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The self-assembled ferritin protein nanocage plays a pivotal role during oxidative stress, iron metabolism, and
host—pathogen interaction by executing rapid iron uptake, oxidation and its safe-storage. Self-assembly creates
a nanocompartment and various pores/channels for the uptake of charged substrates (Fe?*) and develops
a concentration gradient across the protein shell. This phenomenon fuels rapid ferroxidase activity by an
upsurge in the substrate concentration at the catalytic sites. However, it is difficult to segregate the relative
contributions of the catalytic sites and self-assembly towards rapid ferroxidase/mineralization activity owing
to the inherent self-assembly propensity of ferritins. In the current work, 3-fold pore electrostatics of
bacterioferritin from Mycobacterium tuberculosis were rationally altered by site-directed mutagenesis to
generate self-assembled (E121A and E121Q) and assembly-defective (E121K and E121F) variants. In
comparison to the autoxidation of Fe?* in buffer, the assembly-defective variants exhibited significantly
faster ferroxidase/mineralization activity and O, consumption kinetics due to their functional catalytic sites,
but failed to level-up with the self-assembled variants even at 100-fold higher Fe>* concentration. Only the
self-assembled variants exhibited cooperativity in iron oxidation, maintained biomineral solubility, and
protected DNA against the Fenton reaction. This report highlights the concerted effect of self-assembly and
ferroxidase sites that propels the rapid Fe®* uptake, its oxidation and biomineralization in bacterioferritin. The
findings also establish the importance of electrostatic guiding and nanoconfinement offered by ferritin self-
assembly towards its enzymatic activity and antioxidative properties. Moreover, this work identifies the key
electrostatic interactions (“hot-spots”) at the subunit contact points that control the cage/pore formation,
impart cage stability and influence ferritin's natural functions. Manipulation of hot-spot residues can be
further extended towards the encapsulation of cargo, for various bio-medical applications, by strategically
inducing its disassembly and subsequent reassembly through adjustments in ionic strength. This would
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‘primordial soup’ to the cellular life and prokaryotes to
eukaryotes.”” These phenomena are critical to life functions;
starting from ATP synthesis to heart pumping and brain func-
tioning, due to the establishment of concentration gradients of
protons/ions across cellular/intracellular membranes.*>* Cell
compartments ensure the segregation of the chemical envi-
ronment, allowing specific reactions to take place that would

Introduction

Confinement and compartmentalization are linked to the origin
of life and evolution of life-forms; the transition from the
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otherwise be unfeasible in a diluted aqueous medium.>”
Therefore, confinement and compartmentalization not only
accelerate chemical/bio-chemical reactions, but also separate
the bio-catalysts and substrates in distinct compartments (both
spatial and temporal) unless and until required.? The formation
of selective barriers/boundaries separating chemical environ-
ments is, in most cases, a consequence of self-assembly, such as
the self-assembled lipid membranes."*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ferritin proteins, the cellular iron repositories, are another
prime example of such self-assembled systems (Fig. 1).>*> They
efficiently sequester and concentrate free Fe>* and catalyze its
conversion to a ferric-oxy-hydroxide mineral, thereby protecting
cells from oxidative damage.'®"* Ferritins safeguard the iron
mineral within their hollow nanocompartment, shielding it
from the cytosol while allowing regulated iron release in
response to cellular needs.* Thus, these evolutionarily ubiqui-
tous protein nanocages essentially serve a dual function: as
a detoxification machinery and an iron reserve in biological
systems.”’ The 24 canonical subunits of ferritin establish
a protein shell (~2 nm) having an outer diameter of ~12 nm,
surrounding an ~8 nm internal protein cavity, connected with
the external environment by various symmetric pores/channels;
six 4-fold pores, eight 3-fold pores, and twelve 2-fold pores.**™**
In addition to 4-3-2 symmetry, bacterial ferritins also possess 24
asymmetrical B-pores (Fig. 1A)."' The di-iron catalytic site
(ferroxidase centers, F,,) is located at the center of a subunit
which comprises four a-helices (A, B, C, and D) forming
a bundle and a short E-helix (Fig. 1B).**** However, hetero-
polymeric ferritins co-assembled from both catalytic and non-
catalytic subunits are also found in mammals**** and certain
bacteria such as Pseudomonas aeruginosa.*® Ferritin is mostly
found inside the cell (in the cytosol and mitochondria/nucleus)
and its expression is regulated translationally by iron levels.**”
However, a tiny fraction of ferritin is also present in the serum
that correlates with the body iron stores and is often used as
a biomarker to assess iron status, particularly under iron defi-
ciency and normal conditions (in the absence of inflammation/
infection).>**°

When the ferritin-monomers self-assemble to form the
protein nanocage, they create well-defined pores/channels that
generate electrostatics, setting the stage for rapid uptake of
charged substrates (Fe**) to the F,, centers followed by
oxidation/mineralization (Fig. 1C) via electrostatic guiding/
focusing.™?>**3* This phenomenon has also been observed in
few biological systems such as superoxide dismutase (SOD)**?¢
and acetylcholinesterase (AcChoEase),*”*® where electrostatics
steer the charged substrates, O,"~ and AcCh', towards their
respective active sites to achieve catalytic perfection, close to
diffusion-controlled limits (kca/kv: SOD ~10° M~ s7! and
AcChoEase ~10°* M~ s7').3%° The importance of electrostatics
is also reported in O, bio-sensing by cytochrome c (a basic
heme-protein: pI ~10.0) where the placement of positively
charged amino acids dictates the heme reduction rate by O, ™
either by reinforcing or misguiding the anion approach.*®
Similar electrostatically enhanced oriented diffusion of charged
substrates reinforces the buildup of an effective Fe** concen-
tration inside the ferritin cavity, resulting in a concentration
gradient across the protein shell. As a consequence, the enzy-
matic sites of ferritin possibly gain access to around 100-1000
times higher Fe** concentration in comparison to the autoxi-
dation of Fe*" in buffer (where ferritin is absent). The ferrox-
idase centers of ferritin leverage this effective substrate
concentration to efficiently facilitate rapid iron oxidation,
mineralization, and detoxification.**** However, the inherent
self-assembly tendency of ferritins** makes it difficult to
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distinguish the relative contribution of enzymatic sites and self-
assembly in enhancing the overall ferroxidase activity and iron
mineralization.

Iron is indispensable for most organisms owing to its
involvement in various electron transfer reactions in key
metabolic activities like nitrogen fixation, ATP synthesis during
respiration (oxidative phosphorylation) and photosynthesis
(photophosphorylation) and many essential cellular processes
such as gene regulation, oxygen storage/transport, DNA
synthesis, etc.>*** However, despite its necessity (in uM to mM
levels), Fe*" can be highly toxic due to its ability to catalyze the
formation of reactive oxygen species (ROS) like OH' radicals via
Fenton reaction (~10* M~ s™* at pH 7.0),"**” which can cause
cellular damage due to its high oxidizing ability (E, ; ~ +2.3 V)
and hence its high reactivity (k ~10°""° M~ s7% ¢ < 1 ps)?
Moreover, the poor solubility of Fe** (107'® M at pH 7.0) in an
aerobic environment makes it less bioavailable despite its
abundance.® Therefore, controlled iron acquisition/utilization
is not only critical for maintaining iron homeostasis but also
for avoiding its toxicity.>"*®

Pathogenic bacteria, like any other organism, also need iron
to survive and proliferate.****> Therefore, bacteria/pathogens
have developed their own mechanism to acquire and store iron.
Mycobacteriumtuberculosis (Mtb), the causative agent of tuber-
culosis, is one such deadly pathogen that has been a threat to
humanity for centuries.”®** During Mtb infection, the human
body creates iron-limiting conditions, subjecting Mtb to a low-
iron environment during its growth in human macrophages
and lungs.*>*° For its survival and pathogenicity, Mth expresses
two iron storage proteins, namely, a heme-bound bacter-
ioferritin (BfrA)***” and a non-heme binding ferritin (BfrB) with
differential roles.***® In Mtb BfrA, the asymmetrical B-pores
(lined with Asp and Glu) are crucial for iron translocation; the
symmetrical 4-fold pores are involved in overall cage stability;*
however, the role of symmetrical 3-fold pores is not explored.
Interestingly, the 3-fold pores of Mtb BfrA are lined with alter-
nate layers of negative- and positively charged amino acid
residues (Glu110, Arg109, Glul21, and Lys122), exhibiting
positive electrostatics when viewed from outside due to Arg109
(Fig. 1D and E). These 3-fold pores are proposed to act as
conduits for anions necessary for charge neutrality and mineral
stability.”** Moreover, these alternate layers of opposite
charges possibly provide essential electrostatic interactions
(“hot-spots”) at the subunit contact points, necessary for cage
assembly and its stability. However, this is in contrast to the 3-
fold pores of most eukaryotic ferritins, which exhibit negative
electrostatics due to the presence of an array of acidic amino
acids like Asp and Glu, primarily involved in Fe*" uptake.!®'2?

