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Dynamic Remodeling of the Magnetosome Membrane Is Triggered by
the Initiation of Biomineralization

Elias Cornejo,@ Poorna Subramanian,® Zhuo Li,** Grant J. Jensen,® Arash Komeili2
Department of Plant and Microbial Biology, University of California, Berkeley, California, USA#; Division of Biology and Biological Engineering, California Institute of
Technology, Pasadena, California, USAP

* Present address: Zhuo Li, City of Hope, Los Angeles, California, USA.

ABSTRACT Magnetotactic bacteria produce chains of membrane-bound organelles that direct the biomineralization of mag-
netic nanoparticles. These magnetosome compartments are a model for studying the biogenesis and subcellular organization of
bacterial organelles. Previous studies have suggested that discrete gene products build and assemble magnetosomes in a stepwise
fashion. Here, using an inducible system, we show that the stages of magnetosome formation are highly dynamic and intercon-
nected. During de novo formation, magnetosomes first organize into discontinuous chain fragments that are subsequently con-
nected by the bacterial actin-like protein MamK. We also find that magnetosome membranes are not uniform in size and can
grow in a biomineralization-dependent manner. In the absence of biomineralization, magnetosome membranes stall at a diame-
ter of ~50 nm. Those that have initiated biomineralization then expand to significantly larger sizes and accommodate mature
magnetic particles. We speculate that such a biomineralization-dependent checkpoint for membrane growth establishes the ap-
propriate conditions within the magnetosome to ensure successful nucleation and growth of magnetic particles.

IMPORTANCE Magnetotactic bacteria make magnetic nanoparticles inside membrane-bound organelles called magnetosomes;
however, it is unclear how the magnetosome membrane controls the biomineralization that occurs within this bacterial organ-
elle. We placed magnetosome formation under inducible control in Magnetospirillum magneticuin AMB-1 and used electron
cryo-tomography to capture magnetosomes in their near-native state as they form de novo. An inducible system provided the
key evidence that magnetosome membranes grow continuously unless they have not properly initiated biomineralization. Our
finding that the size of a bacterial organelle impacts its biochemical function is a fundamental advance that impacts our percep-
tion of organelle formation and can inform future attempts aimed at creating designer magnetic particles.
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rganelles are dynamic—their structure, composition, subcel-
lular localization, and internal biochemical environment can
change in response to cellular demands (1-4). Bacteria possess a
number of specialized protein-bound and membrane-bound
compartments that can be vital for their survival in nature (5, 6).
Similar to eukaryotes, some bacterial organelles are dynamic, un-
dergo structural and compositional remodeling, and require
proper subcellular organization for faithful segregation among
daughter cells (7-13). However, the molecular mechanisms of
membrane remodeling to achieve distinct morphologies, regulate
size, and segregate organelles in bacteria are not well understood.
Magnetotactic bacteria (MTB) produce membrane-bound
compartments called magnetosomes that direct the formation of
magnetic nanoparticles (14). Individual magnetosomes are orga-
nized into one or more chains that allow the cell to orient and
navigate along geomagnetic fields (15-17). A series of previous
biochemical, genetic, and comparative genomic studies have
identified a number of factors required for the formation and
activity of magnetosomes (18-26). These analyses have led to a
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stepwise model for the assembly and function of magnetosomes in
which membrane biogenesis, chain formation, and biomineral-
ization constitute distinct and separable stages (23, 24). Since this
view is generated from static snapshots of mutant phenotypes, the
spatiotemporal dynamics that might link the sequential stages of
compartmentalization and biomineralization remain unexplored.
For instance, it is unclear if the magnetosome membrane forms
from a single-step deformation of the inner cell membrane or if it
can dynamically expand throughout its development. There are
also controversies regarding the molecular and physical mecha-
nisms that create a chain of magnetosomes. Some studies have
implicated magnetic interactions in magnetosome chain organi-
zation, while others have not (23, 24, 27-29). Finally, it is unclear
if the biochemical activity of the organelle in producing a mag-
netic biomineral influences its cell biological characteristics.

To address these outstanding issues, we designed a system to
have inducible control over magnetosome membrane formation
in Magnetospirillum magnetotacticum AMB-1. We show that mag-
netosomes formed in the absence of a preexisting chain initially
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have a discontinuous, but long-range alignment. The discontinu-
ities in the chain are eventually corrected in a manner that is de-
pendent on the bacterial actin-like protein MamK. Surprisingly,
we also find that individual magnetosome membranes show a
dynamic two-step growth pattern. In the first step, a nascent mag-
netosome membrane is remodeled from the inner cell membrane
but does not grow beyond ~50 nm. A magnetosome membrane
can continue to the second step of growth if, and only if, it has
initiated biomineralization. We speculate that such a biomineral-
ization checkpoint creates the proper environment for the forma-
tion of mature magnetite particles.

