamC-egfp

Raschdorf et al, 2014 [1]

MT001

ΔmamY

This work

MT002

ΔmamJK

Toro-Nahuelpan et al,
2016 [11]

MT015

ΔmamKY

This work

MT004

ΔmamJY

This work

FM52

mCherry-mamY

This work

FM53

mCherry-mamY, mamC-egfp

This work

FM71

mCherry-mamYTM-3H

This work

FM55

mamC-mamY7H

This work

FM56

mamC-mamY7H, ΔmamY

This work

MT016

ΔmamY, conjugated with pMT099, KmR

This work

MT017

ΔmamKY, conjugated with pMT099, KmR

This work

MT018

ΔmamKY, conjugated with pMT0105, Km

R

This work

MT019

ΔmamKY, conjugated with pMT0106, Km

R

This work

MT020

ΔmamJ, conjugated with pMT104, KmR

This work

MT021

ΔmamJK, conjugated with pMT104, KmR

This work

MT022

ΔmamY, conjugated with pMT103, KmR

This work

MT023

ΔmamKY, conjugated with pMT103, Km

R

This work

eMT016

MSR WT, conjugated with pOR035, KmR

This work

eMT017

ΔmamY, conjugated with pOR035, KmR

This work

eMT018

MSR WT, conjugated with pMT102, KmR

This work

eMT019

ΔmamK, conjugated with pMT102, Km

This work

eMT020

MSR WT, conjugated with pMT062, KmR

This work

eMT021

ΔmamJ, conjugated with pSB005, KmR

This work

eMT022

ΔmamJY, conjugated with pSB005, KmR

This work

eFM001

MSR WT, conjugated with pFM269, Km

This work

eFM002

MSR WT, conjugated with pFM269a, KmR

This work

eFM003

MSR WT, conjugated with pFM269c, KmR

This work

eFM004

MSR WT, conjugated with pFM269d, KmR

This work

eFM005

MSR WT, conjugated with pFM269g, Km

This work

eFM006

FM019, conjugated with pFM269h, KmR

This work

eFM007

ΔmamY, conjugated with pFM269, KmR

This work

eFM008

ΔmamY, conjugated with pFM269a, KmR

This work

eFM009

ΔmamY, conjugated with pFM269c, KmR

This work

M. gryphiswaldense

R

R

R
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eFM010

ΔmamY, conjugated with pFM269d, KmR

This work

eFM011

ΔmamY, conjugated with pFM269g, Km

R

This work

eFM012

MSR-1B, conjugated with pFM269, KmR

This work

eFM013

MSR-1B, conjugated with pFM269a, KmR

This work

eFM014

MSR-1B, conjugated with pFM269c, KmR

This work

eFM015

MSR-1B, conjugated with pFM269d, Km

R

This work

eFM016

MSR-1B, conjugated with pFM269g, KmR

This work

eFM017

MSR-1B, conjugated with pFM269h, KmR

This work

eFM018

MSR WT, conjugated with pFM283, KmR

This work

R. rubrum

R. rubrum ATCC 11170 - WT

DSM467

eFM019

R. rubrum, conjugated with pFM269, KmR

This work

eFM020

R. rubrum, conjugated with pFM269g, KmR

This work

eFM021

R. rubrum, conjugated with pFM269h, KmR

This work

R. rubrum

E. coli
DH5α

BW29427

WM3064
BTH101

Host for cloning.
F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK-, mK+) phoA
supE44 λ-thi-1 gyrA96 relA1
Host for cloning and conjugation.
thrB1004 pro thi rpsL hsdS lacZΔM15 RP4-1360 Δ(araBAD)567
ΔdapA1341::[erm pir (wt)]
Host for cloning and conjugation.
thrB1004 pro thi rpsL hsdS lacZΔM15 RP4-1360 Δ(araBAD)567
ΔdapA1341::[erm pir (wt)]
Reporter strain for BTH assay (cya).
F- cya-99 araD139 galE15 galK16 rpsL1 (Strr) hsdR2 mcrA1 mcrB1

Invitrogen
Datsenko and Wanner
(unpublished)
W. Metcalf,
(unpublished)
Euromedex

*MT and FM strains are chromosomally stably modified. eMT and eFM strains: transformed with an episomal
(replicative) vector.
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Table 2. Plasmids created and used in this study
Plasmid
pORFM-GalK-MCS
pBBR1-MCS2
pMT009
pMT065
pJH2

Relevant characteristics
Integrative backbone vector for in-frame gene deletion.
oriT, Ptet-galK, KmR, TcR
Replicative backbone vector for in trans
gene expression in MSR. oriT, mob, KmR
pBBR1-MCS2 based vector. PmamAB-mCherry-mamK; KmR
pBBR-MCS2, Ptet-dendra2-mamK,
terminator-fragment, PNeo-TetR; KmR
pBAM1 oriR6K, with Ptet-mamC-magegfp,
terminator, PNeo-TetR; KmR, ApR

Reference or source
Raschdorf et al, 2014 [1]
Kovach et al, 1994 [12]
Toro-Nahuelpan et al, 2016
[11]
Toro-Nahuelpan et al, 2016
[11]
Borg et al, 2014 [2]

pMT062

pMT009 derivative, PmamAB-dendra2-mamK

Toro-Nahuelpan et al, 2016
[11]

pFM237

pORFM-GalK derivative for mamC-mCherry chromosomal fusion

Raschdorf et al, 2014 [1]

pMT005

pORFM-GalK derivative, for mamY deletion

This work

pMT099

pJH2 derivative, Ptet-mamY

This work

pMT102

pMT065 derivative, Ptet-dendra2-mamY

This work

pMT103

pJH2 derivative, Ptet-AMB-mamY

This work

pMT104

pJH2 derivative, Ptet-mamC-RBP_mamY-mCherry

This work

pMT105

pMT099 derivative, Ptet-mamK

This work

pMT106

pMT099 derivative, Ptet-mamK_mamY

This work

pFM251

pORFM-GalK derivative harboring mamC-mamY7H,
for mamC replacement

This work

pFM252

pORFM-GalK derivative harboring mamY-mCherry

This work

pFM253

pORFM-GalK derivative harboring mCherry,
for mamY upstream insertion, generating mCherry-mamY

This work

pFM269

pAP160 derivative, Ptet-mamYFull

This work

pFM269a

pFM269 derivative, Ptet-mamYTM

This work

pFM269c

pFM269 derivative, Ptet-mamY7H

This work

pFM269d

pFM269 derivative, Ptet-mamY2H

This work

pFM269g

pFM269 derivative, Ptet-mamYTM-3H

This work

pFM269h

pFM269 derivative, Ptet-HKTM-mamY7H

This work

pFM272

pORFM-GalK derivative harboring mamYTH-3H,
for mamY replacement into mCherry-mamY,
generating mCherry-mamYTH-3H

This work

pFM283

pFM269 derivative, Ptet-HKTM

This work

pSB005
pOR035

pBBR1 derivative,
PmamDC-mamC-RBP, PmamAB-mCherry-mamK, KmR
pBBR1 derivative,
PmamXY-mamY-mCherry

This work
This work
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Table 3. DNA Oligonucleotides used in this study
Name

Sequence 5’→3’

Remarks

oMTN025

agactaGTCGACCGCATCTCACTTTACTGACTGTGCATCGACGATTG

oMTN026

agatgggggtgacaaagttcATCAACATAAGGGCTGCTCCCGTG

oMTN027

gaactttgtcacccccatctCCGATGCGTGACGAAAGC

oMTN028

agactaGCGGCCGC GCTCATGGCGTAATCCAGCCCGGCG

Overhang, SalI, G to T exchange
(introducing stop codon in a
neighboring tnp gene)
Lowercases: complementary region
to oMTN027
Lowercases: complementary region
to oMTN026
Overhang, NotI

oMTN040

agactaCATATGAGTGAAGGTGAAGGCCAGGCC

Overhang, NdeI

oMTN310

agactaCATATGTTGATGAACTTTGTCAACAATGTATCAAAGACG

Overhang, NdeI

oMTN311

agactaGCTAGCATGTTGATGAACTTTGTCAACAATGTATCAAAGACG

Overhang, NheI

oMTN312

agactaTCTAGACTACGCATCGGAGATGGGGGTTC

Overhang, XbaI

oMTN324

agactaCATATGGCGATTGCGGCCATCATGGG

Overhang, NdeI

oMTN325

agactaGGATCCTCAGTCCATGCCGGAATCGGGC

Overhang, BamHI

oMTN328

gactaCATATGAGCTTTCAACTTGCGCCGTACTTGGC

Overhang, NdeI

oMTN329

cgctgttgtccttaattcaagggtcagCTAGCTGGAGACGGTGACCTGGG

oMTN330
oMTN331

ctgacccttgaattaaggacaacagcgATGTTGATGAACTTTGTCAACAATGTATC
AAAGACGATTAAC
gactaTCTAGATTACTTGTACAGCTCGTCCATGCCGCC

Lowercases: complementary region
to oMTN330
Lowercases: complementary region
to oMTN329
Overhang, XbaI

oMTN345

cgagcccgagcccgaGGCCAATTCTTCCCTCAGAATGTCTTCGTC

oMTN346

tcgggctcgggctcgGGC

oMTN053

agactaTCTAGATCACTGACCGGAAACGTCACCAAGCTG

Lowercases: complementary region
to oMTN346
Lowercases: complementary region
to oMTN345
Overhang, XbaI

oFM435

agactaGGTACCAGAACCGTCGAGAGCGTGAAGTCTGAAATTTCC

Overhang, KpnI

oFM436

agactaGAATTCTTATCACGCATCGGAGATGGGGGTTCC

Overhang, EcoRI

oFM439

agactaGTCGACGCTTTCAGTGGCTGGAATAATATTTTCTCAATGCTCC

Overhang, SalI

oFM440

agactaACTAGTCCCGGG CGCATCGGAGATGGGGGTTCCATCG

Overhang, SpeI, XmaI

oFM441

Overhang, XmaI

oFM442

agactaCCCGGGGGTACCTTAAGATCTCGAGCTCCGGAGAATTCGGCG
GCCGCGGATCCT ATGAGCAAGGGCGAGGAGGATAACATGG
ctttcgtcacctaggcttGTACAGCTCGTCCATGC

oFM443

aagcctaggtgacgaaagCCGACGTCCGAAATTGCATGG

oFM444

agactaACTAGTGAGCGAAGTCAGCCGGTGTCGTGC

Lowercases: complementary region
to oFM443
Lowercases: complementary region
to oFM442
Overhang, SpeI

oFM446

agactaGTCGAC CGCCTATGCTCTGCTCAACTCTCCAG

Overhang, SalI

oFM447

cttgctcatcataagggcTGCTCCCGTGGTGG

oFM448

gcccttatgatgagcaagGGCGAGGAGGATAACATGG

oFM449

agactaGGATCCGCGGCCGCCGAATTC

Lowercases: complementary region
to oFM448
Lowercases: complementary region
to oFM447
Overhang, BamHI, NotI

oFM450

agactaGCGGCCGCGGATCCAATGTTGATGAACTTTGTCAACAATGT
ATCAAAGACGATTAACGG
agactaACTAGTCGCAGGATTTTGGAAATCTGCTGGCGC

Overhang, NotI, BamHI

agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCAG
ACTTCACGCTCTCGACGGTTCTCAC
agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCGTC
GCCATGGGCCGCGTTCAGG
tagactaAAGCTTAGGAGATCAGCTTATGTTGATGAACTTTGTCAACAA
TGTATCAAAGACGATTAACGG
tagactaAAGCTTAGGAGATCAGCTTATGGAAATTTCCACCCTGTCCCA
GCGGG
tagactaAAGCTTAGGAGATCAGCTTATGCAATTGCAGCAATGCGCGA
TTGGTGCC

Overhang, NdeI

oFM451
oFM482
oFM483a
oFM484
oFM485
oFM486
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oFM487

agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCCGC
ATCGGAGATGGGGGTTCCATCG
agactaCCTAGGGTCGGAATGGTTGACGACCTCGCTG

Overhang, NdeI

Overhang, HindIII

oFM557

agactaAAGCTTAGGAGATCAGCTTATGAGCGCAATTGCCCCTTATTC
CCTGAG
gacggtcagcttggtgatCAACGTGG

oFM558

atcaccaagctgaccgtcGAAATTTCCACCCTGTCCCAGCGGG

oFM560

agactaCATATGAGCGCAATTGCCCCTTATTCCCTGAG

oFM561

Overhang, NdeI

oFM564

agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCACC
TGACGGCGTCGGCGCC
agactaCATATGATGAGTGAAGGTGAAGGCCAGGCCAAG

oFM565

gtggtcgcattatcactgACCGGAAACGTCACCAAGCTG

oFM566

cagtgataatgcgaccacCACAGCCACCACG

oFM567

agactaTCTAGATCATTACGCATCGGAGATGGGGGTTCCATCG

Lowercases: complementary region
to oFM566
Lowercases: complementary region
to oFM565
Overhang, XbaI

BTH_Yf1

Overhang, PstI

BTH_Yf9

agactaCTGCAGGATGTTGATGAACTTTGTCAACAATGTATCAAAGAC
GATTAACGG
agactaCTGCAGGGATGTTGATGAACTTTGTCAACAATGTATCAAAGA
CGATTAACGG
agactaCTGCAGGGAAATTTCCACCCTGTCCCAGCGGG

BTH_Yf13

agactaCTGCAGGGGAAATTTCCACCCTGTCCCAGCGGG

Overhang, PstI

BTH_Yr3

agactaGAATTCGACGCATCGGAGATGGGGGTTCC

Overhang, EcoRI

BTH_Yr4

agactaGAATTCGAGTCGCCATGGGCCGCGTTCAGG

Overhang, EcoRI

BTH_Yr5

agactaGAATTCTCACGCATCGGAGATGGGGGTTCC

Overhang, EcoRI

BTH_Yr6

agactaGAATTCTCAGTCGCCATGGGCCGCGTTCAGG

Overhang, EcoRI

oOR087

ATTAGGATCCGGCAGCCTCATTTAAACATTCAGG

Overhang, BamHI

oOR088

TTACAAGCTTCATATGGGCTGCTCCCGTGGTGG

Overhang, HindIII, NdeI

oOR089

ACTGCATATGTTGATGAACTTTGTCAACAATG

Overhang, NdeI

oOR090

ACTCCTCGAGTCAGCTAGCCGCATCGGAGATGGGG

Overhang, XhoI, NheI

oOR100

TCACGCTAGCGAACGTTACGCGTCACCGG

Overhang, NheI

oOR101

ATCTATGCATTAGTCAATTGTTACTTGTACAGCTCGTCCATGC

Overhang, NsiI

oFM514
oFM556

BTH_Yf5

Overhang, AvrII

Lowercases: complementary region
to oFM558
Lowercases: complementary region
to oFM557
Overhang, NdeI

Overhang, NdeI

Overhang, PstI
Overhang, PstI
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Abstract
The Alphaproteobacterium Magnetospirillum gryphiswaldense is able to align and navigate along
the earth’s magnetic field with the help of magnetosomes, intracellular membrane-enveloped
magnetite crystals that are arranged in a chain by the actin-like MamK cytoskeleton. Cell
division in M. gryphiswaldense gives rise to morphologically equal daughter cells, which
nevertheless display polarity with respect to orientation of their magnetosome chain’s net
magnetic moment and magnetotactic motility bias. Inheritance of the preferred swimming
direction during magnetotaxis with respect to the orientation of the physically imprinted
magnetic dipole was hypothesized to rely on a yet elusive superimposed mechanism of cellular
polarity control. In search for inherent cellular polarity determinants, we analyzed an ortholog
of the polar organizing protein Z (PopZ), which plays a major role in definition of cellular
polarity and spatiotemporal control of multiple proteins in Caulobacter crescentus. Here, we
show that deletion of popZ in M. gryphiswaldense causes abnormal cell elongation, formation of
mini-cells and severely impairs motility and magneto-aerotaxis. However, other pole directed
processes, such as the dynamic MamK pole-to-midcell growth, are independent of PopZ.
Overproduction of PopZ results in PopZ-rich regions at the cell pole, devoid of ribosomes,
chromosomal DNA and PHB. Furthermore, we show that PopZ exhibits a bipolar localization
pattern throughout the M. gryphiswaldense cell-cycle, which is different from the previously
observed unipolar-to-bipolar transition in C. crescentus. Altogether, our results indicate that
PopZ in M. gryphiswaldense is not involved in magnetosome chain segregation, but plays a
critical role during cell division and determination of poles.
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Importance

Despite of the high morphological and metabolic diversity of Alphaproteobacteria, function of
the PopZ landmark factor has been studied in only few members of this class. Apart from the
Caulobacter crescentus model, not much is known about the function of PopZ in bacteria with a
distinct lifestyle and if the mechanisms are universal. Here, we studied the function of PopZ in
the magnetotactic bacterium Magnetospirillum gryphiswaldense. Compared to C. crescentus, PopZ
localizes in a consistent bipolar pattern during the cell-cycle, and deletion of popZ severely
affected cellular morphology and motility. Altogether, these results show that observations on
the C. crescentus model cannot always be generalized for other Alphaproteobacteria.
Furthermore, our findings provide new knowledge on cell division, determination of cellular
polarity and magnetosome chain partitioning and demonstrate that M. gryphiswaldense is a
useful model organism for motility related, organelle segregation and cell-cycle studies.
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Introduction