In addition to the intrinsic self-assembly property,*> most
ferritin cages are exceptionally stable® and thus, isolation of
single/oligomeric assembly units in their folded form is diffi-
cult, despite substitution of multiple amino acids.* Although,
ferritins have been exploited for various applications by tuning
their assembly/disassembly, they require extreme conditions
like pH/denaturants/pressure.'®*>* But these harsh methods
involve loss of protein and generate assembly units in unfolded
forms, which are unsuitable for studying the impact of self-
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Fig.1 Self-assembled ferritin with its symmetric/asymmetric pores, subunits bearing di-iron oxidoreductase sites, caged-iron mineral and the
structure/electrostatics of the targeted 3-fold pore of Mtb BfrA. (A) Schematic representation of the 24-meric nanocage architecture with
symmetric (C4, Cs, and C,) and asymmetric (B-) pores. (B) A single subunit of ferritin with di-iron ferroxidase sites. (C) Sequestration of free Fe?*
and the synthesis of iron-mineral within the ferritin nanocompartment. (D) 3-fold pore of Mtb BfrA, where the enlarged section highlights the
targeted E121 residue, located in the middle, orienting towards the center of the 3-fold pore (left) and the alternate array of positive and negative
residues present on a single subunit (right), possibly critical to self-assembly and cage stability. (E) Surface electrostatics of the Mtb BfrA nanocage
viewed along the 3-fold pore. The enlarged section illustrates a close-up view of the electrostatics at/around the 3-fold pore, as viewed from the
exterior (left) and interior (right) of the protein nanocage. The internal surface possesses a greater negative charge density. The Mtb BfrA
structures are generated using PyMOL and the Poisson—Boltzmann electrostatic potential (expressed in units of +5kgT/e, where kg is the
Boltzmann constant, T is the temperature, and e is the electronic charge) is calculated using the APBS tool (PDB ID: 3UOI).

assembly on bacterioferritin functionality: iron sequestration, E121K, and E121F. The electrostatic/steric alterations resulted
ferroxidase activity, biomineralization and anti-oxidative prop- in both self-assembled (E121A and E121Q) and assembly-
erties. In the current work, the E121 residue at the center of the defective (E121K and E121F) variants, regardless of proper/
3-fold pore interface was rationally substituted by site-directed efficient overexpression and folding. To understand the role
mutagenesis to generate a series of mutations: E121A, E121Q, of self-assembly, comparisons were made between these two

3980 | Chem. Sci,, 2025, 16, 3978-3997 © 2025 The Author(s). Published by the Royal Society of Chemistry
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sets of variants based on rapid ferroxidase activity and miner-
alization reaction, cooperativity, iron incorporation capacity,
anti-oxidative properties, and thermal/conformational stability.
Moreover, to assess the role of catalytic centers, autoxidation of
the substrate in buffer was carried out alongside its catalytic
oxidation by the ferritin variants. The study not only compre-
hends the role of electrostatic guiding in the rapid Fe** uptake
and delivery to the F, centers but also demonstrates the role of
the nanocompartment in self-assembled cages that increases
the effective iron concentration, facilitating the Fe>" oxidation/
mineralization process. This work can also be extended towards
understanding the impact of nanocompartmentalization/
confinement and electrostatic guiding on the reactivity of
various supramolecular assemblies and enzymes along with ion
transport through transmembrane proteins. In addition, this
study may help in controlling Mtb proliferation by disrupting its
Fe®" sequestration/storage mechanism via manipulation of its
iron uptake routes.

Methods

Materials

The Mycobacterium tuberculosis bacterioferritin A gene (Rv1876)
cloned into pET21c was donated by Dr Anil. K. Tyagi and Dr
Garima Khare from the University of Delhi South Campus.
Isopropyl-1-thio-B-p-galactopyranoside (IPTG), FeSO,-7H,0,
ferrozine, and 3-(N-morpholino) propane sulfonic acid (MOPS)
were purchased from Sigma. Bovine serum albumin (BSA) was
sourced from Thermo Scientific. Ethidium bromide (EtBr) was
purchased from SRL and gadolinium acetate tetrahydrate
(uranyl acetate alternative) was purchased from TED PELLA.
Stock solutions of FeSO, were freshly prepared in 1 mM HCI
prior to respective experiments.

Synthesis of BftrA variants by site-directed mutagenesis

Mtb BfrA mutants were generated by site-directed mutagenesis
(using a QuikChange Kit from Stratagene-Agilent) and the
mutations were confirmed by DNA sequencing. Oligonucleotide
primers (Table S1f) used for site-directed mutagenesis were
procured from Integrated DNA Technology (IDT).

Preparation of recombinant bacterioferritins

Recombinant WT Mt¢b BfrA and its variants were overexpressed
in E. coli [BL21(ADE3)] using a standard protocol (0.5 mM IPTG,
37 °C and 200 rpm) and purified using Q-Sepharose anion
exchange chromatography, in accordance with earlier reports.®
The purity and assembly state of the collected fractions were
assessed by 12.5% (w/v) denaturing and 6% (w/v) non-
denaturing polyacrylamide gel electrophoresis (PAGE) tech-
niques. Purified protein fractions were concentrated by ultra-
filtration with a 10 kDa cutoff membrane (Millipore). The
concentrated proteins were quantified using Bradford assay
(Bio-Rad).

E121K and E121F variants were also synthesized under slow
over-expression conditions (Table S21) with a lower IPTG
concentration, lower incubation temperatures and using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modified Luria-Bertani
following earlier reports.®*

medium with betaine/sorbitol,

Pyridine hemochromagen assay

The heme content of WT BfrA and its variants was determined
spectrophotometrically using previously reported methods.*
Briefly, a mixture of pyridine, NaOH, and potassium ferricya-
nide was mixed with the heme-proteins followed by the addition
of sodium dithionite. The heme content was calculated from
the UV-vis absorption spectra using the differential extinction
coefficient (Ae = 23.98 mM ™' em ') between the reduced and
oxidized states of the heme-protein.®

Size exclusion chromatography (SEC) for assessing the
assembly-state of the BfrA variants

The assembly-state of WT Mth BfrA and its variants was
analyzed by size exclusion chromatography. The as-purified
protein samples were eluted through a Sephacryl S-300 HR
(GE Healthcare) column pre-equilibrated with 20 mM Tris
buffer (pH 8.0) containing 100 mM NacCl.

Iron incorporation ability of recombinant bacterioferritins

The iron incorporation ability of the synthesized WT Mtb BfrA
and its variants was assessed as per earlier reports.” Briefly,
freshly prepared FeSO, solution was added to WT and its vari-
ants in 100 mM MOPS buffer (pH 7.0). Similarly, for assessing
the iron loading capacity, aliquots of FeSO, solution were
sequentially added to ~2 uM bacterioferritin samples at 2 hour
intervals to achieve 500-4500 Fe/cage and the samples were
subsequently incubated at room temperature for 2 hours and
kept overnight at 4 °C.*>¢*

Mineralized Mtb BfrA variants with differential Fe/cage were
electrophoresed in 6 or 7% (w/v) non-denaturing poly-
acrylamide gels and the formation of iron mineral within the
recombinant protein cages was visualized via Prussian blue
precipitation, as reported earlier.” Briefly, the gel was treated
with a freshly prepared mixture of 2% K,Fe(CN)s and 2% 11.6 M
HCI (1:1, v/v) to allow the formation of the Prussian blue
precipitate.”® The same gel was then thoroughly washed with
distilled water and stained with Coomassie to visualize the
corresponding protein bands.

Circular dichroism analysis

Far-UV (195-250 nm) and near-UV (250-350 nm) circular
dichroism (CD) spectra at room temperature were obtained
using a Jasco J-1500 CD spectrometer in 2 and 5 mm quartz
cuvettes, respectively. 6 uM subunit and 6 pM cage or cage
equivalent of the protein samples in 10 mM Tris buffer (pH 7.0)
were used for secondary and tertiary structure analyses,
respectively.

Transmission electron microscopy (TEM)

The WT BfrA and its variants (1 mg ml~ ") were mineralized, as
described above, to achieve ~480 Fe/cage. The TEM sample
grids were prepared and stained with a 2% gadolinium acetate

Chem. Sci., 2025, 16, 3978-3997 | 3981
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tetrahydrate (an alternative to uranyl acetate) solution, as
described earlier.*” The grids were dried and then imaged using
a FEI Tecnai G2 TF30-ST transmission electron microscope,
equipped with a LaBg¢ electron gun operating at 300 keV.

Dynamic light scattering (DLS) analysis

DLS analyses were carried out as per earlier reports.”® Briefly,
a zetasizer (Malvern Zetasizer 90, Malvern, Netherland) was
used to measure the hydrodynamic diameters of WT BfrA and
its variants. All the protein samples (0.1 mg ml ") were prepared
in 100 mM MOPS (pH 7.0) and processed through 0.22 pm
syringe filters prior to DLS measurements.

Mineralized samples were prepared by sequential addition
of 48 UM FeSO, solution to ~0.5 mg ml~"' (~1 uM cage or cage
equivalent) protein solution, with intermittent incubation
periods of 15 min to achieve 100 and 480 Fe/cage before
proceeding with DLS analysis.

