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Magnetotactic bacteria are able to synthesise precise nanoparticles of the iron oxide magnetite within their cells. These 

particles are formed in dedicated organelles termed magnetosomes. These lipid membrane compartments use a range of 

biomineralisation proteins to nucleate and regulate the magnetite cystallisation process. A key component is the 

membrane protein Mms6, which binds to iron ions and helps to control the formation of the inorganic core. We have 

previously used Mms6 on gold surfaces patterned with a self-assembled monolayer to successfully produce arrays of 

magnetic nanoparticles. Here we use this surface system as a mimic of the interior face of the magnetosome membrane to 

study differences between intact Mms6 and the acid-rich C-terminus peptide subregion of the Mms6 protein. When 

immobilised on surfaces the peptide is unable to reproduce the particle size or homogeneity control exhibited by the full 

Mms6 protein in our experimental setup. Moreover, the peptide is unable to support anchoring of a dense array of 

nanoparticles to the surface. This system also allows us to deconvolute particle binding from particle nucleation, and 

shows that Mms6 particle binding is less efficient when supplied with preformed magnetite nanoparticles when compared 

to particles precipitated from solution in the presence of the surface immobilised Mms6. This suggests that Mms6 binds 

iron ions rather than to magnetite surfaces in our system, and is perhaps a nucleating agent rather than a controller of 

magnetite crystal growth. The comparison between the peptide and the protein under identical experimental conditions 

indicates that the full length sequence is required to support the full function of Mms6 on surfaces.                                              

1. Introduction 

 Iron is an essential element in many organisms. It plays a 

vital role in critical biological processes.1-3 A host of proteins 

have evolved to coordinate, transport, and harness its useful 

chemical properties. Examples include: haemoglobin for 

oxygen transport in erythrocytes, iron storage proteins such as 

ferritin, and in enzymes which use the change in oxidation 

state of iron as the basis of electron transport and redox 

reactions.1, 2 Although an essentially useful transition metal, 

the presence of iron within cells is strictly controlled. High 

levels of iron can result in the production of damaging oxygen 

radicals3 or biogenic iron oxide particles associated with 

neurodegenerative disorders such as Alzheimer’s disease.4, 5 

However, some organisms have developed methods to exploit 

the inherent magnetic characteristics of certain iron oxides by 

forming magnetic nanoparticles. A convenient model system 

to study iron accumulation and subsequent biomineralisation 

is the controlled formation of magnetite nanoparticles in 

magnetotactic bacteria (MTB).6-8 

These specialised bacteria contain internal vesicle 

structures termed magnetosomes9, 10 which act as 

nanoreactors for the synthesis of precise nanoparticles of the 

iron oxide magnetite (Fe3O4).8, 11 Crystallisation of magnetite is 

closely regulated by dedicated biomineralisation proteins 

located within the lipid membrane of the magnetosome.12, 13 

These proteins control many aspects of the forming crystal, 

from its specific nucleation to the size and shape of the 

resulting particle. Within a single MTB strain a highly uniform 

population of nanoparticles is produced with homogeneous 

size, shape, and chemical composition. However, between 

strains these properties can differ significantly. There is 

intense ongoing research to identify and understand the role 

of biomineralisation Mms (magnetosome membrane specific) 

proteins and generate detailed mechanisms for iron oxide 

biomineralisation. Several key proteins have been discovered 

tightly bound to the magnetite particles of Magnetospirillum 

magneticum AMB-1.13 One of these, Mms6, is a 6 kDa protein 

comprising a hydrophobic N-terminal region and a hydrophilic 

C-terminal region (KSRDIESAQSDEEVELRDALA) rich in acidic 

residues.13-15 When the mms6 gene is deleted from MTB, the 

resulting nanoparticles are smaller and the shape is less well 

controlled.16 Importantly, this protein has been used as an 

additive in synthetic chemical precipitations of magnetite 
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nanoparticles, where it also appears to affect their size, 

formation and mineral type.13, 17-19 This has led to the 

assignment of Mms6 as a key size and morphology controlling 

magnetite binding protein. 

