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Abstract
Iron is an essential element involved in various metabolic processes. The ferritin family of proteins forms nanocage assembly and is 
involved in iron oxidation, storage, and mineralization. Although several structures of human ferritins and bacterioferritins have been 
solved, there is still no complete structure that shows both the trapped Fe-biomineral cluster and the nanocage. Furthermore, 
whereas the mechanism of iron trafficking has been explained using various approaches, structural details on the biomineralization 
process (i.e. the formation of the mineral itself) are generally lacking. Here, we report the cryo-electron microscopy (cryo-EM) 
structures of apoform and biomineral bound form (holoforms) of the Streptomyces coelicolor bacterioferritin (ScBfr) nanocage and the 
subunit crystal structure. The holoforms show different stages of Fe-biomineral accumulation inside the nanocage, in which the 
connections exist in two of the fourfold channels of the nanocage between the C-terminal of the ScBfr monomers and the Fe- 
biomineral cluster. The mutation and truncation of the bacterioferritin residues involved in these connections significantly reduced 
the iron and phosphate binding in comparison with those of the wild type and together explain the underlying mechanism. 
Collectively, our results represent a prototype for the bacterioferritin nanocage, which reveals insight into its biomineralization and 
the potential channel for bacterioferritin-associated iron trafficking.
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Significance Statement

Iron is an essential element for all living organisms, and it is involved in various metabolic processes. The ferritin family of proteins 
forms nanocage assembly and is involved in iron oxidation, storage, and mineralization. Although several structures of human fer
ritin and bacterioferritin subunits have been resolved, there is still no complete structure that shows the trapped iron cluster along 
with the nanocage. While the mechanism of iron trafficking was explained previously using various approaches, structural details on 
the biomineralization process are generally lacking. Here, we report four cryo-EM structures of the bacterioferritin that shows differ
ent stages of Fe-biomineral accumulation inside the nanocage.
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Introduction
Iron is involved in various physiological processes, including DNA 

synthesis, gene regulation, respiration, and oxygen transport (1). 

However, free iron is toxic to cells and is linked with the formation 

of free radicals from reactive oxygen species (ROS). Thus, iron lev

els are carefully regulated to prevent iron overload and oxidative 

stress. The ferritin (Ftn) family of proteins play an important role 

in stress management by sequestering excess iron (Fe2+-substrate) 

and storing it as insoluble Fe3+ (product) clusters within a nanocage 

assembly. When required, these iron stores can be reduced and 

transported out of the cavity for cellular processes (2–4).

Ferritin-like molecules are present in archaea, bacteria, and eu
karya, and their structures are well conserved despite poor se
quence identity (5). There are three types of ferritin-like 
molecules found in bacteria: bacterioferritin (Bfr), Ftn, and 
DNA-binding proteins from starved cells (Dps) (6). Bfr and Ftn 
nanocages are composed of 24 subunits and can store around 
2,500 Fe ions (7–9), whereas Dps nanocages comprise 12 subunits 
and able to store up to 500 Fe ions in the cavity (5). Bfr proteins 
bind heme between two monomers at the dimeric interface, 
with the nanocage capable of binding 12 heme molecules (10). 
Fe2+ ions enter into the ferroxidase center situated in the helical 
bundle of Bfr monomer through the B-pore (11–13). Recent studies 
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have shown that Bfr ferroxidase center reacts faster with H2O2 

than with O2 suggesting a prominent role in ROS detoxification 
(14).

Several crystal structures of animal Ftn and Bfr have been re
solved (15–17) (Table S2), and cryo-EM structures of mammalian 
Ftn nanocages have been reported, along with their functional 
studies (18–20). The biomineral core formation in Ftn is also re
ported in various studies (21–23). However, to date, there is no 
cryo-electron microscopy (cryo-EM) nanocage structure of Bfr. 
Moreover, none of the reported structures shows the 3D structure 
of the nanocage cavity with the trapped Fe-biomineral cluster. 
Although the mechanism of iron trafficking has been detailed pre
viously, structural details on the biomineralization process is gen
erally lacking.

Streptomyces coelicolor is a model organism used for studying 
Mycobacterium tuberculosis and Corynebacterium diphtheriae due to 
its similarity in core genome (24). A recent study demonstrated 
that iron promotes the intrinsic resistance of aerobic actinomy
cetes S. coelicolor and Mycobacterium smegmatis against bactericidal 
antibiotics (25). The Streptomyces genus is responsible for produ
cing a majority of the antibiotics in use today, as well as some im
munosuppressants and antitumor agents (26).