The magnetotactic Alphaproteobacterium Magnetospirillum gryphiswaldense (in the following
abbreviated as Mgryph), synthesizes magnetosomes, which are intracellular organelles that
consist of ferrimagnetic crystals of magnetite (Fe3O4) enclosed by a membrane. Magnetosomes
are arranged in a linear chain to sum up the individual magnetic moments to act as a sensor, by
attachment to the actin-like MamK, which forms dynamic cytoskeletal filaments throughout the
cell (1–3). Mgryph has a symmetrical cell shape and swim by means of bipolar flagella (a single
flagellum per pole). Magnetosome chains function as a single permanent magnet to align cells
in the earth’s magnetic field (magnetotaxis), believed to facilitate their active swimming
towards preferred microoxic habitats (4–6). To pass on the selective advantage of magnetotaxis
to both daughter cells and to ensure equal partitioning of magnetosomes during cell division,
chains are recruited to midcell and cells divide by asymmetric septation (7). In addition,
magnetotaxis is tightly coupled and hardwired to aerotaxis in order to govern directed
swimming towards optimal low-oxygen levels (8, 9). Remarkably, it was recently found that
cells with a distinct swimming polarity bias (preferentially North- or South-Seeking) can be
enriched within only few generations (8). Thus, during cytokinesis several aspects of polarity
control are of major importance, which include (i) proper segregation of magnetosome chains
(2) with an inherent magnetic polarity that must be coordinated with the (ii) determination of
the magnetotactic swimming direction (8). Since the orientation of the magnetosome chain is
fixed (defined as magnetic polarity), each cell division generates two types of daughter cells
having opposite orientations of their magnetic dipole with respect to the old and new cell pole
(see Fig. 1 for illustration). However, so far the underlying molecular mechanism of how polar
magneto-aerotaxis is determined and inherited remains to be elucidated.
One possibility for the determination of a specific pole-seeking polarity was suggested to be an
asymmetric distribution of motility related factors, e.g., by defining a cellular polarity axis in
addition to the magnetic dipole of the magnetosome chain (8, 10). During cell division, polar
features like chemosensory clusters or flagella have to be distributed or are de novo synthesized
at the future cell division site (11, 12). Determination of cellular polarity and control of
asymmetric protein localization during fundamental processes like cell division, chromosome
segregation, polar morphogenesis, signal transduction and motility, are coordinated by
landmark proteins (13, 14), such as the polar organizing protein Z (PopZ). In the related
Alphaproteobacterium Caulobacter crescentus (in the following abbreviated as Cc), PopZ
assembles into a putative filamentous network in chromosome-free regions, serving as a hub for
many other cell-cycle related proteins (15–19). The Cc life cycle is highly asymmetric, generating
a smaller and motile swarmer cell and a stalked cell that possesses a tubular extension of the
cell envelope, expanding from the old cell pole, required for surface attachment. During the Cc
cell-cycle, PopZ first localizes to the old stalked pole, where it binds to the adaptor protein ParB,
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tethering the chromosome to the pole. In the second half of the cell-cycle, PopZ moves to the
opposite pole and adopts a bipolar pattern, to ensure that the sister chromosome is captured
upon replication thus avoiding misegregation (18, 19). In addition, PopZ plays a critical role
during the control of cell division by stabilizing gradients of the MipZ spatial regulator
indirectly (by controlling ParB localization) (20, 21), which interacts with ParB and favors the
proper assembly of the FtsZ ring at midcell (18). Therefore, deletion of popZ in Cc led to severe
cell division phenotypes including cell elongation and formation of mini-cells. Besides, since
PopZ is required for robust recruitment of proteins necessary for stalk synthesis, the deletion of
popZ also affected the formation of this organelle (16). In Agrobacterium tumefaciens, which
grows exclusively at one pole (the new ‘growth pole’) (22), PopZ is located specifically at this
growing pole and switches to the newly generated ‘growth poles’ of both daughter cells after
septation (23, 24). Deletion of popZ in A. tumefaciens resulted in asymmetric sites of cell
constriction and formation of ectopic poles (25). In the pathogen Brucella abortus, PopZ is also
unipolar and marks the new pole throughout the cell-cycle, but its gene deletion has not been
attempted (26).
Although PopZ is widespread among the Alphaproteobacterial class (27), except from the
examples mentioned above, its function in other Alphaproteobacteria, especially those which
are morphologically distinct and divide in an apparently non-asymmetric manner, has not been
investigated. Here, we provide new insights into the control of polar determination and cell
division in magnetotactic bacteria. Our search for putative polarity determinants in Mgryph led
to the characterization of an ortholog of the PopZ polarity factor. While it was found that PopZ
is not involved in direct control of the conspicuous swimming polarity, deletion of popZ
nonetheless severely affected motility and magneto-aerotaxis. Moreover, as in Cc, loss of popZ
in Mgryph caused severe defects of growth and cell division. Remarkably, we observed major
differences in the cell-cycle dependent localization pattern of PopZ in Mgryph and Cc. In
summary, our results point towards an important function of PopZ in the Mgryph cell-cycle and
show that, despite of the similar functions, the cell-cycle dependent localization of PopZ is
distinct in different Alphaproteobacteria.
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Results

PopZ localizes to both cell poles
Orthologs of the PopZ landmark factor are present in many, but not all Alphaproteobacteria
(27). Among the representative magnetotactic members, PopZ orthologs are present in vibroid
strain Magnetovibrio blakemorei MV-1, Terasakiella sp. PR1 and magnetospirilla, whereas PopZ is
absent in the genus Magnetococcus. In Mgryph, PopZ (referred to as PopZMgr) is encoded in a
conserved genomic region, next to putative genes coding for a valyl-tRNA synthetase and an
outer membrane efflux protein (Fig. S1A). PopZMgr is 37.2% identical and exhibits 51.3%
similarity to PopZ from Cc (in the following abbreviated as PopZCc) in a global alignment
including some of the most related orthologs (Fig. S1B-D).
To study its localization pattern during the cell-cycle, PopZMgr was translationally fused to GFP
by integration of a Mgryph codon-optimized gfp gene at the native popZ locus. Expression of
popZMgr-gfp from its native promoter was verified via immunoblotting using an antibody against
GFP (not shown) and did not affect cell morphology, growth and motility (Fig. 3D and Fig. 5A).
In vivo time-lapse fluorescence microscopy (Fig. 2A and Movie S1) showed that PopZMgr-GFP
localized to the cell poles and exhibited a bipolar localization pattern throughout the cell-cycle.
PopZ foci at the future new poles appeared in the last fifth of the cell-cycle (generation time in
time-lapse series was approximately 4-5 h) close to the completion of cytokinesis (Fig. 2B).
Furthermore, three-dimensional structured illumination microscopy (3D-SIM) provided high
spatial resolution and revealed two closely adjacent foci (~250 nm apart) at the future cell
division site (Fig. 2C and Fig. S2), which could not be resolved by conventional fluorescence
microscopy. The appearance of two distinct PopZ foci suggested that definition of the new
poles in Mgryph occurs before completion of cell division.
Deletion of popZ causes severe cell division defects
To study the effects of popZ absence in Mgryph, a markerless in-frame deletion mutant was
constructed. The ΔpopZ strain was viable, but showed severely impaired growth and an
increased cell length (Fig. 3). Some cells were elongated up to 60 µm, equivalent to ~20-fold the
length of a newborn wildtype cell (~3 µm) (Fig. 3Ai), and contained between 1 to 3 long
magnetosome chains up to ~20 µm in length (allowing gaps up to 0.15 µm) running in parallel
(while wildtype magnetosome chains are ~1 µm in length), which were sometimes interspaced
by segments that might represent stalled or incomplete constriction sites (Fig. 3Aii). Single cells
with more than 700 particles were observed; however, cell length and number of magnetosomes
were well correlated, resulting in an average of ~12 particles/µm (Fig. 3B). Moreover, even in the
most highly elongated cells, the magnetosome chains were still roughly positioned at midcell
(Fig. 3Aiii).
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During time-lapse microscopy (Fig. 3C), the wildtype divided at an average cell length of
3.3±0.4 µm, whereas in ΔpopZ the cell elongation and unequal division produced a much
broader length distribution with an average cell length of 5.4±4.1 µm (the increased SD denotes
the extensive/large length distribution, Fig. 3D). Furthermore, the time required to complete one
division cycle was less regular for the popZ mutant (Fig. 3C and Movie S1). Wildtype cells divide
approximately every 4-5 h, whereas cell division in ΔpopZ occurred with variable timing and at
ectopic positions, suggesting that the generation time as well as division septum positioning
were affected. To measure potential asymmetry during cell division, the difference in length of
both newborn daughter cells was calculated from time-lapse series (Fig. 3E). Thus, the average
cell length difference for wildtype daughter cells was 0.36±0.23 µm and 3.06±4.40 µm for the
popZ deletion strain, confirming that the ΔpopZ population contained cells with high variation
in length caused by unequal division. In agreement with previous observations by Katzmann et
al. (7), a slight asymmetry was also found for newborn daughter cells for the wildtype strain
(~11% off-center).

CET ultrastructural analysis of the popZ mutant reveals missegregation of cellular content
and chemotactic receptor arrays, septum mislocalization and mini-cell formation
Prompted by the observed cell filamentation and division impairment, we performed cryoelectron tomography (CET) to further investigate the cell division defect of the ΔpopZ strain.
CET is a high resolution imaging technique that produces a three-dimensional view allowing
examination of subcellular structures in a near-native state. A cryo-electron micrograph of an
elongated ΔpopZ cell (Fig. 4A) indicates the areas analyzed by CET (cell pole and cell body) and
confirms the formation of distinct mini-cells at the poles that were also observed during timelapse imaging (Fig. 3C and Movie S1). CET and further segmentation of the cell pole showed the
typical arrangement of magnetosomes by the actin-like MamK filament (Fig. 4Bi and Bii). In
addition, a chemoreceptor array was observed at the pole close to the lateral cytoplasmic
membrane (Inset from Fig. 4Bi and purple object in Fig. 4Bii), as observed previously by
Katzmann et al. in wildtype cells (1). Additionally, a tomographic slice of the cell pole revealed
the presence of chemoreceptor arrays within the mini-cell (Fig. 4Bi and 3Bvi), highlighted in the
tomogram segmentation (purple object in Fig. 4Bii and Fig. 4Biii). Moreover, additional
structures inside the mini-cell such as magnetosome membrane vesicles, MamK filaments and
ribosomes were visible (Fig. 4Biv-vi), indicating a putative missegregation of cellular content.
The presence of chemoreceptor arrays at both the pole and within the mini-cell (Fig. 4B) as well
as the observation of double chemoreceptor arrays at the cell poles (Fig. S3Ai) strongly argue
for an array mislocalization. Localization of magnetosome chains did not seem to be affected, as
tomographic slices of the cell body showed a properly localized magnetosome chain across the
long cell axis (Fig. 4Ci). Remarkably, a deep unidirectional invagination of the membrane
located distant from midcell indicated a septum mispositioning (black-white arrowheads in Fig.
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4A and 4Cii, white arrowheads Fig. 4Ciii and 4Civ). Furthermore, both misplaced septum
invaginations far-off midcell (Fig. S3Aii, Aiv, Bi, Bii and Cii) and mini-cell formation (Fig. S3BiBiii) were commonly observed by CET. Therefore, mini-cell formation is likely caused by
ectopic septum localization, confirming the cell division impairment in the popZ mutant. Thus,
ΔpopZ cells are likely unable to properly control the FtsZ-ring localization.

Deletion of popZ impairs motility and magneto-aerotaxis
Most cells of the ΔpopZ strain contained bipolar flagella (as in the wildtype), but occasionally
additional flagella were observed along the cell body (Fig. 3A). Cells of the popZ deletion strain
were motile and despite of their highly increased length still aligned to an external magnetic
field when observed by light microscopy or measurement of their magnetic response (Cmag).
However, individual elongated cells moved at a slower speed (resembling elongated cells
caused by cephalexin treatment (7)) compared to the wildtype (Movie S3, movies of the wildtype
strain can be found in Popp et al. (8)). Although still being weakly motile, the formation of
aerotactic swarm halos in semi-solid medium was almost completely abolished (Fig. 5A). When
swarming assays were performed in the presence of a magnetic field (Fig. 5B and Fig. S4B),
spreading of the popZ deletion mutant parallel to the magnetic field was only observed after
highly prolonged incubation times, confirming that cells are still able to align and distribute
along the magnetic field lines, but only in a slow, and possibly only growth dependent manner.
Moreover, we failed to restore swimming polarity in elongated ΔpopZ cells by magnetic
selection. Whereas the wildtype and popZMgr-gfp strains displayed a South-seeking polarity bias
upon repeated passaging in O2-gradients within a superimposed vertical Southern Hemispherelike magnetic field, ΔpopZ cells were rather equally distributed towards both magnetic poles
(pol-) (Fig. 5B and Fig. S4B). In comparison to the wildtype, which forms sharp aerotactic bands in
soft agar tubes, the popZ mutant grew only in a diffuse zone close to the surface (Fig. 5C). In
summary, deletion of popZ severely impaired motility. Since we observed an increased
tendency of cells to intertwine and aggregate (Fig. 5D), reduced motility in soft agar medium is
most likely explained by the formation of cells clumps and highly increased cell length, but not
a direct effect caused by the absence of popZ.

MamK filament dynamics is independent of PopZ
It has been recently reported that the MamK filament has a particular growth behavior,
growing from both cell poles elongating towards midcell and undergoing treadmilling (2).
Therefore, we asked whether PopZ is involved in organelle segregation by influencing the
MamK dynamics. To examine this hypothesis, we performed photokinetic analysis of the
MamK filament in ΔpopZ cells. Fluorescence recovery after photobleaching (FRAP) of MamK
filaments using the mCherry-MamK fusion showed a half-time fluorescence recovery (t½) of
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87.6 ± 17.9 s (Fig. 6A). Recently, it was reported that the mCherry-MamK translational fusion
expressed in Mgryph WT cells from a plasmid and chromosomally showed a t½ of 71.8 ± 6.6 s
and 68.3 ± 4.8 s, respectively (2). A one-way ANOVA followed by a Tukey's multiple
comparisons test determined that the mCherry-MamK filament t½ in absence of popZ is
statistically not significant to the previously reported values (P < 0.05).
Furthermore, the pole-to-midcell growth and its treadmilling behavior are not affected upon
absence of popZ (Fig. 6B). Thus, it can be concluded that the MamK filament dynamics,
especially the directed pole-to-midcell growth, is independent of PopZ.

PopZ forms a polar exclusion zone devoid of macromolecules and chromosomal DNA
To study the effect of popZ overexpression, PopZMgr and PopZMgr-GFP were overproduced in
trans under the control of Ptet (anhydrotetracyclin inducible promoter) in Mgryph WT and
ΔpopZ. Upon reintroduction of popZMgr (or popZMgr-gfp), cell morphology of the wildtype,
formation of swarm halos and growth were restored in the ΔpopZ strain (Fig. S5). Furthermore,
prolonged overexpression of popZMgr or popZMgr-gfp in the wildtype strain caused severe cell
filamentation and delayed growth, whereas expression in ΔpopZ did not (or only slightly) affect
growth and cell length, likely due to the absence of endogenous PopZ (Fig. 6 and Fig. S5).
Moreover, PopZMgr-GFP overproduction in Mgryph wildtype caused either cells with two large
polar foci and multiple smaller foci distributed across the cell and in between the PHB granules
(stained with Nile Red), or in cells with a large PopZ accumulation cluster expanding from one
pole. In some cells, an additional smaller PopZMgr-GFP cluster appeared at the opposite pole
(Fig. 6C, inset). The PopZ expansion zone encompassed several microns in length and
presented a reduced cell diameter, resulting in a tail-like appearance. Additional staining with
DAPI (specific for DNA) and the lipophilic dye Nile Red (specific for polyhydroxybutyrate,
PHB) revealed that chromosomal DNA and PHB granules are excluded from the expanded
PopZ area. TEM analysis confirmed that this zone was depleted of larger cytoplasmatic
structures such as PHB or polyphosphate granules (Fig. 6D). Furthermore the brighter
appearance indicated that the putative polar PopZ-rich region is mostly devoid of electrondense cytoplasmatic structures and macromolecules (e.g. ribosomes). Even upon PopZ
overexpression, magnetosome chains were still located at midcell, resembling the wildtype
phenotype, but in few cases also embedded into the most outer part of the PopZ expansion
zone. Also, the formation of flagella at the PopZ-rich poles was not impaired (Fig. 6D). In
summary, PopZ in Mgryph forms a polar expansion zone which is depleted in larger
macromolecules and organelles, similar to previously reported observations regarding PopZ in
Cc (18).
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Bipolar PopZ localization requires host specific factors
In Cc PopZ first localizes to the old pole and undergoes a transition from monopolar to bipolar
after completion of cell division (18). The distinct bipolar localization pattern in Mgryph (Fig. 2)
prompted us to investigate the localization pattern of PopZMgr in Cc. When PopZMgr-GFP was
heterologously produced in Cc NA1000, it first localized at the old pole of swarmer cells, later
exhibiting a bipolar localization pattern (Fig. 7A, D and E), similar to the localization pattern of
PopZCc. In contrast, expression of PopZMgr-GFP in E. coli WM3064 resulted in the formation of
large fluorescent clusters in polar nucleoid-free regions, exhibiting unipolar localization at
either the new or old pole (Fig. S6A), similar to the observations made upon expression of PopZCc
in E. coli (18). When we studied the localization of PopZMgr in spheroid DAP-auxotrophic
WM3064 cells formed after depletion of DAP (2,6-diaminopimelic acid), random PopZ foci were
formed close to the cell periphery (Fig. S6B), indicating that formation of PopZ foci does not
depend on geometrical constraints. To further confirm the finding that bipolar localization of
PopZMgr requires specific factors of the host organism, we attempted to express PopZMgr-GFP in
two other Alphaproteobacteria, which contain no (Rhodobacter sphaeroides) or an endogenous
PopZ ortholog (Rhodospirillum rubrum, 49% identical to PopZMgr) (27). Whereas in ovoid-rod
shaped R. sphaeroides cells PopZMgr generally localized only at the old pole (Fig. S6C), a similar
bipolar pattern as in Mgryph was observed in spirillum-shaped R. rubrum cells, with two new
PopZ foci emerging at the future cell division site (Fig. S6D). In summary, these results suggest
that monopolar accumulation in DNA-free polar regions does occur by a mechanism that is
inherent to PopZMgr, whereas bipolar localization does apparently depend on distinct host
specific factors in the different Alphaproteobacteria, which are supposed to be absent in E. coli
and might function different in Mgryph and Cc.
Since both PopZ from Mgryph and Cc are conserved in their N- and C-terminal domains (Fig.
S1C), known to be important for interaction with the ParA/ParB chromosome segregation
machinery and PopZ cluster formation in Cc, we wondered whether overexpression of PopZMgr
interferes with cell division in Cc. Upon induction and prolonged expression of popZMgr-gfp cells
became heavily elongated and aberrantly shaped (Fig. 7A and B). In addition, heterologous
popZMgr-gfp overproduction in Cc resulted in the formation of large polar PopZ exclusion zones
and the appearance of multiple PopZ foci (Fig. 7A and C), similar to the previously described
observations for the overproduction of native PopZCc in Cc (18). Heterologous expression of
popZMgr-gfp in the Cc popZ deletion background partially restored the cellular morphology of the
Cc wildtype strain, resulting in a reduced cell length close to wildtype-like levels (Fig. 7A and
B). In few Cc ΔpopZ cells, we observed PopZMgr-GFP foci located at ectopic positions only
opposite to the stalked pole (Fig. 7A, 12 h time point), indicating that the absence of PopZCc was
not fully transcomplemented by PopZMgr-GFP. Notably, stalk formation, which is impaired in
the Cc popZ deletion strain (16), was restored upon heterologous expression of popZMgr-gfp.
Therefore, we conclude that PopZMgr is mostly able to accomplish functions inherent to PopZCc.
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Discussion