Mms6 has been found to self-assemble in solution to form 

micelle-like structures with a high number of protein 

subunits.14 This is likely to be due to the amphiphilic nature of 

the protein sequence. These protein micelles are able to bind 

and accumulate iron ions in solution. This is thought to trigger 

iron oxide nucleation, which in turn aids magnetite crystal 

growth.13, 14, 20, 21 The acidic C-terminal region of Mms6 has 

also been investigated, with the peptide displaying some 

similar properties to the full length protein in terms of both 

iron binding and some ability to control iron oxide crystal 

growth.14, 22 

We have previously demonstrated a novel approach for the 

formation of magnetite nanoparticles (MNPs) on surfaces, 

through the patterning of the Mms6 protein and subsequent 

biomineralisation of magnetite.23, 24 This generated consistent 

microscale MNP arrays when patterned onto functionalised 

gold surfaces using micro-contact printing (μCP).23, 24 Recently 

we published a variation of this approach to pattern a version 

of Mms6 engineered to contain an N-terminal cysteine, 

binding directly to gold and biotemplating MNP arrays of 

magnetite and magnetically harder cobalt-doped magnetite.25 

In this case, a protein resistant polyethylene glycol (PEG) self-

assembled monolayer (SAM) was patterned onto gold surfaces 

via μCP, with the remaining space backfilled with cysteine-

tagged Mms6.25 The regions of the surface with a locally high 

Mms6 concentration were surrounded by a dense monolayer 

of PEG molecules. In this context, our system can be 

considered as a mimic of the arrangement of Mms6 thought to 

exist on the interior surface of the magnetosome membrane. 

Clusters of Mms6 are anchored in the magnetosome 

membrane through their hydrophobic membrane interacting 

region, and the C-terminal acid-rich region is exposed within 

the magnetosome lumen. The N-terminal cysteine-gold 

attachment allows control over the orientation of the protein 

on the surface, ensuring that the active C-terminal region is 

displayed to the reaction solution. This surface based 

biomineralisation experiment therefore offers a unique in vitro 

method of studying Mms6 in an environment similar to the 

native state, anchored in the magnetosome membrane. This is 

in contrast to the previously performed solution based 

experiments,14, 20, 21 where the protein is thought to self-

assemble into micelle structures with a curvature entirely 

unlike its structure in the magnetosome membrane. 

We used this biomimetic system to investigate the 

differences between the Mms6 C-terminal peptide and the 

intact Mms6 protein in MNP synthesis to determine if the 

peptide can be effectively substituted for the intact protein 

(Figure 1). Being able to utilise a synthetic peptide offers 

advantages over the full protein, as peptides are cheaper and 

easier to produce, which would make the biotemplating 

properties of Mms6 more industrially amenable. This 

comparison also uncovers interesting differences between the 

activity of the protein and the peptide, which provides insight 

into the function of Mms6 in vivo. Previous studies have found 

Mms6 tightly associated with the isolated MNPs of 

magnetotactic bacteria,13 suggesting that the protein has a 

strong affinity for MNPs. To test this property in vitro we 

probed whether Mms6, or its C-terminal peptide region, was 

able to bind magnetite when supplied with pre-formed MNPs 

suspended in solution and successfully anchor them to the 

surface (Figure 1). These experiments allowed the magnetite 

templating and magnetite binding activities of Mms6 to be 

analysed separately. 

 

 
Fig. 1: Experimental scheme. (a) Stamping PEG-thiols onto a gold surface using micro-

contact printing. (b) Formation of the protein resistant self-assembled monolayer. (c) 

Backfilling with the cysteine tagged Mms6 (cys-Mms6) or cysteine tagged C-terminal 

Mms6 peptide (cys-Pep). The surface is then subject to either a magnetite precipitation 

reaction or supplied with preformed magnetite nanoparticles. 