Here, we report the high-resolution cryo-EM structures of the 
apo (empty) and holo (containing Fe-biomineral) states of the S. 
coelicolor Bfr (ScBfr) nanocage, along with the crystal structure of 
the ScBfr subunit. The holo-ScBfr structures illustrate the various 
stages of mineralization of the Fe cluster sequestered inside the 
nanocage cavity. Notably, the holoform-II maintains connections 
between the protein shell inner surface and the Fe-biomineral 
cluster suggestive of potential pathways for iron accumulation 
and release. Taken together, this study helps to clarify the mul
tiple functions of Ftn, particularly the molecular mechanism of 
iron transport.

Results
Cryo-EM structures of ScBfr nanocages
The 3D reconstructions of the ScBfr images show four major spe
cies of nanocages: the apo-ScBfr (no Fe-biomineral cluster) form, 
and three forms of holo-ScBfr—form-I, form-II, and form-III with 
Fe-biomineral clusters accumulated/trapped inside the nanocage 
(Figs. 1 and 2 and Table S1).

Structure of apo-ScBfr nanocage
The apo-ScBfr nanocage has an external diameter of 125 Å and an 
internal diameter of 82 Å with an empty cavity (Fig. 1A). The sub
units in the nanocage are arranged in an antiparallel fashion, 
forming a dimer (Fig. S1A and B). In total, 12 dimeric units assem
ble to form the nanocage. There are six symmetric fourfold chan
nels, eight symmetric threefold channels, and 24 B-pores formed 
by the subunits of the nanocage structure (Fig. S1A). The fourfold 
channels are formed by the C-terminal regions (146 to 157 aa) of 
the four monomers (one monomer from each dimeric unit), which 
protrudes toward the nanocage cavity (Fig. S1A).

The cryo-EM map of apo-ScBfr (Figs. 1A and 3A) shows density 
for all residues of the 24 chains of the ScBfr nanocage, except the 
last 10 residues in the C-terminus. The densities for the heme mol
ecules are well defined in the dimeric interface of ScBfr (Fig. 3B), 
and a total of 12 heme molecules are modeled in the nanocage. 
Furthermore, the presence of heme was verified using the 
UV-Vis absorbance spectrum (Fig. S9). The Met52 residues from 
two monomers form coordination bonds with the heme molecule 

(Fig. 3B), and residues Arg45, Phe49, and Glu56 from both mono
mers make hydrogen bonding contacts with heme. The density 
of the Fe3+ ion located in the ferroxidase center is also well de
fined, and residues Glu18, Glu51, His54, and Glu127 form coordin
ation bonds with the Fe3+ ion (Fig. 3C). Further, self-assembly of 
the subunits in the nanocage is predominantly maintained by 
electrostatic interactions (Fig. S1C and D).

Structure of holo-ScBfr nanocages
The Fe-biomineral–trapped holo-ScBfr nanocage structures have 
same internal diameter and external diameter as the apo-ScBfr 
nanocage. The three different holoforms (holoform-I, holoform-II, 
and holoform-III) identified in this data set showed different 
amount of Fe trapped in the nanocage (Figs. 1, 2, and S4). The num
ber of particles with these holoforms were very fewer (1–2% of the 
total number of particles) than the apoform. Due to the limitations 
in the number of particles, the holoform-I and holoform-III were re
fined with O symmetry that gave a meaningful resolution, while the 
holoform-II was refined with C1 symmetry and O symmetry to a 
higher resolution (Table S1). It should be noted that the symmetry 
averaged reconstructions by imposing O symmetry averaging re
sults in the loss of unique features, which would be overwhelmed 
by signal of the dominant features. The holoform-II showed the 
presence of biomineral in both models (Fig. 2), but the biomineral 
core was asymmetric in the C1 symmetry refined model (Fig. 2D). 
While the O symmetry model showed connections between 
C-terminal region of ScBfr and biomineral core in all fourfold chan
nels (Fig. 2B), only two of these connections were present in the C1 
symmetry model (Fig. 2).

The refinement of all three holoform models with O symmetry 
showed different levels of Fe-biomineral accumulation: holoform-II 
showed larger amount of biomineral core compared to other two 
forms (Figs. 1 and 2A–D). The higher number of particles in the 
holoform-II data allowed us to subtract the signal for the biomin
eral core and refined the nanocage with O symmetry and the bio
mineral core with C1 symmetry. This refinement of only 
biomineral core yielded a resolution of only 5.7 Å (Fig. 2F), while 
the nanocage refined with O symmetry gave a resolution of 2.9 Å. 
The combined model (merged model in which shell at O symmetry 
and biomineral with C1 symmetry; Fig. 2G) shows good EM density 
for both nanocage and the biomineral core. The Fe-biomineral core 
does not fit to any symmetry, which is consistent with other reports. 
Previous studies (5, 9, 27, 28) suggested that the chemical content 
and structure of iron inside the core is polyphasic or heterogenous 
and may not be packed regularly.