RESULTS

Magnetosome formation can be placed under inducible control.
In order to control magnetosome formation, we sought to com-
plement a mutant strain incapable of producing magnetosomes
with its missing gene in an inducible fashion. In AMB-1, four
genes appear to be necessary, but not sufficient, to make the mag-
netosome membrane compartment: maml, mamL, mamQ, and
mamB (23). We screened N-terminal and C-terminal M2-tagged
versions of each of these required genes and found that M2-tagged
mamQ could restore the magnetic phenotype of the AmamQ AR9
genetic background (LD9AQ) that lacks both functional copies of
mamQ (see Fig. S1D in the supplemental material). To ensure full
repression of the inducible gene, mamQ-M2 was placed under the
control of a combination of a Lacl-repressed promoter and a
translationally repressed synthetic riboswitch (see Fig. S1A) (30).
Additionally, the copy number of the inducible construct was re-
duced by integration into a neutral site in the chromosome. In this
context, the expression of mamQ-M2 and magnetosome forma-
tion was successfully repressed in the LD9AQ strain (see Fig. S1A).
Western blotting using antibodies against the M2 tag shows that
no detectable MamQ-M2 is produced in the absence of the induc-
ers and that maximal induction occurs when both inducers IPTG
(isopropyl-B-p-thiogalactopyranoside) and theophylline are in-
troduced (see Fig. S1B and S1C). In this configuration, the ribo-
switch appears to be a more potent inhibitor since it is required to
repress leaky transcription from lacl even when both constructs
are integrated into the chromosome (see Fig. S1C).
Magnetosome formation in the inducible strain (referred to as
Qg for simplicity) was assessed by monitoring chain formation
and the development of a cellular magnetic response. The local-
ization of a magnetosome protein, MmsF, fused to green fluores-
cent protein (GFP-MmsF) was used to visualize the development
of magnetosome chains during induction. MmsF is a 124-amino-
acid transmembrane protein of unknown function that has been
shown to control the size and shape of magnetic particles in
AMB-1 (25, 31). GFP-MmsF complements the small-crystal phe-
notype of the mmsF deletion strain (25). Furthermore, GFP-
MmsF localizes to the magnetosome chain in both wild-type and
AmmsF strains and uniformly around the cytoplasmic membrane
in strains that are incapable of making magnetosomes (25). We
integrated gfp-mmsF into the chromosome of the Q4 strain by
allelic replacement of the native copy of mmsF. In the uninduced
state, GFP-MmsF localizes uniformly around the inner mem-
brane in the Q4 strain. However, GFP-MmsF gradually acquires
a linear localization pattern when Qy, 4 is induced for 6 h (Fig. 1A
and B). The first change in the localization pattern is observed at
2 h postinduction (hpi), where 44% * 9% of the cell population
has unaligned foci of GFP-MmsF and 18% = 4% of the popula-
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FIG 1 Magnetosome formation can be placed under genetically inducible
control to follow de novo magnetosome formation and organization. (A) GFP-
MmsF can be classified into 4 distinct localization patterns: membrane local-
ized, unaligned foci, aligned foci, and a solid line (scale bars, 500 nm). (B)
Mean localization patterns of GFP-MmsF for three independent 6-h induction
time courses. (C) Magnetite crystal formation is assessed by the degree of
magnetic response (C,,,,) of triplicate cell culture induced over a 10-h time
course. (D) Quantification of the mean number of magnetosomes per cell that
could be visualized by electron crytomography (ECT) over a 5-h time course.
Seven to 10 tomograms of the induced cell population were reconstructed for
each time point.

tion has aligned foci (Fig. 1A and B). At 3 hpi, the percentage of
cells with a linear localization pattern of GFP-MmsF, either
aligned foci or solid lines, increases to 46% = 13% (Fig. 1A and B).
By 6 hpi, 86% = 9% of the population displays a linear localization
pattern of GFP-MmsF (Fig. 1A and B). In addition, we assessed if
the induced magnetosomes were functional by measuring the co-
efficient of magnetism (C,,,) of the cell culture over time

mag
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(Fig. 1C). This measurement relies on the differential light-
scattering properties of a culture as cells are aligned perpendicular
or parallel relative to the light beam via an external magnetic field.
Uninduced cultures were nonmagnetic but could be induced to
have a weak magnetic response at 4 hpi, which drastically in-
creased by 6 hpi (Fig. 1C). Consistent with these measurements,
transmission electron microscopy (TEM) confirmed the develop-
ment of mature magnetosome chains during the time course ex-
periment (see Fig. S1E). Taken together, these results show that
magnetosome formation can be placed under inducible control
and that the developmental stages of chain formation and biomin-
eralization can be monitored over time.