2. Experimental  

Synthesis of MNP Arrays  

Cysteine-tagged Mms6 and Mms6 peptide: A peptide 

based on the acidic region of Mms6 from Magnetospirillum 

magneticum AMB-1 was purchased from GenScript (USA) with 

95% purity. The amino acid sequence includes an N-terminal 

cysteine residue and a flexible glycine serine linker (C-GGS-

KSRDIESAQSDEEVELRDAL). The N and C terminal residues were 

acetylated and amidated to better represent that this peptide 

would normally form part of a larger protein. Synthesis of 

cysteine tagged Mms6 was performed according to Bird et al
25. 

A comparison of the amino acid sequences of cys-Mms6 and 

cys-pep can be found in the supplementary information to this 

paper.  

Preparation of gold surfaces: Gold films were evaporated 

onto glass microscope slides. Prior to evaporation, glass slides 

were cleaned via sonication in 1% Decon 90, Milli-Q water, 

methanol, Milli-Q water, dried in nitrogen, immersed in a 

piranha solution (H2SO4 70% : H2O2 30% v/v) for 10 minutes, 

rinsed with Milli-Q water and dried in nitrogen. 5 nm of 

chromium, followed by 50 nm of gold was evaporated onto the 
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slides in an Edwards Auto 360 thermal evaporator. Following 

this, the slides were scribed and sectioned before patterning. 

μCP of protein resistant SAMs: Stamps were formed from 

a 10:1 (w/w) mixture of Sylgard 184 poly-(dimethylsiloxane) 

(PDMS) (Dow Corning) prepolymer to curing agent. This 

mixture was stirred, vacuum degassed to remove trapped air 

bubbles, poured over micropatterned silicon masters and 

cured at 60 °C for >24 hours. The cured stamps were then cut 

from the masters and soaked in ethanol for >16 hours. Gold 

surfaces were cleaned in a piranha solution for 5 minutes, 

rinsed in Milli-Q water, dried in a nitrogen stream, rinsed in 

ethanol and dried in nitrogen. Stamps were then covered with 

a 5 mM solution of PEG thiol (11-mercaptoundecyl 

tetra(ethylene glycol), HS(CH2)11(OCH2CH2)4OH) (Sigma-

Aldrich) in ethanol and incubated for 4 minutes. The excess 

PEG solution was then pipetted off the stamps, which were 

then dried in nitrogen, and placed in conformal contact with 

clean gold surfaces. After 4 minutes the stamps were removed, 

allowing time for an ordered SAM to form. 

Attachment of cys-Mms6 or cys-pep: PEG patterned gold 

surfaces were placed into a phosphate buffered saline (PBS) 

solution (pH 7.4) containing either cys-Mms6 or cys-pep (10 µg 

mL-1) for 1 hour, allowing time for these biomolecules to bind 

to the gold areas not functionalised by the PEG SAM. 

Formation of MNP Arrays: MNPs of magnetite were 

formed through a partial oxidation of ferrous hydroxide 

(POFHK) reaction. The reactants were dissolved into anaerobic 

Milli-Q water, forming stock solutions of 0.5 M FeSO4·7H2O, 1 

M KOH and 0.5 M KNO3. 2.75 mL of anaerobic Milli-Q water, 

followed by 2.5 mL of the FeSO4 solution, and 2.75 mL of the 

KOH solution was added to a reaction vessel. This vessel was 

sealed, and nitrogen was constantly sparged through the 

aqueous reaction solution. 20 mL of the KNO3 solution was 

then added drop-wise over ≈5 minutes, the vessel was heated 

to 80 ˚C, and nitrogen sparging was maintained (resulting 

concentration of MNP is approximately 18 mg ml-1). After 4 

hours the MNPs that formed were collected magnetically, and 

rinsed in anaerobic Milli-Q water at least 5 times. 

Cys-Mms6 or cys-pep patterned surfaces were rinsed in 

anaerobic Milli-Q water and added either directly to the 

POFHK reaction just after the water was added, or added to a 

20 ml solution of the MNPs that were collected magnetically, 

dispersed into Milli-Q water and placed onto a tilt stirrer for 

>16 hours (concentration of MNP is 45 mg ml-1). Once the 

surfaces were removed from either the POFHK reaction or the 

MNPs dispersed in water, they were rinsed with anaerobic 

Milli-Q water and dried with nitrogen. 