Stopped-flow rapid kinetic measurements of Fe** oxidation
and mineralization

Rapid kinetic measurements of Fe>" oxidation (ferroxidase
activity) in self-assembled and assembly-defective Mth BfrA
variants were monitored by measuring the change in absor-
bance: A350nm, for all types of [Fe*"-O], species; Agsonm, for di-
ferric peroxo like species (DFP), as reported earlier.”** For
a single-turnover (48 Fe/cage), equal volumes of 4.16 uM protein
cage or cage equivalent in 100 mM MOPS buffer (pH 7.0) were
mixed with freshly prepared 200 uM FeSO, solution in a rapid
mixing stopped-flow system (Hi-Tech SF61MX). The initial rates
for single turnover were determined from the linear fitting of
the initial data points (up to 0.03 s) from the respective kinetic
traces.

The rate constants for the formation of [Fe**-O], species
were determined by fitting the kinetic traces at 350 nm using
the double exponential equation® (eqn (1)).

A=A x "+ 4y x ' + 4., (1)

In this equation, A, represents the absorbance values at
different time points, measured at 350 nm. The parameters k;,
k, and A,, A, correspond to the rate constants and amplitudes
for the rapid and slow phases of the ferroxidase activity,
respectively. The term A, denotes the offset value, which is the
absorbance value at t = .

Similarly, the progress curves for the formation of [Fe**-0],
species were monitored for multiple-turnovers using two
different concentrations of protein (1.04 and 2.08 pM) in
100 mM MOPS (pH 7.0) and 100 mM MES (pH 6.0) by mixing
desired amounts of Fe** solutions.

The rate constants for the formation (k;) and decay (k,) of
DFP-like transient species were obtained from the kinetic traces
at 650 nm for self-assembled and assembly-defective Mth BfrA
variants using the modified Bateman equation (eqn (2)).

k
Corp = Cre(m k—l B (e™'—Ae™)+B (2)
2=k
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Here, Cprp represents the time-dependent concentration of
DFP-like species and Cr.(y) denotes the initial concentration of
Fe?" jons, at t = 0. To better fit the data, an offset value, i.e., B,
and a constant ‘A’ were introduced into the Bateman equation,
nearly satisfying the conditions of absorbance att = 0 and t =
o, as the time courses of the intermediates did not decay to
zero absorbance.

Titration measurements were performed in a stopped-flow
spectrophotometer to monitor the formation of [Fe**-O],
species at 350 nm by mixing 2 uM protein cage with increasing
amounts of freshly prepared Fe>" solutions to achieve ~6-96 Fe/
cage. The initial rates were determined by the linear fitting of
the data points (within 0.03 s). To extract the kinetic parame-
ters, the initial rate vs. [Fe>'] plot was subjected to non-linear
fitting to the Hill equation, expressed as V; = Vipa[Fe> /(K +
[Fe*']") using Origin 8.5 Pro, where V; = initial rate; Vi =
maximum reaction rate; n = Hill coefficient, which indicates the
degree of cooperativity; K, = constant, analogous to the
Michaelis constant (Ky).

Quantification/detection of in situ generated H,O, during the
ferroxidase/mineralization activity

To monitor the formation of H,O, during the ferroxidase/
mineralization activity of Mth BfrA variants, the Amplex Red/
HRP assay was employed, as reported earlier.®* Briefly, the
formation of resorufin (es7; = 5.4 x 10* M~* em™ %), the oxidized
product of Amplex Red, was tracked using UV-visible absorption
spectrophotometry to estimate the in situ generated H,O,
(resorufin: H,O, = 1:1). 50 uM Amplex Red and 0.5 uM HRP
were added to 1 uM cage/cage equivalent of protein solutions in
100 mM MOPS (pH 7.0), prior to the addition of iron. The
absorption spectra were recorded ~3 min after the addition of
the desired amounts of FeSO, solutions (0-480 uM; for 0-480
Fe/cage).

Manual kinetic measurements of Fe>* oxidation and
mineralization reaction

Kinetic measurements for the formation of iron biomineral
within the nanocage of WT BfrA and its variants over extended
time period was monitored by manually mixing desired
amounts of freshly prepared FeSO, with protein solutions (in
100 mM MOPS buffer, pH 7.0) using a UV-visible spectropho-
tometer. Additionally, sequential iron oxidation/mineralization
in Mtb BfrA variants was also monitored by subsequent addition
of 48 Fe/cage, manually, to 1.04 uM of protein to achieve 480 Fe/
cage after ten consecutive additions.

Kinetics of dissolved O, consumption

The oxidoreductase activity of the Mtb BfrA variants was tracked
by monitoring the real-time dissolved O, levels during the
ferroxidase/mineralization reaction by amperometry using
a Clark-type microelectrode (Hansatech Instruments). Prior to
the kinetic experiments, the current response of the oximeter
was calibrated to concentration and the reaction kinetics were
monitored as reported earlier." Additionally, pH dependent O,
consumption during ferroxidase/mineralization reaction was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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also recorded using two different buffers: 100 mM MOPS (pH
7.0) and 100 mM MES (pH 6.0).

Similar to the sequential iron oxidation/mineralization, O,
consumption was also measured for ten consecutive additions
of 48 Fe/cage to 0.5 uM cage of protein solutions (to achieve 480
Fe/cage).

DNA protection assay

The DNA protection ability of both self-assembled and
assembly-defective Mtbh BfrA variants was assessed in vitro,
against the Fe*'/H,0,-induced Fenton reaction, using the re-
ported method.*® The BfrA variants (~2 pM cage or cage
equivalent) were incubated separately with plasmid DNA
(pET21c, ~190 ng, 30 min), in 100 mM MOPS buffer (pH 7.0).
100 uM of FeSO, solution was added to the above samples,
followed by incubation for an additional 10 min. Following
this, 4.5 mM H,0, was added to initiate the DNA-cleavage by
the Fenton reaction and the reaction was allowed to proceed
for 25 min. For control experiments (in the absence of
protein), 100 uM iron and DNA were separately incubated with
and without H,0,. The reaction mixtures were run on a 0.8%
(w/v) agarose gel at 70 V for 50 min in tris-acetate-EDTA (TAE)
buffer. The DNA bands in the ethidium bromide (EtBr) stained
gels were visualized using a ChemiDoc MP imaging system
(Bio-Rad).

Chemical and thermal unfolding analysis

Chemical unfolding was performed by increasing guanidine
hydrochloride (GdnHCI) concentration from 0-8 M to investi-
gate the impact of self-assembly on the unfolding behavior and
conformational stability of self-assembled and assembly-
defective Mtb BfrA variants using a Jasco J-1500 CD spectro-
photometer. Similarly, temperature dependent far-UV CD
spectra were monitored to investigate their thermal stability, by
increasing the temperature from 20 to 95 °C at 1 °C min~". The
loss of a-helicity at 222 nm in the far-UV CD spectra was used to
analyze their chemical/thermal stability and to obtain various
thermodynamic parameters (eqn (3)-(6)), as per earlier
reports.® A subunit concentration of 6 pM was maintained in
10 mM Tris buffer (pH 7.0) for both chemical and thermal
unfolding analyses.

A two-state model, where folded (F) and unfolded (U) states
of the protein remain in equilibrium, was employed to analyze
the chemical/thermal denaturation parameters of WT BfrA and
its variants.

F=sU 3)

The free energy change (AGy) is given as:

fu
I=fu

where R is the universal gas constant, T is the temperature, and
Ky is the equilibrium constant for unfolding. fi; denotes the
fraction of the protein present in the unfolded state and is given
by the following empirical formula:

AGU = GU — GF = —RT In KU = —RT 1n|: :| (4)
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JE =)o

fo= YF—JYu &)
where, yr and yy represent the observed CD signal values at
222 nm for the folded and unfolded states, respectively. y,
denotes the observed CD signal (at 222 nm) at any given
GdnHCI concentration or temperature. In an aqueous solvent
(in the absence of any denaturant), AGy values at a specific
temperature are denoted as AGaq.

As reported earlier, WT BfrA was found to be too stable to
completely unfold, even at 8 M GdnHCIL." Hence, apparent
thermodynamic parameters were calculated by considering yy
(as 0, at 222 nm) for E121K, which exhibited complete
unfolding.

Linear fitting of the unfolding data (AGy) at different
concentrations of GdnHCI (in the transition region) gives the
values for ‘Cy,’, ‘m’ and the free energy of unfolding in aqueous
solution, AG,q, based on the linear extrapolation method (LEM)
using eqn (6).

Results

Substitution of E121, at the 3-fold pore, resulted in self-
assembled and assembly-defective Mth BfrA variants

The rationally designed 3-fold pore variants of Mth BfrA were
synthesized (over-expressed and purified) and used for struc-
tural and functional analyses. Single bands observed in the
denaturing gel (12.5% SDS-PAGE) indicated the purity of the
recombinant bacterioferritins (Fig. 2A). However, E121K and
E121F exhibited a different migration profile compared to WT,
E121A, and E121Q; possibly due to differential binding of SDS,
an anomalous phenomenon reported earlier in some cases
including Mtb BfrA.* The cage integrity and iron loading ability
were examined using a 7% non-denaturing gel (Fig. 2B).
Distinct self-assembled nanocages were observed in E121A and
E121Q, along with the formation of comparable amounts of
Prussian blue precipitate (iron mineral), similar to WT BfrA. In
contrast, the faint Coomassie bands observed in the case of
E121K and E121F with no Prussian blue precipitate (Fig. 2B,
left), indicated the possible formation of only a small fraction of
cage like structures, which was further supported by the
appearance of weak Prussian blue bands when a 5x higher
protein concentration was used (Fig. 2B, right). Therefore,
a major fraction of these E121K and E121F variants possibly
exist in undefined lower oligomeric states and lack well-defined
self-assembled nanocages.