The combination of GFP-MmsF imaging and C,,,, measure-
ments implies that magnetosome membranes are most likely
formed early in the time course experiment prior to the develop-
ment of magnetic biominerals. In order to visualize these early
membrane dynamics at a high resolution, we performed electron
cryotomography (ECT) on cells sampled throughout the induc-
tion time course. In previous work, wild-type-like assemblies of
empty magnetosome membranes were absent from LDIAQ cells
that were chemically fixed, sectioned, and imaged by conventional
TEM (23). However, in ECT imaging cellular membranes and
subcellular structures are very well preserved in a near-native
state, eliminating artifacts that arise from chemical fixing or sec-
tioning (32, 33). In the LD9AQ strain, we observe structures that
have some magnetosome-like characteristics (see Fig. S2 in the
supplemental material). Similar to magnetosomes, these struc-
tures can be membrane bound and in rare cases even contain
electron-dense particles reminiscent of early biomineralization.
However, these structures are also distinct from magnetosomes
since they occur mostly in isolation, lack fully formed magnetic
crystals, and are not flanked by filaments. Since it cannot be ruled
out that these structures are magnetosomes, we imposed strict
criteria to positively identify magnetosomes versus other mem-
brane structures. Therefore, for the rest of the ECT work pre-
sented here, a feature was only included in the analysis if it was
connected or in close proximity to the inner membrane and if it
was adjacent to other structures resembling magnetosomes. These
criteria allowed us to distinguish magnetosomes that are being
assembled into a chain from background cytoplasmic vesicles,
misaligned magnetosomes, and other inner membrane features
that may also be present in the cell.

Despite the presence of isolated cytoplasmic membrane struc-
tures under the uninduced condition, we observed an increase in
the number of magnetosomes within the cell at 1 hpi (Fig. 1D). In
bacteria, subcellular organization is oftentimes achieved by direct-
ing proteins and processes to particular cellular locations, such as
the cell pole or the midcell (34). However, we were not able to
discern any distinct or dedicated sites of magnetosome biogenesis.
Thus, in the context of the inducible system, the machinery re-
quired to form the magnetosome compartment may be distrib-
uted at multiple sites throughout the inner membrane.

Magnetosome chain organization: alignment pattern and
chain continuity. In addition to investigating the morphology
and spatial organization of early magnetosome formation events,
we used the inducible system to define the pattern, dynamics, and
molecular requirements for chain formation over time. To better
define the temporal properties and dynamics of chain formation
during the induction, we determined the distance between adja-
cent magnetosomes to derive a quantitative measure of chain con-
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tinuity. In wild-type cells, the average edge-to-edge distance be-
tween adjacent magnetosomes is 28.7 nm, and only 5.4% of
distances exceed 75 nm (see Fig. S3 in the supplemental material).
Based on our observations of magnetosome spacing in the wild
type, an intermagnetosome measurement was considered a gap if
its edge-to-edge distance exceeded 75 nm. When magnetosome
formation was induced in the Q4 strain, clearly aligned but dis-
continuous chains of magnetosomes were observed at 3 hpi
(Fig. 2A). The average distance between adjacent magnetosomes is
64.6 nm, and 21.6% of distances constitute a gap (Fig. 2C). Over
time, the number of gaps in Q4 decreases to essentially wild-type
levels and only 5.1% of distances are gaps at 5 hpi (Fig. 2A and C).
These findings show that in the absence of a preexisting chain,
clusters of magnetosomes are separated by a number of gaps but
still maintain a long-range alignment across the cell. These discon-
tinuities are then closed to form a magnetosome chain.

Previous studies have shown that in AMB-1, the loss of mamK
results in a chain organization defect where gaps between adjacent
magnetosomes occur within the chain (35). MamK forms dy-
namic filaments in vivo and in vitro in an ATP-dependent manner,
but the exact role of MamK in chain organization is unclear (36,
37). In order to better understand the role of MamK in magneto-
some chain formation, we deleted mamK in the inducible strain
(creating Q;,,qAK) and induced magnetosome formation to ob-
serve de novo chain assembly. Much like induction of magneto-
some formation in the Q4 background, a clear chain of aligned
magnetosomes with a number of gaps is visible at 3 hpi (Fig. 2B).
These gaps account for 42.6% of the intermagnetosome distances
measured in the population (Fig. 2C). Unlike the induced Q4
strain, however, in which these gaps eventually disappear, the
Q,qAK strain still retains large gaps in the magnetosome chain
(Fig. 2B and D). Indeed, at 5 hpi 39.2% of the pairwise distances
measured between adjacent magnetosomes are still gaps (Fig. 2C).