 

Characterisation 

Quartz crystal microbalance with dissipation (QCM-D): 

The binding of cys-Mms6 and cys-pep to clean gold surfaces 

and PEG coated gold surfaces was measured with a Q-Sense E4 

QCM-D (Q-Sense AB, Gothenburg, Sweden). Gold coated QCM-

D crystals were cleaned in Milli-Q Water, 0.4% sodium dodecyl 

sulphate (SDS) detergent, Milli-Q water again, dried in 

nitrogen, UV/ozone treated for 20 minutes, followed by 

immersion in ethanol for 40 minutes, and dried in nitrogen. 

These clean crystals were then loaded into the QCM-D 

experiment, or were immersed in an ethanol solution 

containing the PEG SAM at a concentration of 1 mM for >16 

hours, rinsed in ethanol and dried in nitrogen before loading 

into the QCM-D chamber. 

All experiments were performed with a flow rate of 50 µL 

min-1, and at a temperature of 22˚C. Changes in frequency (Δf) 

and dissipation (ΔD) were recorded for the 3rd, 5th, 7th, 9th, 

11th and 13th overtones as Milli-Q water was flowed into the 

system until these values stabilised. Following this, a 10 μg 

mL−1 solution of cys-Mms6 or cys–pep in PBS was flowed into 

the system for 1 hour, and then the flow was returned to Milli-

Q water again until the recorded values stabilised. Modelling 

was performed following the methods used by Krzemiński et 

al.26 using Qtools 2 Qsense software under the assumptions of 

the Kelvin Voigt model,27 a hydrodynamic protein layer density 

of 1200 kg m−3,28 a buffer viscosity of 0.001 kg m−3, and a 

buffer density of 1000 kg m−3. 

Scanning electron microscopy (SEM): Biomineralised gold 

surfaces were fixed to aluminium stubs and earthed with silver 

paint. Images were recorded with either a Leo 1530 Gemini 

FEG(SEM) or a Hitachi SU8230 SEM, at an accelerating voltage 

of 15 keV, a working distance of ≈15 mm and were processed 

with Zeiss SmartSEM software. 

Transmission electron microscopy (TEM): MNP solutions 

were pipetted onto TEM grids, and these were dried in air. 

Micrographs were recorded with a FEI Tecnai G2 Spirit TEM 

operating at 80 keV, and processed with Gatan 

DigitalMicrograph software. 

Grainsize analysis and surface coverage: The longest and 

shortest axis of ≈100 MNPs per sample was recorded from 

representative SEM or TEM images in ImageJ software29, and 

these data were fitted in GraphPad Prism. The density of the 

MNPs on the surface was adapted from the method described 

in Galloway et al. 30. The number of particles on a randomly 

selected 1 µm2 area (of the biomolecule decorated surface) 

from five representative images was averaged for each 

sample. The approximate area occupied by the particles was 

estimated using the mean size of the MNPs calculated by 

grainsize analysis. This was then used to approximate the total 

MNP coverage on the surfaces. 

X-ray diffraction (XRD): A Siemens D5000 diffractometer 

was used to obtain spectra of biomineralised magnetite MNP 

surfaces in reflection mode. X-rays were generated at 40 kV 

and 40 mA from a Cu Kα source (average λ = 1.54178 Å), and 

directed onto the surfaces mounted on Apiezon Q Sealing 

Compound putty. Intensities were collected between 2θ = 15° 

and 70° in 0.025° steps and 2.5 seconds per step. A STOE STADI 

P diffractometer was used to obtain spectra of powered MNP 

samples. X-rays were generated at 40 keV and 35 mA using a 

Cu Kα1 source and X-ray intensities were collected between 2θ 

= 15° and 70° in 0.03° steps and 2.5 seconds per step. All data 

were analysed with DIFFRAC Plus software. 
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Results and discussion  

