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Ferritin is an iron regulatory protein. It is responsible for storage and detoxification of excess iron thereby
it regulates iron level in the body. Here we report the crystal structure of ferritin with two endogenously
expressed Fe atoms binding in both the sites. The protein was purified and characterized by MALDI-TOF
and N-terminal amino acid sequencing. The crystal belongs to I4 space group and it diffracted up to 2.5 Å.
The structural analysis suggested that it crystallizes as hexamer and confirmed that it happened to be the
first report of endogenously expressed Fe ions incorporated in both the A and B sites, situated in between
the helices.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Iron is an important element, and it performs many cellular func-
tions such as cell growth, oxygen transport, electron transfer, nitro-
gen fixation, DNA synthesis, and also involved in the synthesis of
hemoglobin and myoglobin proteins [1]. On the other hand, excess
of iron leads to the formation of harmful free radicals such as hydro-
peroxyl radical (HOO�), and hydroxyl radical (HO�), which increases
the toxicity level and can be interpreted through Fenton reaction,

Fe2þ þH2O2 þHþ ! Fe3þ þHO� þH2O
Fe3þ þH2O2 ! Fe2þ þHOO� þHþ

Ferritins are the super family proteins and capable of accepting,
storing and donating the iron when the requirement arises. The
family can be classified into three sub-families, namely the iron
storing ferritin (Ftn), heme containing bacterio ferritin (Bfr) and
DNA-binding protein from starved cells (Dps) [2–7]. Ferritin also
involves in many biochemical pathways, which regulates cell pro-
liferation, apoptosis, and protein translation.

The architecture of ferritin protein is in the form of a hollow
shell with 12 and 8 nm inner and outer diameter. It consists of
24 subunits and about 4500 iron atoms stored in the centre of
the cavity [8,9]. The exterior and interior shells are connected by
channels along 2, 3 and 4-fold symmetry axes [10]. Both the hydro-
philic and hydrophobic pores in ferritin are responsible for the
entry of iron atoms and stability.

Ferritin protein is also classified as heavy (H) and light (L) chain
subunits. Both the subunits are about 55% sequence similarity and
regulate the functions differently. The heavy chain (H) with the
molecular weight of 24 kDa involved in the enzymatic activity;
oxidize Fe (II) to Fe (III) states. The presence of ferroxidase centre
in heavy chain (H) ferritin plays a vital role in iron uptake, due to
the overcrowding of glutamic acid residues. The mutations of
Glu62 and His65 lead to the lack of iron uptake and confirmed in
human and mouse ferritins [11,12]. Light chain (L) with a molecu-
lar weight of 19 kDa cannot perform the above said activities due
to the presence of a number of carboxyl groups. The L chain acts
as an iron nucleation site and capable of mineralizing iron faster
than the heavy chain (H) of ferritin. L ferritin stands out to be
higher stability than H ferritin even under acidic and reducing con-
ditions [13,14].

The platinum based anticancer drugs are the main source for
tumors; however the toxicity increases due to the excess usage
of platinum based drugs. Afterwards the bigger molecules with
large cavity are used as a vehicle for drug transport (Cucurbitu-
ril series) but failure was unavoidable due to their lower water
solubility. Recent studies showed that, macromolecules of large
cavity along with higher solubility of protein (ferritin) were
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Fig. 1. Characterization and structural representation of E. coli ferritin. (A) MALDI-TOP spectrum of purified protein, (B) hexameric structure of crystallized ferritin in the
asymmetric unit shown as cartoon representations, the active site residues are shown by ball-and-stick model and Fe-ions by spheres, (C) biological assembly of ferritin
molecules (24-mer) are show in stereo view. The helices are represented by cylindrical and the bound metal ions are shown by spheres.
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used as best drug delivery system. The ferritin molecules in the
inner core are capable of adhesive of metal and nano particles.
Anticancer drugs such as Cisplatin and Carboplatin are incorpo-
rated into ferritin molecules based on pH values using refolding
mechanism. The binding capability of anti-cancer drugs in ferri-
tin is used as ligand-receptor mediated drug delivery systems
[15,16].
2. Materials and methods

2.1. Purification

The NdeI and BamHI digested PCR product cloned into pET-
21a(+) vector (Novagen). The cloned plasmid was transformed
into Escherichia coli BL21-CodonPlus (DE3)-RIL-X strain. The



Table 1
Data collection and refinement statistics of ferritin.