These results suggest that two distinct organizational princi-
ples govern magnetosome chain formation: magnetosome align-
ment and chain continuity. Alignment is a long-range mechanism
to establish an axis for the magnetosome chain, whereas chain
continuity is a short-range mechanism that closes the gaps be-
tween two adjacent magnetosomes. Alignment appears to occur
first, in a manner that is independent of mamK. Once long-range
alignment is established, the gaps between adjacent magneto-
somes are closed in a manner that is dependent on mamK. We
speculate that MamK could act to fill the gaps through guiding the
direct synthesis of new magnetosomes within the gaps, recruiting
existing but misaligned magnetosomes to the gaps, or by physi-
cally pulling adjacent magnetosomes together to close the gaps.
Real-time microscopy techniques that independently track newly
formed magnetosomes versus preexisting magnetosomes could
potentially distinguish between these different models and eluci-
date how MamK closes gaps to form a continuous magnetosome
chain.

There are likely additional forces involved in the subcellular
organization of magnetosomes that remain to be discovered. It
has been proposed that the magnetic interactions between mag-
netosomes could facilitate chain formation, since induction of
biomineralization in a closely related magnetotactic bacterium,
Magnetospirillum gryphiswaldense MSR-1, results in a rapid reor-
ganization of magnetosomes into a chain (27). Since de novo chain
formation occurs within 5 h of the induction time course, when
only 3% of the magnetosomes contain magnetic particles, it is
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FIG2 MamK s required for chain continuity but not long-range alignment. (A and B) Representative ECT images of long-range alignment of the magnetosome
chain at 3 hpi and 5 hpi for Q4 and Q;,4AK, respectively (scale bars, 100 nm). The inset is a higher magnification of the same cell to show where gaps occur in
the chain (scale bars, 50 nm). Gaps are denoted by double-sided orange arrows. A yellow arrowhead denotes the same magnetosome at each magnification for
reference. Purple arrowheads point to individual magnetosomes in the chain. (C) Quantification of the number of gaps found in magnetosome chains of induced
Qyqand Q,qAKat 3 hpiand 5 hpi. The gap percentage is the percentage of edge-to-edge distances between adjacent and aligned magnetosomes that are >75 nm
in length. The total numbers of edge-to-edge distances measured (n) for each time point are as follows: Q.4 3 hpi, n = 74; Q.4 5 hpi, n = 99; Q,¢AK 3 hpi, n =
94; and Q;,,AK 5 hpi, n = 97. (D) Cartoon depicting magnetosome chain organization in Q4 versus Q, AK. At 3 hpi, both strains exhibit long-range but

discontinuous magnetosome alignment. At 5 hpi, the Q4 strain has filled these gaps, whereas Q;,;AK does not fill the chain discontinuities.

clear that magnetic interactions between magnetosomes are
notrequired to form a magnetosome chain in AMB-1 (Fig. 2A and
B). Even though other candidate cytoskeletal proteins, such as
FtsZ-like and MamK-like, exist in AMB-1, we did not find
magnetosome-associated filaments in the absence of MamK or
between distantly aligned magnetosomes in the Q.4 strain by
ECT (38-40). A long-range alignment factor or combination of
factors therefore remains to be discovered.

Magnetosome membrane compartments are dynamic struc-
tures that can increase in size. It is not known if the size of the
membrane ultimately determines the size of the crystal or if the
growth of the mineral can lead to a change in membrane size. One
possibility is that one-step remodeling of the cytoplasmic mem-
brane creates a magnetosome membrane compartment of a pre-
determined size that provides the ultimate boundaries to control
the size of the growing mineral. Alternatively, the magnetosome
membrane could expand continuously in conjunction with a
growing crystal. By examining the size of magnetosomes in the
Qg induction time course experiment, we find that at 1 hpi,
magnetosome membrane diameter has an approximately normal
distribution with a mean of 29.4 = 5.0 nm (Fig. 3A; see Table S1 in
the supplemental material). This distribution shifts to 38.5 =
5.5 nm at 3 hpi and then again to 42.4 = 5.2 nm at 5 hpi (Fig. 3A;
see Fig. S4A and Table S1 in the supplemental material). Based on
two independent statistical analyses, Student’s ¢ test and Mann-
Whitney U test, there are significant increases in both the mean
and median of the membrane size distributions from 1 to 3 hpi
(P < 1E—05) and from 3 to 5 hpi (P < 0.05) (see Table S2 in the
supplemental material) (41). A shift in the entire distribution at
each time point suggests that the increases in size are not due to the
one-step production of larger magnetosomes at later time points
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(Fig. 3A; see Fig. S4A and Table S1). Instead, these results strongly
argue that magnetosomes continually increase in size after the
initial membrane invagination event.