Dynamic light scattering (DLS) studies were performed to
measure the hydrodynamic diameters of WT BfrA and its vari-
ants (Fig. 2C and Table S31). E121A and E121Q displayed
a diameter of ~11-13 nm, similar to WT BfrA. However, E121K
and E121F exhibited particle sizes of ~5.6 = 0.6 and ~8.7 £
0.8 nm, respectively, which are evidently smaller than the WT
BfrA (Table S31). The SEC elution profiles of E121K and E121F
further corroborated the native PAGE and DLS data (Fig. S17).
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Fig. 2 Cage-assembly, iron loading ability and structural analyses of 3-fold pore variants of Mtb BfrA. The purity of as-isolated Mtb BfrA and its
variants was checked by SDS-PAGE (A). The first lane corresponds to the protein ladder/marker and their molecular weights are mentioned on the
left. Protein samples with ~1250 Fe/cage and without iron mineral cores, were run on a 7% (w/v) non-denaturing gel (native-PAGE) for checking the

iron loading ability (top) and cage integrity (bottom) (B) (*five times concentrated protein samples to visualize the cage

component). DLS profile (C),

Far-UV (D) and near-UV (E) CD spectra of WT BfrA and its variants. Negatively stained TEM images of WT BfrA and its variants (1 mM Fe?* added to 1
mg ml~* protein solution; ~480 Fe/cage) (F). The average diameters of protein shells of self-assembled variants analyzed using ImageJ (G). The
average diameters for assembly-defective variants were not determined. p value ~0.04, for the assembled variants (E121A and E121Q) with respect to

WT for the size analysis data. The averages represent the results of at least two independent experiments, using two
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different protein batches.
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Far-UV and near-UV CD spectra were recorded to investigate the
impact of E121 substitution on the secondary and tertiary
structure of the protein (Fig. 2D and E). While no significant
changes in the secondary structure of the variants were
observed, the characteristic features of the tertiary structure
were missing in E121K and E121F, indicating the lack of
a compact cage-like structure and/or exposure to an isotropic
environment. The dips (at 285-290 nm) in the near-UV CD
spectra for WT, E121A and E121Q are characteristic of the
tertiary structure, arising from the anisotropic/compact envi-
ronment around the aromatic amino acid residues.®

Although the A, values for both the Soret and Q-bands are
similar across these variants (in both the oxidized and reduced
forms), they bind varying amounts of heme in their as-purified
forms. The assembly-defective variants, E121K and E121F, bind
similar amounts of heme (~3-4 heme/cage equivalent) as WT,
whereas E121A and E121Q bind ~4-5 heme/cage (Fig. S21).

Mineralized Mtb BfrA protein samples (~480 Fe/cage) were
negatively stained prior to TEM imaging for investigating the
impact of E121 substitutions on the cage forming ability (self-
assembly) of the synthesized BfrA variants. Core-shell archi-
tectures represent the encapsulated iron mineral inside the
nanocavity of the self-assembled ferritin protein cage. While
this feature was distinctly observed in the case of self-assembled
variants, WT, E121A, and E121Q (~11-12 nm), no such discrete
mineral core encapsulated by the protein shell was observed in
E121K and E121F. This supports our previous observation
(PAGE and DLS data; Fig. 2B and C) that E121K and E121F, do
not self-assemble to form intact nanocage structures and lack
characteristics pores/channels and are referred to as the
“assembly-defective variants” throughout the text (Fig. 2).

To promote cage-assembly of the E121K and E121F variants,
alternative over-expression protocols were also implemented:
supplementing the LB media with betaine/sorbitol or slowing
down the expression with lower IPTG concentrations, lower
incubation temperatures and longer incubation periods (details
of modified protocols are listed in Table S2t). Interestingly,
some degree of assembly was achieved for the E121K variant, as
observed in native-PAGE (Fig. S31). While an increased pop-
ulation of the cage was observed, additional bands were also
evident that indicate the presence of E121K in other undefined
states. The rehydration ability of betaine/sorbitol possibly helps
in this regard. However, for the E121F variants, no distinct
ferritin cage-like bands were seen and the yield (protein-
expression) was comparatively low. The modified protocols
possibly allow the re-orientation of the K121 side-chain (to form
new interactions with the nearby residues) leading to improved
cage assembly.®®* F121, being a bulkier residue, possibly
imparts steric obstruction at the pore during subunit-subunit
interaction thereby inhibiting the self-assembly phenomena.

Self-assembly (electrostatic guiding and nanoconfinement) is
crucial for rapid ferroxidase/mineralization reaction

Stopped-flow rapid kinetic measurements were performed at
350 and 650 nm to study the iron oxidation by monitoring the

formation of [Fe’'-0], species and DFP-like species,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively, in both the self-assembled (E121A and E121Q) and
assembly-defective variants (E121K and E121F). This rapid-
kinetics experiment aims to assess the importance of 3-fold
pore electrostatics and the role of self-assembly (nanoconfine-
ment effect and electrostatic guiding) in rapid Fe** uptake/
ferroxidase activity.

The self-assembled variants exhibited similar kinetic profiles
for the formation of [Fe*'-O], species, as that of WT BfrA
(Fig. 3), which implies that the alteration of 3-fold pore elec-
trostatics (substitution of Glu121 by Ala or Gln) does not affect
the rapid Fe** uptake/oxidation process significantly in Mth
BfrA. This indicates that the 3-fold pores are not the primary
Fe®" uptake routes in Mth BfrA and validates the involvement of
other pathways such as B-pores and 4-fold pores, as reported
earlier.”® This was further supported by the similar initial rates
and rapid phase rate constant values (Fig. 3D and Table 1). The
initial rates of iron oxidation (AA/At) were determined by linear
fitting of the initial data points (up to ~0.03 s). Rate constants
for the rapid phase, obtained from the non-linear fitting (eqn
(1)) of the As50nm time courses, were found to be similar for all
the assembled variants: ~23 + 2.3 s~ ' (WT), ~22.6 + 2.2 5
(E121A) and ~21.6 + 2.3 s~ ! (E121Q) (Table 1). Therefore, it can
be inferred that the major iron entry routes i.e. the B-pores and
4-fold pores are un-affected/unaltered by these modifications.
Despite the higher heme content (Fig. S2t), the E121A/Q vari-
ants exhibit minimal changes in their overall activities in
comparison to WT, suggesting that heme plays a less critical
role in ferroxidase activity or self-assembly properties, which is
consistent with our earlier report.*’

The slower formation of [Fe*'-O], species in the case of
assembly-defective variants suggested either repressed Fe®"
uptake or slower ferroxidase activity (iron oxidation at di-iron
catalytic centers) (Fig. 3). The radical decrease in the initial
rates of assembly-defective variants is possibly due to the
absence of B-pores and 4-fold pores to sequester Fe>" ions, as
a consequence of the inhibited self-assembly process. Addi-
tionally, the absence of a well-defined protein cage and possibly
the loss of its associated cooperativity further contribute to this
effect.

For autoxidation, the added Fe®" (substrate) is distributed
homogenously in the reaction medium and a similar scenario
can be assumed for the assembly-defective variants, where the
ferroxidase centers are exposed to the same concentration of
substrate as in the bulk. However, for the self-assembled vari-
ants, >100-fold excess of Fe** is available at the catalytic sites
prior and/or during the ferroxidase reaction, owing to the rapid
Fe*" sequestration and accumulation within the ferritin cavity.
Therefore, a set of experiments were also designed to investigate
the contribution of nanoconfinement towards rapid sequestra-
tion and oxidation of Fe** ions by recording iron oxidation
kinetics of assembly-defective variants in the presence of excess
concentrations of the substrate (to mimic the effective
concentration in the self-assembled variants). Fig. 3B shows
faster oxidation kinetics for the self-assembled variants even at
lower substrate concentrations. Furthermore, a comparison of
iron-oxidation profiles was made at low protein concentrations
and significantly higher iron additions (Fig. S41). Even at a 100-
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Fig.3 Impact of self-assembly on rapid oxidoreductase activity in Mtb BfrA. Progress curves for the formation of [Fe>*—Ol, species at 350 nmiin
self-assembled and assembly-defective variants (A). Equal volume of 4.16 uM cage or cage equivalent of ferritin in 100 mM MOPS (pH 7.0) was
mixed with a freshly prepared FeSO,4 solution (in 1 mM HCl) in a stopped-flow rapid mixing spectrophotometer to achieve 48 Fe/cage at 25 °C.
Buffer: autoxidation of iron in the absence of protein. (B) Self-assembled variants with lower substrate concentration (100 pM Fe?*) exhibit faster
iron oxidation than the assembly-defective variants with 10-fold higher substrate concentration (1 mM Fe?*). Grey and orange lines: autoxidation
in buffer with 48 and 480 Fe/cage. (C) Progress curves for the formation of DFP-like transient intermediates at 650 nm under identical reaction
conditions as described in ‘A". The initial rates obtained by linear fitting of the initial data points (up to ~0.03 s) from ‘A" and ‘'C’ plotted in (D). The
nonlinear kinetic profiles of ‘A" and 'C" were fitted with double exponential equation and the modified Bateman equation, respectively, to obtain
the rate constants listed in Table 1. Detection of H,O, generated in situ (E and F). 50 uM Amplex Red and 0.5 uM HRP were added to 1.04 uM cage
in 100 mM MOPS (pH 7.0). The absorption spectra were recorded ~3 min after the addition of desired amounts of FeSO, solutions (0-480 uM)
(see Methods). (E) Representative figure of H,O, detection using HRP assay for WT BfrA. (F) H,O, detected at different Fe/cage (0—480) for all
variants. For [Fe>*—Ol, species at 350 nm and DFP-like species at 650 nm, p value ~0.045 and <0.001 for the assembled variant (E121A) and
assembly-defective variants (E121K and E121F) respectively, calculated with respect to WT. For DFP-like species at 650 nm, the p value is ~0.03
for E121Q, determined with respect to WT. The averages are of results of at least four independent experiments, using two different protein

batches.

fold higher Fe** concentration, the assembly-defective variants
could not match the initial rates of iron oxidation observed in
the assembled variants (Fig. S47).