In Cc, PopZ has been described as an important landmark protein, generating a polar hub
domain for multiple proteins involved in cell-cycle control and polar morphogenesis (18, 19, 16,
28, 29, 17, 15). In addition to Cc, PopZ has been studied in A. tumefaciens, which exhibits
unipolar growth by addition of peptidoglycan exclusively at the new ‘growth pole’ (23, 24).
Here, we report that PopZ in the magnetotactic model organism Mgryph plays a similar, but
somewhat distinct role. In contrast to Cc and A. tumefaciens, where cell division results in either
morphologically very distinct and/or daughter cells that differ in cell-cycle progression, division
in Mgryph gives rise to morphologically nearly equal daughter cells with opposite magnetic
polarity. Deletion and overexpression of popZ in Mgryph resulted in severe cell division defects,
consistent with previous observations in Cc (18, 19) and A. tumefaciens (24, 25). However, we did
not observe formation of ectopic poles and cell branching as in A. tumefaciens (25). In accordance
with reported results in Cc (18), we have observed formation of large exclusion zones upon
overproduction of PopZ in Mgryph. These results imply that PopZ plays an important role as
putative landmark protein and in the control of cell-cycle-related factors in Mgryph. Until now,
we can only speculate what causes severe cell elongation and mini-cell formation of the Mgryph
ΔpopZ strain. In Cc, MipZ inhibits FtsZ polymerization by generating a gradient with highest
concentration in polar regions via ParB-PopZ dependent retention of MipZ (20, 21), thus
creating a region with lowest MipZ concentration at midcell with suitable conditions for FtsZ
ring positioning and formation. Since orthologs of the ParA/ParB chromosome segregation
system and MipZ spatial regulator are present in Mgryph, it is likely that PopZ contributes to
stabilization of the MipZ gradient and, thereby, proper placement of the division site. However,
the specific functions of ParA, ParB and MipZ in Mgryph have not yet been reported and remain
to be elucidated.
Deletion of popZ in Mgryph severely affected motility and magneto-aerotactic behavior, and we
failed to reselect swimming polarity in elongated ΔpopZ cells. Affected motility can be likely
explained as an indirect effect due to severe cell elongation of the ΔpopZ strain, which affects
hydrodynamic properties of cells propulsion during swimming and resulted in the formation of
cell aggregates. An increased tendency of ΔpopZ cells to aggregate has been also observed in
A. tumefaciens, and might be caused by altered formation of extracellular polysaccharides (25),
but in case of the helical Mgryph also by intertwined elongated cells. The disturbed magnetoaerotactic behavior in Mgryph ΔpopZ might be also a result from a delayed or impaired signal
transduction from the chemotactic machinery to the flagellar motors, since elongated cells
contained additional chemosensory clusters (as confirmed by fluorescence microscopy of
various methyl-accepting chemotaxis proteins (MCP) fused to GFP, results not shown) and
occasional flagella located in non-polar regions. Altered localization of MCPs, chemoreceptor
associated histidine kinase CheA and flagellar basal body proteins FliG and FliM upon popZ
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deletion has been also reported for Cc (18), A. tumefaciens (25) or in artificially elongated
cephalexin treated E. coli cells (30, 31). However, only a mild effect on motility in swim plate
assays has been observed upon popZ deletion in A. tumefaciens (25) and artificially elongated
E. coli cells were only affected in their swimming speed, but still able to perform chemotaxis
(30). Hence, due to their different flagellation pattern, cell shape and chemotactic behavior, the
experimental results between different strains are not directly comparable.
In addition, severe cell elongation resulted in drastically prolonged magnetosome chains and a
highly increased number of particles per cell. Our results imply that the control of
magnetosome number and chain length are correlated with cell length, resembling previously
published observations on artificially elongated cephalexin-treated cells (7). Besides, we
recently have shown that an increased gene dosage by genomic multiplication of the
magnetosome island results in increased particle numbers as well (32), but with several chains
running in parallel and cells being closely packed with magnetosomes. An increased number of
gene copies per cell might be also present in ΔpopZ cells, as cells might also contain multiple
chromosomes. However, since ΔpopZ cells are heavily elongated, the amount of magnetosomes
and gene copies per cell volume can be assumed to be roughly in the same range as for the
wildtype (33).
Formation, midcell positioning and proper segregation of magnetosome chains is controlled by
the treadmilling behavior of the actin-like MamK, which forms dynamic filaments originating
from the poles (2, 7). MamK-dependent repositioning of magnetosome chains was not affected
in ΔpopZ, suggesting that PopZ does not play a role in magnetosome organelles segregation or
positioning by exerting a direct control of the MamK dynamics. However, since magnetosome
chain segregation and cell division are tightly coupled, it can be hypothesized that PopZ may
influence magnetosome segregation only indirectly, likely by regulating the FtsZ ring
localization, thereby causing unequal cell division and misdistribution of chains during cell
division as a side effect.
Our most striking observation was the consistent bipolar localization pattern of PopZ in
Mgryph, in contrast to the reported monopolar to bipolar transition in Cc (18) and unipolar
localization in A. tumefaciens (23, 24). A similar pattern was observed when PopZMgr was
expressed in the sprillum-shaped R. rubrum, but not in R. sphaeroides and E. coli. Hence, we
conclude that a consistent bipolar pattern might be an inherent feature of spirillum-shaped
bacteria encoding a PopZ ortholog. Notably, upon hetereologous expression of PopZMgr-GFP in
Cc a unipolar-to-bipolar transition was revealed. These results further corroborate that PopZ
subcellular localization is not inherent to the protein itself but rather host specific. Thus, the
observed localization pattern of PopZMgr in Cc might be explained by a direct interaction
between PopZMgr and PopZCc and/or with other known PopZ interactors present in Cc such as
ParA/ParB. Since both PopZ orthologs are conserved in their N- and C-terminal regions, and

201

Chapter 3

PopZMgr was capable to restore functions inherent to PopZCc upon expression in Cc ΔpopZ, this
might be a likely explanation.
In case of Cc several factors for control of PopZ localization have been discussed (34, 15). Polar
localization of PopZ relies on its self-assembly into a higher-ordered structures in DNA-free
polar regions and the unipolar-to-bipolar transition is coupled to the asymmetric distribution of
ParA during the cell-cycle (15). The chromosome segregation system adaptor protein ParB and
the ParA ATPase, which act together to spatially separate replicated chromosomes in Cc (35),
might be candidates for control of bipolar PopZ localization in Mgryph. Recently, the zinc-finger
protein ZitP (27, 36) and muramidase homolog SpmX (37) have been described as other
important factors to nucleate new PopZ microdomains in Cc. The consistent bipolar pattern of
PopZ in Mgryph with two new PopZ foci emerging at the future cell division site (as revealed
by 3D-SIM) might be explained by a rapid chromosome replication shortly after cell division,
therefore, presenting two chromosomes for most of the cell-cycle. Cells containing multiple,
fully replicated chromosome throughout their cell-cycle have been frequently described in
prokaryotes (38). Though, to verify this hypothesis further investigations are necessary, e.g.,
until now the localization of the origin of replication (ori), ParAB and MipZ have not been
investigated in Mgryph. To claim that PopZ acts as landmark factor in Mgryph, the function of
those proteins has to be addressed in further studies.
As a final conclusion, functions deduced from one organism might not be universal, but
dependent on the genetic context, since protein functions, even between closely related species,
can be implemented in different ways. Thus, Mgryph (and few other magnetotactic bacteria that
are genetically accessible) also serve as appropriate and interesting model organisms to study
protein functions concomitantly with prokaryotic organelle synthesis and segregation, opening
a new integrated research area. These cell-cycle related studies might be also helpful in the near
future to understand how magnetic polarity and magnetotaxis are functionally connected and
inherited in magnetotactic bacteria.
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Materials and methods

Bacterial strains, plasmids, and culture conditions
Bacterial strains and plasmids used in this study are listed in Table S1. Escherichia coli strains were
cultivated in lysogeny broth (LB) medium at 37°C and shaking (180 rpm). For cultivation of
E. coli WM3064 (W. Metcalf, unpublished) the medium was supplemented with 1 mM DL-α,Ɛdiaminopimelic acid (DAP). Cc strains were grown at 28°C in PYE medium (39) on a shaker
(120 rpm). Cell-cycle synchronization of Cc was carried out via the separation of swarmer cells
by colloidal silica particle density centrifugation (40). For synchronization of the cell-cycle the
expression of popZMgr-gfp was induced via the addition of 50 ng/ml anhydrotetracyclin to the
preculture at an OD595 of 0.3, until cells were harvested at OD 0.5-0.6 and swarmer cells were
separated via percoll density centrifugation and transferred to fresh medium for fluorescence
microscopy at the indicated time-points. Rhodobacter sphaeroides and Rhodospirillum rubrum were
grown in YPS medium (41), either photoheterotrophically in closed screw cap tubes with
illumination from a light bulb or chemoheterotrophically in shake flasks at 28°C and 120 rpm.
Mgryph strains were grown microaerobically in modified flask standard medium (FSM) at 28°C
(42) with moderate shaking (120 rpm). For routine comparison of growth, Mgryph strains were
grown in 24-well plates (Sarstedt, Nümbrecht) in each 1 ml of culture volume in a microplate
reader (infinite 200Pro, Tecan, Switzerland) with automated reading of absorbance (560 nm)
and when appropriate GFP fluorescence (excitation 485 nm, emission 535 nm wavelengths)
under aerobic conditions at 28°C with shaking (142 rpm). Values were corrected using FSM
medium as blank. To ensure reproducibility precultures were grown for at least 3 passages
before start of the experiment and diluted to the same optical density.
Media were solidified by the addition of 1.5% (wt/vol) agar. When appropriate, selection was
achieved by addition of kanamycin at a final concentration of 5 µg/ml (Mgryph), 25 µg/ml
(E. coli and Cc), 10 µg/ml (R. sphaeroides) or 20 µg/ml (R. rubrum), respectively.

Motility assay
For the preparation of FSM swarm agar plates, 0.2% (wt/vol) agar was used and the
concentration of lactate (carbon source) was lowered tenfold to 1.2 mM. Five microliters of
culture was pipetted into the swarm agar, and plates were incubated at 28°C for 2-5 days.
120 ml of sterile soft agar was poured into large petri dishes (14 cm diameter) and 5 ml into
each well of a 6-well plate (3.5 cm diameter).
For gradient tubes 10 ml of 0.3% sterile motility agar (FSM with tenfold reduced potassium
lactate concentration) was poured into the tubes and mixed with 100 µl of a microoxically
grown overnight culture. Cultures were adjusted to the same density prior to inoculation. Plates
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were documented with a ChemiDoc XRS+ imager (Bio-Rad) and Image Lab 5.2.1 software at
1.5 s exposure time without additional filter.
For enrichment of cells with NS or SS swimming polarity bias, cells were passaged in
Hungate tubes, which were incubated within a 0.6 mT magnetic field applied in z-direction, as
described in Popp et al. (8) and Fig. S4A.

Molecular and genetic techniques
Oligonucleotides (sequences are listed in Table S1) were purchased from Sigma-Aldrich
(Steinheim, Germany). Outer Primers used for ‘blunt end’ cloning (Primer No. 37, 40, 43) were
phosphorylated with T4 polynucleotide kinase (Thermo Scientific). Plasmids were constructed
by standard recombinant techniques as described in detail below. All constructs were
sequenced by Macrogen Europe (Amsterdam, Netherland).

Construction of a popZ deletion mutant and chromosomal gfp insertion
An ortholog of the PopZ polarization factor in Mgryph (named PopZMgr) was identified by using
the BLASTP search and the PopZ sequence of the Cc CB15 genome (CC_1319). A markerless inframe deletion mutant of the respective putative popZ gene (GenBank accession number
CU459003, locus_tag mgr_3089) was constructed using a homologous recombination based
counterselectable system as described previously (43). Because the predicted protein lacked the
first 11 amino acids in comparison with PopZ from Cc and with the derived peptide of the open
reading frame of the popZ gene in another version of the Mgryph genome (GenBank accession
number GCA_000513295.1, locus_tag mgmsrv2_1075), a start-codon 33 nt upstream was
considered to be more likely. For construction of the deletion plasmid homologous regions of
~700 bp located directly up- and downstream of the popZ locus were amplified with Phusion
DNA polymerase (Thermo Scientific) with primer pairs 43/44 and 40/45. Both fragments were
fused via overlap extension PCR. The reverse primer for the upstream fragment and the
forward primer of the downstream fragment included the first three and last three codons of
the popZ gene as overlapping sequence, which results in the expression of a ‘nonsense‘ peptide
after deletion of the gene. The deletion fragment was ligated ‘blunt end‘ into pORFM cut with
EcoRV and dephosphorylated with FastAP thermosensitive alkaline phosphatase (Thermo
Scientific). After conjugative transfer of the resulting deletion plasmid pORFM-ΔpopZ to
Mgryph and galK-based counterselection, colonies were screened for deletion of popZ with
primers 42/46. Deletion of popZ was confirmed by sequencing of the respective PCR product.
Construction of a plasmid for insertion of gfp a the native chromosomal popZ locus (pORFMpopZMgr-gfp) was conducted the same manner. Therefore, fragments up- and downstream of the
popZ stop codon were amplified with primer pairs 37/38 and 39/40 and fused via overlap
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extension PCR resulting in a fusion with gfp in between both fragments. A codon-optimized
version

of

gfp

(magegfp)

(44)

with

a

sequence

coding

for

a

4-helix linker

(ASLAEAAAKEAAAKEAAAKEAAAKAAAVH) was amplified with primers 5/6. Insertion of
gfp at the popZ locus was confirmed by PCR with primers 41/42 and by sequencing of the
respective PCR product.

Transcomplementation of ΔpopZ and overexpression of popZ
For construction of plasmids for transcomplementation of the ΔpopZ strain and overexpression
of popZMgr (or popZMgr-gfp) in Mgryph, popZMgr and popZMgr-gfp were amplified from strains
Mgryph wildtype and popZ::popZMgr-gfp with primer pairs 102/103 and 83/102, respectively. Both
fragments were ligated into pJH40 (a pBAM-based anhydrotetracyclin inducible expression
vector (45, 44, 46)) after digestion with NdeI and BamHI. The resulting plasmids pBAM-PtetpopZMgr and pBAM-Ptet-popZMgr-gfp were transferred to different strains via conjugation using
E. coli WM3064 as donor. After Tn5-based random single copy chromosomal insertion of the
expression cassette, gene expression was induced by transfer of cells to fresh medium and
addition of 50 ng/ml anhydrotetracyclin.

Fluorescence microscopy
For fluorescence microscopy Mgryph strains were either grown in 15 ml polypropylene tubes
with sealed screw caps in a culture volume of 10 ml or in 6 well plates in a culture volume of
3.5 ml at microoxic conditions (2% O2). E. coli, Cc, R. sphaeroides and R. rubrum were grown
under aerobic conditions in a volume of 10 ml in shake flasks using the same media,
temperature and shaker settings as stated above. To image fluorescent protein fusions 5 µl of
sample were immobilized on 1% agarose pads (wt/vol in phosphate buffered saline or modified
FSM (2)) and covered with a coverslip. For fluorescent staining, 20 µl of sample were mixed
with 10 µl DAPI (50 µg/ml) and/or 10 µl of a Nile red solution (5 µg/ml in 70% ethanol). The
samples

were

imaged

with

an

Olympus

BX81

microscope

equipped

with

a

100x UPLSAPO100XO objective (NA1.40) and an Orca-ER camera (Hamamatsu). Exposure
times were set between 50-800 ms depending on the fluorophore using appropriate filter sets.
Images were captured using the Olympus Xcellence software. Time-Lapse series were acquired
on a Deltavision Elite System (GE Healthcare) using an Olympus IX71 microscope equipped
with InsightSSI Illumination System and a CoolSnap HQ2 CCD camera. Time-lapse imaging
was performed using a ‘MSR agarose pad’ (as described in Toro-Nahuelpan et al. (2)) at 30°C
with a hardware based ‘Ultimate-Focus’ autofocus and images were collected with a 100x Oil
PSF Objective (U-PLAN S-APO 100x Oil, 1.4NA, 0.12 WD) using the FITC filter set for imaging
of PopZ-GFP. Images were collected using SoftWoRx Suite 2.0 software.
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Structured Illumination Microscopy
3D-SIM was performed on a DeltaVision OMX V4 Blaze fluorescence microscope (GE
Healthcare) using a 60x/1.42 Oil PlanApo N UIS2 objective lens (Olympus), giving 80 nm pixel
spacing in raw images with striped illumination at 3 angles and 5 phases. High precision
coverslips of 0.17 mm thickness, and immersion oil with a refractive index of either 1.514 or
1.516 at 593 nm were used to eliminate sample induced spherical aberration, matching the
measured PSF of the calibrated system, for high quality image reconstructions at around 120
nm lateral (xy) spatial resolution with 40 nm reconstructed image pixel spacing. Fast piezo
stage z-series images were taken at 1.5-3.0 µm total thickness with 0.125 µm z-step spacing with
raw frame exposure times in the range 52-100 ms, avoiding detector saturation of the 15 bit 1.6
electron read noise pco.Edge sCMOS camera (PCO), using the FITC fluorescence emission filter
(495-561 nm) and fluorescence excitation with a 488 nm laser. 3D-SIM image reconstruction was
performed in SoftWoRx v6 (GE Healthcare) according to the method of Gustafsson et al. (47).

Photokinetic analysis
Fluorescence recovery after photobleaching (FRAP) was performed as per Toro-Nahuelpan et al.
(2). Cells were mounted on ‘MSR agarose pads’ and imaged with a Delta Vision Elite system
(GE Healthcare, see above). For mCherry-MamK imaging the mCherry filter set was used at
32% SSI and 150 ms exposure. Bleaching: 561 nm laser line (50 mW) at 10% power, 70% of laser
in TIRF mode (only to decrease laser power. TIRF imaging was not performed) and a single
pulse for 4 ms. Cell were imaged every 30 s. The laser event was always placed after the first
image. Half-time fluorescence recoveries (t ½) were calculated independently per each bleached
cell and averaged in order to obtain the SEM for the cells community. Additionally, each FRAP
related plot show the SD per each time point. FRAP data analysis was performed as described
in Toro-Nahuelpan et al. (2). Briefly, images were aligned and the integrated density over time
determined from the regions of interest using Fiji software. The average values of 23 cells of
several biological replicates were plotted. Recovery rates were determined by fitting the data
obtained for the bleached region to the single exponential function: F(t) = A [1- exp(-k * t)] + F(0).
Where F(t) is the fluorescence at time t, A the maximum intensity, k the rate constant and F(0)
the relative fluorescence intensity at t = 0 min.

Image analysis
Images were processed and analyzed with ImageJ Fiji v1.50c (48). Demographs and line plots
were constructed by measuring the fluorescence intensity profiles in Fiji and processing of the
data in R (version 3.3.1, [http://www.r-project.org]), with the cell profiles script (22,
[http://github.com/ta-cameron/cell-profiles])

and

ggplot2

package

(version

2.1.0,

HadleyWickham, Department of Statistics, Rice University, [ggplot2.org]). Intensity profiles
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were either oriented with the fluorescent cell pole towards the right (E. coli, R. sphaeroides) or
random sorting was applied (Mgryph, R. rubrum). In case of Cc the stalk (visible in DIC) was
used as old pole reference.

Transmission electron microscopy
For transmission electron microscopy (TEM) analysis, cells were grown at 28°C under
microaerobic conditions. If necessary cells were fixed by addition of formaldehyde (1.5%) and
incubation for at least one hour at 4°C. Cells were concentrated by centrifugation of 1 ml of
culture (OD565 ~0.15) at 3.500 g for 5 min and followed by resuspension in ~50 µl of residual
medium. Afterwards cells were adsorbed onto carbon coated copper mesh grids (CF200-CU,
Electron Microscopy Sciences, Pennsylvania) and washed two times with millipore water.
Images were recorded with a EM Zeiss 902A microscope at 80 kV accelerating voltage.

Plunge-freezing vitrification
5 µl of MSR culture were mixed with 2 µl of BSA-coated 15 nm colloidal gold particles (Sigma,
used for subsequent alignment purposes) and added on glow-discharged Quantifoil holey
carbon copper grids (Quantifoil Micro Tools GmbH, Jena). The mixture was blotted and
embedded in vitreous ice by plunge freezing into liquid ethane (< −170°C). The grids were
stored in sealed boxes in liquid nitrogen until used.

