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Development of Cellular Magnetic Dipoles in Magnetotactic Bacteria
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ABSTRACT Magnetotactic bacteria benefit from their ability to form cellular magnetic dipoles by assembling stable single-
domain ferromagnetic particles in chains as a means to navigate along Earth’s magnetic field lines on their way to favorable
habitats. We studied the assembly of nanosized membrane-encapsulated magnetite particles (magnetosomes) by ferromag-
netic resonance spectroscopy using Magnetospirillum gryphiswaldense cultured in a time-resolved experimental setting.
The spectroscopic data show that 1), magnetic particle growth is not synchronized; 2), the increase in particle numbers is
insufficient to build up cellular magnetic dipoles; and 3), dipoles of assembled magnetosome blocks occur when the first
magnetite particles reach a stable single-domain state. These stable single-domain particles can act as magnetic docks to stabi-
lize the remaining and/or newly nucleated superparamagnetic particles in their adjacencies. We postulate that docking is a key

mechanism for building the functional cellular magnetic dipole, which in turn is required for magnetotaxis in bacteria.

INTRODUCTION

All magnetotactic bacteria (MTB) have in common the
biomineralization of membrane-encapsulated nanosized
ferrimagnetic particles (magnetosomes) with narrow size
and shape distributions (1,2). The assembly of mature mag-
netosomes into chains results in intracellular single
magnetic dipoles that are usually large enough to interact
with the Earth’s magnetic field and operate as a compass
to navigate MTB toward favorable habitats (3-5). The
biomineralization of magnetosomes and their route to func-
tionality have not yet been resolved. Genetic studies demon-
strate that the chain arrangements of magnetosomes along
cytoskeletal filaments in the MTB of Magnetospirilla strains
are controlled by the MamJ and MamK proteins (6,7). In M.
gryphiswaldense (the MTB used in this study), magnetite
nucleates in discrete vesicles, and then the growing magne-
tosomes move like beads along the cytoskeletal filament to
form a tight chain (7). Moreover, it has been reported that
the MamGFDC proteins or FtsZ-like protein can regulate
the size of the magnetite (Fe;0,4) crystals in M. gryphiswal-
dense (8,9). Although numerous genetic and proteomic
studies have examined the processes that lead to functional
cellular magnetic dipoles, there have been only limited and
inconclusive studies on the magnetic evolution that occurs
during the assembly of magnetosome chains (10,11). Such
information would not only complement studies of the bio-
logical mechanism underlying chain formation, it would
also provide insight into the design of functional cellular
magnetic dipoles as key factors in magnetotaxis.
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During the biomineralization of magnetite in MTB, parti-
cles of variable size are formed (8,9,12). From a magnetic
perspective, small particles (<30 nm) at room temperature
are generally in a superparamagnetic (SPM) state, in which
their magnetic moments point in random directions due to
thermal fluctuation (13). The stable single domain (SSD)
state can be achieved by interactions between the particles
and/or growth to a specific blocking size (14,15). To unravel
the interplay between growth and interaction of magnetite
particles during the formation of cellular dipoles in MTB,
we studied the magnetic traits of the strain M. gryphiswal-
dense during iron-induced, time-resolved chain formation
(16). The magnetic properties were analyzed by ferromag-
netic resonance (FMR) spectroscopy. Recent FMR studies
provided compelling evidence that this method makes it
possible to detect anisotropy of aligned mature magneto-
somes in MTB as well as the coupling fields within the
chains (17-20). In this study we combined FMR spectros-
copy with transmission electron microscopy (TEM) and
optical density measurements to obtain semiquantitative
measures of magnetosome concentration (21). Both of these
techniques provide nonmagnetic information about the
growth of magnetosomes with time. Based on the experi-
mental results, we propose a mechanism by which the
magnetic state of the magnetosomes facilitates their
assembly.