Insights into the pathway of Fe ion movement
Although various pathways (5, 15, 29, 30) have been proposed to 
explain the passage of iron in and out of the nanocage cavity, 
the exact mechanism remains unclear. The iron pathways have 
been identified with different level of detail in different Ftns, 
and animal Ftns are studied in detail when compared to other 
Ftns. In this context, our structures of the holoforms of the 
ScBfr nanocages reveal the following intriguing features.

The holoform-I refined with octahedral symmetry showed 
small Fe-biomineral assemblies located close to the fourfold 
channels in the inner surface of the shell (Fig. 1B). Holoform-III 
is an intermediate between holoform-I and holoform-II, in which 
no connections observed to the inner surface of the nanocage may 
be due to the significantly lower density than the formed mineral 
or due to the subtraction (averaging out) of weak signal in the 
octahedral symmetry (Fig. 1C). Notably, the holoform-II had 
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more particles, which allowed us to refine this model in three dif
ferent ways (refer section 2.1.2 for details). In this form, the 
cryo-EM map shows connections between the trapped Fe- 
biomineral inside the nanocage cavity and C-terminal in models 
refined with O symmetry and C1 symmetry. We observed two con
nections maintained between the fourfold channel and biomin
eral core in the model refined with C1 symmetry. Collectively 
these models suggest that the Fe-biomineralization process is 
asymmetric, and it starts from the inner surface of the Ftn nano
cage, and the fourfold channel serves as the starting point (seed) 
for the nucleation. Further it suggests that the Fe-biomineral clus
ter grows toward the center of the nanocage and fill the cavity. 
Moreover, the connections in holoform-II suggest a continuous 
pathway spanning 38 Å between the ferroxidase center in each 
monomer and the nanocage cavity (Fig. 4A and B).

These connections represent one possible route for Fe3+ ion 
transport from the ferroxidase center into the nanocage cavity. 
Turano et al. (31) proposed a similar pathway based on NMR stud
ies of the Lithobates catesbeiana M-ferritin subunit. Superposition of 
the monomeric ScBfr (crystal structure; see section 2.3) with the L. 
catesbeiana M-ferritin subunit showed similarity in at least 12 res
idues (Ala21, Tyr25, His28, Glu47, Val83, Phe87, Asp90, Leu134, 
Leu138, Glu146, Glu155, and Thr157) involved in the movement 
of Fe3+ from the ferroxidase center to the nanocage cavity 
(Fig. 4B). Notably, most of these residues are highly conserved 
(around 40% residues) among Bfr proteins (Fig. S2A), and we also 
observed a continuous negative patch between the ferroxidase 
center and the C-terminal (Fig. S1C).

To confirm the role of these residues, in particular the C-terminal 
region, in iron transport, we generated a C-terminal truncated ver
sion of Bfr (ScBfr1–152: residues 153–167 removed) and examined Fe 
binding compared with the wild type. Inductively coupled 
plasma-optical emission spectrometry (ICP-OES) was used for de
termining the amount of Fe ion in ScBfr wild type and the 
C-terminal truncated mutant. We observed significantly reduced 
Fe ion binding in the C-terminal truncated mutant as compared 
with the wild type (0.04 ppm vs. 0.27 ppm), suggesting an import
ant role for the C-terminal region in Fe-biomineral accumulation. 

Moreover, we performed an inorganic phosphate assay to deter
mine the amount of phosphate which showed substantial reduc
tion in the phosphate concentration in the C-terminal truncated 
mutant as compared with the wild type (0.015 µm vs 0.42µm). In 
Bfr wild type (which consists of both apoform and holoform), 
the calculated iron:phosphate ratio is 8:1, while the average pro
tein:phosphate ratio is 1:0.37. In addition, the dynamic light scat
tering (DLS) experiment indicated that the C-terminal truncated 
mutant also has hydrodynamic radius and the calculated mo
lecular weight corresponding to 24-mer assembly, similar to the 
wild type (Fig. S8A). Furthermore, we verified the C-terminal trun
cated mutant using negative-stained electron microscope images 
that also confirmed the presence of spherical assembly similar to 
the wild-type Bfr (Fig. S10).

In the holoform-II model refined with C1 and O symmetry, we 
observed connections between the Fe-biomineral and the heme 
binding region, involving residues Met52 and Phe49 (Fig. 4C). 
Whereas Met52 is highly conserved in Bfr proteins, Phe49 is con
served only in S. coelicolor and M. tuberculosis. Heme plays an im
portant role in the release of iron from the central cavity of the 
Bfr nanocage by facilitating electron transfer (32). In the present 
study, the observed connections in holoform-II with or without 
symmetry suggest the possibility that the electrons transferred 
by heme enter the nanocage cavity to facilitate the release of 
Fe2+ from the cavity (Fig. 4C). A similar heme-mediated electron 
transfer process has been previously reported (16, 33).