Crystal parameters Ferritin crystal

Data collection
Space group I4
Unit cell a = 127.998; b = 127.998; c = 170.902
No. of molecules in ASU 6
Solvent content 59.17
Resolution range (Å) 50.0–2.50 (2.54–2.50)
Total reflections 1,356,049
Unique reflections 47,454 (4739)
Completeness 99.98 (100)
Redundancy 3.7 (3.9)
Rmerge

a 0.092 (0.608)

Refinement
Resolution range (Å) 35.31–2.50
Rwork

b 0.1719
Rfree

c 0.2354
Number of protein atoms 8148
Number of Fe2+ ions 12
Number of SO4 ions 19
Number of Hg ions 2
Number of Cl2 ions 27
Number of Mg2+ ions 1
Number of MES molecules 1
Number of water molecules 197
Rmsd bond lengths (Å) 0.0134
Rmsd bond angles (�) 1.5228
Average B-factor (Å2) 48.10

Ramachandran statistics
Most favored region (%) 97.02
Allowed region (%) 2.16
PDB ID 4REU

a Rmerge = Rh Ri|I(h, i) � <I(h)>|/Rh Ri I(h, i), where I(h, i) is the intensity value of
the ith measurement of h and <I(h)> is the corresponding mean value of I(h) for all i
measurements.

b Rfactor = RkFobs| � |Fcalck/|Fobs|, where |Fobs| and |Fcalc| are the observed and cal-
culated structure factor amplitudes, respectively.

c Rfree is the same as R factor, but for a 5% subset of all reflections.

638 V. Thiruselvam et al. / Biochemical and Biophysical Research Communications 453 (2014) 636–641
protein was over expressed at mid-log phase by addition of
1 mM IPTG. Cells were harvested by centrifugation, and sus-
pended in buffer containing 20 mM Tris–HCl pH 8.0, 50 mM NaCl,
5 mM b-mercaptoethanol and sonicated. The total lysate was
incubated with DNase I and RNase A with 5 mM of CaCl2 and
25 mM of MgCl2 for 30 min. The soluble proteins in the superna-
tant solution was precipitated by adding 80% of the ammonium
sulfate and centrifuged at high speed (15,000 rpm) and removed
the supernatant solution. The protein-containing pellet was
dialyzed against the buffer solution (20 mM Tris–HCl pH 8.0,
50 mM NaCl) and further purified by hydrophobic columns
(Resource ISO, Resource PHE1, GE Healthcare Biosciences) using
ammonium sulfate gradient method. Finally the sample was con-
centrated and applied into gel filtration column (Superdex 75, GE
Healthcare Biosciences). The purity of the sample was analyzed
in SDS–PAGE.
2.2. MALDI-TOF mass spectroscopy analysis

The molecular weight and purity of ferritin were analyzed by a
matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometer using Voyager-DE pro (Applied Bio Sys-
tem). 1 mg of sinapic acid was dissolved in 25 lL of milliQ water,
25 lL of acetonitrile were added and 0.4 lL of trifluro acidic acid
was mixed with above mixture and homogenated thoroughly
using table-top centrifuge. The protein sample mixed with the
above said mixture in 1:1 ratio and loaded in the sample tray.
The spectrum results were shown in Fig. 1A.
2.3. N-terminal protein sequencing

N-terminal protein sequencing was performed by Edman degra-
dation method, using PROCISE protein sequencer for the purified
protein sample. 10 lL methanol was added to membrane to bring
to wet condition. 100 lL of protein sample (1 pmol/lL) was added
to membrane and loaded. The 20 amino acids in the N-terminal
region was identified and given as follows: M L K P E M I E K L
N E Q M N L E L Y S.
2.4. Crystallization and data collection