MATERIALS AND METHODS

Time-resolved growth and nonmagnetic analysis
of magnetosome assembly

The M. gryphiswaldense strain MSR-1 (DSM 6361) was grown as
described by Faivre et al. (16) using aerobe conditions for the low-iron
medium. To start magnetite production, the cells were transferred into a
micro-aerobic, low-carbon medium (in which no cell division occurs)
followed by the addition of 30 uM ferric citrate. At given time intervals,
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12 mL samples were taken from the culture. In a 1 mL sample, the semi-
quantitative magnetosome content was determined by light scattering
(A = 565 nm; Shimadzu UV mini 1240 spectrophotometer) in parallel
and perpendicular magnetic fields of 0.2 T. The relative ratio of the scat-
tering intensities (Cpag) Was used to monitor the magnetosome production
(21). The remaining fraction was promptly centrifuged (4°C) and repeat-
edly washed with water before it was quenched with a 1% formaldehyde
solution (0.1% vol/vol). The quenched cells were washed with water before
grid preparation for TEM (one drop) and freeze-dried for FMR analysis
(11 mL). Transmission electron micrographs were acquired with a Zeiss
EM Omega 912X at an acceleration voltage of 120 kV. Particle dimensions
were analyzed using standard analytical software for processing digitized
electron microscope images (ImageJ). To determine the size distribution,
900 particles in ~30 cells were counted.

Basics of FMR and the diagnostic spectral
parameters

FMR spectroscopy is a special application of the classical electron spin
resonance (ESR) spectroscopy approach, whereby the absorption of micro-
wave energy by molecules, ions, or atoms possessing electrons with
unpaired spins is measured as a function of an applied field (22). Absorption
occurs when the following resonance condition is fulfilled:

hv = ¢ uy B, 6]

where h = Planck’s constant, ¥ = microwave frequency, g = splitting factor,
up = Bohr magneton, and B is the magnetic field. In contrast to ESR spec-
troscopy, FMR spectroscopy detects coupled spins of a magnetically
ordered phase, and therefore the applied field that leads to resonance
conditions is affected by the internal magnetic field of the sample. In
FMR experiments, the applied static field excites the precession of the total
magnetic moment around a local field. Relaxation processes damp the
precession and the magnetization aligns with the local field. If the irradia-
tion frequency (typically between 1 and 35 GHz: S-band 2-4 GHz and
X-band 8-12 GHz) perpendicular to the applied field coincides with the
precessional frequency, the resonance condition is fulfilled and microwave
power is absorbed by the sample (23). The resonance condition can be
rewritten as

hy = 8eff Up Bappy (2)

where g.r is the effective splitting factor and B,y is the applied field. The
gerrin Eq. 2 takes into account the effect of the internal field Bjj, that cannot
be measured directly. This field contains different contributions that include
the demagnetization field, the exchange field, and the magnetocrystalline
and magnetostrictive energies. The diagnostic parameters gefr, Bres, AB,
and A are often used to describe the FMR spectra obtained from MTB
(17,19,24). The effective splitting factor g.; can be calculated from
Eq. 2, whereby the variable v is given by the spectrometer used, and
B,pp, considered as the resonance field By, is the field at maximum absorp-
tion determined by the zero-crossing in the derivative spectrum (Fig. 1).
The linewidth AB is defined as the full width at half-maximum of the
absorption spectrum (Fig. 1). In the literature, AB is often considered as
the sum of two contributions (25):

AB = ABhomo + ABinhom(r (3)

The first contribution, AB),,,,, arises from the intrinsic damping that is
caused by a combined effect of exchange interaction and spin-orbit
coupling (magnetocrystalline anisotropy). The second contribution,
AB;uhomo, Originates from broadening due to magnetic inhomogeneities,
e.g., the internal static magnetic field. In contrast to AB;,j,om., the contribu-
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FIGURE 1 Absorption spectrum and first derivative spectrum, with

dashed line defining the maximum resonance field (B, and the zero-
crossing. The low-field (ABy,,) and high-field (ABpg,) absorptions at
half height of the maximum are indicated; their aspect ratio determines
the A-factor, and their sum determines the linewidth AB.

tion of ABj,, is proportional to the frequency (25). Superparamagnetic
particles exhibit relatively narrow AB with g = 2 (26,27). For magnetite
samples with a dominant magnetocrystalline anisotropy field, geg > 2 (28),
whereas in samples with a prevalent shape anisotropy field caused by the
assembly of magnetite in chains, g.s < 2 is found (19,24). The asymmetry
ratio A is obtained from the shape of the spectra and can be used as
a measure for anisotropy. The A-value is ascertained by the ratio of the
high-field (AB;en) and low-field (AB,,) side of the absorption peak at
half-height of the maximum (Fig. 1). Samples with no significant anisot-
ropy exhibit isotropic spectra with A = 1. Magnetite at room temperature
has a cubic negative magnetocrystalline anisotropy (K; < 0) and has A > 1,
i.e., ABjoy < ABygpn. Positive uniaxial anisotropy with A < 1 (ABjoy >
ABygp) is found for elongated SSD magnetite particles or for magnetite
particles aligned along their easy axes forming a dominant shape anisotropy
(17,19,24).