Cryo-electron tomography
Tomography was performed under low-dose conditions using a Tecnai G2 Polara transmission
electron microscope (FEI) equipped with a 300 kV field emission gun, and a Gatan GIF 2002
post-column energy filter. A 3838 x 3710 Gatan K2 Summit Direct Detection Camera operated in
counting and dose-fractionation mode was used for imaging. Data collection was performed at
300 kV, with the energy filter operated in the zero-loss mode (slit width of 20 eV). Tilt series
were acquired using Serial EM software (49). The specimen was tilted about one axis with 1.5°
increments over a typical total angular range of ± 60°. The cumulative electron dose during the
tilt series was kept below 150 e- Å-2. To account for the increased specimen thickness at high tilt
angles, the exposure time was multiplied by a factor of 1/cos α. Pixel size at the specimen level
was 5.22 Å at an EFTEM magnification of 22500x. Images were recorded at nominal −5 µm
defocus.

207

Chapter 3

Tomogram reconstruction and segmentation
Tomograms were reconstructed in the IMOD package (50). Tomographic reconstructions from
tilt series were performed with the weighted back-projection with IMOD software using gold
particles as a fiducial marker. Aligned images were binned to the final pixel size of 31.32 Å. For
tomographic reconstruction, the radial filter options were cut off: 0.5 and fall off: 0.05. The
dataset for this study consisted of 7 tomograms from 6 cells. Tomograms were treated with an
anisotropic nonlinear diffusion denoising algorithms to improve signal-to-noise ratio.
Segmentation of the tomogram was done with Amira software on binned volumes with a voxel
size of 31.32 Å. Membrane segmentation was done using the software TomoSegMemTV and a
complementary package, SynapSegTools, both for Matlab (51). Tomograms slices were obtained
using 3dmod software from the IMOD package.
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Figures

Fig. 1 Inheritance of the magnetic polarity during cell division in Mgryph. Magnetosomes are aligned into chains

Fig. 1 Inheritance of the magnetic polarity during cell division in Mgryph.
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magnet) relative to the to old (shaded blue) and new pole (shaded purple), respectively. This ‘physical imprinting’
circle), that helps to overcome the magnetic forces between both chains. Cell
would lead into equal numbers of North and South-Seeking cells after each division. The alignment of newborn cells
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to the earth’scells
magnetic
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new and old pole in relation to the earth’s magnetic field (Bgeo) are indicated.
Specific landmark proteins that are asymmetrically directed during the cellcycle, might be part of a mechanism for controlled maintenance of a
predominant swimming direction. The localization of PopZ (as found in this
study) is indicated (red spheres).
along a filament formed through polymerization of the actin-like MamK (dashed yellow line), which in addition is

geo
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Fig. 2 Localization of PopZMgr-GFP in Mgryph. (A) Time-lapse microscopy of cells expressing PopZMgr-GFP (strain
popZ::popZMgr-gfp). First row, brightfield image. Second row, fluorescence channel. Third row, overlay of brightfield

Fig. 2 Localiza�on of PopZ -GFP in Mgryph. (A) Time-lapse microscopy of cells expressing
PopZ
-GFP (strain popZ::popZMgr-gfp).
First row, brigh�ield image. Second row, ﬂuorescence
divisionMgr
site (fourth and ninth frame, white
arrowheads). Numbers indicate hr and min. (B) Demograph of cells
channel. Third row, overlay of brigh�ield and GFP channel. PopZ localizes to both cell poles. In
expressing PopZMgr-GFP (n = 642 cells). The apperance of the signal at midcell is marked with an arrowhead.
dividing cells, an addi�onal spot appears at the future cell division site (fourth and ninth
(C) Structured illumination microscopy (3D SIM) allows to resolve two PopZ foci in close proximity at the future cell
frame, white arrowheads). Numbers indicate hr and min. (B) Demograph of cells expressing
division site with a distance near the resolution limit of conventional fluorescence microscopy (250 nm). Micrograph
PopZMgr-GFP (n = 642 cells). The apperance of the signal at midcell is marked with an arrowshows maximum
intensity projection of z-stack images with brightfield channel and closer inspection of the future
head. (C) Structured illumina�on microscopy (3D SIM) allows to resolve two PopZ foci in close
cell division site in xy an xz direction as inset graphics. All scale bars not indicated in the figure are 3 µm.
proximity at the future cell division site with a distance near the resolu�on limit of conven�onal ﬂuorescence microscopy (250 nm). Micrograph shows maximum intensity projec�on of
z-stack images with brigh�ield channel and closer inspec�on of the future cell division site in
xy an xz direc�on as inset graphics. All scale bars not indicated in the ﬁgure are 3 μm.

Mgrboth cell poles. In dividing cells, an additional spot appears at the future cell
and GFP channel. PopZ localizes to

214

Chapter 3

Fig. 3 Deletion of popZ in Mgryph causes severe cell division defects. See full legend in the next page.
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Fig. 3 Deletion of popZ in Mgryph causes severe cell division defects. (A) Upon deletion of popZ highly elongated
cells (up to 60 µm) were observed which contained long, sometimes interrupted (black arrowheads) magnetosome
chains (M), traversing throughout the cell (Ai-iii). Bipolar positioning of flagella (F) was not affected in ΔpopZ
(Aiii, Aiv), but additional flagella were observed at ectopic positions along the cells body (Ai-ii). Scale bars
correspond to 1 µm (Aii, Aiv) and 3 µm (Ai, Aiii), respectively. (B) A linear correlation between cell length and
number of magnetosomes was revealed, including highly elongated cells, with single chains consisting of more than
700 particles. Dotted lines indicate 95% confidence (big dots) and prediction (small dots) intervals, respectively. A
total of 47 cells were analyzed from 3 independent cultures grown under microoxic conditions. (C) Time-lapse
microscopy of Mgryph wildtype (WT) and ΔpopZ. Division of ΔpopZ occurs at ectopic positions. Cell division events
are marked with white arrowheads. Time values are given in hr and min. Scale bar = 3 µm. (D) Cell length
distibutions and (E) difference in length of both newborn daughter cells from Mgryph WT, ΔpopZ and popZ::popZMgrgfp strains measured from time-lapse series. Cell length distribution of the popZ::popZMgr-gfp strain, as well as growth,
did not differ noticeably from the WT (specific growth rates determined under oxic conditions at 28°C; popZ::popZMgrgfp: 0.169±0.002 h-1, wildtype: 0.171±0.006 h-1), but for the ΔpopZ strain, which exhibited cells with high variation in
length and a prolonged lag phase and decreased specific growth rate of 0.140±0.021 h-1. Box plots indicate the 10th
and 90th percentiles (whiskers), 25th and 75th percentiles (box), median (line) and outliers (dots). The number of
measured cells (n), mean and standard deviation (SD) are given in the graph.
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Minicell
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Biv

Bv

Cii

Bvi

Ciii

Civ

Cell body
Fig. 4 Cryo-electron tomography of the ΔpopZ strain. (A) Cryo-electron micrograph of an elongated cell of the
ΔpopZ strain. Tomograms were acquired at the cell pole and cell body areas. Black-white arrowheads indicate
membrane invagination position observed in ‘Cii’. Scale bar = 1 µm. (B) CET of the cell pole area: (Bi) A 15.7 nm thick
tomographic slice (average of 5 slices) through the central part of the cell. Black dashed rectangle indicates the area
seen in the inset. Inset: base plate layer of a chemoreceptor array indicated by a black double arrowhead.
(Bii and Biii) Three-dimensional rendering of the cell pole shown in ‘A’ and ‘Bi’. Magnetite crystals: red;
magnetosome membrane vesicles: yellow; actin-like MamK filament: green; chemoreceptor arrays: purple. The
cellular envelope inner and outer membranes are depicted in blue. (Biv) A 15.7 nm thick tomographic slice of the
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mini-cell displaying magnetosome vesicles (Black arrows), (Bv) the MamK filament (3.1 nm tick slice - black
arrowheads) and (Bvi) the chemoreceptor array (Red arrowhead: periplasmic chemoreceptor domains. Black double
arrowhead: chemoreceptor base plate layer). (C) CET of the cell body area: (Ci) A single 3.1 nm thick tomographic
slice through the central part of the cell displaying the magnetosome chain (electron dense magnetite crystals
arranged into a chain). (Cii) A 3.1 nm thick slice nearby the cell edge showing a deep membrane unidirectional
constriction at the cell body area. Inset: A 3.1 nm slice in a different z position through the tomogram showing the
continuity of the magnetosome chain from ‘Ci’. (Ciii and Civ) Three-dimensional rendering of the cell body area
shown in ‘A’ and ‘Ci’. White arrowheads: membrane invagination seen in ‘Cii’. Scale bars: Bi, Ci and Cii = 200 nm.
Biv-Bvi and insets = 100 nm. A total of 6 cells were analyzed.
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Fig. 7 Localization of PopZMgr in Cc. (A) Expression of popZMgr-gfp in Cc NA1000 and ΔpopZ. Numbers indicate hr
and min post-induction with 50 ng/ml anhydrotetracyclin. PopZMgr localizes to the old stalked pole (1 h time-point).
Overproduction of PopZMgr-GFP in NA1000 (5 h to 24 h time-points) leads to formation of polar PopZ-rich regions
and cell filamentation, whereas expression in ΔpopZ causes shorting of cells and reappearance of stalks (visible in
DIC and marked with white arrowheads). First row, fluorescence channel; second row, overlay image of DIC and
fluorescence channel for each strain, respectively. (B) Cell length distributions at different selected time-points for the
two strains shown in ‘A’. Box plots as indicated in the legend of Fig. 3. (C) Cc NA1000 expressing popZMgr-gfp 24 h
post-induction stained with DAPI and Nile Red. PopZMgr localizes to polar regions devoid of DNA. (D) Demograph
of Cc NA1000 expressing popZMgr-gfp (n = 221 cells, generated from the 1 h time-point shown in ‘A’, cells were sorted
with the stalked old pole to the left) and (E) cell-cycle synchronization (see material & methods for further details)
reveal a monopolar-to-bipolar transition (marked with an arrowhead) of PopZMgr in Cc. Scale bars = 3 µm.
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Figure S1. Genomic locus, secondary structure of PopZMgr and global alignment of PopZ orthologs. See full legend
in the next page
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Figure S2. Genomic locus, secondary structure of PopZMgr and global alignment of PopZ orthologs. (A) The popZ
gene (red) is located next to putative genes coding for an outer membrane efflux protein and a valyl-tRNA
synthetase. (B) PopZMgr secondary structure prediction with EMBOSS Protein Analysis tools, Version: 1.0. Alphahelix (green), beta-strand (yellow), turns (blue). DUF = domain of unknown function. PopZMgr has a theoretical length
of 226 amino acids and molecular mass of 25.35 kDa. The overall protein was predicted to be cytoplasmatic
(TMHMM Transmembrane Prediction Tool, Version: 0.9). The central region of PopZMgr is characterized by a high
content of proline and glutamic acid residues (15.5% and 16.4% of total amino acids, respectively) arranged in
repetitive patterns. (C) Multiple sequence alignment generated with Geneious 8.1.9 (BLOSUM62 similarity matrix) of
different PopZ orthologs in Magnetospirillum gryphiswaldense MSR-1 (Mgr_3089), Caulobacter crescentus CB15
(CC_1319), Magnetospirillum magneticum AMB-1 (AMB_2246), Magnetospirillum magnetotacticum MS-1 (CCC_02167),
Phaeospirillum

fulvum

MGU-K5

(WP_021131188),

Phaeospirillum

molischianum

DSM120

(WP_002726807),

Rhodospirillum rubrum ATCC 11170 (RRU_A1797), Magnetospira sp. QH-2 (MGMAQ_1523) and Azospirillum brasilense
Az39 (ABAZ39_06655). The Mgr_3089, RRU_A1797 and WP_002726807 sequences were corrected by the first 11
amino acids (42 amino acids for WP_002726807) missing in the originally annotated sequences. Amino acids are
colored according to their similarity. PopZ orthologs are well conserved in their N-terminal and C-terminal regions,
which both are predicted to form α-helices by secondary structure analysis. The C-terminal region has been
previously shown to be necessary for polar localization in Cc, presumably by promoting the oligomerization of PopZ
by direct interaction between PopZ molecules, whereas the N-terminal region is important for an interaction with
chromosome segration ATPase ParA and adaptor protein ParB (Laloux G and Jacobs-Wagner C, J Cell Biol 201:827–
841, 2013, doi:10.1083/jcb.201303036; Bowman GR, Perez AM, Ptacin JL, Ighodaro E, Folta-Stogniew E, Comolli LR
and Shapiro L, Mol Microbiol 90:776–795, 2013, doi:10.1111/mmi.12398). In contrast, recent studies of PopZ in Cc
suggest that the central proline-rich region, which is less conserved in sequence and length among different PopZ
orthologs and enlarged in PopZ from different magnetotactic bacteria, behaves more like a linker than harboring its
own distinct function (Holmes JA, Follett SE, Wang H, Meadows CP, Varga K and Bowman GR, Proc Natl Acad Sci
U S A 113:12490–12495, 2016, doi:10.1073/pnas.1602380113). (D) Pairwise sequence identity (above the diagonal of
100 %

values)

and

similarity

(below

the

diagonal)

values

calculated

with

SIAS

(http://imed.med.ucm.es/Tools/sias.html) from the multiple sequence alignment shown in ‘C’. The identity was
calculated as the number of identical positions divided by the mean length of sequences.
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Figure S3. Structured illumination microscopy (3D SIM) of PopZMgr-GFP. Note, two PopZ foci are visible at the
future cell division site. Micrograph shows maximum intensity projection of z-stack images and an enlarged inset
image of the future cell division site. Scale bar (not indicated in the figure) = 2 µm.
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Figure S4. Cryo-electron tomography of ΔpopZ cells. Tomograms of all additional ΔpopZ cells are shown
(total n = 6). A 15.7 nm thick tomographic slices through the tomogram of (Ai-Aii) the cell pole and (Aiii-Aiv) cell
body of an elongated ΔpopZ cell (namely ‘Cell 2’). (Aii and Aiv) Membrane constrictions are observed at the cell pole
and cell body, therefore, located far-off midcell. Black-white arrowheads: indicate membrane invagination;
PP: polyphosphate granule; PHB: polyhydroxybutyrate granule; Red arrowhead: periplasmic chemoreceptor
domains; Black double arrowheads: chemoreceptor base plate layer; Black arrows: magnetosome vesicles.
(B) A 15.7 nm thick tomographic slices through the tomogram of a cell pole (‘Cell 3’) and a cell body (‘Cell 4’) of two
different cells. (Bi-Bii) ‘Cell 4’ display two deep membrane invagination or unidirectional constrictions at different
locations far-off midcell (black-white arrowheads). Black arrowhead: MamK filaments; Black arrows: magnetosome
vesicles. (Biii) A 15.7 nm thick tomographic slice through the central part of a mini-cell from ‘Cell 3’. (Ci) A 15.7 nm
thick tomographic slice through the center of the tomogram of a cell pole (‘Cell 5’). Black dashed rectangle indicates
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the area seen in the inset. Inset: base plate layer of a chemoreceptor array denoted by a black double arrowhead and
the periplasmic chemoreceptor domains indicated by a red arrowhead. (Cii) Membrane constrictions observed at the
cell pole located far-off midcell (black-white arrowheads). (D) A 15.7 nm thick tomographic slice through the center
of the tomogram of the cell pole of ‘Cell 6’. The black double arrowheads denote the chemoreceptor base plate layer.
Scale bars = 200 nm. ‘Biii’ and inset in ‘Ci’ = 100 nm.
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popZ::popZMgr-gfp

ΔpopZ

ΔpopZ (5 days)

Figure S5. Swarm assay for wildtype, ΔpopZ and popZ::popZMgr-gfp strains in the presence of a magnetic field. (A)
Coil-setup used for growth of cells under conditions permissive to enrich cells with swimming polarity bias before
the swarming experiment. Therefore, cells were repeatedly passaged in culture tubes that were incubated in a
~0.6 mT Southern Hemisphere-like magnetic field applied in z-direction. (B) Afterwards cultures were used for
innocculation of 0.2% motility agar in 6-well plates, following incubation using the same setup with a ~0.6 mT
magnetic field applied in y-direction for 2 days at 28°C under atmospheric conditions (or additional 3 days of
incubation for the ΔpopZ mutant, indicated with ‘5 days’ incubation time). The direction of the magnetic field is
indicated in the figure with an arrow.
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Figure S6. Transcomplementation of ΔpopZ and overexpression of popZMgr or popZMgr-gfp. (A) Representative
images for time series and induction experiments of the Mgryph wildtype and ΔpopZ strains harbouring random
single-copy chromosomal insertions of a Ptet-popZMgr or -popZ Mgr-gfp expression cassette. Micrographs are given for
different time-points following post-induction with 50 ng/ml anhydrotetracyclin. Expression of popZMgr or popZMgr -gfp
was sufficient to transcomplement the filamentation phenotype of the ΔpopZ strain. Some insertion mutants
displayed cell shortening even before anhydrotetracyclin induction, possibly caused by a selectional growth
advantage for insertion sites or mutations favoring increased or leaky expression levels of popZMgr/ popZMgr-gfp from
the uninduced Ptet promoter system or promoters encoded upstream from the random integration site. Prolonged
overproduction of PopZMgr or PopZMgr-GFP in the wildtype background caused severe cell filamentation and (B)
formation of a DNA exclusion zone visible by DAPI staining (marked with an arrowhead). Scale bars correspond to
5 µm for all fluorescent images. (C) Reintroduction of popZMgr or popZMgr-gfp in ΔpopZ restores swarm halo formation
in semi-solid medium (scale bar = 1 cm). Cells from cultures in liquid medium after 6 h of induction with 50 ng/ml of
anhydrotetracyclin were inocculated into 0.2% motiltiy agar and plates were incubated for 3 days at 28°C under
atmospheric conditions.
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Figure S7. Localization of PopZMgr in E. coli, R. sphaeroides and R. rubrum. (A) Localization of PopZMgr-GFP in
E. coli WM3064 cells stained with DAPI 2 h post induction with 50 ng/ml anhydrotetracyclin. PopZ exhibits a
monopolar localization pattern in DNA-free regions and localizes randomly to either the new or old pole.
Diagramms show a mean line plot of fluorescence intensity from the DAPI and GFP channel of n = 94 cells. (B)
Localization of PopZMgr-GFP in E. coli WM3064 spheroblasts 1 h post induction with 50 ng/ml anhydrotetracyclin in
the absence of DAP. Cells were washed four times to remove residual DAP and then transferred in DAP free LB
medium. PopZ foci appear at random positions close to the cell boundary. (C) Localization of PopZMgr-GFP in
R. sphaeroides and (D) R. rubrum. Cells were stained with DAPI. Note, PopZMgr localizes to DNA-free polar regions. In
contrast to the monopolar localization observed in cells of R. sphaeroides, PopZMgr generally localized to both poles
and the future cell division site (arrowhead) in R. rubrum. Shown are representative images from time-series 4 h post
induction with 50 ng/ml anhydrotetracyclin. The respective line plots for the DAPI and GFP channel are given for n
= 244 cells (R. sphaeroides) and n = 328 cells (R. rubrum). In addition, a two-color demograph depicts the cell-cycle
dependent localization pattern in R. rubrum (PopZMgr-GFP, orange; DAPI, blue). All fluorescence profiles are sorted
evenly into three groups of short (red), medium (blue), and long (green) cells. R. sphaeroides and R. rubrum
fluorescence images were processed with the Olympus Xcellence deconvolution package. In case of PopZMgr-GFP in
R. rubrum a maximum intensity projection of z-stack images is shown. All scale bars = 3 µm.
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Movie S1. Time-Lapse microscopy of Mgryph strains popZ::popZMgr-gfp, wildtype and ΔpopZ. Time and strain are
indicated in the upper left and upper right corner, respectively. One second of playing time corresponds to 105 min
(popZ::popZMgr-gfp) or 60 min (wildtype and ΔpopZ).
Movie S2. Cryo-electron tomography and three-dimensional rendering of a filamentous ΔpopZ cell. View through
the z-stack tomographic slices of two tomograms, the cell pole and cell body areas from the same elongated ΔpopZ
cell, at a 22,500x magnification. Cellular envelope (blue), chemoreceptor arrays (purple), magnetosome vesicles
(yellow), magnetite (red), MamK filament (green). This concatenated movie is related to Figure 4.
Movie S3. Video microscopy of swimming cells of ΔpopZ. Note, due to severe cell elongation swimming speed of
individual cells is slowed down.
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Table S1 Strains, plasmids and primers used in this study. Reverse complementary sequences
are underlined. Restriction sites are indicated in bold.