We also observed a continuous connection (in holoform-II 
model refined with both O and C1 symmetry) between the 
B-pore at the surface and the Fe-biomineral in the nanocage cavity 
in holoform-II, spanning residues Lys42 and Tyr43, (which are 
structurally located near the C-terminal) and residues Tyr133 
and Asp132. Residue Lys42 is connected to the Fe-biomineral 
core, whereas Asp132 is connected to the B-pore in the surface 
of the nanocage (Fig. 4D). We speculate that this connection might 
play a role in electron transfer into the nanocage cavity as well as 
Fe ion transfer. Indeed, mutating this commonly found Lys42 to 
Ala (ScBfr K42A) reduces the Fe ion binding as compared with 
the wild type (0.06 ppm vs. 0.27 ppm).

Fig. 1. The cryo-EM structures of A) apo-ScBfr, B) holo-ScBfr-form-I, and C) holo-ScBfr-form-III refined with O symmetry. The trans-sectional view of the 
model shown below each form. The Fe-mineral accumulated in the nanocage cavity is shown in yellow color in holo-form-I and holoform-III. The 
apo-ScBfr structure was solved at 2.7-Å resolution while the holo-form-I was solved at 3.6 and holoform-III at 3.2-Å resolution.
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Crystal structure of ScBfr
The crystal structure of ScBfr was determined at 2.6-Å resolution 
(Table S2). The monomeric ScBfr adopts an α-helical structure 
(Fig. S2B), similar to its homologs (34). Four glutamic acids 
(Glu18, Glu51, Glu127, and Glu94-water mediated) and His 130 
and His54 from three helices are involved in the Fe coordination 
in the ferroxidase center (Fig. S2B). Previous reports of Bfr crystal 
structures suggest that Bfr can form various crystal packing de
pending on the space group (i.e. 1 molecule to 48 molecules in 
the asymmetric unit) (Table S3); yet, no Fe-biomineral has been 
observed in any of these asymmetric unit oligomers.

A structural homology search for ScBfr identified conservation 
among several Ftns and Dps proteins (Table S4). The Bfr homologs 
are presents in several species, including pathogenic M. tubercu
losis and C. diphtheriae. A comparison of the M. tuberculosis Bfr 
structure showed an overall similarity with the ScBfr structure 
(Fig S2C). The C-terminal regions of human H-ferritin (HuHF), hu
man L-ferritin (HuLF), and bacterial Ftn (PDB codes: 2FHA, 2FFX, 

and 4XGS) are well ordered with an α-helical secondary structure 
that folds back to the core protein (Fig. S2D). In contrast, the 
C-terminal tail of ScBfr is flexible (5 residues in the C-terminal 
missing in the crystal structure) (Fig. S2D). The flexible 
C-terminal region of S. coelicolor might increase iron chelation 
into the core of the nanocage. A flexible/extended C-terminus 
has previously been implicated in ferroxidase activity and iron re
lease in M. tuberculosis BfrB (34). Indeed, C-terminal truncation of 
Bfr significantly reduced Fe and phosphate binding as compared 
with wild-type Bfr (see section 2.2). Similarly, Bfr and Dps proteins 
have high overall structural similarity and low sequence identity 
(Fig. S3A and B).

The superposition of the nanocage which was generated using 
our ScBfr crystal structure with the cryo-EM apo/holo ScBfr nano
cages indicates that the rmsd was around 1 Å for the core struc
ture except in the N-terminal and C-terminal regions that 
showed a maximum difference of up to 3.5 Å and indicated that 
both N-terminal and C-terminal regions are flexible (Fig. S2C). 

Fig. 2. The cryo-EM structures of holoform-II models. Holoform-II model with O symmetry, A) closed model and B) Clipped model showing the biomineral 
core. Holoform-II model with C1 symmetry, C) Closed model and D) Clipped model showing biomineral core. Holoform-II model refined after subtraction, 
E) Clipped model of shell refined with O symmetry after signal subtraction, F) Biomineral core refined with C1 symmetry after signal subtraction and G) 
Merged view.

Fig. 3. A) The representative cryo-EM density map of apo-ScBfr nanocage to show the quality of the map. B) The density map of apo-ScBfr nanocage 
showing the heme molecule and the adjacent residues. The heme molecule is sandwiched between the residues Met52 from both monomers of the dimer; 
for clarity, only Met52 from 1 monomer is shown in this figure. C) The density map of apo-ScBfr nanocage (cryo-EM model) showing Fe ion in the ferroxidase 
center and the coordinating residues His54, Glu18, Glu51, and Glu127. These figures are prepared using the EM density for the apo-ScBfr model.
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Moreover, comparing the human Ftn (HuHF-HuLF) nanocage 
cryo-EM structures with that of ScBfr shows a difference of ∼3 to 
5 Å in various regions (Fig. S2E). Notably, the C-terminal tail at 
the entrance of the nanocage cavity shows more flexibility for 
ScBfr than human Ftn (HuHF-HuLF).