We used Quartz Crystal Microbalance with dissipation (QCM-

D) to determine if the cysteine labelled Mms6 peptide (cys-

pep) was able to interact with a gold surface as we have 

previously shown for the full length form of Mms6 (cys-

Mms6).25 QCM-D systems are used extensively to study 

interactions of biomolecules with surfaces.31 In this 

experiment, a thin piezoelectric quartz crystal coated with a 

layer of gold oscillates at its resonant frequency. When 

material is applied and deposited on the surface, there is a 

corresponding shift in the resonant frequency. This shift, 

described by the Sauerbrey equation, is negative if the mass 

on the surface increases. The dissipated energy loss from the 

surface can also be measured, which gives an indication of the 

changes to the visco-elastic properties of the surface adsorbed 

material. 

The QCM-D analysis is presented in Figure 2 for the cysteine 

labelled Mms6 peptide and, for comparison, the Mms6 

protein. These both show the characteristic decrease in 

frequency associated with adsorption. In phase A, the system 

is washed with ultra-pure water. During phase B, the peptide 

or protein is allowed to flow into the system in PBS, before the 

surface is washed again with ultra-pure water to remove 

unbound material. The peptide appears to rapidly reach an 

equilibrium state, with the protein taking longer to plateau in 

phase B. This is probably because the molar concentration of 

the protein is less than for the peptide, as the Mms6 protein is 

larger than the peptide. As both solutions contained 10 μg mL-

1 of the respective biomolecule, the molar concentration of 

cysteines for attachment is higher for the peptide than the 

protein, leading to more rapid adsorption of the peptide. Using 

the Sauerbrey equation32 and estimates of the dimensions of 

both of the peptide and the protein (obtained from models 

generated by the Quark protein prediction server33) the 

coverage of the gold surface by the biomolecule could be 

calculated (Table 1). This indicates that both molecules 

produce an almost monolayer coverage of the surface. The 

Voight model (Supplementary Table 1) provides an estimated 

thickness of this layer of 8 nm. This suggests both the protein 

and the peptide are packed orthogonally to the surface. 

Furthermore, the return to baseline dissipation in the case of 

the peptide is consistent with available examples of rigid 

biopolymer deposition.31 To confirm that the peptide itself 

does not interact with the PEG-thiol SAM we conducted 

further QCM-D experiments (Supplementary Figure 1, 

Supplementary Table 2). These clearly show that there is no 

detectable interaction between the PEG passivated surface 

and the cysteine tagged biomolecules occurring. Our previous 

study reveals that Mms6 also does not directly interact with 

the PEG layer.25 

 
Fig. 2. Frequency (Δf, solid lines) and dissipation (ΔD, dotted lines) changes of the 7th 

overtone recorded with QCM-D during adsorption of cys-Mms6 (green) or cys-pep 

(orange) onto clean gold coated quartz crystals. Grey regions show when a Milli-Q 

water buffer was applied (A and C), and white regions (B) show when a PBS buffer 

containing cys-Mms6 or cys-pep at a concentration of 10 µg mL-1 was applied (flow rate 

50 µL min-1). 

Table 1. The mass coverage measured with QCM-D of cys-Mms6 and cys-pep adsorbed 

onto clean gold crystals.
a
    

Sauerbrey Values Cys-Mms6 Cys-pep 

Mass (ng cm-2) 258 182 

Coverage (pmol cm-2) 

Complete Monolayer (pmol cm-2) 

Coverage (%) 

23 

≈24 

≈96 

70 

≈83 

≈84 

a All modelling was performed with QTools 2 Qsense software. Sauerbrey values 

were calculated from the 7th overtone. 

The cysteine tagged Mms6 or Mms6 peptide was used to 

backfill a PEG-thiol patterned gold surface using conditions we 

have already developed and optimised.25 These surfaces were 

subject to a partial oxidation of ferrous hydroxide reaction 

with potassium hydroxide (POFHK), which precipitated MNPs. 