The observations of magnetosome membrane growth in the
inducible system prompted us to search for evidence of this dy-
namic behavior in wild-type cells. Indeed, when wild-type cells at
steady state were imaged by ECT, a range of magnetosome mem-
brane sizes from roughly 20 to 70 nm were observed (Fig. 3B).
Curiously, magnetosomes that lacked electron-dense nanopar-
ticles did not exceed ~50 nm in diameter (Fig. 3B; see Fig. S4A and
Table S1 in the supplemental material). These smaller empty mag-
netosome membranes could represent defective compartments
incapable of supporting biomineralization, or they may hint at a
link between magnetite formation and membrane growth. To dis-
tinguish between these possibilities, we compared membrane size
distributions in wild-type cultures grown under iron-rich condi-
tions (+Fe) to those cultivated under iron-poor conditions (—Fe)
(Fig. 3C). In previous studies, we have shown than under —Fe
conditions, nearly all magnetosomes are devoid of magnetite par-
ticles (28, 35). These empty magnetosomes are functional for
biomineralization since a shift to +Fe conditions results in rapid
initiation of magnetite formation within them (22, 28). Interest-
ingly, the mean diameter of —Fe magnetosomes (38.2 = 4.7 nm)
is significantly smaller than the mean diameter of +Fe magneto-
somes (48.5 £ 11.7 nm) (P < 1E-05) (Fig. 3C; see Tables S1 and S2
in the supplemental material). In fact, in the —Fe cells no magne-
tosome membranes were larger than 55 nm, whereas the +Fe cells
had magnetosomes ranging in size from 21 to 79 nm (Fig. 3C; see
Table S1). Taken together, these findings suggest that magneto-
somes that have not initiated crystal formation are limited in size
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pendent on their biomineralization state. (A) Distribution of magnetosome
size at three points in the induction time course of Qy,,4: 1 hpi (n = 116), 3 hpi
(n = 110), and 5 hpi (n = 101). (B) Distribution of magnetosome size in
wild-type AMB-1 (n = 117). Shown are representative images of an empty
magnetosome versus a magnetosome with crystal (scale bars, 50 nm). (C)
Magnetosome membrane size distribution in wild-type AMB-1 grown in ei-
ther iron-rich (+Fe; n = 117) or iron-poor (—Fe; n = 172) medium. Mem-
brane size is an average of 3 independent diameter measurements of the same
magnetosome at the tomographic slice where it is largest and most visible. The
number of magnetosomes measured is .

and that biomineralization is required for further membrane ex-
pansion.

Curiously, for the magnetosomes that have initiated biomin-
eralization, a linear relationship exists between the size of the mag-
netosome membrane and the size of its resident crystal, such that
the largest magnetosome membranes contain the largest magne-
tite particles (Fig. 4A and B). Two potential models can be used to
explain this observed relationship between magnetosome mem-
brane size and biomineralization. First, it is possible that growth of
the mineral physically distends the membrane and provides the
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FIG 4 Crystal growth does not physically expand the magnetosome mem-
brane. (A) Representative ECT images of magnetosomes of different sizes in
wild-type AMB-1 (scale bars, 50 nm). (B) Scatterplot and regression analysis of
membrane size versus crystal size for magnetosomes that harbor crystals in
wild-type AMB-1 (n = 72 magnetosomes). The long axis (crystal length) is
reported as crystal size. (C) Representative ECT images of magnetosomes of
different sizes in the AmmsF mutant (scale bars, 50 nm). (D) Scatterplot of
membrane size versus crystal size for magnetosomes that harbor crystals in the
AmmsF mutant (n = 140 magnetosomes). The long axis (crystal length) is
reported as crystal size. (E) Distribution of magnetosome size in the AmmsF
mutant (n = 243) compared to wild-type AMB-1 (n = 117).