Discussion
The iron-storage function of Ftn plays a central role in iron 
homeostasis in the cell (31). Despite the wealth of structural and 
functional data, the mechanism of Fe-biomineral accumulation 
inside the Ftn nanocage and its subsequent release for cellular 

activities remains unclear. In Bfr, Fe ions can be found inside the fer
roxidase center, bound to heme in between monomers (i.e. at the di
meric interface) and in Fe-biomineral cluster inside the nanocage 
cavity. In our cryo-EM structures of the ScBfr nanocage, we show 
Fe ions in all these locations. Notably, we show a physiologically rele
vant structure of a 24-mer bacterioferritin nanocage with trapped 
Fe-biomineral. In the holoform-II cryo-EM structure, the 
C-terminus of ScBfr is linked to the Fe-biomineral within the nano
cage cavity (Figs. 2 and S7). This observation is consistent with the 
previous studies that suggested the Fe-biomineral that grows from 
the inner surface of the nanocage to the center of the cavity (21, 22, 
35). Using scanning transmission electron microscopy images from 
human liver samples, Pan et al. (21) proposed that the ferric oxide bi
omineral can grow from the inner surface of the nanocage toward the 
center of the core. Similarly, by using NMR studies, Pozzi et al. (21) re
ported the growth of an initial iron cluster on the inner surface of 
HuLF. Ciambellotti et al. (36) recently reported the expansion of the 
iron cluster precursor in HuLF.

Further we observed that the flexible C-terminal region of ScBfr 
may extend toward the center of the nanocage cavity (Fig. 4B). The 
role of the C-terminal in the Fe oxidation and reduction process is 
well documented in Bfr (34). Here we show that, C-terminal trun
cation of ScBfr significantly reduced iron and phosphate binding 
as compared with wild-type. Notably the Fe-biomineral accumu
lations are observed near the fourfold channel where the 
C-terminal regions from 4 monomers are clustered (Fig. 1B).

Combining our observations with previous literature (30–32, 37, 
38), we propose the following mechanism to explain Fe trafficking 
in and out of the nanocage cavity (Fig. 5). Fe2+ ions enter through 
the B-pore and move into the ferroxidase center, where Fe2+ is con
verted to Fe3+ (38). These Fe3+ ions then move through the four- 
helical bundle channel to reach the C-terminal helix of ScBfr 
(Fig. 4B) and undergo the processes of olation/oxolation that give 
rise to the ferrihydrite mineral core close to the fourfold channel 
which further grows into the nanocage cavity (Figs. 1B, 1C and 2) 
(5, 39, 40). For outward trafficking, we propose that heme is involved 
in transferring electrons into the nanocage cavity (Fig. 4C). Using 
these electrons, Fe3+ is reduced to Fe2+, with Fe2+ then exiting either 
through the B-pore or via attachment to a chelating agent (9, 32).

In holoform-II, a continuous connection is observed between the 
B-pore at the surface and the Fe-biomineral in the nanocage cavity, 
spanning residues Lys42 (connected to Fe-biomineral core) and 
Tyr43 and residues Tyr133 and Asp132 (connected to the B-pore 
in the surface of the nanocage) (Fig. 4D). We speculate that this con
nection might play a role in electron transfer into the nanocage cav
ity as well as Fe ion transfer. Lys42 to Ala (ScBfr K42A) reduces the 
Fe ion binding as compared with the wild type (0.06 ppm vs. 
0.27 ppm). Notably, in Escherichia coli Bfr, Tyr25 has been reported 
to act as a molecular capacitor/electron donor for facilitating Fe oxi
dation (30, 37), and Trp133 facilitates electron transfer (30). 
Collectively, these findings suggest that Tyr43 and Tyr133 in ScBfr 
might also contribute to electron transfer.

