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Biological macromolecules are utilized in low-temperature synthetic methods to exert precise control over nanoparticle nucleation
andplacement.They enable low-temperature formation of a variety of functional nanostructuredmaterials with properties oftennot
achieved via conventional synthetic techniques. Here we report on the in situ visualization of a novel acidic bacterial recombinant
protein, MamC, commonly present in the magnetosome membrane of several magnetotactic bacteria, including Magnetococcus
marinus, strain MC-1. Our findings provide an insight into the self-assembly of MamC and point to formation of the extended
protein surface, which is assumed to play an important role in the formation of biotemplated inorganic nanoparticles. The self-
organization of MamC is compared to the behavior of another acidic recombinant iron-binding protein, Mms6.

1. Introduction

Biomimetics employs a variety of biological macromolecules
such as matrices, scaffolds, and templating agents, with the
protein-driven nucleation playing an important role in the
formation and growth of templated inorganic nanocrystals
[1–12]. Bioinspired synthesis of uniform magnetic functional
materials is a subject of intense research worldwide, owing
to the interest in their functionality and performance in
many fields of technology, from high-density magnetic data
recording to catalysis and cancer therapy [13–23]. The full-
length recombinant acidic bacterial iron-binding protein, his-
Mms6, was shown to promote the shape-specific formation
of the nanocrystals, and this bioinspired approach was
later utilized for templated synthesis of more complex and
highly magnetic cobalt ferrite nanocrystals [13, 17, 21, 23–
26]. Formation of an extended protein surface was assumed
to facilitate nucleation and growth of uniform nanocrystals
[15, 17, 22, 27]. Much less research has been done on MamC,
a magnetosome protein present in Magnetospirillum magne-
totacticumMS-1,M. gryphiswaldenseMSR-1,M. magneticum
AMB-1magnetotactic vibrioMV-1, andMagnetococcus mari-
nusMC-1 [28–31]. Similar toMms6,MamC has a hydrophilic

C-terminus rich in amino acids containing hydroxyl and
carboxyl groups; it also contains a hydrophobic N-terminus.
The acidic C-terminus is assumed to have an active role in
magnetite biomineralization [32].

While obtaining X-ray quality crystals of novel proteins
and solving their structure can take years [33, 34], the
latest generation scanning transmission electronmicroscopes
(STEM) allow visualization of the functionality and templat-
ing action of these biomacromolecules with sufficiently high
resolution at the nanoscale [12, 20, 35–53]. Moreover, use
of fluid cell TEM holders allows examination of a variety
of macromolecular complexes in their native, unaltered,
fully hydrated state, providing a unique window into the
high-resolution characterization of the dynamic phenomena
taking place in biological structures in liquid [50, 54–57].

Here we report on the in situ characterization of a
novel bacterial recombinant acidic biomineralization protein,
MamC, and the binding of iron to the surface of this protein.
Another bacterial recombinant iron-binding protein, Mms6,
is used as a reference. Our results aid in understanding the
protein self-assembly and the role it plays in the nucleation
and growth of a biotemplated nanoparticle. Among the
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Figure 1: In situ HAADF-STEM images and size distribution of micelles of biomineralization recombinant proteins in liquid: (a) MamC
before incubation and (b) after incubation with iron chloride; (c) Mms6 incubated with iron chloride, shown for comparison. Scale bars:
100 nm.

several acidic membrane proteins associated with the mag-
netosome magnetite membrane of magnetotactic bacteria,
Mms6 and MamC are believed to be the dominant proteins
involved in magnetosome formation and growth [24, 29, 58].
Moreover, sinceMamC represents one of themost commonly
present and abundant proteins, and it is believed to be
involved in regulating the size of themagnetosomemagnetite
crystals, MamC could be used in the biomimetic synthesis of
shape-specific magnetite nanocrystals [59].

2. Results and Discussion

Figure 1 shows in situ fluid cell HAADF images of MamC
micelles in liquid and micelle size distribution obtained
(a) before and (b) after overnight incubation with ferric
chloride.The intensity of theHAADF-STEM images depends
primarily on the atomic number, 𝑍, and mass thickness of
the specimen, thus providing chemical, compositional, and
morphological information of the sample. The enhancement
in the contrast of the iron-incubated micelles in Figure 1(b)
was attributed to the surface localization of iron: due to
iron’s higher atomic number with respect to the surrounding
organic material, it is easily detected with the HAADF detec-
tor. Here the positively charged ferrous ions appear to bind
preferentially to the negatively charged protein micelles. In
situHAADF STEMprovides a visual qualitative confirmation
of surface iron binding.These findings are in good agreement
with the zeta potential of MamC, 𝜁 = −22.5 ± 2mV, which is

indicative of a net negative surface charge, thus facilitating
the binding of iron cations. Figure 1(c) shows iron-incubated
micelles in Mms6 and their size distribution for comparison.
Similar to the iron-incubated MamC micelles, the Mms6
micelle shows a relatively large HAADF signal compared to
the background, due to the presence of iron.