Once the reaction was complete and following cleaning, the 

surfaces were characterised by scanning electron microscopy 

(SEM), and the particles formed on both the surfaces and in 

the bulk solution were probed by X-ray diffraction (XRD) 

(Figure 3). The interplanar distances of the particles produced 

are in close agreement to those corresponding to magnetite 

(Table 2), rather than the iron oxide maghemite that has a 

similar crystal structure. The (400) plane in particular, which 

can be used to distinguish between magnetite and maghemite, 

confirms the majority of the material is most likely to be 

magnetite.34 Diffraction peaks corresponding to gold are also 

present in surface biomineralisation data, obscuring the (222) 

magnetite peak. The bulk particles were visualised by 

transmission electron microscopy (TEM) and their dimensions 

measured using ImageJ35 software (Figure 4). Grainsize 

analysis was also conducted for particles formed on both the 

protein and peptide patterned surfaces. 
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Fig.3: XRD spectra of POFHK(Bulk) nanoparticles (black), and of a Mms6(POFHK) 

surface. Each spectrum is offset for clarity and peak positions for magnetite (red) and 

gold (gold) are labelled. 

 
Fig. 4. TEM image (left) and grainsize analysis of POFHK (Bulk) nanoparticles. Scale bar 

is 100 nm. 

Table 2. Interplanar distances from the XRD spectrum of the MNP samples (Fig. 4). 

Interplanar distances for magnetite and maghemite (all measured in Å).
a
 

Peak Magnetite Maghemite POFHK(Bulk) Mms6(POFHK) 

(220) 2.966 2.950 2.966 2.962 

(311) 2.53 2.520 2.534 2.527 

(222) 2.419 2.410 2.423 -b 

(400) 2.096 2.080 2.097 2.097 

(422) 1.712 1.700 1.718 1.711 

(511) 1.614 1.610 1.615 1.614 

(440) 1.483 1.480 1.483 1.483 

(533) 1.279 1.270 1.280 1.276 

a Based on spectra from DIFFRAC Plus software. b Obscured by the Au (111) peak. 

SEM of the Mms6 surface revealed clear, defined, dense 

patterns of magnetite nanoparticles in stripes corresponding 

to the areas covered by the protein. These patterns are 

consistent with our previous Mms6 surface biomineralisation 

experiments.25 When the peptide was used in place of the 

protein we observed a very different result. As shown in Figure 

5, the patterns are not as clear or well defined as for the Mms6 

protein surface templated particles. The peptide surface 

templated particles appear to be sparsely distributed on the 

surface. The extremely low amount of material observed is 

insufficient for diffraction analysis; although based on the XRD 

results from the Mms6 surface in the same reaction conditions 

we infer that the material is magnetite. The grainsize analysis 

of these particles also shows an interesting difference, (Figure 

4 & 5). The solution phase MNPs gives rise to a mean size of 

60 nm, very close to the 65 nm size we observe on the peptide 

patterned surface, both with a similar broad distribution. By 

comparison, the Mms6 protein mediated particles are 

approximately 50% larger, with a mean size of 87 nm, and yet 

feature a much tighter size distribution. These data indicate 

that Mms6 is able to enhance both the size and homogeneity 

of the forming nanoparticles and also successfully anchor 

these particles to the surface. The peptide on the other hand 

appears to display particles with similar properties to the 

MNPs formed in the bulk solution, with no improvement in 

homogeneity, and with much less dense anchoring of the 

particles to the surface. It is possible that the peptide may be 

more susceptible to the destabilising conditions of the POFHK 

resulting in loss of function. If this is the case, it indicates that 

structure and assembly are necessary to the function of Mms6 

rather than acidic C-terminal region sequence alone. 

