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Magnetite-binding proteins are in high demand for the functionali-
zation of magnetic nanoparticles. Binding analysis of six previously
uncharacterized proteins from the magnetotactic
Deltaproteobacterium Desulfamplus magnetovallimortis BW-1
identified two new magnetite-binding proteins (Mad10, Mad11).
These proteins can be utilized as affinity tags for the immobiliz-
ation of recombinant fusion proteins to magnetite.

Magnetite (Fe;0,) nanoparticles with defined size, shape, crys-
tallinity and magnetic properties are of great interest for a
wide range of biomedical and biotechnological applications."
Biofunctionalization of such nanoparticles with specific pro-
teins alters particle surface properties, enhances biocompat-
ibility and enables targeting to specific body parts of interest.
In recent years, green synthetic routes towards biofunctiona-
lized magnetite nanoparticles (MNPs) have moved into focus,
inspired by the natural process of magnetite biomineralization
in magnetotactic bacteria (MTB)."? Within specialized orga-
nelles, so-called magnetosomes, MTB mineralize mono-
disperse MNPs in the size range of a single magnetic
domain.'** The biomineralization process is genetically con-
trolled and several proteins have been identified that strongly
interact with the magnetite surface.>® Among others, these
include Mms6,* Mms7,** Mms13 (MamC),*®® and MmsF.° The
identification and characterization of these proteins have pro-
vided important insights into the biomineralization process in
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MTB, including MNP size and shape contro
time, these proteins have started to serve as versatile domains
for controlling in vitro MNP synthesis®””““® and/or for obtain-
ing biofunctionalized MNPs.’

The search for magnetite-binding proteins was so far
mainly restricted to the class of Alphaproteobacteria. 1t has
recently been shown that MTB affiliated to the class of
Deltaproteobacteria and the phylum of Nitrospirae possess
additional genes essential for biomineralization."® These mag-
netosome-associated deep-branching (mad) genes'' were first
identified in Desulfamplus magnetovallimortis BW-1, which was
found in a brackish water spring in Death Valley National
Park, California, USA."> Among the 30 encoded Mad proteins,
Mad1-Mad11 are predicted to be involved in magnetite biomi-
neralization.'® It has already been demonstrated that Madi,
Mad2 and Madé6 are necessary for the development of a mag-
netic phenotype in Desulfovibrio magneticus RS-1;"* however,
no function could yet be assigned to most of these proteins
except for Mad1, Mad6 and Mad9, which likely possess redox
activity (Fig. $1-S117).1013:14

In this work, we screened the proteins Mad1-Mad11 for
magnetite binding, using a two-step approach. In the first
step, we identified proteins possessing charged sequence
motifs. Especially glutamic and aspartic acid display high
affinity to magnetite, as evidenced when comparing the mag-
netite interaction of individual amino acids’® and when per-
forming site-directed mutagenesis of magnetite-binding
proteins.””'” While proteins with charged motifs were of high
interest, we excluded proteins with predicted redox activity as
well as proteins with a high fraction of transmembrane
regions (Fig. S1-S111). Considering these criteria, the proteins
Mad3, Mad4, Mad5, Mad8, Mad10 and Mad11 were chosen for
the second step. In this step, the selected proteins were recom-
binantly produced as fusion proteins. The DNA sequence of
the respective Mad protein was genetically fused to the DNA
sequence of superfolder green fluorescent protein (sfGFP'®) to
yield one polypeptide chain, consisting of both functional
units. The resulting sfGFP-Mad-His fusion proteins (Fig. 1)
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Fig. 1 Fusion protein design. Each Mad protein was fused to the
C-terminus of superfolder green fluorescent protein (sfGFP) via a short
linker. For purification, a (His)¢ tag was added at the C-terminus. The
model shown is based on a 3D structure prediction of Madl0, per-
formed with RaptorX.'® For Mad10, positively (His, Lys, Arg) and nega-
tively (Glu, Asp) charged amino acids are highlighted in red and blue,
respectively.