FMR analysis

Freeze-dried MTB fixed in an ESR quartz glass tube were used for S- and
X-band measurements. The same sample of a growth stage was analyzed
for the dual-frequency measurements. The X-band spectra were recorded
on a Bruker EMX spectrometer working at a microwave frequency of
9.81 GHz, with a microwave power of 0.06 mW. The applied magnetic field
was modulated with a frequency of 100 kHz and a modulation amplitude of
0.1 mT. The S-band FMR spectra were measured on an in-house-built
spectrometer controlled by Spec-Man software operating at a microwave
frequency of 4.02 GHz and power of 2 mW. The modulation frequency
and amplitude of the applied magnetic field were 0.1 mT and 100 kHz,
respectively. The spectral parameters A, AB and B, and g.¢ were obtained
from the absorption spectra and its first derivative, respectively.

RESULTS AND DISCUSSION

In the initial stage (TO) of our time-resolved series (i.e.,
before biomineralization in MTB was triggered by the addi-
tion of iron), no magnetite is found in the cells (Figs. 2 a and
3 b). Because of the high sensitivity of FMR spectroscopy,
a weak signal is detected due to ferric cations that cannot
be assigned to a specific phase (Fig. 4). After iron addition,
the most pronounced production of magnetic particles, as
indicated by Cpag (21), occurs between T2 and T6 (Fig. 3 b).
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FIGURE 2 TEM images of the MTB and corresponding magnetosome size distributions. (a) TO, before iron addition (no magnetite detectable); (b) T3,
110 min; (¢) T6, 280 min; (d) T8, 330 min; (e) T10, 420 min; and (f) T12, 1320 min, after iron addition (scale bars = 1000 nm and 200 nm for T3).

Arrows indicate small magnetite particles in T3.

At an early stage of biomineralization (T3), TEM reveals the
presence of nearly equidimensional magnetite particles,
typical of Magnetospirilla strains, with an average dimen-
sion of 17.8 = 7.1 nm (Figs. 2 b and 3 a, Table 1). At
this stage, the FMR spectra recorded at the S- and X-bands
exhibit g.ie = 2.07 = 0.2, symmetric lineshapes (i.e., low-
and high-field absorption are nearly identical, leading to
A = 1), and similar AB values (Figs. 4 and 5, Table 1).
Considering Eq. 3, the marginal frequency dependence indi-
cates a pronounced contribution of AB;,;0me to AB. This
behavior, which has also been reported for maghemite nano-
particles with an average size of 23 nm, is probably due to
magnetic inhomogeneities in the sample caused by the
magnetic state of the magnetosomes (25). The spectral
parameters g.gr and A, however, suggest that the shape
anisotropy of the nearly equidimensional grains is negli-
gible, and no cellular magnetic anisotropy due to interac-
tions is present (17,27,28). This agrees well with
theoretical considerations indicating that grain sizes of
~18 nm are far below the threshold of the SPM to SSD state
in magnetite of ~30 nm for noninteracting particles (14).
Moreover, there is no constraint by a chain assembly that
could create magnetostatic interactions to stabilize the
thermal fluctuation of the SPM particles. This is supported
by TEM images (Fig. 2 b) that show spacings between mag-
netosomes of generally >40 nm, which is too great
a distance to allow interactions to build up (29).