In comparison to the autoxidation of Fe*" in buffer, the
assembly-defective variants exhibited significantly faster
kinetics of ferroxidase activity (Fig. 3). This difference becomes
more prominent with higher iron addition and at high pH
(Fig. S51) and is a clear depiction of the role of the catalytic
nature of the intact di-iron sites, despite the loss of a well-
defined nanocage. Kinetics of iron mineralization at different
pH values (MES: pH 6.0 and MOPS: pH 7.0) was recorded to
assess the contribution of autoxidation. At pH 6.0, the miner-
alization process was found to be comparatively slower and
autoxidation reaction was relatively suppressed (Fig. S51).

Similar to the slow formation of [Fe®*-O], species, the
accumulation of DFP-like transient intermediates was less in
the case of assembly-defective variants. This transient inter-
mediate involves two sequential processes, i.e., formation and
decay, where the relative rates can dictate the accumulation and
measured initial rates. Therefore, in addition to the initial rates
(AAgs0/At), the rate constants for both the formation (k;) and

3986 | Chem. Sci., 2025, 16, 3978-3997

decay (k,) were determined by fitting the Agsonm time courses to
the modified Bateman equation (eqn (2)). While WT BfrA and
the self-assembled variants (E121A and E121Q) exhibited
similar formation rate constant values, k; ~ 23-24 s, the
assembly-defective variants exhibited a drastic decrease in the
values, k; ~ 7-9 s' (Table 1). Similarly, the variations in the
decay rate constants for the self-assembled (k, ~ 8-11 s ') and
assembly-defective (k, ~ 1-3 s~') variants (Table 1), possibly
indicates the existence of differential mechanisms for decay of
DFP-like transient intermediate. These findings further high-
light the consequences of the absence of a confined nano-
compartment and the lack of major iron uptake pathways to
sequester and deliver Fe>* ions to the catalytic sites in the
assembly-defective variants.

The significance of cage assembly towards ferroxidase
activity was further highlighted by the enhanced iron-oxidation
profiles observed in E121K samples with improved cage-
assembly, over-expressed in modified LB medium. Compared
to its assembly-defective counterparts, the assembled E121K
proteins demonstrated an efficient restoration of iron oxidation

(Fig. S67).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Rate constants for the formation of [Fe**~Ol, species and the formation/decay of DFP-like species in self-assembled and assembly-

defective variants®?

AAzs50nm VS. time (s)

AAgsonm VS. time (s)

Ferritin (Rapid phase) k; (s ") (Slow phase) k, (s %) (Formation) k; (s ™) (Decay) k, (s 1)
WT 23.6 £2.3 1.9 £ 0.3 241+ 1.8 9.2 +£1.2
E121A 22.6 £ 2.2 1.9 £ 0.6 234+ 1.6 10.1 £ 1.5
E121Q 21.6 + 2.3 1.5+ 0.4 23.1+£1.7 89+1.4
E121K N.D. N.D. 8.2+1.2 21+11
E121F N.D. N.D. 79 +1.1 2.6 £0.9

¢ Rate constants were obtained by fitting the non-linear time courses with the double exponential (from Fig. 3A) and modified Bateman equations
(from Fig. 3C). ” N.D.: not determined, due to insufficient accumulation of iron mineral.

Detection of in situ generated H,0, during ferroxidase/
mineralization activity

The in situ generation of H,0, through the oxidoreductase
activity of the synthesized variants was investigated using
a peroxidase assay with Amplex Red (substrate) and HRP
(catalyst) (Fig. 3E, F and S71). The assay involves the spectro-
photometric assessment of the amount of resorufin generated
at 571 nm (¢ = 5.4 x 10* M ' em ™) to estimate the in situ
generated H,0, (resorufin : H,0, = 1:1)." Similar amounts of
H,0, were detected for the self-assembled variants (WT, E121A,
and E121Q), indicating a similar mechanism during the fer-
roxidase reaction. In contrast, for the assembly-defective vari-
ants (E121K and E121F), minimal amounts of H,0, were
detected, even at higher substrate concentrations. This is
possibly a result of a slower ferroxidase reaction due to the
slower occupancy of Fe** ions at their F,, centers, resulting from
the absence of electrostatic guiding and confinement effect. All
in all, the detection of in situ generated H,O, levels corelates
with the trends observed for the ferroxidase/mineralization
activity of the assembled and assembly-defective variants.
Previous work on frog M ferritin also reported the generation of
H,0, during ferroxidase activity by decay of di-ferric peroxo
species and is stoichiometrically linked to its formation.*

Interestingly, in the case of assembled variants, although the
detection of H,0, increased with increasing Fe** concentrations
(0-480 uM), the amount remained significantly lower than the
value anticipated from stoichiometry at the first turnover (i.e.,
Fe**:H,0, ~ 2:1 for <48 Fe/cage). This may possibly indicate
the participation of the generated H,0, in Fe** oxidation, which
competes with the HRP present in the reaction mixture. Addi-
tionally, the lower amount of H,0, detected may also be due to
the inherent catalase activity of Mtb BfrA, as seen in earlier
reports.”

Loss of cooperativity in assembly-defective variants

To investigate the iron occupancy and assess the presence of
allosteric interactions (cooperativity) during ferroxidase activity
at the di-iron oxidoreductase centers, the formation of [Fe**-0],
species was recorded with increasing iron per cage (6-96) using
a stopped-flow rapid kinetics system (Fig. S87). The initial rate
(AA350/At) increases with increasing Fe/cage and saturates at
~40 Fe/cage, as reported for E. coli Bfr.®® Further addition of

© 2025 The Author(s). Published by the Royal Society of Chemistry

iron had a nominal impact on the initial rate, indicating satu-
ration of the “stable di-Fe** catalytic sites”. The Hill coefficients
(n) were determined by fitting the initial rates vs. the respective
iron concentration in the Hill equation (see Methods)
(Fig. S8Ft). The sigmoidal plots for the self-assembled variants
indicated the existence of positive cooperativity (Hill coefficient;
n > 1) (Table S47), which in turn possibly depicts the rapid and
precise delivery of Fe®" ions to the F,, centers via electrostatic
guiding generated along the pores by self-assembly. However,
Hill coefficient values close to unity (n ~1), in the case of
assembly-defective variants indicate that the di-iron centers of
each sub-unit behave independently towards binding/oxidation
of Fe**. Furthermore, this implies that the affinity of their Fo,
centers towards Fe>" ions possibly does not depend on whether
or not the di-iron sites are occupied. The slower iron oxidation
kinetics and the lack of self-assembly (multi-subunit interac-
tions) in these variants further support this observation.
Therefore, the loss of cooperativity may be a reason behind their
slower iron oxidation in assembly-defective variants.

Self-assembly facilitates the biomineralization reaction

Kinetic measurements for iron oxidation and subsequent bio-
mineral formation in WT BfrA and its variants were performed
by manual addition of FeSO, solutions to 1.04 puM protein
solution, to achieve 48 and 480 Fe/cage using a UV-visible
spectrophotometer (Fig. S9A and Bt). Manual-mixing kinetic
trends over longer time (Fig. S9A-D¥) were similar to stopped-
flow kinetics findings and also support the role of self-
assembly towards iron oxidation/mineralization. The self-
assembled variants exhibited similar kinetic profiles for [Fe**-
O], species formation as the WT BfrA both under single and
multiple catalytic turnovers, clearly depicting the role of self-
assembly in the rapid uptake of Fe*" ions and also corrobo-
rating that the 3-fold pores do not participate in Fe** uptake in
Mtb BfrA. However, in the assembly-defective variants, rapid
iron oxidation was inhibited, yet the rate of oxidation was
higher than that of background autoxidation in buffer, which
indicates a combined effect of the F,, centers and the autoxi-
dation phenomena.