Strain or vector

Relevant characteristic(s)

Reference and/or
source

Host for cloning; F– endA1 glnV44
thi-1 recA1 relA1 gyrA96 deoR nupG
purB20 φ80dlacZΔM15 Δ(lacZYAargF)U169, hsdR17(rK–mK+), λ–
Conjugation strain; thrB1004 pro thi
rpsL hsdS lacZΔM15 RP4-1360
Δ(araBAD)567 ΔdapA1341::[erm pir]

(1)

wildtype
popZMgr deletion strain
Strain with insertion of gfp at the
chromosomal popZMgr locus

(2)
This study
This study

wildtype
popZ deletion strain

(3)
(4)

wildtype
wildtype

DSM467
DSM158

universal in-frame deletion/inframe fusion vector with GalKbased counterselection
and MCS; npt galK tetR mobRK2
Vector for chromosomal deletion of
popZMgr
Vector for chromosomal insertion
of codon-optimized gfp gene
(magegfp) at the chromosomal
popZMgr locus
transposon vector for random
single-copy chromosomal insertion
of an anhydrotetracyline inducible
expression cassette; pBAM1 with
Ptet, mamC-maggbp-gbp, PNeo-TetR,
KmR, AmpR
popZMgr cloned into pJH40 via NdeI
and BamHI restrictions sites
popZMgr-gfp cloned into pJH40 via
NdeI and BamHI restrictions sites
pBBR1MCS-2 based vector
harbouring PmamAB-mCherry-mamK,
KmR

(5)

Strains
E. coli
DH5α

WM3064

M. gryphiswaldense
MSR-1 R/S
ΔpopZ
popZ::popZMgr-gfp

William Metcalf at
UIUC

C. crescentus
NA1000
ΔpopZ
R. rubrum ATCC 11170
R. sphaeroides ATH 2.4.1
Vectors
pORFM

pORFM-ΔpopZ
pORFM-popZMgr-gfp

pJH40

pBAM-Ptet-popZMgr
pBAM-Ptet-popZMgr-gfp
pMT009
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(6, 7)

This study
This study
(8)
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Primers
Internal primer
number

Primer name

Sequence 5’-3’

5

HLINK-oeGFP_fwd

gctagcctggccgaagccgcgg

6

HLINK-oeGFP_rev

tcacttatacagctcgtccatgcccagg

37

PopZ-oeGFP_up_fwd

atgagcgacgacaaggcccaacaagaacc

38

PopZ-oeGFP_up_rev

cttcggccaggctagcaaggttctctgcgcgatttaccatcttctcg

39

PopZ-oeGFP_dw_fwd

cgagctgtataagtgatctctgccggtccgaggacaaggc

40

PopZ-oeGFP_dw_rev

atatggcccttcacttcccgctgctcc

41

PopZ_locus_upper

cggtgtcgaggaagaggccaaggtcgg

42

PopZ_locus_lower

caccttcttacgggcatcgtagcggtcc

43

PopZ-del_up_fwd

cctcgcagcagggtaacgaaaccg

44

PopZ-del_up_rev

ctaaaggttgtcgctcatggttcgactgtccgatgatcc

45

PopZ-del_dw_fwd

atgagcgacaacctttagtctctgccggtccgaggac

46

PopZ_locus_upper2

gtcctatctggatgtggtccgcgacg

83

oeGFP_BamHI_rev

cgggatcctcacttatacagctcgtccatgcccagg

102

popZ_NdeI_fwd

gggaattccatatgagcgacgacaaggcccaacaagaacc

103

popZ_BamHI_rev

cgggatccctaaaggttctctgcgcgatttaccatcttctcg
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Abstract
Magnetosomes consist of membrane-bounded magnetic crystals synthetized by magnetotactic
bacteria, and are a well-established model to study organelle biogenesis in prokaryotes. The cell
biology of magnetosomes has been extensively analyzed, finding magnetosome-specific
cytoskeletal elements that assist their intricate intracellular organization. However, how the
magnetosomes intracellular localization and dynamics is related to the cell cycle has remained
obscure. In Caulobacter crescentus, the essential MipZ protein forms a gradient that synchronizes
chromosome partitioning to cell division, but its role in other Alphaproteobacteria has not been
addressed. Here, we used genetics, in vivo photokinetics, cryo-electron microscopy and in vitro
biochemical assays to characterize the two MipZ orthologs in Magnetospirillum gryphiswaldense.
Remarkably, a double deletion of both mipZ-like genes was achievable, demonstrating a nonessential function of MipZ in M. gryphiswaldense. However, only the absence of mipZ-like 1 had
an evident cell division effect. Although no role concerning magnetosome organization was
detected, MipZ-like 1 was capable of creating a dynamic intracellular gradient whose
disruption caused severely impaired cell division. MipZ-like 1 is an ATPase that binds to ParB
(a chromosome segregating protein) and non-specifically to DNA, which is essential to generate
the gradient. MipZ-like 1 also interacted with FtsZ inhibiting its polymerization, acting in a
similar fashion as MipZ from C. crescentus. Yet, we found subtle but significant differences at
the molecular level, where the monomeric form of MipZ-like 1 also showed effects on FtsZ
polymerization, suggesting a distinctive mechanism of action. Altogether, our results points
that MipZ-like 1 is a crucial cell cycle protein in M. gryphiswaldense, likely connecting
chromosome segregation to cell division.
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Introduction

Magnetosomes are organelles of magnetic bacteria that consist of membrane-bounded magnetic
crystals, which display a remarkable subcellular organization (Uebe and Schüler, 2016). In the
Alphaproteobacterium M. gryphiswaldense (Mgryph), magnetosomes become concatenated into a
highly ordered linear chain inside the cell (Uebe and Schüler, 2016). The magnetosome chain
organization is achieved by orchestrated action of the magnetoskeleton, which consist of the
actin-like MamK filament, membrane-integral MamY and the adaptor protein MamJ. First, the
actin-like MamK filament acts as scaffold and motor protein providing the driving force for
magnetosomes intracellular mobility (Katzmann et al., 2010; Komeili et al., 2006; ToroNahuelpan et al., 2016). The membrane curvature-sensing MamY protein is capable to scaffold a
magnetosome chain, thereby properly localizing the chain at the spirillum geodetic axis. This
harmonizes swimming direction and magnetotaxis (Toro-Nahuelpan et al, unpublished). The
acidic MamJ protein acts as adaptor and binds magnetosomes to the scaffolding structures
(Scheffel et al., 2006). Throughout the cell cycle of Mgryph, the magnetosome chain is found
parallel to the long axis of the spirillum with the chain center dynamically localizing to midcell
(Katzmann et al., 2011; Toro-Nahuelpan et al., 2016; Uebe and Schüler, 2016). Thus, during
cytokinesis, the septum undergoes a unidirectional ingrowth and the magnetosome chain
becomes equipartitioned to efficiently pass on the selective advantage of magnetotaxis to both
daughter cells (Katzmann et al., 2011). Following the completion of the cell division,
magnetosome chains are repositioned from the new cell poles to the cell center by a pole-tomidcell directed treadmilling growth of MamK filaments (Toro-Nahuelpan et al., 2016).
Interestingly, Mgryph has a truncated homolog of FtsZ termed FtsZm, which is encoded within
a magnetosome-related operon. FtsZm showed GTPase activity and is able to form homo- and
hetero-polymers with FtsZ (Komeili et al., 2006; Kremer et al., 1996). However, despite its
structural and biochemical similarities to FtsZ, FtsZm was found not to have a role in the cell
division of Mgryph, but, unexpectedly, has a role in magnetosomes biomineralization instead
(Ding et al., 2010; Müller et al., 2014). A brief examination of the FtsZ function in Mgryph
showed its implication in cell division (Ding et al., 2010; Müller et al., 2014). Furthermore, cryoelectron tomography (cryo-ET) of the cell division site of Mgryph revealed arc-like structures
representing part of the Z-ring (Katzmann et al., 2011); such short FtsZ filaments have been
proposed to drive the asymmetric septation (Katzmann et al., 2011; Yao et al., 2017). Recently,
the cell cycle polar organizing protein Z, PopZ, has been characterized in Mgryph. PopZ is an
intrinsically disordered protein that was first discovered and thoroughly studied in the
Caulobacter crescentus (Cc) model organism, where it acts as a polar hub interacting with several
proteins in order to spatially and temporally organize the cell. In Cc, PopZ that anchors the
chromosome to the cell pole via interaction with the centromere-binding ParB protein and is,
thereby, essential for proper chromosome segregation (Bowman et al., 2008; Ebersbach et al.,
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2008; Holmes et al., 2016). Although PopZ appeared to have no influence in magnetosome chain
assembly or localization, its absence caused severely elongated cells and mini-cell formation in
Mgryph, indicating a conspicuous impairment in cell division pointing towards a critical role in
cell cycle (Pfeiffer et al, unpublished). Another significant player acting downstream of PopZ is
the midcell positioning of FtsZ protein, MipZ, an essential protein that coordinates cell division
and chromosome segregation in Cc (Thanbichler and Shapiro, 2006). MipZ forms an
intracellular gradient that relies on a dynamic interplay with ParB and DNA. Moreover, MipZ
also interacts with FtsZ inhibiting its polymerization (Kiekebusch et al., 2012; Thanbichler and
Shapiro, 2006). Thus, in a pre-divisional Cc cell, PopZ is present at both poles to anchor the
replicated chromosomes via ParB. As MipZ interact with ParB, it is recruited at the poles
establishing gradients whose lowest concentration is found around midcell, region where the Zring can be assembled (Kiekebusch et al., 2012; Thanbichler and Shapiro, 2006). While
chromosome partitioning during the cell cycle is extensively and comprehensively addressed in
bacteria, coordination of magnetosomes with cell division remains to be systematically
scrutinized.
In this work, we dissected the role of MipZ in Mgryph. We found that Mgryph possess two
MipZ-like homologs. Strikingly and unlike Cc, single and double deletion of mipZ-like 1 and
mipZ-like 2 genes was feasible. Although their absence did not affect magnetosome chain
localization or segregation phenotype, the mipZ-like 1 mutant displayed remarkable cell division
impairment. MipZ-like 1 is able to form an intracellular gradient that upon lost or disruption
(by absence or overdose) resulted in filamentous cells, evidencing a strong cell division defect.
Photobleaching and photoconversion showed that MipZ-like 1 generates a highly dynamic
gradient that relies on nucleotide hydrolysis and undergoes direct exchange of molecules
between the cell poles.
Notably, MipZ-like 1 binds to DNA and Mgryph ParB in vitro, and stimulates the GTPase
activity of FtsZ, displaying a deleterious effect on FtsZ polymers assembly. Thus, MipZ-like 1 is
suggested as a critical cell cycle regulator of Mgryph likely coordinating chromosome
partitioning and cell division in an analogous yet distinct fashion compared to the, thus far,
only described Cc MipZ (MipZCc).
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Results and Discussion

1. M. gryphiswaldense possess two mipZ-like homologs
In contrast to Cc, we identified two mipZ-like homologs within the genome of Mgryph (locus tag:
mgr_4222 and mgr_0570) from now on referred to as MipZ-like 1 and MipZ-like 2. A protein
sequence alignment shows that MipZ-like 1 exhibits a 46/65 % identity/similarity, respectively,
to MipZCc, whereas MipZ-like 2 a 43/64 % (Figure S1A). Similarly, MipZ like 1 and MipZ-like 2
have 45/63 % identity and similarity to each other, respectively. Interestingly, upon a
phylogenetic analysis, both MipZ-like proteins clustered within the MipZ subfamily among the
Mrp/MinD ATPase family (Figure S1B). Therefore, both MipZ-like proteins were considered for
further analysis.

2. MipZ-like 1 forms an intracellular gradient essential for proper cell division
Subcellular localization analysis of mCherry tagged MipZ-like 1 by fluorescence microscopy
displayed a seemingly intracellular gradient in the Mgryph cell, resembling that of the MipZCc
pattern (Thanbichler and Shapiro, 2006). MipZ-like 1 gradient exhibited a higher fluorescence
intensity that peaks at the cell poles and decreases towards midcell of a pre-divisional cell,
generating a bipolar gradient (Figure 1A). The bipolar localization of MipZ-like 1 in the predivisional cell is in agreement with the previously shown permanent bipolar localization of
PopZ in Mgryph (Pfeiffer et al, unpublished), which is thought to potentially anchor the
chromosomes to Mgryph cell poles via ParB. Thus, MipZ could become bipolar localized via a
putative ParB interaction. In shorter and apparently younger cells, the gradient was observed at
one pole only, likely these cells have recently finalized cell division (Figure S2A). Furthermore,
some cells displayed a second MipZ gradient source, but localized at cellular areas distant from
the poles within the main cell body (Figure S2A), which seem to be migrating towards the
newest cell pole. ParB shows similar unipolar to bipolar localization (Figure S2B), therefore, it is
vey likely that MipZ moves by the interaction with the ParB complex that leads the segregating
sister chromatid upon chromosome replication.
Disequilibrium of MipZ-like 1 by inducing an overdose resulted in a disruption of the gradient
with MipZ-like 1 signal localized throughout the entire cell (Figure 1B). More significantly,
most cells appeared aberrantly elongated (Figure 1B) and lacked the typical midcell constriction
and cell bending of Mgryph during division (Katzmann et al., 2011). This suggests that this is a
direct effect of the gradient lost. However, the position of the magnetosome chain along both
short and long cellular axes remained intact, depicting a single, geodetically and midcell
positioned magnetosome chain.
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3. Deletion of mipZ-like 1 has a direct effect in cell cycle of M. gryphiswaldense
To scrutinize the role of MipZ-like 1, we attempted its deletion. Unexpectedly and unlike Cc,
the in-frame deletion of mipZ-like 1 was feasible in Mgryph. Remarkably, the ΔmipZ-like 1
showed long filamentous cells (Figure 1Di) of up to 22.5 µm as measured by TEM (ranging
from 2.6) and an average of 5.2 ± 0.3 µm (SEM, n=155), Figure 1E), a strong fluctuation and
increase in cell length as compared to the WT (ranging from 1.5 to 8.5 µm) that had an average
of 4.2 ± 0.1 µm (SEM, n=255), suggesting an accentuated impairment of the cell division.
Accordingly, the cell elongation observed in the ΔmipZ-like 1 strain is reminiscent of the
phenotype caused by the depletion of MipZCc in Cc (Thanbichler and Shapiro, 2006). Again,
normally positioned magnetosome chains were observed within the elongated cells of the
mipZ-like 1 mutant (Figure 1Di). Apart from the abnormally elongated cells, many normal sized
cells were also seen in the ΔmipZ-like 1 strain (Figure 1Dii), which are likely individuals that
accomplished division. This is also mirrored by the cell size distribution of the mutant, as it
displays a similar median compared to the WT (Figure 1E, red line). Also, magnetosome chains
were found traversing the constriction site of cells undergoing division and, moreover, they
seem to be evenly distributed into the offspring. These results indicate that the magnetosome
chain partitioning and segregation is not affected by the absence of mipZ-like 1 (Figure 1Diii).
Next, to evaluate the cell division impairment of the mutant, we used in vivo time-lapse
microscopy to monitor the growth development of the ΔmipZ-like 1 strain through the cell cycle.
Growth visualization of ΔmipZ-like 1 cells revealed a severe filamentous growth (Figure 1F),
which contrasted with the regularly and consistently divided WT cells (Figure 1G). Yet, cell
division in the ΔmipZ-like 1 mutant was not fully eradicated, since successfully dividing cells
also occurred, albeit inconsistently size- and time-wise (Figure 1F), in agreement with the
normal-like sized cells described above (Figure 1Dii and E). Notably, mipZ depletion in Cc also
presented aberrant and sporadic cell division generating nascent mini-cells from the newest cell
pole (Thanbichler and Shapiro, 2006).
Additionally, the ΔmipZ-like 1 mutant strain displayed a calculated doubling time of 5.4 ± 0.3 h,
which is higher than the 4.1 ± 0.1 h shown by the WT (Figure 1H). This difference translates into
a growth delay in the mutant that matches the hampered cell division shown by the mipZ-like 1
mutant.
Cryo-ET of a constricting site from an elongated ΔmipZ-like 1 cell undergoing division was
examined (Figure 2A). Central slices through the tomogram and 3D rendering of the cell
displayed the characteristic unidirectional invagination of the septum previously described for
Mgryph (Figure 2Bi-ii and 2Ci-ii, and Movie S1). Two chemotactic arrays displayed a proper
spatio-temporal localization at the future cell poles of the pre-divisional cell (Figure 2Bi).
Furthermore, MamK filaments were found normally flanking the magnetosome chain and did
not present noticeable atypical features, appearing intact or WT-like (Figure 2Biii and 2Ci-ii).
Therefore, both the membrane constriction mechanism and the MamK cytoskeleton seem
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unaltered upon deletion of the mipZ-like 1 gene. Thus far, it can be concluded that the
disturbance of the MipZ-like 1 gradient, either by absence or overdose, has a strong cell division
defect.