Since the Fe-biomineral accumulation is a dynamic process (41), 
we believe that there are various intermediate forms of the nano
cage structures other than these four reported structures, and it 
is supported by the observation of several intermediates in the 
2D classes (Fig. S4). Notably the holoforms represent only 1 to 2% 
of the total number of particles used in our analysis. We identified 
and separated this small percentage of particles from the large 
data set and refined to a reasonable resolution where the biomin
eral clusters inside the nanocage cavity were observed. Hitherto, 
no biomineral core was reported in the naturally purified Bfr (with
out the addition of extra iron atoms). A limitation of this study is 

Fig. 4. A) Overall view of the ScBfr nanocage with the trapped 
Fe-biomineral cluster. B) The density map of the nanocage showing the 
connections between the trapped Fe-biomineral cluster inside the 
nanocage cavity and the ScBfr protein shell. B) Right panel: the Thr157 in 
the C-terminal of each monomer is connected to the Fe-core in the 
nanocage cavity and thus forms a continuous pathway spanning 38 Å 
between the ferroxidase center located in each monomer and the 
nanocage cavity (shown as brown arrow). B) Left panel: The 12 residues 
possibly involved in the movement of Fe3+ from the ferroxidase center to 
the nanocage cavity in ScBfr are shown as stick model and labeled. Fe 
atoms are shown as orange spheres. C) The heme molecule sandwiched 
between the dimeric interfaces is also having connections with the 
Fe-core through the adjacent residues Met52 and Phe49. D) Residues such 
as Lys42 and Tyr43 structurally located near the C-terminal region of 
ScBfr, along with Tyr133 and Asp132 connect the B-pore at the surface to 
the Fe cluster in the nanocage cavity.
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the application of octahedral symmetry to the whole model (that 
might average out/cancel weak signals), and we acknowledge 
that all the fourfold channels might not be having the connection 
which is evident from the structure determined without any sym
metry (holoform-II), in which we observed connections only in two 
fourfold channels of the nanocage. However, the overall mechan
ism will be same albeit the difference in the saturation level at dif
ferent fourfold channels (Figs. 1B and 2).

In summary, here we report the apo and holo states of ScBfr 
nanocages with Fe ions, heme molecules, and trapped 
Fe-biomineral clusters. The holoforms show different stages of 
Fe-biomineral accumulation inside the nanocage cavity. In par
ticular, the holoform-II cryo-EM density shows various connec
tions between the Fe-biomineral cluster and several residues of 
the protein shell. The holoform-II refined with C1 symmetry (no 
symmetry) shows biomineral cluster formation near two of the 
fourfold channels. This model shows the asymmetric nature of bi
omineralization of nanocage. The residues involved in these con
nections are critical for the movement of Fe ions in and out of the 
nanocage cavity. This study provides insight into the biomineral
ization process in Bfr. These ScBfr nanocage structures are the 
representative structures of Bfr family of proteins with 
Fe-biomineral trapped nanocage. Taken together, this study aids 
to clarify the multiple functions of Bfr, particularly the molecular 
mechanism of iron mineralization and transport.

Materials and methods
Cloning expression and protein purification
Bfr from S. coelicolor (ScBfr) was cloned into expression vector 
pET22b (GenScript, USA) between the Bamh1 and Xho1 restriction 

sites without a stop codon, and the recombinant plasmid was 
transformed into E. coli BL21 competent cells for protein overex
pression. The transformed BL21 cells were used to inoculate LB 
medium (1 L) containing (100 mg/L) ampicillin, and the culture 
was grown at 37°C. The medium was not supplemented with 
iron salts. The Fe-biominerals are naturally trapped in this cell 
culture condition. After reaching the OD at A600nm of 0.6–0.8, the 
culture was induced by the addition of 0.3 mM isopropyl β-D-1-thi
ogalactopyranoside followed by incubation at 28°C for 7 h. Cells 
were harvested by centrifugation at 6000 rpm using a JLA8.1 rotor 
in a Beckman Coulter centrifuge for 30 min at 4°C. The harvested 
cells were resuspended in 30 mL of lysis buffer (30 mM Tris pH 7.0, 
200 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 5% glycerol, 
and 0.5% Triton × 100) and lysed in sonicator. The resulting lysate 
was centrifuged at 18,000 rpm (JA20 rotor, Beckman Coulter) for 
30 min at 4°C. The supernatant was added to Ni-agarose affinity 
column equilibrated with same buffer. The unbound proteins 
were washed off with the same buffer thrice. The protein was 
then eluted twice with increased imidazole concentration of 250 
and 350 mM. The eluted protein samples were injected into 
Superdex S-75 column equilibrated with gel filtration buffer 
(30 mM Tris pH 7.0, 200 mM NaCl, and 5% glycerol). The peak frac
tions were pooled and concentrated, and the same samples were 
used for both cryo-EM and crystallography experiments (Fig. S8C). 
For crystallization screening, the protein was concentrated to 
10 mg/mL, while for Cryo-EM experiments, the protein was used 
at 1.8 mg/mL concentration. The purity and homogeneity of 
ScBfr were verified by using DLS experiments. DLS experiment in
dicated a polydispersity index of 0.30. Moreover, using the above 
protocol, we have expressed and purified 2 mutant versions 
such as ScBfr K42A and ScBfr1–152 for the negative stain imaging, 