allowed for visualizing the presence of these proteins during
expression and purification. While Mad5, Mad10 and Mad11
are predicted to be soluble proteins, Mad3, Mad4 and Mad8
contain at least one transmembrane helix. Here, only the
charged regions were used for fusion protein design (see ESIT).
All proteins were expressed in the cytoplasm of E. coli in
soluble form. Except for Mad11, all proteins could further be
purified via immobilized metal ion affinity chromatography
under native conditions (pH 8.0; see ESIT) and possessed the
correct molecular weight and sufficient purity for further ana-
lysis (Fig. S12, S14-S20; Table S1t). The protein sfGFP-Mad11-
His could only be purified when the pH was raised to 8.8;
however, the amount and purity remained low (Fig. S127).
Despite the low purity of sfGFP-Mad11-His, we included this
fusion protein in our subsequent screening for magnetite-
binding proteins.

All produced sfGFP-Mad-His fusion proteins were screened
for their ability to interact with magnetite, using a quartz-
crystal microbalance with dissipation (QCM-D). The fusion
proteins, as well as a sfGFP-His control protein (see ESIt), were
diluted in phosphate buffered saline pH 7.4 to match the pH
value estimated for magnetosomes of Magnetospirillum magne-
ticum AMB-1 (7.0-7.4)."° The diluted proteins (1 uM) were then
exposed to commercially available magnetite-coated sensor
chips. Changes in frequency and dissipation, caused by the
protein-magnetite interaction on the sensor surface, were
recorded in real-time. A decrease in the frequency signal orig-
inates from the adsorption of biomolecules onto the sensor
surface. This decrease in the frequency signal is usually
accompanied by an increase in the dissipation signal and cor-
relates with the viscosity of the adsorbed biomolecule film.
The fusion proteins sfGFP-Mad10-His and sfGFP-Mad11-His
show fast binding to the magnetite sensor surface (Fig. 2;
Fig. S21-5271).

Importantly, the association is significantly faster than for
the sfGFP-His control protein and a quasi-equilibrium state is
reached within the timeframe of the experiment. For the other
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Fig. 2 Magnetite-binding analysis, using a quartz-crystal microbalance
with dissipation. Shown are the frequency (A) and dissipation (B) signals
of the association phase. The protein solutions (1 pM in phosphate
buffered saline) were flown over the magnetite sensor chip, pre-equili-
brated with buffer. The time point where the proteins were added is
indicated with an arrow. For both the frequency and dissipation signals,
the 7™ harmonic is displayed. For each protein, the data shows one
example out of three independent repeats (see ESIi for all repeats, all
harmonics and the dissociation phase).

fusion proteins, the signal change is comparable to the control
protein sfGFP-His. It has been reported that both GFP and the
(His)s tag weakly interact with magnetite."®*® As the other
Mad fusion proteins cause a similar response as sfGFP-His, we
conclude that these proteins do not specifically bind to
magnetite.

Strikingly, little dissociation from the sensor surface was
observed for sfGFP-Mad10-His when flushing the sensor
surface with a protein-free solution for >4 hours (Fig. S25%).
This irreversible interaction could be caused by protein dena-
turation upon strong, non-specific adsorption to the magnetite
surface. To investigate this possibility and to obtain additional
proof for a specific protein-magnetite interaction, two sensor
chips were exposed to sfGFP-His and sfGFP-Mad10-His
sequentially (Fig. S28f). On the first sensor, sftGFP-His was
bound first and then sfGFP-Mad10-His was added. For the
second sensor, the order was reversed. Once sfGFP-Mad10-His
was exposed to the sfGFP-His-coated sensor, the frequency
signal decreased and reached a comparable minimum as
measured when sfGFP-Mad10-His interacted with the bare
magnetite sensor. In contrast, no change in signal was
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observed when sfGFP-His was added to a sensor previously
exposed to sfGFP-Mad10-His. This is a strong indication that
sfGFP-Mad10-His effectively competes with sfGFP-His and dis-
places sfGFP-His from the sensor surface in a specific manner.
In addition, an experiment was performed with mixtures of
fusion proteins (omitting the low purity sfGFP-Mad11-His
sample). Only when sfGFP-Mad10-His was included in the
mixture, a frequency change comparable to pure
sfGFP-Mad10-His was observed (Fig. S2971). Overall, these
experiments lead us to conclude that Mad10 specifically binds
to magnetite in a fast and nearly irreversible manner. This con-
firms our earlier single-molecule force spectroscopy experi-
ments with a Mad10-derived peptide that showed high-affinity
binding to magnetite thin films.>*