The iron-incubated protein micelles appear to undergo
further self-assembly and form an extended surface
(Figures 2 and 4). Iron surface binding results in an increased
surface concentration of iron ions with higher atomic
number, rendering the micelle-bound ferrous iron highly
visible in the HAADF image. The surface-localized iron
binding leads to a local increase in the iron supersaturation
at the surface of the proteinmicelles, enabling the biomimetic
formation of biomimetic iron oxide nanocrystals external
to the micelle core, with virtually no size restrictions. For
example, magnetite nanocrystals synthesized in the presence
of Mms6 exhibit, on average, the mean size of 30 nm, while
those synthesized in the presence of MamC have an average
size of 80 nm [57, 59, 60]. Such a scenario is drastically
different from the case of the ferritin-templated nanocrystals
growth, where the nanoparticles nucleate and mature within
the protein cages and cannot outgrow the cage size, and
yields the nanocrystals of 5–8 nanometers [1, 61].

To ensure stability of specimens, minimize their thick-
ness, and provide an adequate signal, additional characteriza-
tion of MamC incubated with ferric chloride was performed
with the protein prepared on a conventional EM grid.
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Figure 2: HAADF-STEM in situ characterization of MamC incu-
bated with ferric chloride: (a) the iron-rich micelles are aggregating
into larger hierarchical structures.Themicelles in front are closer to
the surface and appear in focus, whereas the micelles in the back,
slightly out of focus, appear to be tightly packed.

Figures 3(a)–3(c) show elemental maps acquired in EFTEM
mode for the zero loss region (a), Fe L

2,3
-edge (b), and O K-

edge (c) energy loss values. EFTEM confirms the localized
presence of oxygen and iron inMamCproteinaceousmicelles
incubated with ferric chloride. Since the iron energy loss is
observed at higher energy levels compared to that of oxygen,
the iron peaks are weaker; however, the elements are clearly
distinguishable. The in situ HAADF (Figures 1 and 2) and
EFTEM (Figure 3) images together provide strong evidence
for the iron-binding ability of MamC micelles.

3. Experimental Section
3.1. Materials and Reagents. All aqueous solutions were pre-
pared with deionized water passed through aMilliporeMilli-
Q Plus water purification system (𝜆 = 18.2MΩ) and sparged
with argon for 15min. (3-Aminopropyl)triethoxysilane
(APTES, 99%) and ferric chloride hexahydrate (FeCl

3
⋅6H
2
O,

>99%) were purchased from Sigma Aldrich and used
without purification. The amount of protein in solution was
maintained at 0.67𝜇M; MamC was incubated with 10 𝜇M
ferric chloride solution prepared from the deoxygenated
0.5M stock solution.

Purified recombinant protein MamC from Magnetococ-
cus marinus was obtained by cloning and expressing the
gene mmc1 2265 [31] into E. coli (TOP10) then disrupting
the cells, and purifying the lysate following the protocol
described by Valverde-Tercedor et al. [62], with the following
modifications: (1) mmc1 2265 was amplified by polymerase
chain reaction by using the following specific primers:
fw3 (5-ATGGCTGCCTTTAATTTGGCACTG-3) and rev2
(5-TTACGGAGTTTCCAACTCCTGGGGATC-3). (2) The
expression conditions for the recombinant MamC protein
by E. coli (TOP10) (TrcHisTOPO mmc1 2265) were 2mM
of IPTG for 5 hours at 37∘C. (3) The purification was done
using ÄKTAPrime Plus FPLC System (GEHealthcare) under
denaturing conditions in a urea gradient. After elution of the

protein, it was dialyzed overnight at 4∘C against 1 L of Buffer 1
(20mM phosphate buffer pH 8.0, 4M urea, and 0.5MNaCl).
To reduce the concentration of urea, the dialysis buffer was
diluted stepwise 1 : 2 (four times) with Buffer 2 (50mM Tris,
150mM NaCl, pH 8.5) and dialyzed for another 2–4 h after
each dilution step. The isoelectric point for MamC (𝐼ep 5.09)
was calculated using the Expasy ProtParam tool [59].

Cloning and purification of the recombinant Mms6 from
the M. Magneticum AMB-1 have been reported previously
[17, 25, 27]. TheMms6 used in the study was dialyzed against
20mM TRIS, 100mMKCl, pH 7.45 buffer.

3.2. Specimen Preparation. To minimize the thickness of
the liquid layer, the protein solutions were deposited onto
plasma-cleaned TEM-transparent substrates, silicon nitride
window membranes for the in situ imaging (Figures 1 and 2),
and carbon-coated Au grids (QuantiFoil) for EFTEM imag-
ing (Figure 3), using a Nano eNabler molecular printer
(BioForce). Use of theNano eNabler permitted the deposition
of femtoliter volume droplets of liquid [63, 64]. Surface
patterning tools (SPTs) with diameters of 10𝜇m and 30 𝜇m
were used for the specimen patterning. Prior to the liquid
specimen loading, SPTs were treated with UV/O

3
plasma for

30min to oxidize organic residues and form a thin layer of
silicon oxide on thewall of channels and reservoirs, rendering
them highly hydrophilic. Loading of the liquid specimen
was performed immediately after theUV/O

3
plasma cleaning

[64].