force for its expansion beyond ~50 nm. Second, the initiation of
biomineralization may be a regulatory cue that signals the expan-
sion of the magnetosome membrane, thus providing a larger space
for continued mineral growth. In order to explore if crystal growth
physically expands the membrane, we measured the membrane
diameter in the AmmsF biomineralization mutant strain. Previ-
ous studies have shown that the AmmsF mutant makes small crys-
tals whose growth stalls at about 25 nm in length (25). If crystal
growth physically expands the magnetosome membrane, then the
AmmsF mutant should have a distribution of membrane diame-
ters that is shifted to the smaller size range. However, in the
AmmsF strain the magnetosome membranes can grow to full size
independent of crystal size (Fig. 4C and D). In other words, the
magnetosomes that harbor small crystals in the AmmsF strain can
grow as large as magnetosomes in the wild type that harbor mature
crystals. The mean size distribution of magnetosome membranes
of the AmmsF mutant (47.9 = 8.6 nm) is similar to that of the wild
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FIG 5 Magnetosome membrane growth is a two-step growth mechanism
dependent on biomineralization. The magnetosome membrane compartment
is remodeled in two growth stages. In the first stage (orange), the inner mem-
brane is remodeled to form the magnetosome compartment. The magneto-
some lumen is most likely similar to that of the periplasm (light gray). Mem-
brane size is restricted until conditions inside the magnetosome membrane are
optimal for biomineralization (dark gray). Crystal initiation triggers a second
growth stage (green) to accommodate a growing crystal.

type (45.8 = 11.5 nm) despite its crystal maturation defect
(Fig. 4E; see Fig. S4A and Table S1 in the supplemental material).
Additionally, similar to the wild type, the empty magnetosomes of
the AmmsF strain are significantly smaller in diameter than the
magnetosomes that contain crystals (see Fig. S4B). These results
show that the physical forces of the growing crystal are not directly
expanding the membrane. Instead, biomineralization triggers a
release from a checkpoint that limits magnetosome membrane
growth (Fig. 5). This commitment step for the second stage of
membrane growth is downstream of crystal initiation but up-
stream of MmsF activity.

DISCUSSION

Optimizing organelle size is often crucial for its cellular function
(42). In eukaryotes, the nucleus and vacuole scale in proportion to
cell size, and defects in this scaling result in impaired fitness (42,
43). Likewise, organelles such as mitochondria in yeast and pho-
tosynthetic membranes in bacteria can dynamically change their
size and morphology to adapt to changing environmental condi-
tions (2, 7). Here, we provide evidence that magnetosomes, a bac-
terial organelle system, also have mechanisms in place to regulate
their size and subcellular positioning in order to properly carry
out their cellular function.

Previous studies had suggested that magnetic interaction
between neighboring magnetosomes could play a role in orga-
nizing the chain (27, 29). These were disputed by findings that
cells grown without iron and nonmagnetic mutants still con-
tain intact chains of empty magnetosomes (23, 28). However, it
could be argued that the preexisting chain in these cases served
as a landmark for the recruitment of empty magnetosomes to
the chain. By using an inducible system in a mutant devoid of
magnetosomes, we were able to show that chain assembly can
be accomplished, de novo, without the aid of magnetic interac-
tions. In addition, we identified two time-resolved stages to the
chain assembly process. First, several clusters of magneto-
somes, separated by large gaps, are aligned over a long range
across the long cell axis. Next, with the help of MamK, these
gaps are closed to form a full chain.

Much like what we observed here, previous ECT imaging of
mutants had shown that in the absence of mamK, the magneto-
some chain loses its continuity and clusters of magnetosomes are
separated by gaps (35, 44). This phenotype could arise as a result of
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a failure to establish the chain, to maintain it after its formation, or
as has been suggested in MSR-1, to properly segregate it across
multiple cell divisions (12). However, given the 4- to 6-h doubling
time of AMB-1, missegregation events occurring over many cell
divisions cannot account for the chain formation defects observed
in the absence of mamK in the induction experiment. By recon-
structing the magnetosome chain de novo, we rule out chain seg-
regation as a main driver of the AmamK mutant phenotype. In-
stead, we propose two distinct stages of magnetosome chain
formation—long-range alignment and chain continuity—and
show that mamK is required for the latter.