Mad10 is a unique protein as it also possesses a CXXC
motif with putative redox or ion-binding function.*” To investi-
gate the possible role of this motif on the protein-magnetite
interaction and on MNP formation, we cloned an additional
fusion protein where the CXXC motif was deleted
(sfGFP-Mad10trunc-His; see ESIT). Furthermore, Mad10trunc
was also cloned without the sfGFP fusion partner, placing the
(His)e tag either at the N-terminus (His-Mad10trunc) or the
C-terminus (Mad10trunc-His). Only the fusion protein
sfGFP-Mad10trunc-His could be purified in sufficient yield
under native conditions (Fig. S121). The sfGFP-free proteins
largely remained in the flow-through of the Ni**-NTA column
(Fig. S137%), suggesting that the (His)s tag is inaccessible and
that these proteins oligomerize or aggregate.

To probe the influence of Mad10 on magnetite formation,
sfGFP-Mad10-His and sfGFP-Mad10trunc-His were used in an
in vitro MNP co-precipitation experiment, using sfGFP-His as a
control. Desulfamplus magnetovallimortis BW-1 produces bullet-
shaped MNPs. It has been hypothesized that magnetite-
binding proteins are involved in MNP shape control, blocking
the growth of certain crystal faces. Each synthesis was per-
formed according to an established protocol®® for a total dur-
ation of 6 h, taking samples every hour. Transmission electron
microscopy shows that all MNPs synthesized in the presence
or absence of a Mad10 fusion protein exhibit high polydisper-
sity. When compared to control particles, no morphological
changes were observed (Fig. S301). The crystal structure, the
mean crystallite size and the growth kinetics were investigated
using synchrotron-based powder X-ray diffraction (XRD). All
samples show the characteristic peaks of the diffraction
pattern of magnetite (Fig. 3A).>*

The main peak of magnetite (311) was used to analyze the
mean diameter of the crystallites. The mean diameter steadily
increased and approached a plateau after approximately 4-5 h
(Fig. 3A; Table S2t). The MNPs synthesized in the presence of
the Mad10 fusion proteins follow the growth kinetics of the
control particles and have approximately the same diameter
after 6 h. MNPs synthesized in the presence of the sfGFP-His
control show similar growth kinetics; however, the overall
mean diameter is slightly smaller at nearly any time point. The
final mean diameter of particles synthesized in the presence of
sfGFP-His is only 29 + 2 nm, while the particles synthesized in
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Fig. 3 Synchrotron X-ray diffraction of MNPs synthesized with the co-
precipitation method. (A) Representative 1D scattering profiles obtained
after 6 h in the absence (protein-free control) or presence of 0.5 pM
protein. The data was normalized to the (311) peak of magnetite. The
different profiles are set off by 0.1 a.u. for better visualization. (B)
Growth kinetics of MNPs in the different co-precipitation reactions. The
data are the mean of 3—-4 independent experiments and the error bars
represent the standard error of the mean (see Table S21 for details). For
the 1 h and 2 h time points, no magnetite was detected in some samples
for the protein-free control reaction and the reaction with
sfGFP-Mad10-His.

the presence of Mad10 fusion protein have a mean diameter of
32 + 1 nm (sfGFP-Mad10-His) and 32 + 3 nm
(sfGFP-Mad10trunc-His). Mad10 thus has no measurable influ-
ence on the growth of MNPs synthesized in vitro. Also, under
the conditions used, the CXXC motif does not seem to affect
particle size and growth kinetics. To further investigate a poss-
ible redox function of this motif, pure Fe*" or Fe** solutions
can be used in future co-precipitation experiments instead of
the current 1 : 2 ratio.