Fig. 5. Schematic representation showing the inward and outward movement of iron in Bfr nanocage. The Fe2+ atom enters into the Bfr shell through the 
B-pore and move to the ferroxidase center where it gets oxidized to form Fe3+. Fe3+ moves through the four-helix bundle into the C-terminal region of the 
Bfr and initiate the nucleation process resulting in the formation of Fe-biomineral cluster. Based on our cryo-EM structures of the ScBfr nanocage, we 
propose that the biomineralization of the nanocage starts from the inner surface of the nanocage near the fourfold channel. Similarly, heme molecule 
will help to transport electron (e-) into the nanocage cavity, once the Fe3+ is reduced it is converted to Fe2+ that can move out of the Bfr shell.
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ICP-OES experiment and inorganic phosphate assay. The DLS re
sults show that the truncated protein behaves similar to the wild- 
type protein (Fig. S8A and B).

Sample preparation and cryo-EM data acquisition
The ScBfr sample at concentration of 1.8 mg/mL was blotted 
(3.5 µL per blot) onto Au 300 mesh Quantifoil 1.2/1.3 grids 
(Quantifoil Micro Tools) and immediately plunge frozen using a 
Vitrobot (FEI). The data set containing 10,060 movies were col
lected using a Titan Krios microscope (FEI), operating at 300 kV, 
and equipped with a K3 camera (Gatan) in two batches. 
Fifty-frame movies were collected at 81,000× magnification (set 
on microscope) in super-resolution mode with an image pixel 
size of 0.858 Å/pixel. The dose rate was 6.8 electrons/pixel/second, 
with a total exposure time of 12 s. The defocus values ranged from 
−0.70 to −2.5 µm.

Image processing
Movies were motion-corrected to compensate for the 
beam-induced motion using MotionCor2 (42) with a B-factor of 
150 pixels. The data processing was performed using the 
cryoSPARC program (43) (see Fig. S6) and Relion (44). The defocus 
values of the motion-corrected micrographs were estimated using 
CTFFIND4 (45). The particle picking was done using auto-picking 
method using Relion-Autopick, and approximately, 2 million par
ticles were picked from the 10,060 micrographs. The auto-picked 
particles that were subjected to multiple rounds of 2D classifica
tion to remove suboptimal particles and finally 600,000 particles 
were selected and used for further 3D classification to obtain the 
four models (Figs. 1 and 2). An initial 3D model was generated 
from our present ScBfr crystal structure and low-pass filtered to 
8 Å and used as the initial reference for auto-refine. The apo 
form was refined with half million particles and yielded a reso
lution of 2.7 Å after postprocessing. For holoform-I and 
holoform-III, there were 5,200 and 8,174 particles in these two 
classes and were subjected to 3D auto-refinement and postpro
cessing to yield the final models with final resolution of 3.6 and 
3.2 Å (see Fig. S5A, B, and D). The holo-ScBfr form-II contained 
11,617 particles and further subjected to 3D auto-refinement 
and sharpen 3D to yield the final model. 3D reconstruction was 
carried out after imposing O symmetry without masking out the 
inner cavity/Fe-biomineral core. The map has an overall reso
lution of 3.27 Å for holo-ScBfr form-II (see Figs. S5C and S6). The 
volume of the Fe-biomineral is 5% of the total volume of the nano
cage cavity in the holo-ScBfr form-III but 70% in form-II. The 
Fe-biomineral cores inside the nanocages of the holo-ScBfr 
form-I, form-II, and form-III do not fit in any symmetry. 
Moreover, we refined the holo-ScBfr form-II without imposing 
symmetry to confirm the presence of the Fe-biomineral in the ab
sence of symmetry. Although the resolution was poor (around 4.1 
Å), the map clearly showed the presence of Fe-biomineral inside 
the nanocage (Figs. 2 and S7). Moreover, we carried out particle 
subtraction for the holoform-II particles and refined the nanocage 
and biomineral separately using O symmetry and C1 symmetry, 
respectively (Fig. 2).

ScBfr model building
The ScBfr crystal structure (see next section) was used as an initial 
model and aligned to the ScBfr cryo-EM map calculated 
with Relion. Phenix dock-in-map (46) was used for initial model 
building followed by manual model building in COOT (47) 
using the cryo-EM map. After initial model building, the 

model was refined against the EM-derived maps using the phenix.
real_space_refinement tool from the PHENIX software package 
(46), employing rigid body, local grid, non-crystallographic sym
metry, and gradient minimization. This model was then subjected 
to additional rounds of manual model-fitting and refinement 
which resulted in a final model-to-map cross-correlation coeffi
cient of 0.83, 0.88, 0.80, and 0.86 for apo-ScBfr and holo-ScBfr 
(form-I, form-II, and form-III), respectively. Stereochemical proper
ties of the model were evaluated by Molprobity (48).