4. MipZ-like 2 has no influence on the cell cycle of M. gryphiswaldense
Analysis of the mCherry tagged MipZ-like 2 homolog by fluorescence microscopy showed a
widespread signal across the Mgryph cell (Figure 3A), a distinctive localization that contrasts to
the gradient formed by the MipZ-like 1 protein. Next, the deletion of the mipZ-like 2 gene was
also possible, which resulted in normal sized cells with a 4.3 ± 0.1 µm (SEM, n=160) average
length (between 2.6-9.3 µm) and a doubling time of 3.9 ± 0.03 h, similar to the WT strain
(Figure 3Bi and 3C). Also, the ΔmipZ-like 2 mutant displayed no apparent effect in cell division
as observed by time-lapse microscopy (Figure 3D) or magnetosome chain positioning and
segregation (Figure 3Bi-ii). This was further confirmed by cryo-ET, where the magnetosome
chain exhibited a geodetic positioning along the positive cytoplasmic membrane flanked by
intact MamK filaments. Furthermore, cells underwent an asymmetrical constriction of the
septum (Figure S3and Movie S2), indicating that the cell division in the ΔmipZ-like 2 mutant
proceeded as in the WT.
Although a report in Cc showed that the mipZ gene is essential and cannot be deleted, we
further attempted a combined deletion of both mipZ-like homologs. Surprisingly, double
deletion of mipZ-like genes was also successfully obtained as the ΔmipZ-like 1 ΔmipZ-like 2
mutant. Whole genome sequencing and single nucleotide polymorphisms (SNP) analysis of this
strain did not display apparent suppressor mutations within open reading frames (not shown).
The double deletion exhibited abnormally elongated cells (Figure 3Ei) along with normal sized
cells (Figure 3Eii), phenocopying the single deletion ΔmipZ-like 1 mutant strain. Again, the
magnetosome chain was observed properly localized at the center of short and long cells
(Figure 3Ei-ii), and seems to undergo even partitioning (Figure 3Eii). Furthermore, time-lapse
images of the double deletion mutant growth showed sporadic and disproportionate division of
the filamentous cells (Figure 3F), akin to the ΔmipZ-like 1 cells. These results suggest a negative
dominant effect of the lack of the mipZ-like 1 gene and, unlike mipZ-like 2, it plays a crucial
during the cell cycle of Mgryph.

5. MipZ-like 1 forms a dynamic gradient that requires an intact ATPase activity
The mobility and dynamics of MipZ-like 1 was addressed by fluorescence recovery after
photobleaching (FRAP) of the mCherry-MipZ-like 1 fusion protein. Photobleaching of a pole of
cells displaying bipolar MipZ gradients, revealed a rapid turnover with a half-time recovery of
the fluorescence (t½) of ~13 s (Figure 4A) and a recovery that reaches initial levels, suggesting a
100% mobile fraction (Figure 4Aii). Accordingly, MipZCc has been reported to have a similar t½
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of ~11 s (Kiekebusch et al., 2012). Furthermore, we used the ΔmipZ-like 1 strain as control in
order to test functionality of the mCherry tagged protein in the absence of native MipZ-like 1.
FRAP assessment of mCherry-MipZ-like 1 in ΔmipZ-like 1 cells showed a t½ of ~13 s
(Figure S4A), identical to its t½ exhibited in the WT strain. We fixed the cells with 1 %
formaldehyde for 1 h and performed FRAP to control for dark-state-reversal of the mCherry
fluorophore (~20 s) (Mueller et al., 2012). The mCherry-MipZ-like 1 fusion showed no
fluorescence recovery after laser application in fixed cells (not shown). Thus, the dynamics
shown by the mCherry-MipZ-like 1 fusion protein under absence of native MipZ-like 1,
together with the lack of recovery in fixed cells, indicates that fluorescence recovery of the
mCherry tagged protein is indeed due to genuine mobility of the molecules and not caused by
mCherry photoswitching, further endorsing the functionality of the tagged protein.
It has been previously suggested that the MipZCc dynamic recovery relies on a direct exchange
of molecules between the cell poles (Kiekebusch et al., 2012). To test this hypothesis, we made
use of a photoconversion approach, where MipZ-like 1 was tagged with Dendra2, a green-tored photoconvertible fluorescent protein. For photoconversion, a 405 nm laser pulse was
applied to a pool of Dendra2-MipZ-like 1 molecules located at one cell pole, and the mobility of
the converted molecules was monitored (red channel). Dendra2 tagged MipZ-like 1 molecules
were detected at the opposite non-converted pole shortly after the laser pulse (Figure 4Bi) to
finally reach equilibrium between both poles. The progressive increase of fluorescence at the
non-photoconverted pole is visualized in a kymograph (Figure 4Bii), where the equilibrium
seems to be achieved at roughly 1 min post-photoconversion. This is in agreement with the
fluorescence recovery of the bleached pole from the FRAP experiment that becomes saturated at
approximately the same time (Figure 4Aii). A model depicting the photoconversion experiment
set up and progression is presented to envision the respective dynamic molecule interchange
between the poles (Figure 4Biii). Our photoconversion data together with the total mobility
fraction observed by FRAP unambiguously confirms the previously proposed polar molecule
exchange.
To investigate whether the gradient formation and dynamics of MipZ-like 1 is influenced by
MipZ-like 2, we analyzed the dynamics of mCherry-MipZ-like 1 in the ΔmipZ-like 2 strain.
MipZ-like 1 displayed an unchanged t½ of ~11 s (Figure S4B), identical to its mobility on the WT
background. Therefore, it can be concluded that the mobility behavior and gradient formation
of MipZ-like 1 is absolutely independent from the presence of MipZ-like 2.
The nucleotide hydrolysis of MipZCc is essential to properly generate a gradient in Cc, as the
mutation of a conserved residue in the ATPase domain resulted in the lost of the gradient and
affected dynamics (Kiekebusch et al., 2012). In MipZ-like 1, an equivalent point mutation of the
conserved Asp43 to Ala (D43A) within the ATPase domain - assumed to affect nucleotide
hydrolysis - resulted in a disruption of the typical gradient formation in Mgryph (Figure 5A).
Moreover, the residue exchange seems to have a negative dominant effect as the gradient lost
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occurs even upon the presence of intact MipZ-like 1 molecules in the WT strain (Figure 5A). We
next tested the dynamics of the MipZ-like 1D43A mutant protein. Indeed, as calculated from
FRAP data, the MipZ-like 1D43A mutant protein exhibited a t½ of ~43 s, demonstrating a strong
and statistically significant (p < 0.001) decrease in the protein turnover compared to the WT
protein (Figure 5B). This suggests that the mutation has a direct effect in protein mobility and
turnover. Likewise, identical residue exchange in MipZCc showed a steep reduction of protein
mobility (t½ 157 s) (Kiekebusch et al., 2012). At this stage, it can be speculated that the point
mutation generates a stable dimer of MipZ-like 1, blocking the protein in this dimeric sate that
has a higher affinity to bind DNA, as reported for MipZCc by Kiekebusch and colls (Kiekebusch
et al., 2012).

6. MipZ-like 2 has a distinctive slow turnover rate
Despite the lack of phenotype upon gene deletion, we also evaluated the dynamics of MipZ-like
2 to obtain more information about the mode of action of the second MipZ candidate.
Photobleaching of the mCherry-MipZ-like 2 showed a t½ of ~43 s (Figure 5C), which is
remarkably indistinguishable from the MipZ-like 1D43A point mutant. We also verified the
functionality of the mCherry-MipZ-like 2 fusion protein by FRAP upon absence of the native
protein in the ΔmipZ-like 2 strain, which resulted in a coherent t½ of ~50 s and a 100% mobile
fraction (Figure S4C).
To further evaluate the interplay between both MipZ homologs, we examined the dynamics of
mCherry-MipZ-like 2 in the ΔmipZ-like 1 strain by photokinetics, resulting in a comparable t½ of
~39 s (Figure S4D). Therefore, it can be assumed that the molecules turnover rates and,
consequently, the dynamic of MipZ-like 2 and MipZ-like 1 are entirely independent from each
other.
We next tested the equivalent MipZ-like 1D43A point mutation in the ATPase domain of
MipZ-like 2, which corresponds to the Asp44 (D44A). Photokinetic analysis of mCherryMipZ-like 2D44A by FRAP showed a t½ of 11 min, a remarkable delay in fluorescence recovery of
one order of magnitude (Figure 5D). Nevertheless, our results show that MipZ-like 2 is
functionally divergent from the MipZCc. On the contrary, the data strongly argue that the
MipZ-like 1 ortholog displays a very similar localization, function and dynamic behavior as
MipZCc. Therefore, MipZ-like 1 most likely represents the functional ortholog of MipZCc in
Mgryph, and was selected to further scrutinize its interactions at the molecular level.

7. MipZ-like 1 ATP hydrolysis is impaired by the D42A residue substitution
Nucleotide hydrolysis of purified MipZ-like 1 protein was investigated in vitro. This assay
showed that MipZ-like 1 is able to hydrolyze ATP with a turnover rate (Kcat) of 0.25 min-1, which
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is similar to the 0.16 min-1 observed for MipZCc (Figure 6A). The latter was at the same levels of a
previously reported value of 0.30 min-1 for MipZCc (Thanbichler and Shapiro, 2006). Therefore, it
can be assumed that the ATPase activities of MipZ-like 1 and MipZCc are comparable.
We next tested the MipZ-like 1D43A mutant substitution to determine whether its ectopic
localization and decreased mobility (Figure 5A) is related to a disruption of nucleotide
hydrolysis. Indeed, the MipZ-like 1D43A mutant displayed a strong reduction in catalytic
efficiency (Figure 6A), which was virtually null (Kcat ~0.0014 min-1). This indicates that the
protein is severely impaired in ATPase activity, and might be stalled in a dimeric state as
described for MipZCc (Kiekebusch et al., 2012). Accordingly, this result confirms the notion that
the disruption of the gradient and decreased mobility of the MipZ-like 1D43A protein in vivo is
likely due to a defective ATP hydrolysis. Thus, an intact ATPase cycle of MipZ-like 1 seems to
be essential for a proper development of the intracellular gradient, its positioning and overall
cellular performance.
Furthermore, the MipZ-like 1G15V point mutation in the P-loop is assumed to eradicate dimer
formation in MipZCc, producing an exclusive monomeric variant of the protein (Kiekebusch et
al., 2012). Consistently, the Kcat observed for MipZ-like 1G15V was severely reduced
(Kcat 0.024 min-1) (Figure 6A), which supports the hypothesis that nucleotide hydrolysis in
MipZ-like 1 relies on the formation of dimers. In the same matter, MipZ-like 1 dimers likely
require ATP hydrolysis for dissociation. In agreement, the putative MipZ-like 1G15V monomeric
version displays distinctive foci-like subcellular localization at the cell poles of a pre-divisional
Mgryph cell (Figure S5Ai) and an extremely very rapid turnover rate (t½ of 1.6 s), as observed by
FRAP analysis (Figure S5B), resembling the phenotype of the equivalent G14V residue
exchange in MipZCc (Kiekebusch et al., 2012).

8. MipZ-like 1 interacts with ParB
In Cc, it has been described that MipZCc interacts with ParB, a particularly indispensable
interplay that plays a role in its characteristic gradient (Kiekebusch et al., 2012; Thanbichler and
Shapiro, 2006). To examine whether MipZ-like 1 and ParB display a direct interaction in
Mgryph, we purified both proteins and conducted an in vitro interaction assay. The binding of
ParB to MipZ-like 1 was analyzed by bio-layer interferometric analysis, where MipZ-like 1 was
first immobilized to the sensor chip and then ParB was added. Bio-layer interferometry showed
that indeed ParB binds to MipZ-like 1, as detected by the wavelength shift proportional to the
increasing ParB concentration (Figure 6B). Moreover, a subsequent titration of the ParB binding
to MipZ-like 1 by using different ParB concentrations resulted in an apparent equilibrium
dissociation constant (KD) of 4.70 µM (Figure 6B and 6C), confirming that MipZ-like 1
monomers and ParB form a complex in vitro that interacts specifically and with high affinity.
Notably, this result correlates to the KD of 1.55 µM calculated for the MipZ-ParB interaction
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in Cc (Thanbichler and Shapiro, 2006), therefore, both ParB proteins (from Mgryph and Cc) bind
its respective MipZ partner in a comparable micromolar range. Nevertheless, in spite of the
confirmed interaction of MipZ-like 1 with ParB, the presence of the latter did not stimulate the
ATP hydrolysis rate of MipZ-like 1 (Kcat 0.22 min-1). This is in agreement to the previously
reported ParB-MipZCc interplay by Kiekebusch et al, where it is suggested that ParB positively
influences MipZ dimer formation (Kiekebusch et al., 2012).

9. MipZ-like 1 binds to DNA in a non-specific and ATP-dependent manner
Prompted by the unspecific interaction of MipZCc with chromosomal DNA, reported as
essential to generate the intracellular gradient in the Cc model, we aimed to test the MipZ-like 1
and DNA interplay using an electrophoretic mobility shift assay (EMSA). Upon mixture with a
non-specific DNA fragment, MipZ-like 1 displayed a striking nucleotide-dependent interaction
as observed by the impeded DNA migration in the presence of ATP (Figure 6D). A further test
of the MipZ-like 1D43A mutant also showed strong unspecific binding to DNA (Figure 6D). This
in vitro data are supported in vivo by the consistent and specific co-localization of the
MipZ-like 1D43A mutant with condensed nucleoids of E. coli (an heterologous host that lacks
MipZ homologs and a ParAB chromosome partitioning system) (Figure 6E). The intact form of
the protein, however, showed a wide spread signal throughout the E. coli cell (Figure 6E). Based
on the results presented thus far, it seems that the assumed dimeric MipZ-like 1 state requires
ATP hydrolysis to disrupt the dimer, consequently, dissociating from DNA or, in other words,
MipZ-like 1D43A is blocked in a dimeric state that is able to efficiently bind DNA. Also, the
absence of association to DNA from the intact MipZ-like 1 protein might be hindered due to its
high ATPase activity. Therefore, it can be suggested that MipZ-like 1 binds to DNA likely in its
dimeric form.
Regardless of the interaction of MipZ-like 1 with DNA, neither dsDNA (Kcat 0.22 min-1) nor a
plasmid bearing the Cc parS site (Kcat 0.30 min-1) affected the ATPase turnover number of
MipZ-like 1 (Figure 6A), akin to the ParB behavior on MipZ-like 1. This represent the first
significant difference between both gradient-forming proteins, in which dsDNA (with parS
sites) incremented its ATPase activity (Kiekebusch et al., 2012).
Interestingly, the combination of dsDNA and ParB also did not influence MipZ-like 1
nucleotide hydrolysis. Whereas the mixture of the dsDNA harboring the parS site together with
ParB however, caused a noticeable increased MipZ-like 1 turnover number (Kcat 0.63 min-1)
(Figure 6A). Based on this, it can be speculated that a ParB oligomerization might be necessary
to induce the ATPase activity and/or that MipZ-like 1 only binds to the parS·ParB nucleoprotein
complex.
Furthermore, the MipZ-like 1G15V (and MipZ-like 1 in absence of ATP) putative monomeric
variant is unable to bind DNA (Figure 6D), supporting the notion that interaction with DNA
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occurs upon dimerization. Collectively, the severely hampered ATPase activity of the putative
monomeric MipZ-like 1G15V mutant form and its incapability to bind DNA, together with the
unspecific interaction of MipZ-like 1 with DNA in the presence of ATP (and upon mutation of
the Asp43 from the ATPase domain), are in perfect line with the notion that MipZ-like 1 from
Mgryph also relies on an ATP-bound dimeric state to interact with DNA.

10. MipZ-like 1 impairs FtsZ polymerization
A main hallmark of MipZCc is its ability to induce FtsZ depolymerization by stimulating its
nucleotide hydrolysis in order to accurately localize the divisome at micell (Thanbichler and
Shapiro, 2006). We therefore next investigated the MipZ-like 1 role concerning FtsZ polymer
assembly in Mgryph.
First, we examined the GTP hydrolysis of FtsZ finding a turnover number of 2.5 min-1
(Figure 7A). Notably, the addition of MipZ-like 1 stimulated the GTP hydrolysis of FtsZ by 3.5fold (Kcat 8.8 min-1) and, similarly, the MipZ-like 1D43A mutant caused an increment of 2.3-fold
(Kcat 5.8 min-1, Figure 7A). Intriguingly, the supposedly monomeric MipZ-like 1G15V variant
demonstrated a slight effect as well, with a 1.7-fold increase on the GTPase activity of FtsZ
(Kcat 4.4 min-1, Figure 7A). However, by contrast, the Cc homolog strictly requires a
dimerization-capable protein in order to effectively interact with and enhance the GTPase
activity of FtsZ, as the monomeric MipZCc variants caused no apparent effect (Kiekebusch et al.,
2012). Importantly, this signifies a second difference concerning the MipZCc protein.
To further corroborate the results from the GTPase assessment, we performed a sedimentation
assay. The presence of intact MipZ-like 1 as well as MipZ-like 1D43A caused a steep reduction in
sedimentation of FtsZ (Figure 7B). To be noticed, the amount of MipZ-like 1 in the pelleted
fraction is much greater when combined with FtsZ protein (Figure 7B), evidencing a direct
binding of MipZ-like 1 to FtsZ likely causing the co-sedimentation with the remaining FtsZ
polymers. Subsequent examination of FtsZ by transmission electron microscopy (TEM)
demonstrated that FtsZ polymerizes into straight filaments in a GTP-dependent manner
(Figure 7C), in agreement with the report by Müller and colls that described a GTP-dependent
homo-oligomerization by dynamic light scattering (Müller et al., 2014). However, the polymeric
structures were no longer visualized when either MipZ-like 1 or MipZ-like 1D43A (Figure 7C)
was added, confirming their negative influence on FtsZ polymerization.
In addition, both presumed monomeric forms of MipZ-like 1, meaning the MipZ-like 1G15V and
wild-type MipZ-like 1 (in the absence of ATP) variants, were able to bind to FtsZ to a lesser
extent and inhibited its polymerization (Figure 7B). This suggested a negative effect on FtsZ
assembly, which is in line with the increase in the GTPase activity of FtsZ in the presence of
MipZ-like 1G15V protein. A further examination by TEM demonstrated a striking effect of both
assumed monomeric variants on FtsZ polymerization, in which the filaments are no longer
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straight, but instead appeared curved (Figure 7D). Collectively, the data from the GTPase and
sedimentation assays is in direct line with the examination of FtsZ by TEM, which, ultimately,
demonstrate that (i) MipZ-like 1 negatively regulates FtsZ polymerization and that (ii) the
monomeric state is capable of exerting a function to a certain extent on the FtsZ protein
polymerization. In addition, overproduction of MipZ-like 1G15V in the WT strain (with intact
MipZ-like 1 present) caused a cell division defect, further arguing that this mutant protein
likely affects FtsZ and divisome assembly in vivo (Figure S5Aii). These results are of great
significance, confirming the abovementioned second difference between the Mgryph and Cc
models, i.e. the action of MipZ-like 1G15V on FtsZ depolymerization. This further highlights a
distinctive underlying mechanism of action at the molecular level that distinguishes
MipZ-like 1 from MipZCc.