To ascertain if the Mms6 protein or peptide was able to bind 

pre-made MNPs to the patterned surface, we modified the 

system. Rather than use the surfaces in an in situ 

biomineralisation reaction to produce particles, we simply 

took MNPs in water (prepared from a POFHK reaction), and 

applied them directly to a surface already patterned with 

either the Mms6 protein or peptide. The resulting surfaces 

were washed, and analysed with SEM, and subsequent 

grainsizing was performed as before (Figure 5). The main 

difference observed is between the two Mms6 surfaces 

(biomineralised and MNP binding), which revealed a less dense 

MNP pattern had been produced in the pre-formed MNP 

binding when compared to the in situ POFHK experiments; 

indicating fewer MNP had been adsorbed. The protein also 

showed no selectivity towards binding larger MNPs, as the 

mean particle size from the grainsize analysis matched those 

of the applied bulk MNPs. SEM of the Mms6 peptide surface 

reveals no significant difference to that obtained from the 

control POFHK reaction, with sizes which again match those of 

the applied bulk MNPs. Taken together, these results help to 

build a picture of the differences between the protein and the 

peptide, and the mode of action of Mms6.  
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Fig. 5: SEM analysis of the different surfaces at increasing magnification. Scale bars are 100 µm (left), 20 µm (centre), and 100 nm (right). MNP sizing histograms are 
shown with Gaussian fitting (GraphPad Prism).MNP coverage from 5 areas of biomolecule patterned regions is shown for each sample with standard deviation. 

Intriguingly, if we compare the density of the MNPs on the 

Mms6 protein patterns resulting from the in situ 

biomineralisation to those formed from the addition of pre-

made nanoparticles, we see it much reduced in the binding 

experiment when compared to the biomineralisation one. This 

is despite the biomineralisation surface being subject to much 

more extreme conditions of pH and heat, which suggests that 

the binding of MNPs by Mms6 may be enhanced when the 

MNPs are formed in the presence of the protein. We 

hypothesise that by binding iron ions, nucleating and 

stabilising the formation of the MNP, the C-terminal residues 

of Mms6 may mediate more contacts with the growing particle 

than if the MNP is supplied preformed. This may suggest that 

the strong attachment of Mms6 to magnetite is a by-product 

of its nucleating activity. 

In this study, the Mms6 peptide appears to offer no effect on 

controlling the size or shape of the MNPs produced, and also 

sequesters nanoparticles with much lower density than the full 

Mms6 protein. Previous studies of an Mms6 C-terminal 

peptide in solution phase POFHK magnetite formation show 
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modest particle size effects.22 A peptide with the additional 

glycine leucine repeat section displays greater activity.22 We 

considered that the shorter length of the peptide (when 

compared to the Mms6 protein) may mean it is not as 

accessible on the SAM patterned surface, which may limit its 

ability to function as fully as when free in solution. To test this 

we prepared cys-pep surfaces with no SAM, thereby providing 

maximum accessibility to the peptides for both our process 

schemes. The surfaces, visualised by SEM (Supplementary 

Figure 2 & 3), revealed the same type of sparse particle 

deposition as before, showing the peptides low activity is not 

due to masking by the SAM. Therefore, it may be that the 

Mms6 peptide is crowding itself, by packing more closely than 

is possible in the full length sequence. Alternatively, the 

shorter peptide may be more prone to destabilisation by 

heating than the full length Mms6 protein is. 

The Mms6 peptide yielded sparse MNP patterns under both 

experimental systems and the apparent lack of any effect upon 

size or homogeneity of the surface bound nanoparticles 

suggests that this molecule exerts no apparent control over 

magnetite formation in this experimental system. The 

similarity between the pattern densities of the peptide 

resulting from Schemes I and II is suggestive of the peptide 

binding some particles weakly in both cases. It is possible that 

during the Scheme I POFHK reaction the peptide may simply 

be binding particles produced in the bulk solution in a similar 

way to Scheme II. 