Biophysical Journal 99(4) 1268-1273

At the end of the pronounced magnetosome production
(T6), TEM reveals widely spaced particles with sizes indic-
ative of the SPM (<30 nm) and SSD (>30 nm) state. The
average size of 22.7 * 7.3 nm suggests a predominance
of SPM particles (Table 1). The S-band spectrum, represent-
ing bulk material with millions of magnetosomes, exhibits
(for T6 compared with T3) a newly formed shoulder in
the low-field range of B,,, < 100 mT (Fig. 4 a). This
shoulder points to an increasing number of magnetosomes
carrying a remanence magnetization (20). The development
of remanence is not FMR-detectable in X-band measure-
ments because the resonance occurs in magnetic fields of
>200 mT (B > Bsa), where the magnetosomes are
magnetically saturated, i.e., their spins are fully aligned to
the external field (19). In the X-band measurements,
however, the change in AB between T3 and T6 (Fig. 5)
also suggests an enhanced internal static field due to the
increase in the number and size of the magnetosomes
(26,27,30). Moreover, the similarity of A and g.¢ obtained
from the two spectra (Table 1, Fig. 4 b) suggests that at
the end of the most pronounced production of particles
(Fig. 3 b), no functional cellular magnetic dipoles are
present.

The TEM images of the T8 and T10 samples exhibit
increasing particle dimensions, with average particle sizes
of 29.1 + 8.4 and 34.3 = 7.6 nm, respectively (Fig. 3 a).
The larger particle sizes result in the low-field feature in
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FIGURE 3 (a) Evolution of the average magnetosome dimension with

time and respective standard deviations. (b) The relative magnetic optical
density of the cells versus time, with numbered dots for samples analyzed
by TEM and FMR spectroscopy.

the S-band, which emerges as a broad peak in sample T8
and a low-field spectral component in sample T10, with
B.es = 51 mT corresponding to g.¢r = 5.53 and clear absorp-
tion in the starting field of 5 mT (Fig. 4 a). Considering
Eq. 2, this absorption near the zero-field can only be ex-
plained by a substantial increase in the internal field Bjy,.
Such an increase at low field is most likely due to enhanced
remanence originating from magnetosomes that are locked
together and aligned parallel to the applied field By, (20).
Therefore, the development from a shoulder in T6 to a signal
with a defined B,.s in T10 most likely reflects the growth
from blocks of a few magnetosomes to larger chains.

The chain arrangement is also documented by the X-band
spectra. Sample T8 exhibits a low-field shoulder leading to
A =0.85 (Fig. 4 b). The decrease in the A-value compared to
T6 indicates a slight departure from a nearly symmetric
signal due to the generation of shape anisotropy, and there-
fore provides the first unambiguous spectroscopic evidence
for magnetically coupled SSD magnetosomes under condi-
tions with B,.s > Bg,.. The development of the shoulder to an
additional low-field peak in T10 in the X-band spectrum
(Fig. 4 b) depicts the assembly of magnetosomes into
compact chains with pronounced uniaxial magnetic anisot-
ropy (A = 0.69). The change in the anisotropy field is also
indicated by the jump in AB between T8 and T10 in the
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X-band measurements (Fig. 5, Table 1). In contrast, the
jump in the S-band measurements is ambiguous. As
mentioned above, the low-field resonance with g.;s = 5.53
is a selective response of magnetosomes in blocks or chains
parallel to B,,, The high-field resonance with g = 2 origi-
nates from the other magnetosomes in the bulk sample.
The ratio of AB of the high-field resonance obtained from
the X- and S-band measurements of T10 is 2.15, which is
close to the corresponding frequency ratio of 2.44 (Fig. 5).
Taking into account Eq. 3, such a AB ratio suggests a domi-
nant ABj,., that is frequency-dependent. Considering the
peak-to-peak AB over the entire S-band spectrum (low-
and high-field resonance), however, the ratio of AB is ~1,
i.e., both the S-band and the X-band exhibit a jump in AB
(Figs. 4 a and 5). In this case, the ratio indicates a predomi-
nant AB;,;0m. contribution to AB. Since the two peaks in the
X-band spectrum have been interpreted as an anisotropy
effect caused by parallel and perpendicular alignments of
magnetosome chains to By, (19), it is feasible to postulate
that the jump in AB in the S-band measurements better
represents the bulk properties of the sample (Fig. 5). Hence,
AB is strongly affected by AB;uu0me» Which most likely
arises from an internal static field in the MTB sample.