11. MipZ-like 1, a gradient-forming protein involved in cell division and likely connected to
chromosome partitioning
Notably, MipZ-like 1 has been shown to be the only homolog to localize at the cells poles,
suggesting a putative interaction with Cc ParB. Moreover, MipZ-like 1 overproduction elicited
cell filamentation in Cc, evidencing a putative interaction with Cc FtsZ and inhibiting cell
division (Kiekebusch, 2011). Interestingly, MipZ-like 1 was the only of four MipZ homologs
(from Hyphomonas neptunium, Sagittulla stellata and Ruegeria pomeroyi) to have a prominent effect
in cell division in Cc (Kiekebusch, 2011). Therefore, hereby MipZ-like 1 is proposed as the
canonical MipZ in Mgryph.
Collectively, (i) the impaired ATPase activity of the MipZ-like 1D43A mutant and, hence, the
gradient formation, (ii) plus the increase in ATPase activity of MipZ-like 1 under the presence
of the parS·ParB nucleoprotein complex, (iii) the lack of binding to DNA from the supposed
monomeric MipZ-like 1G15V version, and (iv) the interaction of MipZ-like 1 with ParB strongly
argue for a similar cycle of dimeric-monomeric states resembling the proposed mechanism for
MipZCc (Kiekebusch et al., 2012). Thus, MipZ-like 1 from Mgryph likely dimerizes in a
nucleotide-dependent manner, interacting with DNA and with ParB. The latter could act as
recruitment center for MipZ-like 1 monomers to facilitate or induce dimerization in order to
close the cycle loop, generating the characteristic gradient. Furthermore, considering the abovementioned evidence that MipZ-like 1 binds to ParB and DNA, along with its negative effect on
FtsZ polymerization, a similar mechanism to the reported MipZCc can be also assumed for
MipZ-like 1 in Mgryph.
Taking into consideration previous report of PopZ in Mgryph (Pfeiffer et al, unpublished), we
present a model were PopZ is permanently located at both cell poles, likely interacting with
ParB in order to anchor the chromosome at the cell poles serving as a potential landmark and
polar hub organizing protein (Figure 8). The interplay of MipZ-like 1 with the ParB protein and
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chromosomal DNA likely generates the gradient in Mgryph, as previously proposed for MipZCc
(Kiekebusch et al., 2012; Kiekebusch and Thanbichler, 2014). Thus, in a dividing cell with
replicated chromosomes, a bipolar MipZ-like 1 gradient can be expected (Figure 8). Unlike
PopZ however, ParB and MipZ-like 1 are not permanently localized at both cell poles, but seem
to undergo a dynamic intracellular repositioning likely from the old to the new pole likely
driven by chromosome replication partitioning. Therefore, it can be speculated that MipZ and
ParB might have a unipolar to bipolar localization during the cell cycle.
Despite the similarities between MipZ-like 1 and MipZCc, there are major and subtle differences
that support the hypothesis of a distinctive MipZ-like 1-specific mechanism of action at the
molecular level. Previously, MipZCc has been shown to have an essential function in Cc
(Kiekebusch et al., 2012). Therefore, the generation of single and double deletion mutants of the
mipZ-like genes in Mgryph are a major and remarkable difference and challenges the universal
mode of cell division control in Alphaproteobacteria postulated based on the Cc model. To this,
a study of PopZ in Mgryph showed that present a permanent bipolar localization (Pfeiffer et al,
unpublished), in contrast to the uni- to bi-polar transition observed in Cc (Bowman et al., 2008;
Ebersbach et al., 2008). Furthermore, a study of PopZ in the Agrobacterium tumefaciens also
showed important differences in localization during the cell cycle. Remarkably, in
A. tumefaciens, PopZ localizes to the old cell pole of the mother cell and in the new pole of the
daughter cell (Ehrle et al., 2017), contrasting to Cc where PopZ uni- to bi-polar transition serves
to keep track of the old pole (Bowman et al., 2008; Ebersbach et al., 2008). Although PopZ from
A. tumefaciens has an analogous function by anchoring the chromosomes to the cell poles, both
PopZ proteins from Mgryph and A. tumefaciens show significant differences in their dynamic
localization throughout the cell cycle. These dissimilarities further support the notion slightly
divergent

mechanism

of

spatiotemporal

organization

and

cell

division

within

Alphaproteobacteria, suggesting that the mechanisms responsible for cell division and
spatiotemporal organization have likely adapted to species- or morphologies-specific needs.
Furthermore, small differences between the MipZ systems of Mgryph and Cc additionally
complement the abovementioned major distinctions. For instance, both putative MipZ-like 1
monomeric versions (MipZ-like 1G15V and MipZ-like 1 without ATP) negatively influenced FtsZ
protofilaments formation in vitro, which can be extrapolated to a potential influence on FtsZ
polymerization and septum positioning in vivo. Also, the ATP hydrolysis of MipZ-like 1 was
affected only by the exclusive combination of both ParB and dsDNA harboring parS. In contrast,
MipZCc was reported to have an increment in ATPase activity by addition of either ParB or
dsDNA (with parS), which was further accentuated by a combination of both (Kiekebusch and
Thanbichler, 2014). These disparities between the MipZ proteins support the idea of a slightly
different mode of action for the Mgryph MipZ-like 1 protein, which likely has a divergent
interplay with its interacting elements ParB, DNA and FtsZ that remains to be elucidated.
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In addition, there are cues that MipZ-like 2 interacts in a non-specific manner with DNA, as the
MipZ-like 2D44A variant consistently co-localized with the nucleoid in E. coli (Figure S6), in an
analogous manner as the MipZ-like 1D43A protein. In brief, MipZ-like 2 showed (i) colocalization with the nucleoid in E. coli, (ii) a widespread subcellular localization in Mgryph and
(iii) a dynamic similar to the MipZ-like 1D43A stable dimeric mutant. To account for the different
MipZ-like 2 dynamics, and based on our results and the assumption of a mechanism of action
similar to MipZCc (concerning the interaction of the dimeric form with DNA), it can be
hypothesized that either the (i) MipZ-like 2 dimerization is of higher affinity (compared to
MipZ-like 1 and MipZCc) or (ii) its NTPase activity is less effective. Both hypotheses would lead
to a longer period in a putative dimeric state that has a preference to stay bound to
chromosomal DNA. Another possibility is that MipZ-like 2 has a stronger non-specific binding
ability to DNA. However, MipZ-like 2 did not present an apparent cell cycle role and its
function remains to be further elucidated.
Although, so far, no direct link between the magnetoskeleton and either PopZ or MipZ has been
found, there are strong indications that magnetosomes organization and dynamics are tightly
synchronized with cell cycle. It has been previously reported that the magnetosome chain
becomes recruited to the cell division site and repositioned to midcell in a manner that is
dependent from the MamK filament treadmilling action (Katzmann et al., 2011; ToroNahuelpan et al., 2016). In addition, the magnetosome chain has been found traversing stalled
constriction sites generated by cephalexin treatment of Mgryph, indicating that its positioning
might be governed by spatial information provided by the cell. Based on the mode of action of
cephalexin, which inhibits the FtsI protein of the divisome, it can be hypothesized that the
magnetosome chain recruitment to the cell division sites might be directed by elements that are
upstream of FtsI, but downstream of MipZ. Therefore, an interesting path to pursue would be
the analysis of elements of the divisome such as FtsA-FtsZ and downstream divisome elements.
However, currently, studies of essential cell cycle proteins, such as FtsZ, in Mgryph are
challenging due to the lack of a highly controllable (fine-tune) expression system to keep a
strictly continuous and low expression levels of essential cell cycle proteins, issue that remain to
be resolved first.
Finally, acknowledging that MipZ or PopZ (Pfeiffer et al, unpublished) seem no to play a role in
magnetosomes organization, the characterization of these two proteins signifies a major
advance to elucidate the cell cycle of M. gryphiswaldense. From these studies, following
comprehensive dissection of further Mgryph cell cycle-related homologs likely involved in
establishment of cellular polarity and/or cell division should be carried out in respect to
magnetosomes synthesis, assembly and positioning.
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Methods

Bacterial strains, plasmids and culture conditions
Bacterial strains and plasmids generated and used in this work are listed in Table 1 and Table 2,
respectively. Strains of M. gryphiswaldense MSR-1 were grown under microoxic conditions in
2% oxygen aerated modified flask standard medium (Heyen and Schüler, 2003) (FSM)
containing 50 µM ferric citrate at 30 °C and moderate agitation (120 rpm).
E. coli strains DH5α and WM3064 (W. Metcalf, unpublished) were grown in LB medium at
37 °C (Bertani, 1951). E. coli strain WM3064 used for conjugations of plasmids into
M. gryphiswaldense were supplemented with 1 mM DL-α,ε-diaminopimelic acid (DAP). For
strains carrying recombinant plasmids, media were supplemented with kanamycin at 25 g ml-1
for E. coli, and 5 g ml-1 for M. gryphiswaldense in liquid medium. E. coli strains TOP10 and
Rosetta2(DE3)/pLysS (Novagen) were used for cloning and protein purification. Both strains
were cultivated at 37 °C in LB medium supplemented with antibiotics at the following
concentrations (µg/ml; liquid/solid medium): ampicillin (50/200), chloramphenicol (20/30); or
20% (w/v) glucose when required.

Epifluorescence and time-lapse microscopy
An Olympus BX81 microscope equipped with a 100x/1.40 Oil UPLSAPO100XO objective and an
Orca-ER camera (Hamamatsu) or (ii) a Delta Vision Elite (GE Healthcare, Applied Precision)
Olympus IX71 microscope with a CoolSnap HQ2 CCD camera (Photometrics), a 100x/1.40 Oil
PSF objective (U-PLAN S-APO 100x Oil, 0.12 WD) and equipped with a four color standard set
Insight SSITM illumination module. M. gryphiswaldense cells were spotted onto a 1% of the
solution named “MSR agarose pad” as per Toro-Nahuelpan et al (2016). Imaging was
performed at room temperature (25 °C, in the Olympus BX81 microscope) or at 30 °C (Delta
Vision Elite microscope).

Photokinetic analysis
Fluorescence Recovery After Photobleaching (FRAP) and Photoconversion, were performed on
M. gryphiswaldense strains expressing several constructs. For genes under control of the
Tetracycline

promoter,

the

induction

of

expression

was

initiated

by

addition

of

Anhydrotetracycline to 50 ng ml . Cells were mounted on microscopy “MSR agarose pads” as
-1

per Toro-Nahuelpan et al (2016) and imaged with a Delta Vision Elite system (GE Healthcare,
see above) at 30°C. During the photokinetic experiment, a time-lapse imaging was performed at
30 °C with a hardware based “Ultimate-Focus” autofocus and images were collected with a
100x Oil PSF Objective.
249

Chapter 4

FRAP assays were carried out by photobleaching a small area of a cell and further imaging at
various time intervals for MamK and MamJ fused to diverse fluorophores and upon the
following conditions:
mCherry-MipZ-like 1 and mCherry-MipZ-like 1D43A variants: mCherry filter set, 10% SSI with
500 ms exposure. Bleaching: 561 nm laser line (50 mW) at 10% power, 70% of laser in TIRF
mode (only to decrease laser power as TIRF imaging was not performed). Single laser pulse for
8 ms. Cells were imaged every 4 s for 36 s, then every 10 s until 86 s for mCherry-MipZ-like 1,
whereas for the mCherry-MipZ-like 1D43A variant every 4 s for 36 s, then every 10 s until 236 s.
mCherry-MipZ-like 2 and mCherry-MipZ-like 2D44A variants: mCherry filter set, 10% SSI with
150 ms exposure. Bleaching: 561 nm laser line (50 mW) at 10% power, and either 70% or 75% of
laser in TIRF mode, respectively. Single laser pulse for 4 ms. Cells were imaged every 15 s for
300 s.
The laser event was always placed after the first image. Half-time fluorescence recoveries (t ½)
were calculated independently per each bleached cell and averaged in order to obtain the SEM
for the cells community. Additionally, each FRAP related plot show the SD per each time point.
For photoconversion experiments Dendra2 protein was used for qualitative evaluation of
intracellular protein dynamics in M. gryphiswaldense. Before photoconversion, Dendra2-MipZlike 1 was imaged with the FITC filter set, 2% SSI with 400 ms exposure was used. For
photoconversion a 405 nm laser line (100 mW), 10% power, 80% of laser in TIRF mode and a
single pulse for 4 ms. After photoconversion cells were imaged with a TRITC filter set, 10% SSI
with 400 ms exposure. Cell were imaged every 4 s for 36 sand every 10 s until 116 s.
Dark-state reversal of each fluorophore fusion was controlled by fixing cells with 1%
formaldehyde for 1h at room temperature prior to a laser pulse and image analysis.
Images were aligned and further analyzed with Fiji, each region of interest was background
subtracted and corrected for bleaching by considering the whole cell fluorescence as per ToroNahuelpan et al (2016). Relative values were used in order to allow comparison and further
averaging of several cells.

Transmission electron microscopy
For conventional bright field TEM analysis, cells were grown at 28 °C under microaerobic
conditions, fixed in formaldehyde (1%) and ten-fold concentrated. Subsequently, the cells were
adsorbed on carbon coated copper mesh grids (Plano, Wetzlar). For protein analysis, 5 µM FtsZ
was incubated at room temperature for 15 min in the presence or absence of 7.5 µM MipZ or its
mutant derivatives, 2 mM GTP or 1 mM ATPɣS in buffer P. Glycerol concentrations were
adjusted to the same values by compensating the different protein amounts with storage buffer.
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Samples were let stay in glow-discharged carbon-coated grids for 2 minutes and then incubated
with uranyl acetate 2% for 1 min followed by 2 washes with water.
Micrographs were taken on a FEI CM200 (FEI; Eindhoven, The Netherlands) transmission
electron microscope using an accelerating voltage of 160 kV. Images were captured with an
Eagle 4k CCD camera using EMMenu 4.0 (Tietz) and FEI software. Fiji software was used for
data analysis.

Plunge-freezing vitrification
5 µL of M. gryphiswaldense culture were mixed with 2 µL of (two-fold concentrated) BSA-coated
15 nm colloidal gold clusters (Sigma) used for subsequent alignment purposes. The mixture
was added on glow-discharged Quantifoil R 2/1 holey carbon molybdenum grids (Quantifoil
Micro Tools GmbH, Jena), manually blotted for 4 s and embedded in vitreous ice by plunge
freezing into liquid ethane (< −170 °C). The grids were stored in sealed boxes in liquid nitrogen
until used.

Cryo-electron tomography
Tomography was performed under low-dose conditions using a FEI Tecnai F30 G2 Polara
equipped with a 300 kV field emission gun, and a Gatan GIF 2002 post-column energy filter. A
3838 x 3710 Gatan K2 Summit Direct Detection Camera operated in counting and dosefractionation mode was used for imaging. Data collection was performed at 300 kV, with the
energy filter operated in the zero-loss mode (slit width of 20 eV). Tilt series were acquired using
Serial EM software (Mastronarde, 2005). The specimen was tilted about one axis with 1.5°
increments over a typical total angular range of ± 60°. The cumulative electron dose during the
tilt series was kept below 150 e- Å-2. To account for the increased specimen thickness at high tilt
angles, the exposure time was multiplied by a factor of 1/cos α. Pixel size at the specimen level
were 5.22 and 4.27 Å at an EFTEM magnification of 22,500x and 27,500x, respectively. Images
were recorded at nominal 5 to 7 µm defocus.

Tomogram reconstruction and segmentation
Tomograms were reconstructed in the IMOD package (Kremer et al., 1996). Tomographic
reconstructions from tilt series were performed with the weighted back-projection with IMOD
software using particles as a fiducial marker. Aligned images were binned to the final pixel size
of 31.32 Å or 25.62 Å. For tomographic reconstruction, the radial filter options were cut off: 0.5
and fall off: 0.05. The dataset for this study consisted of 10 tomograms for the ΔmipZ-like 1 strain
and 9 tomograms for ΔmipZ-like 2 strain. Tomograms were treated with an anisotropic
nonlinear diffusion denoising algorithm to improve signal-to-noise ratio. Segmentation of the
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tomogram was done with Amira software on binned volumes with a voxel size of 31.32 Å.
Membrane segmentation was performed using the software TomoSegMemTV and a
complementary package, SynapSegTools, both for Matlab (Martinez-Sanchez et al., 2014).
Tomogram slices were obtained using 3dmod software from the IMOD package.

Protein expression and purification
For biochemical assays, MipZ (4222) or its mutant derivatives as well as FtsZ and ParB were
overexpressed in E. coli Rosetta2 (DE3)pLysS and purified.
To purify the native MipZ protein or mutant versions, Rosetta strain was transformed with the
appropriate plasmid, and grown to reach an OD600 of 0.6. IPTG was added (0.5 mM final
concentration) and cells were let grown for 3 hours. After this, cells were harvested by
centrifugation and the pellet was frozen at -80 °C. Cell pellet was weighted and suspended in
buffer B3 (2 mL/g of cells) (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, adjusted to pH
8.0 with NaOH) containing 100 µg/ml PMSF and 10 U/ml DNase I, and lysed by three passages
through a French press (16000 psi). After centrifugation of the suspension for 60 min at 38,400 ×
g and passage through a membrane filter (0.45 µm), supernatant was applied to a HisTrap HP 5
mL column (GE Healthcare) equilibrated with B3 buffer. Protein was eluted with B4 buffer (50
mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, adjusted to pH 8.0 with NaOH). Pooled
fractions containing the protein of interest were dialysed against a modified B3 buffer
containing no imidazole in two steps (18 and 4 hours). His-SUMO tag was cleaved by
incubation of the protein with Ulp1-His protease in the presence of 1 mM DTT at 4 °C for 2
hours. After that, untagged MipZ protein, Ulp1-His protease and His-SUMO were separated by
load in the HisTrap HP 5 mL column and elution with B4 buffer. The fractions containing only
MipZ protein were pooled together, dialysed against PG buffer (50 mM Hepes/NaOH, pH 7.2,
50 mM KCl, 5 mM MgCl2, 10% (v/v) glycerol) in 2 steps (18 and 4 hours), aliquoted, and stored
at -80 °C.
To purify the native FtsZ and ParB proteins, the same procedure was used, with the exception
of the buffer composition. In this case, cell pellets were suspended in BZ3 buffer (50 mM
Tris-HCl, 300 mM KCl, 20 mM imidazole, 10% (v/v) glycerol), His-SUMO-proteins were eluted
from the column with BZ4 buffer (50 mM Tris-HCl, 300 mM KCl, 250 mM imidazole, 10% (v/v)
glycerol), and dialyzed against CB buffer (50 mM Tris-HCl, 300 mM KCl, 10% (v/v) glycerol).
After the final purification of untagged proteins, all of them were dialysed against PG buffer.
Protein concentrations were determined using Roti-Nanoquant reagent (Roth) with BSA as a
standard.
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Nucleotide hydrolysis assays
GTPase and ATPase activity were measured using the continuous, regenerative GTPase assay
as described (Ingerman and Nunnari, 2005). Assays were performed at 25 °C in P buffer (50 mM
Hepes/NaOH, pH 7.2, 50 mM KCl, 5 mM MgCl2) with 20 u/mL pyruvate kinase, 20 u/mL
L-lactate dehydrogenase, 600 µg/mL NADH and 3 mM PEP. GTPase was measured after the
addition of 2 mM of GTP to 3 µM FtsZ, 6 µM MipZ (when appropriate) and 1 mM ATPɣS.
ATPase was measured after the addition of 1 mM of ATP to 6 µM MipZ. Glycerol
concentrations were adjusted to the same values by compensating the different protein amounts
with storage buffer. The linear decrease in absorbance of NADH at 334 nm was measured for 40
min in a microplate reader in 150 µL volume. Activity values were calculated using the
extinction coefficient for NADH (6220 M−1 cm-1) and an experimentally determined path length
(0.367 cm).