Purified Mms6 forms spontaneous micelle-like structures; 

indicating that this protein has a natural propensity to 

aggregate.14, 15, 20 The Mms6 C-terminal peptide contains the 

abundance of acidic residues (which are considered an 

essential feature of Mms6 magnetite biomineralisation14) and 

previous analysis demonstrates some aggregation into 

oligomeric species of the range dimers to octamers.15 

However, even with the same acidic residues and the locally 

high concentration brought about through the surface 

attachment, as well as any natural oligomerisation, the 

peptide appears unable to replicate the activity of the full 

length protein in our experiments. One important feature 

which is absent from the peptide is the distinctive glycine-

leucine repeat motif (Supplementary Figure 5-7) which has 

been shown to be important in oligomerisation and activity in 

previous studies15, 22. This type of low complexity repeating 

sequence is commonly associated with self-assembling 

proteins such as silk fibroins.36 We believe this motif could play 

a crucial role in the assembly of the complex; bringing about 

the correct packing and orientation of the proteins to facilitate 

iron ion coordination, binding, and nucleation of the magnetite 

nanoparticle. Molecular modelling of this sequence 

(Supplementary Figure 5-7 and Supplementary Methods) 

suggests glycine and leucine residues in an α-helical 

conformation could produce regularly spaced interlocking 

knobs and holes along the length. A parallel assembly of such 

helices would allow precise packing of multiple Mms6 

molecules to generate a C-terminal surface of iron ion binding 

residues (Aspartate and Glutamate). This packing may give rise 

to an arrangement of these acidic residues that is able to 

support iron binding and crystallisation of magnetite, as 

opposed to the potentially uncontrolled surface packing of the 

peptide form of Mms6 present in our experiments 

(Supplementary Figure 6).  

Using our biomimetic surface system as a mimic of the 

magnetosome membrane, we find that Mms6 is able to form 

nanoparticles which are different (in size and homogeneity) 

from the particles formed in a bulk solution, which is 

consistent with our previous studies. It should be noted that 

the ≈87 nm MNPs formed on our biomimetic surface are 

approximately twice the size of the 50 nm natural 

magnetosomes crystals. In previous studies where Mms6 was 

used in solution in a similar POFHK reaction, the particles were 

found to be approximately 50% smaller than control particles 

formed without protein.17 This is in direct contrast to the 50% 

size increase we see in our surface based experiment. One key 

consideration is the effect of the curvature present on the 

surface of Mms6 soluble micelles when free in solution, when 

compared to the immobilisation of Mms6 on a flat surface 

(Figure 6). A planar arrangement of Mms6 may provide a 

greater expanse of the active acidic region, giving rise to 

increased nucleation and growth of larger crystals (Figure 6b). 

The smaller convex surface present on the Mms6 micelles may 

provide a smaller nucleation surface and hence form smaller 

crystals (Figure 6a). Neither the micelle form nor our surface 

experiment perfectly matches the concave assembly of Mms6 

likely to be present on the interior face of the magnetosome 

(Figure 6c). Further experiments could include enhancing our 

biomimetic system to better represent the curvature of the 

magnetosome interior. In addition, this biomimetic system 

provides a clear marker (larger MNP) of Mms6 activity in vitro. 

This could be exploited in future experiments to probe the 

effect of changes to the Mms6 sequence on MNP formation. 

This may help to further unlock the mode of action of Mms6 at 

the individual residue level.    

 

 

Fig. 6: The assembly of Mms6 under different conditions (the N-terminal region of 

Mms6 is represented by a green rectangle and the iron binding C-terminal region by 

two green cylinders). a) Mms6 in solution arranged into a micelle, with a convex 

surface interacting with a magnetite nanoparticle. b) Surface immobilised Mms6, with a 

planar interaction with a magnetite crystal. c) Mms6 within a magnetosome, 

presenting a concave surface that interacts with a magnetite particle.             

In summary, the results presented here suggest that Mms6 is a 

nucleation protein, where the assembled protein surface binds 

iron ions specifically to nucleate the formation of magnetite. 

Furthermore, in our biomimetic system it is not the C-terminal 
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section alone, but the full length protein, which is required to 

provide the complete function of Mms6. 
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Using a surface-based mimic of a magnetosome interior, the biomineralisation protein Mms6 was 

found a more effective nucleator than binder of magnetite nanoparticles and performs better than its 

C-terminal region alone.  
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