Similarly, to understand the differences in the iron miner-
alization mechanism for the self-assembled and the assembly-
defective variants, sequential iron oxidation kinetics was
monitored by manual addition of iron aliquots (48 Fe/cage) at

Chem. Sci., 2025, 16, 3978-3997 | 3987
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regular time intervals. A rapid increase in each cycle followed by
a steady plateau after the addition of each aliquot in the
sequential Fe>" oxidation data (Fig. S9ET) indicates that the Fo,
centers are possibly vacated at the end of each cycle indicating
the labile nature of the ‘di-Fe*" species formed at the Fo
centers, thereby behaving as P. aeruginosa Bfr.* However, in
E121K and E121F, the lack of a protein cage/self-assembled
structure slows down the rapid iron oxidation despite having
functional F, centers. Therefore, instead of attaining a rapid
plateau, a gradual increase in absorbance was seen during
consecutive additions (Fig. S9Et). The slower iron oxidation at
ferroxidase centers and the inhibition of iron sequestration in
the assembly-defective variants may also lead to higher back-
ground oxidation in buffer.

Self-assembly aids in rapid consumption of dissolved O,
during ferroxidase/mineralization activity

Amperometry based oximetry is a useful technique to monitor
the alterations in real time O, concentration for a reaction that
involves O, either as a substrate or as a product. Ferroxidase
activity of ferritin involves O, as a substrate along with Fe>'.
Here, a Clark-type electrode was used to compare the dissolved
O, consumption Kkinetics of self-assembled and assembly-
defective variants of Mtb BfrA during their ferroxidase/
mineralization activity to investigate the impact of pore-
electrostatics and the role of nanoconfinement/self-assembly.
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In contrast to the assembly-defective variants (E121K and
E121F), the self-assembled variants (E121A and E121Q) exhibi-
ted a rapid decrease in O, concentration as observed in the case
of WT BfrA (Fig. 4A), corroborating the stopped-flow kinetic
trend for iron oxidation (Fig. 3A). The faster O, consumption
profiles depict rapid ferroxidase activity and mineralization in
these assembled variants, thereby indicating the role of self-
assembly. In comparison to autoxidation in buffer, the
assembly-defective variants exhibited a faster O, consumption
kinetics (Fig. 4A). This difference can be attributed to the
functional ferroxidase centers in the assembly-defective vari-
ants. Similar to the stopped-flow data, a comparison was made
between the O, consumption profiles for assembled (48 Fe/
cage) and assembly-defective variants (480 Fe/cage) at
different substrate concentrations (48 vs. 480 Fe/cage). Despite
a 10-fold lower substrate (Fe®*) concentration, faster O,
consumption kinetics was observed for the self-assembled
variants, indicating the role of nanoconfinement towards
higher efficiency of oxidoreductase activity and biomineraliza-
tion (Fig. 4B). pH dependent O, consumption kinetics (carried
out in MES: pH 6.0 and MOPS: pH 7.0) also support the above
observations (Fig. $10t). Autoxidation (Fe** oxidation in buffer,
outside the protein cage) contributes significantly to the overall
O, consumption kinetic profile in assembly-defective variants,
particularly at pH 7.0. However, catalytic iron oxidation
predominates in the self-assembled variants while the
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Fig.4 O, consumption kinetics during the ferroxidase/mineralization activity of self-assembled and assembly-defective Mtb BfrA variants. (A) To
begin the ferroxidase reaction, freshly prepared FeSO, solutions (1 mM) were added to 2.08 uM protein cage using a Hamilton syringe to achieve
480 Fe/cage. The initial rates of O, consumption obtained from (A) were compared in (B); the self-assembled variants exhibit faster O,
consumption. Error bars indicate the standard deviation. (C) Assembled variants with lower substrate concentrations (24 uM Fe2*) consume O,
faster than assembly-defective variants with 10-fold higher substrate concentrations (240 uM Fe2"). 48 and 480 indicate Fe/cage in respective
protein samples (0.5 uM cage). (D) Dissolved O, consumption during sequential addition of FeSO,4 solutions (48 Fe/cage per injection) to protein
solutions (0.5 uM cage) to achieve 480 Fe/cage. Here, all the experiments were carried out in 100 mM MOPS buffer (pH 7.0) at 25 °C. p value
>0.06 and <0.001 for the assembled and assembly-defective variants respectively, calculated with respect to WT. The averages are derived from
the results of at least three independent experiments, using two different protein batches.
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Fig. 5 Analysis of iron incorporation ability and DNA protection activity of Mtb BfrA variants. (A) The self-assembled variants hold iron in a soluble
form almost up to the addition of 4500 Fe/cage whereas for the assembly-defective variants distinct precipitation was seen beyond 500 Fe/cage.
(B) Native-PAGE analysis of iron loading efficiency/accumulation in assembled and assembly-defective variants. WT and E121Q exhibited similar
behaviour with higher iron loading, but E121K showed a complete absence of Prussian Blue precipitate. The gradual disappearance of protein
bands on increasing iron for E121K indicates iron-induced protein precipitation. Protein samples, with and without iron mineral incorporation,
were run in a 6% (w/v) non-denaturing gel (native-PAGE) for checking the iron loading ability (top) and cage integrity (bottom). (C) DNA
protection activity of WT Mtb BfrA and its 3-fold assembled variants against oxidative cleavage induced by the Fenton reaction. Agarose gel (0.8%
w/v) electrophoresis was carried out to assess the DNA protection activity of Mtb BfrA and its self-assembled/assembly-defective variants. DNA
protection was observed only for self-assembled variants (L4 to L6) whereas the assembly-defective variants (L7 and L8) could not provide
protection. For the control experiment: L1: only DNA; L2: iron and DNA; L3: DNA, iron and H,O, (the absence of DNA bands indicates oxidative

cleavage). + signs represent the presence/absence of DNA, H,O, and Fe?*

mineralization process is pH dependent but less impacted in
comparison to assembly-defective variants. The initial rates of
0O, consumption for different protein samples (2.08 uM: Fig. 5A;
0.5 uM: Fig. S10AT) with 480 Fe/cage also support the observa-
tion that the self-assembled variants exhibit faster O,
consumption (Fig. 4C).

To investigate the catalytic turnover of the F,, centers of the
BfrA variants, 24 pM Fe** was added sequentially to 0.5 pM
protein solution (48 Fe/cage per injection) at 5 min intervals to
achieve 480 Fe/cage after 10 injections (Fig. 4D). WT BfrA and
the self-assembled variants exhibited rapid consumption of
dissolved O, followed by a distinct plateau during each addi-
tion, possibly due to the rapid generation of ‘di-Fe*" at the Fo,
centers that enables the subsequent catalytic cycle to oxidize the
incoming Fe®" ions. On the other hand, the lack of a protein
cage/self-assembled structure slows down the rapid dissolved
0O, consumption in the assembly-defective variants despite
having functional F,, centers. Therefore, instead of a distinct
plateau, a gradual decrease in O, levels was seen in E121K and
E121F (Fig. 4D). This further indicates the synergistic effect of
electrostatic guiding and nanoconfinement, responsible for
rapid Fe** uptake and its increased effective concentration
inside the nanocavity, which aids in rapid ferroxidase activity
and O, consumption.

Self-assembly is a necessity for iron incorporation and
biomineral solubility

WT Mth BfrA and the self-assembled variants (E121A and
E121Q) were capable of maintaining iron in a soluble form up to
the addition of ~4000-4500 Fe/cage, without any notable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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precipitation (Fig. 5A). The native-PAGE profiles of self-
assembled variants show distinct, gradually increasing Prus-
sian blue bands, indicating that a major portion of the iron is
incorporated and localized inside the nanoconfined ferritin
cages (Fig. 5B). Smeared bands above ~3000 Fe/cage, possibly
indicate iron induced cage-aggregation.

For the assembly-defective variants, visible precipitation was
absent up to addition of 480 Fe/cage (Fig. 5A). However, no
Prussian blue precipitate was seen in the native-PAGE profiles,
possibly indicating that the iron mineral in these variants is not
localized (owing to the absence of a nanoconfined cage) and
rather distributed/bound in a non-specific manner. Upon
increasing the iron addition beyond 480 Fe/cage, ranging from
1000-4500 Fe/cage, clear precipitation was seen. Moreover, the
absence of Coomassie/protein bands in E121K under higher iron
loading is an indication of iron-induced protein precipitation.
These observations suggest that self-assembly is a rudimentary
factor not only for faster iron oxidation but also for its higher
iron-incorporation/mineralization/storage ability in Mtb BfrA.

DLS-based analysis was performed for the mineralized
samples within the soluble window of all the variants i.e. up to 480
Fe/cage, to investigate if iron incorporation/mineral formation
alters their hydrodynamic diameters. WT and the self-assembled
variants exhibited only an ~1 nm change in their respective sizes
(Fig. S11 and Table S37) of the apo-form, suggesting the ability of
these variants to store iron efficiently and control the nucleation/
growth of the iron mineral within the confined nanocompart-
ment. In contrast, the assembly-defective variants exhibited
increased particle size upon increasing the addition of iron. This
could either be due to the possible formation of soluble iron-
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oxide/oxy-hydroxide clusters on the surface of the protein and/or
iron-induced higher order oligomeric assemblies.