Purified protein sample was concentrated up to 12 mg/ml and
used for crystallization purpose. Initial crystallization trails were
performed by hanging drop vapor diffusion and batch methods
using Hampton Crystal Screen, Crystal Screen II, wizard crystalliza-
tion kit I, II and Hampton Natrix kit I and II. Better diffracting
quality crystals were obtained in 10 mM MgCl2 hexahydrate,
0.05 M MES pH 5.6, 2 M Lithium sulfate condition. Suitable crystals
were mounted and collected the diffraction data on RIKEN Struc-
tural Genomics Beam line II (BL26B2) at SPring-8 Center, Hyogo,
Japan. All crystal data were processed with the HKL-2000 program
suite.
2.5. Structure refinement

The ferritin molecule crystallized in I4 space group and the
Matthews coefficient analysis showed that there are six molecules
in the asymmetric unit with the solvent content of 59.17% [17]. The
structure solution and refinement were performed by molecular
replacement method with 1EUM as a search model using CCP4
suite [18]. Model applied to 10 cycles of rigid body followed by
restrained Refmac refinement. Further model building was carried
out using coot program [19].
3. Results

The E. coli ferritin was expressed and purified using different
types of chromatographic methods. The purified sample was con-
firmed through MALDI-TOF MS, the single peak was observed at
m/z 19418.418.

The protein sequencer identified 20 amino acids in N-terminal
region as follows, M L K P E M I E K L N E Q M N L E L Y S. We crys-
tallized the protein using hanging drop vapor diffusion method.
The crystal data were collected in synchrotron source and solved
by MR method.
3.1. Overall structure

Ferritin crystallizes in I4 space group and consists of three
dimers related by a non-crystallographic 3-fold axis in the asym-
metric unit. Each subunit is composed of 165 amino acids. The
structure of each monomer is arranged as H-H-L-H-H-L-H (four a
helix, followed by a fifth a helix through 18 and 6 residue loops).
While refining the structure, the unambiguous electron density
showed the Fe binding region. The overall electron density map
revealed 12 Fe atoms, 2 HgCl2 molecules, 19 SO4 ions, 27 Cl ions,
one Mg2+, one MES and 197 water molecules in the asymmetric
unit (Fig. 1B). The biological assembly of ferritin composed of 24
subunits, which is four hexamers (3-dimers) of ferritin related by
a crystallographic 4-fold axis (Fig. 1C). The molecules were refined
to an acceptable stereochemistry and final R factor stands out to be
0.17 (Rfree 0.23) at 2.5 Å resolution (Table 1).



Fig. 2. The ferroxidase center, active site and pores of ferritin structures: (A) arrangement of ferroxidase center shows the surface representation, (B) the close-up view of the
active site residue co-ordinated with Fe-ions, (C) surface view of 3-fold channels, (D) the residue which form the 3-fold channels are shown in stick model (His106, Tyr114,
Asn118, Met109, Phe117 and Gln121), (E) surface representation of 4-fold channels and (F) the key residues for 4-fold channel formation are shown in the form of sticks
(Lys146, Phe153, Glu157, Glu149 and Lys156).
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3.2. Iron binding site

The electron density of binuclear iron site was observed in each
monomer. In crystallized form, each monomer binds with two Fe
atoms, in total twelve Fe atoms bind with hexameric structure.
The Fe ion is bonded with Glu17, Glu50, Glu94, Glu130 and
His53. Two Fe atoms are connected through the water molecule.
The Fe–Fe distance was observed in the range of 3.3–3.5 Å and
these were shown in Fig. 2A & B.

In our structure, the ferroxidase centers of A & B sites are binds
with Fe ions. Whereas the (third) C site happened to be free, with-
out any metal/ligand, confirmed from the electron density while
refining the structure. The same binding mode was observed in
Zn soaked structure in EcFtnA [7].