At T12 (the end of the experiment), TEM reveals narrow-
spaced magnetosomes with an average size of 40.6 =+
9.5 nm (Fig. 3 a) and a few small (<30 nm) accessory crys-
tals at the chain poles (Fig. 2 f). The well-defined low-field
spectral component shifts to B,.s = 38.6 mT corresponding
to gerr = 7.33 in the S-band measurement. This shift points
to a stronger Bj,, which is compelling evidence that in the
bulk material as well, most magnetosomes are in an SSD
state (Fig. 4 a). Moreover, the low asymmetry ratio A =
0.41 deduced from the X-band spectrum together with
g-values > 2 in the S- and X-bands indicate an even more
pronounced magnetic anisotropy of the chains (Fig. 4,
Table 1). The FMR spectra and morphology of mature mag-
netosomes reported in the literature (17-19) are in agree-
ment with those we obtained at the endpoint of our
experiments (T12). This shows that our experimental setup
is an accurate reflection of the conditions required to form
mature and functional magnetosomes in vivo.

Taking the FMR and TEM results together with published
genetic information about M. gryphiswaldense (7,12), we
schematically subdivide the dynamic formation of func-
tional cellular magnetic dipoles in MTB into three steps.
In the first step, magnetite nucleation occurs in widely
spaced organelles along cytoskeletal filaments. The SPM
particles are noninteracting (Fig. 6 a). In the second step,
the magnetosomes are moved into a closer configuration,
most likely by a molecular motor (31), and early-nucleated
or faster-growing particles reach the SSD state. The stray
field of these particles stabilizes the magnetic dipoles of
the remaining and newly formed SPM particles in the adja-
cencies (Fig. 6 b). In this configuration, the SSD particles
are considered as magnetic docks that drive the assembly

Biophysical Journal 99(4) 1268-1273
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of closely packed magnetosomes. In the third and final step,
long-range magnetic interactions render the chain func-
tional (Fig. 6 c). The final adjustment within the chains is
obtained by the growth of the vast majority of the magneto-
somes above the SPM to SSD threshold (=30 nm), by
fine-tuning of the magnetostatic coupling of magnetosomes
optimizing the cellular magnetic dipole, which sustains
functionality, i.e., magnetotaxis.

In summary, the assembly of chains is a genetically
driven process that utilizes the magnetic properties of the
magnetosomes. The magnetic state of the particles plays
an essential role in building the magnetic cellular dipoles.
Dual-frequency FMR is a powerful tool for investigating
the complex processes that result in magnetotaxis. Because
magnetic particles or molecules are found in all biological

TABLE 1 Grain sizes of the magnetosomes (from TEM
images) and spectral parameters obtained from X-band
measurements, where B,os > Bgat

Sample Grain size [nm] Bies [mT] 8eff AB [mT)] A

TO - - - - -

T3 17.8 = 7.1 341.7 2.05 46.9 1.09
T6 227 =173 349.9 2.01 60.5 1.03
T8 29.1 = 84 354.6 1.98 82.2 0.85
T10 343 = 7.6 349.2 2.01 160.1 0.69
T12 40.6 £ 9.5 371.8 1.89 167.4 0.41

Biophysical Journal 99(4) 1268—1273

kingdoms (32,33), the combination of biological studies
and advanced magnetic spectroscopy techniques can yield
new insights into the effects of Earth’s magnetic field, as
well as fields caused by electromagnetic radiation from
technological sources, on living organisms.

We thank Bill Lowrie and Peter Fratzl for reviewing the manuscript and
Hakon Fischer for critical comments on the FMR data.
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FIGURE 5 Linewidth AB obtained during the growth experiment from
X-band measurements (squares) and from S-band measurements consid-
ering the entire spectrum (solid circles) and the high-field resonance only
(open circles).
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FIGURE 6 Schematic sequence of cellular magnetic dipole formation.
SPM magnetite particles (red) are nucleated in widely spaced organelles
(light blue). (a) The green arrows indicate the biologically driven move-
ments of the magnetosomes along the cytoskeletal filament (dashed line).
(b) The SSD magnetite (blue dot) and its magnetic interaction (dashed-
lined ellipse) act as a magnetic dock to stabilize SPM particle (purple
dot). (¢) The spacing and size of the magnetite are optimized, and the
closely spaced magnetite particles separated only by the magnetosome
membrane generate a robust cellular magnetic dipole (solid-lined ellipse).
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