Furthermore, to analyze the amount of iron that the
assembly-defective variants can retain without precipitation,
E121K protein samples were mineralized (480 Fe/cage equiva-
lent) with two different protein concentrations: ~0.5 mg ml™*
(initially used for DLS) and ~11 mg ml ™. Prior to iron analysis,
the low protein mineralized samples (~0.5 mg ml~" with 540
uM Fe*) were run through a PD-10 desalting column. However,
iron/protein ratios (determined from ferrozine assay'’) were
found to be similar for the WT (450 + 30) and E121K (400 =+ 20)
variants, possibly due to low resolution of the PD-10/desalting
column, leading to poor separation of products. However,
upon mineralizing high concentrations of E121K protein (~11
mg ml ), significant precipitation occurred. The solution was
centrifuged and the supernatant was collected, syringe filtered
and loaded into the SEC column (Sephacryl S-300). The result-
ing chromatogram showed three distinct fractions, indicating
the presence of multiple species (Fig S121). Interestingly, frac-
tion 3 overlaps with the apo-protein and the additional fractions
1 and 2 correspond to some relatively larger sized species, with
higher iron content.

Self-assembled Mth BfrA variants protect DNA against Fe>*/
H,0,-induced Fenton reaction

To further understand the consequences of self-assembly in
ferritin on its anti-oxidative properties, in vitro DNA protection
activity against Fe*>"/H,0,-induced Fenton reaction was catried
out by agarose gel electrophoresis (see Methods) using both
assembled and assembly-defective Mth BfrA variants. Similar to
the WT, the assembled variants (E121A and E121Q) exhibited
DNA protection activity, indicated by intact DNA bands (Fig. 5C,
L4 to L6). In contrast, the assembly-defective variants (E121K
and E121F) were unable to protect the plasmid DNA as evi-
denced by the absence of the DNA bands (Fig. 5C, L7 and L8).
This further supports that ferritin self-assembly is essential/
crucial for its anti-oxidative properties. The WT and its self-
assembled variants having intact primary iron entry pathways
(B-pores and 4-fold pores) and a confined nanocage possibly
inhibit/minimize the generation of OH" radicals by rapidly
scavenging Fe*" (Fenton substrate). This is evidenced by faster
iron oxidation and increased iron incorporation ability of the
self-assembled Mth BfrA variants.

For the in vitro DNA protection assay, 4.5 mM H,0, was
externally added to induce oxidative stress conditions, which is
significantly higher than the in situ concentration of H,0O, detec-
ted during ferroxidase activity (up to ~28 pM, Fig. S7t). Despite
the high concentration of externally added H,0,, self-assembled
variants effectively safeguarded the DNA, underscoring their
remarkable protective capabilities under oxidative stress.

Self-assembly (cage formation) imparts stability to the protein
structure

E121K and E121F retained their secondary structure similar to
WT and its self-assembled variants but exhibited a significant
loss of tertiary structure and inter-subunit interactions, due to
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the absence of self-assembly. To analyze the impact of self-
assembly (cage formation) on the overall conformational/
thermal stability of the bacterioferritins, GdAnHCI and temper-
ature induced unfolding of their secondary structures was
monitored by far-UV CD. The loss of a-helicity at 222 nm (Fig. 6
and S1371) was used as an indicator to interpret their chemical/
thermal stability and obtain various thermodynamic parame-
ters (eqn (3)-(7)).

The linear extrapolation method (eqn (6)) was used to
determine the free energies of unfolding in aqueous solution
(AGaq) and Cy, values (Fig. 6B and Table S5) from the GdnHCI-
induced unfolding data (Fig. 6A and Table S5%). The C,, value
indicates the GAnHCI concentration at which the protein is 50%
unfolded (fy =fr = 0.5) and AGy = 0. While WT BfrA exhibited
a Cp, of ~7.4 £ 0.2 M, the self-assembled variants (E121A and
E121Q) exhibited slightly lower values of Cp, of ~7.0 £ 0.2 M.
However, the assembly-defective variants (E121K and E121F)
unfolded at drastically lower concentrations of GdnHCI (C,
~1.6 + 0.1 M), which clearly indicates their lower conforma-
tional stability, possibly due to the loss of various inter-subunit
non-covalent interactions that arise as a consequence of self-
assembly. The self-assembled variants exhibited AG,q values
similar to those of WT BfrA (~19-22 kJ mol '), whereas the
assembly-defective variants exhibited much lower values, ~7-8
kJ mol ', indicating the contribution of self-assembly in the
overall conformational stability of Mtb BfrA.

The thermal stability of the self-assembled variant, E121A,
was found to be similar as that of WT (T, ~90 °C); however
E121Q was relatively less thermostable (T, ~84 °C) (Fig. S13
and Table S5t). In contrast, the assembly-defective variants,
E121K and E121F, exhibited lower T, values of ~78 and 80 °C,
respectively (Fig. S13 and Table S5t), possibly due to the loss of
the compact cage structure (Fig. 2), further corroborating the
importance of self-assembly towards the overall cage stability.
The differences in the thermal stability of self-assembled and
assembly-defective variants can also be correlated with the
revival of intact, self-assembled nanocage architectures after
cooling (Fig. S141). While the assembled variants exhibited
almost complete revival of their secondary structures, the
assembly-defective variants exhibited an irreversible loss in
their helical content, as indicated by the disappearance of two
o-helix signature peaks at 208 and 222 nm (Fig. S14f). To
examine if the irreversibility of assembly-defective variants was
influenced by the speed at which they were brought back to 25 ©
C, the samples were cooled, at different speeds, under three
different conditions (Fig. S14D and Ef). However, complete
reversibility of unfolding of the assembly-defective variants was
not observed i.e. the CD signal was not restored to the original
value at 25 °C. This further emphasizes that cage formation
imparts extra stability to the overall protein structure.

Discussion

The formation of ferritin protein nanocages, by self-assembly
phenomena, is driven by non-covalent interactions at the
subunit-subunit interfaces, ultimately generating a central
hollow nanocavity (~30% of total cage volume) and multiple

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 GdnHClinduced unfolding of self-assembled and assembly-defective Mtb BfrA variants. Far-UV CD spectra and changes in the CD signal
at 222 nm of WT BfrA and its variants at increasing concentrations of GdnHCli.e. from O to 8 M (A). Protein concentration was maintained at 0.25
uM cage or cage equivalent (6 pM subunit). Conformational stability parameters of WT BfrA and its variants determined from the linear

extrapolation method (i.e., AGy vs. [GdnHCI)) at 25 °C (B).

symmetric/asymmetric pores/channels (Fig. 1A). The

acid residues present on the external/internal surface and along
the pore linings impart necessary electrostatics that decipher

amino

© 2025 The Author(s). Published by the Royal Society of Chemistry

the ability to sequester/oxidize Fe*" ions and store them in the
form of a soluble ferric oxyhydroxide mineral.” The relatively
higher negative charge density on the internal surface (Fig. 1E)
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stabilizes and safeguards the iron mineral within its hollow
protein nanocompartment until cellular requirements.*”*

Iron biomineralization inside the ferritin nanocages involves
a complex series of events/reactions.”””* This cascade of events
leading to iron storage commences by rapid uptake of Fe*" (via
electrostatic guiding/focusing®*?) and its migration to the Fo,
centers (enzymatic sites responsible for rapid iron oxidation),
through dedicated pathways involving different pores/channels
in different ferritins.'>”® The oxidoreductase and mineralization
activity of ferritin involves consumption of Fe*" and O,; their
ratio varies with the amount of Fe** and the type of ferritin.'**
The in situ generated H,0, is consumed during the minerali-
zation process.

2Fe** + O, + 4H,0 — 2FeOOH e + H,0, + 4H*

While eukaryotic ferritins mostly utilize the 3-fold pores/
channels as their primary Fe®" entry pathways, recent
reports on a few bacterioferritins suggest the involvement of the
asymmetric B-pores.*>* These studies established the
importance of negatively charged Glu and Asp residues lined
along these hydrophilic pores. In addition to Fe*" sequestration,
specific pores are possibly involved in Fe** mobilization” and
the selective translocation of phosphate/O,/H'” to and from the
protein cavity and its surrounding environment (cytosol, mito-
chondria). Cytosolic chaperones are reported to possibly assist
in the transportation of iron to and from ferritins and other
target sites.”>®*

The protein cage acts as a selective barrier and reinforces the
establishment of a concentration gradient of Fe>", similar to the
ion gradient across lipid membranes. This electrostatically
driven accumulation of Fe** inside the ferritin nanocompart-
ment increases its effective concentration in the vicinity of the
Fox centers. As a consequence of this augmented proximity
between Fe** and the F,, center, the probability of collision
increases; as demonstrated by the rapid ferroxidase activity
occurring within milliseconds to seconds (Fig. 3). However, it is
difficult to segregate the relative contributions of the catalytic
sites and self-assembly towards the rapid ferroxidase/
mineralization activity in bacterioferritins owing to their
inherent self-assembly ability. In addition, these protein cages
are exceptionally stable®® and thus, isolation of single/
oligomeric assembly units in folded form is difficult, despite
substitution of multiple amino acids." In our recent report on
Mtb BfrA, site-directed mutagenesis was employed to ascertain
the role of B-pores as primary Fe>* uptake routes; the robustness
of the nanocage was evidenced through one of its B-pore vari-
ants, where the introduction of multiple Lys on a single helix
(D132K/E135K/T136K/E139K: 4 MUT) failed to disassemble the
protein nanocage.'® Therefore, in the current work, a ‘hot-spot’
residue at the 3-fold pores was identified and rationally per-
turbed by site-directed mutagenesis to investigate the role of
these pores in the interplay between the formation of self-
assembled protein nanocage and its functional aspects. The 3-
fold pores of Mtb BfrA consist of alternate layers of negative and
positive amino acid residues, where E121 is located in between
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two positively charged residues, R109 and K122 (Fig. 1), and is
possibly involved in essential interactions (salt-bridge and/or
hydrogen bond) that constitute the pore and enable the self-
assembly process and hence the formation of other pores
(Fig. S15A%).