3.3. Functionalization of Silicon Nitride Windows. Silicon
nitride windows membranes were cleaned by triple rinsing
in toluene, then chemically pure acetone, and finally ethanol,
followed by cleaning inUV/O

3
plasma for 45minutes. Imme-

diately after the plasma cleaning, the window membranes
were functionalized with (3-aminopropyl)triethoxysilane
(APTES), which is a covalent linker to facilitate protein
immobilization on the surface [65, 66]. To ensure protein
integrity during the specimen deposition, silicon nitride
windows were patterned on a custom-made cold stage at 7∘C.

3.4. Dynamic Light Scattering. Dynamic light scattering
(DLS) and measurements of zeta potentials of the protein
solutions were carried out with a Zetasizer Nanoparticle
analyzer (Model: ZEN3690, Malvern Instrument Ltd., South-
borough, MA). Prior to analysis, the buffer was filtered
through a 0.2 𝜇m nitrocellulose membrane and the protein
specimens were centrifuged for 20 minutes (1000 rpm, 23∘C).
The measurements were performed on numerous 10-second
acquisitions with 3 repeats. Data were processed by using
Dispersion Technology Software 5.00 (Malvern Instrument
Ltd.).

3.5. In Situ Fluid Cell Characterization. The iron-binding
proteins were examined with a Continuous Flow Fluid Cell
TEM Holder Platform (Hummingbird Scientific). After the
patterning with the Nano eNabler, the windows were assem-
bled and sealed in the liquid cell holder platform, resulting in
the liquid specimen being sandwiched between the electron-
transparent silicon nitride windowmembranes. Imaging and
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Figure 3: EFTEM images of MamC micelles prepared on a carbon grid. (a) Zero-loss image and elemental maps of (b) iron and (c) oxygen.
Scale bar: 100 nm.
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Figure 4: HAADF-STEM in-situ visualization of micellar aggregates in MamC incubated with ferric chloride overnight. The micelles in the
back, slightly out of focus, appear to be tightly packed. (a) Representative images. Note the differences in the scale bars. Scale bar on the
left: 20 nm; scale bars in the middle and on the right: 50 nm. (b) Intensity-based particle size distribution of micellar aggregates in MamC
specimen incubated with iron overnight.
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characterization of the specimens were carried out with an
FEI Tecnai G2 F20 (S)TEM operating at an accelerating volt-
age of 200 kV equipped with a Tridiem Gatan Imaging Filter
(GIF), HighAngleAnnularDark Field (HAADF), and energy
dispersive X-ray spectroscopy (EDS) detectors. In situ fluid
deliverywas carried outwith a syringe pumpwith the variable
pumping speed (2–5 𝜇L/min). For comparison, specimens
were also printed on conventional EM grids and examined
with a standard single-tilt holder. To ensure reproducibility of
results, the sizes of micelles were determined from numerous
HAADF images. Electron energy loss spectroscopy (EELS)
was used to probe the localized chemical composition of the
liquid specimens. EELS spectra and elemental maps were
acquired in energy-filtered transmission electronmicroscopy
(EFTEM) mode. Elemental maps of oxygen and iron were
acquired with a slit width of 30 eV ± 1 eV. EELS spectra
were acquired with a slit width of 10 eV and dispersion of
0.5 eV/pixel. Data analysis was performedwithDigitalMicro-
graph software (GMS version 2.11.1404.0) and OriginPro 9.0
software. To ensure reproducibility of results, micelle sizes
weremeasured onmicelles imaged in numerousmicrographs
obtained with the HAADF detector.

4. Conclusions

We have visualized micelles of MamC recombinant iron-
binding protein in situ by utilizing the STEM-HAADF
contrast enhancement of surface bound iron species. Further
self-organization of iron-incubated MamC micelles pro-
duced iron-rich extended surfaces and points to enhanced
iron binding. Our results represent a significant step forward
in understanding the process of self-organization of iron-
binding recombinant proteins employed in bioinspired syn-
thesis of magnetic nanoparticles. Our findings are applicable
for the in situ characterization of a variety of inorganic-
organic interfaces in protein solutions.
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[31] S. Schübbe, T. J. Williams, G. Xie et al., “Complete genome
sequence of the chemolithoautotrophic marine magnetotactic
coccus strain MC-1,” Applied and Environmental Microbiology,
vol. 75, no. 14, pp. 4835–4852, 2009.

[32] A. Scheffel, A. Gärdes, K. Grünberg, G. Wanner, and D.
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