Additionally, the holoform-II model was subjected to particle 
subtraction, the nanocage was refined using the subtracted par
ticles with O symmetry, and the biomineral core was refined using 
C1 symmetry (Fig. 2E–G). We also refined the holoform-II with C1 
symmetry to compare the difference in the models in the presence 
and absence of symmetry (Fig. 2C and D). All figures were pre
pared using Pymol (49) and ChimeraX (50).

Crystallization and structure determination
Crystallization screening was carried out at room temperature 
(24°C) using 1 µL of protein (10 mg/mL) mixed with equal volume 
of reservoir solution. Screens were set up manually by hanging- 
drop vapor diffusion method. All commercially available screens, 
viz. Hampton kits, Qiagen kits, and Emerald BioSystems kits were 
used for initial screening. The initial conditions were obtained 
from Wizard screens (Rigaku Reagents, USA). The better-quality 
crystals were obtained with the condition PEG3000, 0.1 M HEPES 
pH 7.5 and 0.2 M NaCl through the grid screen optimization pro
cess. Crystals were cryo-protected in the reservoir solution sup
plemented with 25% glycerol and flash cooled at 100 K. The data 
were collected NSRRC beamline BL13B1 using ADSC Quantum 
315r CCD detector at 1-Å wavelength. Data processing was done 
with HKL2000 program (51). The Matthews coefficient was 2.71 
Å3/Da (52), corresponding to a solvent content of 55% with six mol
ecules in the asymmetric unit.

The structure was determined by molecular replacement 
method using Phenix-Phaser program (53) using the structure of 
Bfr from M. smegmatis (PDB code: 3BKN) as a search model. 
Initial model building was carried out using the AutoBuild pro
gram (54) followed by several rounds of manual model building 
using COOT program (47). The structure refinement was carried 
out using Phenix-Refine (55). The model had good stereochemis
try, with 99.2% residues falling within the allowed regions of the 
Ramachandran plot. The density for modeling the second Fe ion 
was not present in the ferroxidase center, and hence, we modeled 
only one Fe ion in the ferroxidase center. Similarly, the current 
model did not have well-defined electron density map to build 
the heme molecule; instead, we modelled Fe ion in the dimeric 
interface.

Inductively coupled plasma-optical emission 
spectrometry
ICP-OES was used to estimate the amount of Fe in the samples. 
Perkin Elmer Avio 500 ICP-OES was used for this study. The puri
fied wild-type and Bfr mutants (ScBfr1–152 and ScBfr K42A) at a 
concentration of 0.01 mg/ml were subsequently treated with 
0.1 M HNO3 to prepare the samples. Samples were analyzed on 
the ICP-OES along with a blank with only buffer and 0.1 M HNO3. 
Fe was not detected in the blank samples.

Inorganic phosphate assay
Both the WT and mutant samples were purified, and pure samples 
were diluted to a final concentration of 50, 75, 100, and 125 µmol. 
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Phosphate concentration was determined using the phosphate as
say kit (catalog number: MAK308). Standards and samples were 
prepared, and 100 µL of malachite green dye was added and incu
bated at room temperature for 30 min. The standard graph was 
plotted using the standards’ concentrations against their absorb
ance at 620 nm. Using linear regression analysis, the free phos
phates in the WT and mutant samples were determined. The 
absorbance was measured using Tecan Infinite 200 Pro and was 
controlled by the Tecan i-control software.

Detection of the presence of heme using Uv-Vis 
measurement
UV/Vis electronic absorption spectra were measured on BioTek 
Epoch 2 microplate spectrophotometer. The measurements 
were carried out at 25°C in a 96-well plate and performed in the 
range of 350–680 nm. Two-hundred microliters of buffer alone, 
bovine serum albumin (1 and 2 mg/mL), and Bfr WT (1 and 
2 mg/mL) were prepared in 30 mM Tris pH 7.0, 200 mM NaCl, and 
5% glycerol and loaded to the 96-well plate. The presence of 
heme was detected at the wavelength of 410 nm.

Negative stain imaging
Five microliters of apoferritin C-terminal truncated Bfr protein 
(Δ152) at 0.64 mg/mL was incubated on glow-discharged Lacey 
carbon grid for a minute. The excess sample was removed by a 
gentle blot with filter paper at the edge of the grid. The grid was 
then rinsed with 5µL of UranyLess EM stain and blotted gently at 
the edge of the grid. Then, the grid was incubated with 5µL of 
UranyLess EM stain for a minute and blotted again with filter pa
per. The grid was left to air-dry for about 5 min. The grids were 
screened in an FEI Tecnai T-12 electron microscope, and images 
were captured using Gatan UltraScan CCD camera.
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