4. Discussion

The ferritin molecules control the iron storage and regulation
(uptake and release) through pores present between the subunit
structural organizations. The 3-fold and 4-fold channels are impor-
tant for the iron entry/close mechanism. Through the pores iron
atom easily travel to inner cavity of the molecules and stored as
bio available form. Based on the starving conditions, the iron was
released and utilized for its biological mechanism. The residues
involving in the formation of channels are the gateway for the iron
regulations. Existing research evidences suggested that the incor-
poration of metal ions are based on the presence of amino acids
in the three/fourfold channels [20]. The three/fourfold channels
are composed of His106, Tyr114, Asn118, Met109, Phe117 and
Gln121/ Lys146, Phe153, Glu157, Glu149 and Lys156. The forma-
tion of pores and interaction residues are presented in both the
channels are shown in Fig. 2 C–F.

Till date, the metal was incorporated in ferritin either from the
added ferrous solution during crystallization or purification steps
or soaking of crystals with the suitable metals (Fe, Zn, and Ca). In
EcFtnA three types of structures were solved: (i) in apo-form, none
of the metal ions were present in the A, B and C sites; (ii) when
soaked with 10 mM ammonium ferrous sulfate for three hours,



Fig. 3. Metal binding mechanism of ferritin was compared with other ferritin structures. (A) Sequence analysis of E. coli and related structures; the active site residues are
shaded in brown color, (B) crystal structure of ferritin from E. coli (our structure) and its active site residue interactions with Fe-ions (A and B sites). The residues and Fe-ions
are shown in ball-and-stick and gold spheres, respectively. (C) Reported apo form structure of ferritin from E. coli [PDB ID: 1EUM], (D) crystal structure of ferritin from
Campylobacter jejuni [PDB ID: 1KRQ] shows the presence of two water molecules (represented in red spheres) at A and B sites. (E) The crystal structure of ferritin from
Pyrococcus furiosus with Fe-ion at site A is shown with its active site residues [PDB ID: 2JD6], (F) crystal structure with three Fe-ions at the active sites A, B and C are shown as
spheres [PDB ID: 2JD7], (G) the crystal structure represented in (F) with two Zn-ions at A and B sites and Fe ion at C were shown [PDB ID: 2JD8]. The protein residues and Fe-
ions are represented as explained above and silver color spheres represent the Zn-ions. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fe ions were incorporated in all of the three (A, B and C) sites; and
(iii) when soaked with 10 mM of Zinc Chloride, only the A and B
sites were incorporated and not by C [7]. The ferritin structure
derived from Campylobacter jejuni [PDB ID: 1KRQ] revealed that
only two water molecules were present at A and B sites. When
20 mM of iron sulfate was mixed with ferritin from Pyrococcus
furiosus, Fe ion binds at site A [PDB ID: 2JD6]. But when the crystal
was soaked with 20 mM FeSo4 solution for 15 min, all of the A, B &
C sites were incorporated with Fe ions [PDB ID: 2JD7]. When the
same procedure was repeated with ZnSo4 for the period of
15 min, the A and B sites were replaced with Zn ions but site C
was left out with Fe-ion [PDB ID: 2JD8] [20]. The metal binding
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mechanism was compared with other structured and shown in
Fig. 3A–G.

While modeling the crystal structure, we observed unambigu-
ously two strong electron density peaks and those were fitted with
HgCl2 molecules and refined. These HgCl2 molecules might have
derived from heavy metal soaking solution, which we used prior
to the data collection. Similarly, the modeled sulfate ions, Mg
and MES molecules in the ferritin structure were also derived from
the crystallization buffer.

In summary, the ferritin was expressed and purified. The puri-
fied protein was confirmed through N-terminal protein sequencing
and MALDI-TOF spectroscopy. The protein was crystallized in I4
space group and data were collected in synchrotron source. The
structure was solved by MR method. From the unambiguous elec-
tron density map, the endogenously bound binuclear iron sites
were identified and discussed with the existing data.
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