Our most unexpected finding is that the magnetosome
membrane grows in a manner that is regulated by a
biomineralization-dependent checkpoint. In eukaryotes, a
number of membrane remodeling mechanisms exist to achieve
the distinct sizes and morphologies of organelles (45-47). The
magnetosome membrane does not appear to be remodeled to a
fixed size, such as the cargo-specific size of endocytic vesicles
generated through clathrin-mediated endocytosis (48). In-
stead, magnetosomes seem to undergo continuous membrane
remodeling, similar to the endoplasmic reticulum and mito-
chondria (49, 50). It is unclear if the membrane remodeling
mechanisms identified in eukaryotes hold true for bacteria.
However, we speculate that magnetosomes could grow by in-
sertion or oligomerization of curvature-inducing proteins into
the membrane, exchange of material between magnetosomes
and the cytoplasmic membrane, or even protein/lipid delivery
through fusion with cytoplasmic vesicles. It is also remarkable
that throughout its growth, the magnetosome membrane
maintains the same overall morphology of a sphere connected
to the inner cell membrane through a narrow invagination.
This possibly implies the presence of a scaffold that maintains a
uniform spherical architecture and perhaps a collar to stabilize
the highly curved neck. In eukaryotes, Bin/amphiphysin/Rvs
(BAR) domain-containing proteins have been shown to bind
and stabilize curved membranes due to their naturally curved
domain architecture (46, 51). In AMB-1, mamY encodes a pu-
tative BAR domain whose deletion results in larger magneto-
some membranes (67.9 nm) than those of the wild type
(60.1 nm) (52). However, this modest change is size does not
appear to impact membrane morphology or biomineraliza-
tion, and there are likely other factors that control and stabilize
magnetosome membrane size and shape.

Finally, the coordination of membrane growth with the on-
set of biomineralization implies that the size of the organelle is
crucial in the development of its final product. It is possible
that restricting the volume of the magnetosome lumen pro-
vides an efficient means of reaching supersaturated iron levels
in order to properly nucleate magnetite (53). Alternatively, as
we have speculated previously, a biomineralization-driven
checkpoint could result in smaller magnetite particles that are
stalled in a superparamagnetic state and unable to commit the
organism to a magnetotactic lifestyle (22). Changes under con-
ditions favorable for magnetoaerotaxis would rapidly lead to
membrane growth and development of large stable magnets.
Our findings in this work have profound consequences for un-
derstanding the cell biology of magnetosome organelle forma-
tion and the regulation of biomineral formation. Understand-
ing size control and membrane remodeling as it pertains to
making magnetic particles within magnetosomes may ulti-
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mately lead to a broader understanding of organelle develop-
ment in other bacterial systems. Additionally, magnetite dis-
plays size-dependent changes in its magnetic properties (54).
As such, the molecular understanding of membrane size deter-
mination will allow for more precise control over the design of
synthetic magnetic particles for future industrial applications.

MATERIALS AND METHODS

Bacterial growth and induction conditions. Stock cultures were created
from picking single colonies into 1.5 ml of defined minimal media (MG
medium) supplemented with 1/100 vol of Wolfe’s vitamin solution and
1/100 vol of 3 mM ferric malate as previously described (28). Cultures
were incubated at 30°C for 48 h, after which they were moved to room
temperature. Stock cultures are good for 1 to 2 weeks at room tempera-
ture. Solid medium plates contained 7 g agar per liter of medium. Antibi-
otics were used at the following concentrations: kanamycin at 15 pg-ml—!
in solid medium and 7 pug-ml~! in liquid cultures for strains in which a
kanamycin-resistant cassette was integrated into the chromosome.

For anaerobic growth, sealed Balch tubes containing 7 ml of MG me-
dium and 23 ml headspace were autoclaved and flushed with N, gas for
10 min. Once cooled to room temperature, 1 ml of 10X ferric malate and 1
ml of 10X Wolfe’s vitamin solution were added with a syringe. Finally,
1 ml of inoculum cells was added from a stock culture that was diluted
1:10. The final concentration of iron, vitamins, and cells was 1:100.

Cells were induced with 1 mM theophylline and 1 mM IPTG. Inducer
stocks made up of 20 mM theophylline and 40 mM IPTG were prepared
by dissolving the appropriate amount of solid inducer into MG medium
and sterilized by syringe filtration through a 0.2-um-pore sterile syringe
filter.

Cinag time course and growth curve. Cultures were inoculated from
1:100 dilutions of stock culture into sealed Balch tubes as described above.
Cultures were incubated at 30°C for approximately 16 to 20 h until the
optical density at 400 nm (OD,,,) of the cultures reached 0.100 to 0.150.
Cultures were then passaged into fresh 10-ml sealed Balch tubes in tripli-
cate and incubated at 30°C for an additional 16 to 20 h until they reached
an OD,, of 0.06. For induction, 750 ul of cell culture was removed and
replaced with either 500 ul of 20 mM theophylline and 250 ul of 40 mM
IPTG for the induced group or 750 ul of MG medium for the uninduced
group.