Bio-layer interferometry assays
Bio-layer interferometry was conducted using the BLItz system (Fortebio), with Dip and Read
Streptavidin Biosensors. MipZ was biotinylated with 4-fold EZ-Link NHS-PEG4-Biotin
(ThermoScientific) for 1 hour at 4 °C followed by 15 min at room temperature. Afterwards, the
protein was dialysed extensively against PG buffer. All assays were performed in PG buffer in
the presence of 0.01% Triton X-100 and 0.01 mM BSA, at room temperature with agitation at
2,200 rpm. 4 µL of biotinylated MipZ was incubated in the pre-equilibrated sensor chip for 45
seconds and washed for 30 seconds. After that, 4 µL of different concentrations of ParB protein
were applied for 90 seconds, and washed for dissociation for another 90 seconds. To obtain a
Kd, the binding signals at the end of the association phase were plotted against the different
protein concentrations. Data were analysed with SigmaPlot using a two-sites saturation ligand
binding fitting.

Electrophoretic mobility shift assays
Assays were performed in PG buffer, in the presence or absence of ATPɣS. Glycerol
concentrations were adjusted to the same values by compensating the different protein amounts
with storage buffer. 10 µM of MipZ protein or its mutant derivatives were incubated with 10
nM of a linearized plasmid (pMCS-2, (Thanbichler et al., 2007)) as a source of double-stranded
DNA, at room temperature for 15 min. After this, 5 µL of sample were applied for standard
DNA agarose gel electrophoresis.

253

Chapter 4

Pelleting assays
3 µM FtsZ was incubated at room temperature for 15 min in the presence or absence of 3 µM
MipZ or its mutant derivatives, 2 mM GTP or 1 mM ATPɣS in buffer P. Glycerol concentrations
were adjusted to the same values by compensating the different protein amounts with storage
buffer. The mixture was then centrifuged for 15 min at 385,900 x g at 25 °C using a Beckman
MLA-130 rotor in a Beckman TL-100 ultracentrifuge. Supernatants were immediately removed,
and pellet fractions were suspended in 250 µL SDS sample buffer and incubated at 95 °C for 5
min. 5 µL of the samples were loaded in a 10% SDS-polyacrylamide gel, stained afterwards
with a Coomassie solution. For quantification, gels were scanned in a ChemiDoc MP imaging
system (Bio-Rad) and images were analysed using Image Lab 5.0 (Bio-Rad).
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Table 1. Bacterial strains created and used in this work
Strain*

Genotype or characteristics

Reference or source

MSR WT

Wild-type MSR-1 R3/S1 (RifR, SmR).

(Schultheiss and Schüler, 2003)

FM021

mamC-egfp

(Raschdorf et al., 2014)

TZ001

ΔmipZ-like 1, mamC-egfp

This work

MT024

ΔmipZ-like 2

This work

TZ003

ΔmipZ-like 1 ΔmipZ-like 2

eMT023

M. gryphiswaldense

This work

FM021, conjugated with pMT017, Km

R

This work

eMT024

FM021, conjugated with pMT018, Km

R

This work

eMT025

MSR WT, conjugated with pMT017, KmR

This work

eMT026

TZ001, conjugated with pMT017, KmR

This work

eMT027

MT024, conjugated with pMT017, KmR

This work

eMT028

MSR WT, conjugated with pMT018, KmR

This work

eMT029

TZ001, conjugated with pMT018, Km

This work

eMT030

MT024, conjugated with pMT018, Km

eMT031

MSR WT, conjugated with pMT020, KmR

This work

eMT032

MSR WT, conjugated with pMT021, KmR

This work

eMT033

MSR WT, conjugated with pTZ019, KmR

This work

eMT034

MSR WT, conjugated with pMT097, KmR

This work

eMT035

MSR WT, conjugated with pMT029, Km

This work

R

This work

R

R

E. coli
Host for cloning.
DH5α

F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK-,

Invitrogen

mK+) phoA supE44 λ-thi-1 gyrA96 relA1
Host for cloning and conjugation.
WM3064

thrB1004 pro thi rpsL hsdS lacZΔM15 RP4-1360 Δ(araBAD)567

W. Metcalf, (unpublished)

Rosetta 2(DE3)pLysS

F- ompT hsdSB(rB- mB-) gal dcm (DE3) pLysSRARE2 (CamR)

Merck Millipore

eMTN036

DH5α, transformed with pMT017, KmR

This work

eMTN037

DH5α, transformed with pMT018, KmR

This work

eMTN038

DH5α, transformed with pMT020, Km

R

This work

eMTN039

DH5α, transformed with pMT021, KmR

This work

ΔdapA1341::[erm pir (wt)]

*MT and TZ are chromosomally stably modified. eMTN strains: transformed with an episomal (replicative) vector.
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Table 2. Plasmids created and used in this study
Plasmid
pORFM-GalK-MCS
pBBR1-MCS2
pMT009
pMT065
pJH2

Relevant characteristics
Integrative backbone vector for in-frame gene deletion.
oriT, Ptet-galK, KmR, TcR
Replicative backbone vector for in trans
gene expression in MSR. oriT, mob, KmR
pBBR1-MCS2 based vector. PmamAB-mCherry-mamK; KmR
pBBR-MCS2, Ptet-dendra2-mamK,
terminator-fragment, PNeo-TetR; KmR
pBAM1 oriR6K, with Ptet-mamC-magegfp,
terminator, PNeo-TetR; KmR, ApR

Reference or source
(Raschdorf et al., 2014)
(Kovach et al., 1994)
(Toro-Nahuelpan et al., 2016)
(Toro-Nahuelpan et al., 2016)
(Borg et al., 2014)

pTB146

ColE1 bla lacIq PT7::h-sumo

(Bendezu et al., 2009)

pMT024

pORFM-GalK derivative, for mipZ-like 2 deletion

This work

pTZ012

pORFM-GalK derivative, for mipZ-like 1 deletion

This work

pMT017

pMT009 derivative, Ptet- mCherry-mipZ-like 1

This work

pMT018

pMT009 derivative, Ptet- mCherry-mipZ-like 2

This work

pMT020

pMT009 derivative, Ptet- mCherry-mipZ-like 1 D43A

This work

pMT021

pMT009 derivative, Ptet- mCherry-mipZ-like 2 D44A

This work

pMT021

pMT009 derivative, Ptet-ftsZ-egfp

This work

pMT029

pJH2 derivative, Ptet-ecfp-parB

This work

pMT097

pMT065 derivative, Ptet- dendra2-mipZ-like 1

This work

pLC026

pTB146 bearing mipZ-like 1

This work

pLC028

pTB146 bearing parB

This work

pLC029

pTB146 bearing mipZ-like 1 G15V

This work

pLC030

pTB146 bearing mipZ-like 1 D43A

This work

pLC031

pTB146 bearing mipZ-like 1 ftsZ

This work

pTZ019

pMT009 derivative, Ptet- mCherry-mipZ-like 1 G15V

This work

Contributions:
MT-N and DS conceived the study. MT-N, LC-G, MT and DS designed the study. MT-N, LC-G,
MO-V and TZ performed experiments. MT-N performed fluorescence microscopy, FRAP and
photoconversion experiments, and analyzed the data. MT-N performed and analyzed TEM
data. MT-N prepared the sample, performed cryo-ET, constructed tomograms, generated
cellular 3D renderings and analyzed the data. LC-G and MO-V purified proteins and performed
biochemical analyses. MT-N and TZ generated strains. TZ performed growth experiments and
quantified TEM data. JMP, MB, MT and DS supervised the work. MT-N wrote the initial
manuscript further edited by LC-G and DS.
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Figure 1. MipZ-like 1 forms a gradient critical for cell division. A. Subcellular localization of mCherry-MipZ-like 1 and the
magnetosome chain (MamC-EGFP) by fluorescence microscopy. The scheme depicts the gradient formed by MipZ-like 1 (red) and
the magnetosome chain position. B. Morphological changes induced by overproduction of MipZ-like 1 (green) visualized by DIC
(red). C. Transmission electron microscopy (TEM) of an elongated cell overproducing MipZ-like 1 (composed of 3 stitched
micrographs). D. TEM of the mipZ-like 1 deletion mutant showed elongated cells with midcell positioned (i-ii) and equally
partitioned (iii-black arrowhead) magnetosome chains. E. Cell length distribution of the WT and ΔmipZ-like 1 strains (red line:
median). F. In vivo time-lapse microscopy of the ΔmipZ-like 1 mutant and (G) WT strains (white arrowheads indicate divided cells).
H. Growth curve of the WT (black) and ΔmipZ-like (blue) strains. Cells were measured over a period of 50 hours at 28 °C under oxic
conditions by triplicate. Scale bars: 1 µm.
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Figure 2. Phenotype of the mipZ-like 2 and mipZ-like 1 mipZ-like 2 double deletion mutant. A. Subcellular localization of
mCherry-MipZ-like 2, nucleoid (visualized by DAPI staining) and magnetosome chain (MamC-EGFP) by fluorescence microscopy.
B. TEM of the mipZ-like 2 deletion mutant displaying WT-like cells with midcell positioned magnetosome chains (i) evenly
segregated upon division (ii). C. Cell length distribution of the WT and ΔmipZ-like 2 strains. D. In vivo time-lapse microscopy of the
ΔmipZ-like 2 strain. E. TEM of the mipZ-like 1 mipZ-like 2 double deletion mutant displaying filamentous and WT-like cells with
midcell positioned magnetosome chains, further evenly segregated upon division (ii - black arrowhead). F. In vivo time-lapse
microscopy of the ΔmipZ-like 1 ΔmipZ-like 2 strain (white arrowheads indicate divided cells). Scale bars: 1 µm.
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Figure 2. Cryo-electron tomography of a ΔmipZ-like 1 cell division site. A. Cryo-electron microscopy of a ΔmipZ-like 1 cell
undergoing asymmetric cell division at one cell end, the tomographed area is indicated (black arrowhead). B. Central slice through
the tomogram displaying the unidirectional constriction of the septum (black arrow). Black dashed rectangle indicates the area seen
in the inset. Bi inset: base plates of chemoreceptor arrays (red arrowhead). Biii. 3D surface rendering of the cell division site shown
in A and B. Magnetite crystals: red; magnetosome membrane vesicles: yellow; actin-like MamK filament: green; chemoreceptor
arrays: purple. The cellular envelope inner and outer membranes are depicted in blue. Scale bars: 1 µm (A), 200 nm (Bi-iii),
100 nm (Bi inset).
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under control of the inducible Ptet promoter. Left panel: representative cell displaying the fluorescence recovery progression over
time. White dashed circle: selected bleached area. Right panel: quantification of the fluorescence recovery. Time point zero was
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Figure 5. Photobleaching analysis of MipZ-like 1D43A and MipZ-like 2. A. The mCherry-MipZ-like
1D43A variant was assessed by
t1/2 = 11.0 ± 2.2 min
n=20

FRAP in the WT strain. Ai. Representative cell and fluorescence recovery over time. White dashed circle: selected bleached area.
Aii. Quantification of the fluorescence recovery. Time point zero was measured immediately after the laser pulse. Error bars: SD.
t½: half-time recovery of the fluorescence. B. Plot of the calculated half-time recovery of the fluorescence for MipZ-like 1 and
MipZ-like 2 variants. A one-way ANOVA (followed by a Dunnett post-hoc test using MipZ-like 1 as control) was performed for the
MipZ-like 1 variants and MipZ-like 2. Also, an unpaired Student’s t-test was performed to compare the MipZ-like 2 variants.
* Significant: P = 0.01 to 0.05. ** Very significant P = 0.001 to 0.01. *** Extremely significant P < 0.001. ns: not significant.
Error bars: SEM. C. FRAP of the mCherry-MipZ-like 2 and (D) mCherry-MipZ-like 1D44A variants in the WT strain. Left panel:
representative cell displaying the fluorescence recovery progression over time. White dashed circle: selected bleached area.
Right panel: quantification of the fluorescence recovery. Time point zero was measured immediately after the laser pulse.
Error bars: SD. t½: half-time recovery of the fluorescence. Scale bars: 1 µm.
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Figure 6. Self-interaction of MipZ and interaction with DNA and ParB. A. ATP hydrolysis assay of wild-type MipZ-like 1 or its
mutant derivatives from M. gryphiswaldense. MipZ-like 1 proteins were incubated in the absence or presence of ParB and/or doublestranded DNA or a plasmid containing the parS sites from C. crescentus. MipZ from C. crescentus was used as a reference. The
turnover numbers (Kcat) corresponding to the average of 3-6 independent experiments are shown (± SEM). B. Bio-layer
interferometry analysis of the interaction between MipZ and ParB. Biotinilated MipZ was immobilized on a streptavidin-coated
biosensor and probed against increasing concentrations of ParB. A representative experiment is shown. C. Binding analysis of the
interaction between MipZ and ParB. Binding signals at the end of association corresponding to experiment shown in B were plotted
against the protein concentration. An apparent equilibrium dissociation constant (KD) value was obtained in SigmaPlot by one-site
saturation ligand binding fitting for every independent experiment. The average of 2 independent experiments is shown (± SEM).
D. Gel mobility shift assay in the presence of MipZ-like 1. A non-specific DNA fragment was incubated with wild-type MipZ-like 1
or its mutant derivatives, in the presence or absence of ATPɣS, and subjected to gel electrophoresis. E. In vivo interaction of
MipZ-like 1 with chromosomal DNA. E. coli cells producing either mCherry-MipZ-like 1 or mCherry-MipZ-like 1D43A were treated
with cephalexin and chloramphenicol in order to generate larger elongated cells with many condensed nucleoids, facilitating the
interpretation of the assay. Nucleic acids were stained with DAPI. Scale bars: 5 µm.
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264

Chapter 4

Figure 8. Model of MipZ-like 1 localization in a pre-divisional cell of M. gryphiswaldense. As cell cycle progresses, Mgryph cells
undergo a growth by the cell center and undergo asymmetric septation and cell bending. In this stage, PopZ is localized at both cell
poles likely tethering ParB and the chromosomes to each cell pole ensuring proper genetic material segregation. In turns, MipZ that
interacts with ParB and the chromosome forms a dynamic gradient with higher density at the cell poles, decreasing towards
midcell. Since MipZ-like 1 inhibits FtsZ polymerization, the divisome formation could only occur at zones of lowest MipZ-like 1
concentration, i.e., the cell center. Finally, a unidirectional invaginating septum, likely driven by the Z-ring constricting forces and
newly deposited cell wall, partitions and separates the magnetosome chain and MamK filament.
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Figure S1. Sequence alignment and phylogenetic analysis of MipZ-like protein of M. gryphiswaldense. A. Protein
sequences from MipZ-like 1 (CAM78154), MipZ-like 2 (CAM75400) from Mgryph and MipZ (DAA05781) from Cc
were aligned using the MUSCLE algorithm in CLC Main Workbench software. Conserved residues are indicated in
red. Conserved positions of the amino acids under study are indicated. B. Phylogenetic analysis was conducted as
per Kiekebusch et al (2012). Briefly, 15 representative members from each subfamily were aligned with
MAFFT v7 [1]. Phylogenetic assessment was performed by the maximum likelihood method from RaxML [2] and
visualized with iTOL [3].
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Figure S2. Subcellular localization of MipZ-like 1 and ParB. A. Fluorescence microscopy of mCherry-MipZ-like 1
and ECFP-ParB. Cells are arranged (from left to right) based on their putative stage during the cell cycle of Mgryph
and do not denote co-localization. Scale bars: 1 µm.
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Figure S3. Cryo-electron tomography of the ΔmipZ-like 2 strain. A. Cryo-electron microscopy of a ΔmipZ-like 2 cell
pole. B. Central slice through the tomogram displaying the unidirectional constriction of the septum (black arrow).
C. 3D rendering of the cell pole shown in A and B. D. Cryo-electron microscopy of a ΔmipZ-like 2 midcell. E. Central
slices through the tomogram displaying (Ei) the magnetosome chain and the (Eii) unidirectional constriction of the
septum. F. 3D surface rendering of the cell division site shown in D and E depicting the membrane invagination at
the septum. Magnetite crystals: red; magnetosome membrane vesicles: yellow; actin-like MamK filament: green;
chemoreceptor arrays: purple. The cellular envelope is depicted in blue. Scale bars: 1 µm (A and D),
200 nm (B and E).
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Figure S4. FRAP analysis
1 and MipZ-like 2. A. Photobleachingt1/2 of
mCherry-MipZ-like
1 in the
t =of
49.7 MipZ-like
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= 38.9
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n=17
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ΔmipZ-like 1 and (B) ΔmipZ-like 2 strains. C. FRAP analysis of mCherry-MipZ-like 2 in the ΔmipZ-like 2 and
(D) ΔmipZ-like 1 strains. Left panel: representative cell displaying the fluorescence recovery progression over time.
White dashed circle: selected bleached area. Right panel: quantification of the fluorescence recovery. Time point zero
was measured immediately after the laser pulse. Error bars: SD. t½: half-time recovery of the fluorescence.
Scale bars: 1 µm.
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Figure S5. Subcellular localization and photokinetics of the MipZ-like 1G15V protein. A. The mCherry-MipZ-like
t

= XX ± XX s
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1D15V mutant protein was assessed by fluorescence microscopy in the WT
n=4 strain. Cells exhibited a foci-like localization

under (i) early expression or (ii) upon protein overproduction in the WT strain. B. FRAP assay of the mCherryMipZ-like 1D15V protein. Left panel: representative cell and fluorescence recovery over time. White dashed circle:
selected bleached area. Right panel: quantification of the fluorescence recovery. Time point zero was measured
immediately after the laser pulse. Error bars: SD. t½: half-time recovery of the fluorescence. Scale bars: 1 µm.
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Figure S6. In vivo non-specific interaction of the MipZ-like 2 protein with chromosomal DNA. Cells of E. coli
producing either mCherry-MipZ-like 2 or mCherry-MipZ-like 2D44A were previously treated with cephalexin to
impair cell division, generating elongated cells with multiple nucleoids, and further treated with chloramphenicol for
nucleoid condensation. Nucleic acids were stained with DAPI. Scale bars: 5 µm.
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Movie S1. Cryo-ET and 3D rendering of a ΔmipZ-like 1 cell. Cryo-electron tomography of a ΔmipZ-like 1 cell. View
through the z-stack tomogram of the cell at 22,500× magnification. Magnetosome membrane vesicles: yellow; MamK
filament: green; inner and outer cellular membrane: blue. This movie is related to Figure 2.
Movie S2. Cryo-ET and 3D rendering of a ΔmipZ-like 2 cell. Cryo-electron tomography of a ΔmipZ-like 2 cell. View
through the z-stack tomogram of the cell at 22,500× magnification. Magnetite crystals: red; magnetosome membrane
vesicles: yellow; MamK filament: green; inner and outer cellular membrane: blue. This movie is related to Figure S3.
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Manuscript 5 multimedia content:
As the in-preparation manuscript 5 is not included in this thesis. Hereby, a description for the
movies mentioned in the Synopsis section 3.3.1 is presented.
Movie 1. Volta phase plate Cryo-ET and 3D rendering of the PopZ Network in M. gryphiswaldense. View through
the z-stack tomogram of a cell pole of a M. gryphiswaldense cell overproducing PopZ (pixel size: 20.52 Å). PopZ
filaments: white. MamK filament: green; inner and outer cellular membrane: blue; flagellum: gold. This movie is
related to Figure Synopsis 5.
Movie 2. Volta phase plate Cryo-ET and 3D rendering of purified PopZ. View through the z-stack tomogram of
purified PopZ filaments. (pixel size: 10.44 Å). Red: putative PopZ filaments. This movie is related to Figure
Synopsis 5.
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