Other known magnetite-binding proteins, such as Mms6,
MamC and MmsF, are bound to the magnetosome
membrane*®*”®*"? and frequently form micelle-like assem-
blies when expressed recombinantly.®”’**’® It has further
been shown that magnetite binding requires a helical
structure.””? Mad10 is predicted to be helical®' (Fig. 1 and
Fig. S107) and appears to have a strong tendency to oligomer-
ize or aggregate, as it was only possible to solubilize and purify
His-Mad10trunc and Mad10trunc-His with high yield under
denaturing conditions (8 M urea; Fig. S13+). Tertiary structure

This journal is © The Royal Society of Chemistry 2021
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prediction suggests that two amphiphilic helices interact with
each other in a coiled coil-like fashion (Fig. S107). In the
native environment, the hydrophobic faces of these helices
may also interact with other proteins or the magnetosome
membrane. We speculate that our inability to purify
Mad11 may also be caused by oligomerization or aggregation
of the sfGFP-Mad11-His fusion protein.

It has been proposed that a self-assembled array of acidic
residues facilitates both magnetite binding and local supersa-
turation of iron ions, which is required for MNP
nucleation.>®”’*" The predicted tertiary structure of Mad10
does indeed show clustering of acidic residues on the protein
surface (Fig. S32t). These are most likely responsible for mag-
netite binding in our experiment. The fact that we observe
magnetite binding, but no effect on MNP morphology, may
however indicate that the main natural role of Mad10 is iron
binding and MNP nucleation. It has further been suggested
that the presence and, possibly, the interaction of several
different proteins may be required to control MNP size and
shape.*”*®2% Mad10 alone may thus not be sufficient for exert-
ing control over crystal size and/or morphology. Last but not
least, steric hindrance imposed by the sfGFP fusion partner or
the pH required for MNP co-precipitation (pH 9.0) may affect
native Mad10 function or the assembly state of this highly
charged protein. Future experiments, aimed at investigating
the function of Mad10 (and Mad11), clearly need to focus on
investigating the influence of the assembly state on biominera-
lization. Genetic modifications of MTB strains producing
bullet-shaped MNPs will further elucidate the influence of
these two proteins on magnetite crystal formation in vivo."

From an application point of view, Mad10 or the previously
characterized Mad10-derived peptide®' may serve as an affinity
tag for the functionalization of MNPs, e.g. with fluorescent pro-
teins. Labeling MNPs with fluorophores is reported in the lit-
erature but comprises a sequence of synthetic steps.”® Aiming
at a bioinspired synthetic route towards fluorescently labelled
MNPs, we thus tested whether our co-precipitation method
can be used for the one-pot functionalization of MNPs with
sfGFP-Mad10trunc-His. Particles synthesized in the presence
of the fusion protein were imaged directly after synthesis
(Fig. S317%). The overlay of bright-field and fluorescence images
reveals the co-localization of sfGFP with the MNPs. Making
use of the high-affinity Mad10-magnetite interaction, no
additional steps were required. Mad10-derived binding
domains can readily be fused to any other protein of interest,
possibly providing a simple method for the green synthesis
and functionalization of MNPs.

In summary, we identified two new magnetite-binding pro-
teins (Mad10 and Mad11) from magnetotactic bacteria that
produce bullet-shaped magnetite nanoparticles in vivo. These
proteins are found in Deltaproteobacteria and Nitrospirae,
suggesting a conserved role in magnetosome
formation.'®>'*?! This is a first key step towards investigating
currently unknown biomineralization processes leading to
bullet-shaped particles. Moreover, these proteins can directly
be fused to any protein of interest, opening up a wide range of
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applications in biomedicine and biotechnology, ranging from
protein purification and biosensors to drug delivery and multi-
modal imaging.
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