FM of induction time course. In order to image cells during the in-
duction time course by both fluorescence microscopy (FM) and ECT, the
culture volume was scaled up from 10 ml to 100 ml in order to be able to
allow for repeated sampling of the cell culture. To inoculate, 100-ml sealed
capped Balch bottles containing 90 ml of MG medium were autoclaved
and then immediately flushed with N, gas for 10 min. One milliliter of
3 mM ferric malate and 1 ml of 100X Wolfe’s vitamins were added after
the bottles had been cooled to room temperature. The bottles were then
inoculated 1:100 from a stock cell culture and incubated at 30°C for ap-
proximately 16 to 20 h until the OD,, of the culture reached 0.100. To
induce, 5 ml of 20 mM theophylline and 2.5 ml 40 mM IPTG were added.
In order to avoid overpressurizing the sealed capped bottles, an additional
syringe needle was inserted into the rubber stopper while injecting the
contents to allow pressure to vent.

To sample, 1 ml of N, gas was injected into the bottle and 1 ml of cell
culture was removed using the same syringe. The 1-ml cell culture sample
was centrifuged at 16,000 X g for 3 min, then 750 ul of supernatant was
removed, and the remaining 250 ul was centrifuged at 14,000 rpm again
to obtain a cell pellet. The medium was removed with a pipette, and the
cell pellet was resuspended in 50 ul of MG medium.

Imaging by FM, TEM, and localization pattern quantification. Cells
were induced in 100-ml sealed Balch cultures and sampled as described
above. To image, 7 ul of resuspended cell pellet sample (sample collection
described above) was spotted on an agarose pad containing MG and 1%
agarose and allowed to sit on the benchtop for 3 min before placing on the
coverslip. The coverslip was then sealed with Valap to prevent desiccation

January/February 2016 Volume 7 Issue 1 e01898-15

Dynamic Control of Organelle Size in Bacteria

of the agarose pad. Fluorescence microscopy was performed on Nikon
Eclipse 80i microscope. Images were acquired at X 1,000 magnification
using a QIlmaging Retiga 2000r Fast 1394 camera. GFP-MmsF localization
patterns were quantified using the Image] Cell Counter plug-in to score
each cell in the field of view according to one of the four distinct localiza-
tion patterns: membrane, unaligned foci, aligned foci, or solid line (55).
The localization patterns for >300 cells were determined for each time
point per experiment. For imaging of whole cells by transmission electron
microscopy (TEM), 7 ul of resuspended cell pellet sample was absorbed
on a 200-mesh Cu grid coated with Formvar film and imaged on a FEI
Technai 12 transmission electron microscope equipped with a Gatan Bio-
scan (1,000 by 1,000) charge-coupled device (CCD) camera model 792 at
an accelerating voltage of 120 kV.

Magnetosome membrane and crystal size quantification. Tomo-
gram reconstructions were visualized using the IMOD version 4.7 soft-
ware developed by the University of Colorado (56). Cells were positioned
using the Slicer function to determine magnetosome alignment and ori-
ent individual magnetosomes to determine the maximum diameter for
magnetosome membrane and crystal. Membrane size is reported as the
average of three independent diameter measurements from the orienta-
tion where the boundaries of the magnetosome membrane are most vis-
ible and the membrane is the largest. Crystal size is reported as the long
axis (length) of the crystal.

ECT. For all strains, 1.5 ml of cells was centrifuged at 14,000 X g for
3 min to obtain a pellet, which was resuspended in 50 ul of MG medium.
Sixteen microliters of resuspended cells was mixed with 4 ul of bovine
serum albumin (BSA)-treated 10-nm-diameter colloidal gold fiducial
markers (57, 58). Four microliters of this mixture was applied to a glow-
discharged, X-thick carbon-coated, R2/2 copper Quantifoil grid (Quan-
tifoil Microtools) in a Vitrobot (FEI Company, Hillsboro, OR). The Vit-
robot chamber was maintained at a temperature of 22°C and humidity of
80%. Excess liquid was blotted off the grid with a blot force of 3, blot time
of 2.5 s, and drain time of 1 s. The grid was then plunge-frozen in a liquid
ethane-propane mixture (59) and imaged by ECT. Imaging was per-
formed on an FEI Polara G2 (FEI Company, Hillsboro, OR) 300-kV field
emission gun electron microscope equipped with a Gatan image filter
(Gatan, Pleasanton, CA) and K2 Summit counting electron detector cam-
era (Gatan, Pleasanton, CA). Data were collected using the UCSFtomo
software (60), with each tilt series ranging from —60° to 60° in 1° incre-
ments, an underfocus of 15 wm, and a cumulative electron dose of ~120
e/A? or less for each tilt series. The IMOD software package was used to
calculate three-dimensional (3D) reconstructions (56).

Plasmids, primers, and strains. Descriptions of the design of all plas-
mids, primers, and strains used in this study are provided in Text S1 and
Tables S3, S4, and S5 in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
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