In the case of buffer alone and for the assembly-defective
variants, the added Fe®" is expected to be distributed homoge-
nously in the reaction medium (say, 1 ml = 10*>' nm?) (Fig. 7A).
Thus, the effective substrate concentration does not change in
the vicinity of the enzymatic sites and is similar to that of the
bulk. By virtue of the rapid Fe** sequestration and its accumu-
lation within the ferritin nanocavity (say, for 2 uM ferritin cage,
effective volume in 1 ml = no of ferritin x effective volume
offered by each ferritin cavity i.e. 1.2 x 10" x 268 nm® = 3.21 x
10"” nm?®), the self-assembled variants gain access to an effective
concentration of up to ~3115-fold excess of Fe** at the catalytic
sites (Fig. 7A). This phenomenon is expected to drastically
enhance the reactivity of the ferroxidase centers.

The electrostatics/dynamics of pore residues (breathing
motion) and faster water exchange rates (k ~10° s™*)* collec-
tively favour the translocation of hydrated Fe** (~6 A) through
the narrow channels (~3-4 A, primary entry pathways: B-
pores).”® Hydrated Fe®" traverses along the channel by
shedding/exchanging its inner-sphere water molecules with the
amino acids or water molecules present in its ingress route and
reach the catalytic F,, centers possibly via the transit residues
(such as the “bucket brigade” in eukaryotic ferritins).*®
However, when the electrostatics of these entry routes are per-
turbed, though rapid Fe®" uptake and oxidation are inhibited,
yet similar mineral accumulation inside the cage is reported
over longer time durations.' This indicates that Fe*" possibly
enters the cage through other secondary ‘slower’ routes and/or
the Fe*" species generated as a consequence of slower autoxi-
dation of Fe** ions are also sequestered by the ferritin nanoc-
ages. This Fe®" uptake process probably occurs over longer time
owing to its larger hydration sphere (~9 A), higher dehydration
energy and slower water exchange rate (k ~10* s ).> However,
this delayed iron uptake and oxidation may contribute to Fe**
induced oxidative stress/cellular toxicity and infection. This
situation gets worse in the case of assembly-defective variants,
where most of the iron is freely distributed in the buffer.

Free iron in its ferrous (Fe>") form, can be highly toxic to cells
and tissues due to its ability to catalyze the formation of
harmful reactive oxygen species such as OH" radicals through
the Fenton reaction.***”** The OH" radical is a highly potent
oxidizing agent that reacts indiscriminately with proteins, DNA,
membranes and other biomolecules at rates that are nearly
diffusion-controlled.” Ferritin checks the Fenton reaction in vivo
by rapidly sequestering free Fe®", thereby limiting the genera-
tion of harmful OH" radicals. This regulation accounts for the
anti-oxidative activity of ferritin.

Naturally, the mini-ferritins (Dps proteins) safeguard DNA by
capturing the Fenton substrates and/or by binding directly to
DNA to form a protective complex.*>** Although, Mtb lacks the
Dps gene, it still manages to survive oxidative stress and
continue proliferating.>*** Our earlier reports established that
WT Mtb BfrA exhibited DNA protection activity, possibly by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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forming a BfrA-DNA complex.” To elucidate the effect of cage-
assembly on anti-oxidative properties of ferritin, DNA cleavage
assay was performed in the presence of 3-fold pore-variants of
Mtb BfrA, which exhibit differences in their cage integrity.
Interestingly, only the self-assembled variants showed DNA-
protection activity, whereas the DNA was completely degraded
in the presence of assembly-defective variants. As the modifi-
cations in the variants are only limited to their pores, the
external-surface electrostatics are possibly unaltered. Thus, it is
anticipated that all the variants would bind DNA to a similar
extent and protect it against the Fenton reaction. The difference
in the DNA protection ability, likely indicates that DNA binding
may not be the only mechanism by which it protects DNA. The
protective mechanism maybe somewhat related to its cage-
assembly and pore electrostatics and it ultimately minimizes
the accumulation of free Fe** in the reaction medium.

The inherent stability of the ferritin nanocage along with its
natural ability to internalize via cellular receptors makes it an

© 2025 The Author(s). Published by the Royal Society of Chemistry

excellent choice for numerous nanobiotechnology applications
viz. diagnosis (MRI contrast agents), targeted drug delivery,
theranostics (for cancer therapy and diagnosis), catalysis,
etc.'*®>%  Additionally, the ferritin compartments serve as
confined reaction chambers (nanoreactor), where non-natural
ions/substrates can be incorporated into their cavity via elec-
trostatic guiding to carry out nanoparticle synthesis.”*>*
However, the encapsulation of neutral or larger cargo/drugs
requires ferritin cage-disassembly under harsh conditions,****%
often resulting in the loss of both the protein and cargo. The
current work presents/demonstrates the identification and
alteration of a single “hot-spot” residue that can be targeted to
disassemble the stable bacterioferritin cage, bypassing the use
of any extreme reaction conditions. These findings can be
further extended towards the encapsulation of cargo, following
its disassembly and subsequent reassembly by making adjust-
ments in the ionic strength (screening repulsive forces).*® Mtb,
like any other pathogen, requires iron for its virulence but still
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proliferates under iron-restricted conditions inside human
macrophages and lungs. Furthermore, this study can also be
extended towards combating Mtb proliferation by hindering its
Fe* storage and sequestration abilities through the strategic
manipulation of its iron uptake routes.

Conclusion

In the current report, we assess the relative contribution of
enzymatic sites and self-assembly towards rapid ferroxidase
activity and mineralization reaction in bacterioferritins. To eval-
uate the role of self-assembly, 3-fold pore electrostatics were
perturbed by rational substitution of the E121 residue, gener-
ating two sets of variants that either maintained self-assembly
(E121A, E121Q) or were assembly-defective (E121K and E121F).
In the case of the self-assembled variants, the altered pore elec-
trostatics did not impact the formation of the primary iron
uptake routes (ie., the B-pores), nor did it affect the iron
oxidation/mineralization reaction, suggesting that the 3-fold
pores are not involved in Fe*" uptake by Mtb BfrA. However, E121-
substitution with positively charged Lys (E121K; electrostatic
repulsions due to lysine crowding) or with bulkier/hydrophobic
Phe (E121F; steric hindrance) abolished the self-assembly
phenomena highlighting the importance of key interfacial
interactions that control the formation of nanocage/pores and
their functions (Fig. S15B and Table S61). Moreover, self-
assembly was also seen to impart extra stability to the protein
nanocage. Assembly-defective variants, bearing active catalytic
sites, exhibited notably faster ferroxidase/mineralization activi-
ties and O, consumption as compared to the autoxidation of Fe**
in buffer, but they still failed to reach the efficiency of the self-
assembled variants, even at 100 fold higher Fe** concentra-
tions. Positive cooperativity, the capability to incorporate iron in
its soluble form and to protect DNA against the Fenton reaction
was exclusive to the self-assembled variants. The absence of
a defined nanocompartment and loss of its associated electro-
static guiding accounts for the poor enzymatic activity of the
assembly-defective variants. In summary, this report highlights
the concerted action of self-assembly and ferroxidase sites that
facilitates swift iron uptake, its oxidation, and subsequent bio-
mineralization in bacterioferritins. Our findings comprehend
that ferritin self-assembly, which electrostatically directs the
ingress of Fe’" ions via pores/channels and enhances local
substrate concentration via cage-confinement, is the major
contributor towards ferroxidase/mineralization reaction and its
anti-oxidative behaviour (Fig. 7B). Additionally, the current work
identifies a key “hot-spot” residue (E121) in Mtb bacterioferritin,
rational engineering of which enables the disassembly of the
stable bacterioferritin cage, without the need for harsh reaction
conditions. A similar strategy can be adopted towards encapsu-
lation of cargo in ferritins, following their disassembly through
alterations of specific “hot-spot” residues and subsequent reas-
sembly by making adjustments to the ionic strength. The study
holds significance in exploiting ferritin nanocages as a nanosink
and nanoreactor for sequestration, encapsulation and nano-
material synthesis for a multitude of nano-biomedical
applications.
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Abbreviations

Mtb Mycobacterium tuberculosis

Bfr bacterioferritin

BfrA bacterioferritin A

ROS reactive oxygen species

Fox ferroxidase center

DFP di-ferric peroxo

PDB protein data bank

IPTG isopropyl-1-thio-B-p-galactopyranoside
MOPS 3-(N-morpholino) propane sulfonic acid
PAGE poly-acrylamide gel electrophoresis

TEM transmission electron microscopy

DLS dynamic light scattering

HRP horseradish peroxidase

CD circular dichroism

GdnHCl  guanidine hydrochloride

Cm midpoint of unfolding concentration of GdnHCl
Tm midpoint unfolding (melting) temperature
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