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For marine invertebrates with no adaptive immune system, ferritin is a

major intracellular iron-storage protein with a critical role in innate

immunity. Here, we present the crystal structures of two novel ferritins

[Fer147 and Phascolosoma esculenta ferritin (PeFer)] from the marine

invertebrate P. esculenta, which resides in muddy-bottom coastal regions.

Fer147 and PeFer exhibit the 4-3-2 symmetry of cage-like hollow shells

containing 24 subunits, similar to other known ferritins. Fer147 and

PeFer contain both the conserved ferroxidase center and threefold chan-

nels. Subtle structural differences in the putative nucleation sites suggest

possible routes of metal ion movement in the protein shells. However, the

marked variation in the electrostatic potential of the threefold channels in

Fer147 and the fourfold channels in PeFer suggests significant diversity

between Fer147 and PeFer in terms of metal ion aggregation and cation

exclusion. In summary, the presented crystal structures may serve as refer-

ences for studies of the iron-storage mechanism of additional ferritins

from marine invertebrates.

Iron is an indispensable nutrient element for virtually

all living organisms. Despite the crucial importance,

excess iron poses a threat to all living organisms

because of its pronounced toxicity in the presence of

oxygen [1]. Ferritin is an intracellular iron-storage

protein that is ubiquitous in animal, plant, and micro-

bial kingdoms. Ferritin is biologically available,

sequesters iron in a nontoxic manner, and releases it

when needed [2,3]. Ferritin is also important for inver-

tebrates. Invertebrates lack an adaptive immune sys-

tem and rely solely on innate immunity to defend

themselves from threatening environments where

pathogenic microbes flourish [4,5]. Similar to

transferrin and lipocalin, ferritin effectively accumu-

lates iron and plays a relevant role in innate immunity

[6].

Structurally, members of the ferritin superfamily

are usually spherical proteins composed of 24

polypeptide subunits that form a rhombic dodecahe-

dron with twofold, threefold, and fourfold symmetry

axes [7]. Ferritins are generally pierced by threefold

and fourfold channels at their axis points, allowing

iron or other small molecules to enter and exit the

protein cage [8]. In particular, hydrophilic and

hydrophobic pores across ferritin could be responsible

for the entry and stable storage of iron [9]. The
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proteins have approximate interior and exterior diame-

ters of 8 and 12 nm, respectively. They form a spheri-

cal polypeptide shell with a mass of 450–500 kDa

surrounding a 6-nm inorganic core of hydrated iron

oxide ferrihydrite [3].

Ferritin is a conglomerate of identical or near-identi-

cal subunits that act as building blocks for the assem-

bly of a hollow interior cavity and spherical protein

[10]. Three types of ferritin subunits have been identi-

fied in vertebrates: a light (L) subunit of ~ 19 kDa, a

middle (M) subunit of ~ 20 kDa, and a heavy (H) sub-

unit of ~ 21 kDa [11]. The H and L ferritins are found

in higher vertebrates and M ferritins have been identi-

fied in lower vertebrates. The H and M subunits har-

bor a catalytic site for ferroxidase activity. Similar to

the L subunit, the M subunit also contains an iron

nucleation center [12,13]. More than 50 different spe-

cies of ferritin crystal structures have been deduced

and deposited in the protein data bank. Very few are

from marine invertebrates [12,14]. Furthermore, the

corresponding mechanisms underlying iron storage by

ferritin in invertebrates are unclear.

Sipuncula Phascolosoma esculenta is a marine ben-

thic invertebrate and member of the Sipuncula group.

P. esculenta is unique to China and has a wide geo-

graphical distribution. P. esculenta is resistant to

heavy metal pollution. The resistance has mainly been

attributed to the ability of ferritins to chelate and

sequester the toxic metals [15,16]. Su et al. [17] first

analyzed the structure of P. esculenta ferritin (PeFer)

based on its cDNA sequence and successfully

expressed recombinant PeFer. Ding et al. [16] discov-

ered a novel protein interacting with PeFer using a

yeast two-hybrid system. The authors classified this

protein, Fer147, as a number of several ferritin super-

families. Herein, we determined the two crystal struc-

tures of P. esculenta and compared the crystal

structures of PeFer and Fer147, and their roles in the

assumed mechanism underlying iron storage by fer-

ritins in P. esculenta.

Materials and methods

Cloning and expression

Based on the amino acid sequences of Fer147 [16] and

PeFer [17], the theoretical isoelectric point (pI) and the

predicted molecular weight were determined using the

ExPASy server (http://web.expasy.org/peptide_mass/).

Sequence alignment was performed using the ClustalW

multiple sequence alignment program (https://www.ge

nome.jp/tools-bin/clustalw) and displayed using ESPript

3.0 [18].

Fer147 cDNA has been reported to be 916 bp in length

with a 173 bp 50-UTR and 695 bp 30-UTR, with a 522 bp

complete ORF encoding a polypeptide of 174 amino acids

[16]. The cDNA of PeFer is 1017 bp in length with a

151 bp 50-UTR and 341 bp 30-UTR. It is comprised of a

525 bp complete ORF encoding a polypeptide of 174

amino acids. Gene-specific primers encoding the mature

polypeptide of ferritins were designed based on the

sequence of Fer147 [16] and PeFer [17]. The primer sets for

Fer147 (forward: 50-GCGCATATGATGTCTCTTTCGA-

GACCA-30; reverse: 50-GCGCTCGAGTCATTGAAG

TTCTTCACT-30) and PeFer (forward: 50-GCCATATG-

GAAACGATGTCTCTGTCAAGA-30; reverse: 50-GC

CTCGAGTTAGCTGTCGCCATC-30) contained NdeI and

XhoI restriction sites at their 50 ends, respectively. The

amplified PCR fragments were cloned into a pMD18-T vec-

tor (Takara, Dalian, China) and then digested using NdeI

and XhoI (Takara) enzymes. They were subcloned into the

NdeI/XhoI sites of the pET-28a(+) expression vector (Nova-

gen, Madison, WI, USA), and an N-terminal His6-SUMO

tag was added to create recombinant Fer147 and PeFer

plasmids [19]. The plasmids were transformed into

Escherichia coli strain BL21(DE3) (Novagen).

Protein purification

Cells were grown in Luria–Bertani medium (5 g yeast

extract, 10 g tryptone, and 10 g NaCl per liter) containing

30 µg�mL�1 of kanamycin sulfate at 220 r.p.m. and 37 °C
until the cell density reached an optical density at 600 nm

(OD600) of 0.6. After induction for 18 h with 0.5 mM IPTG

at 18 °C, the cells were harvested and resuspended in lysis

buffer (25 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.5% (v/v)

Triton X-100). They were lysed by sonication and then cen-

trifuged at 10 724 g for 30 min at 4 °C. The supernatant

was recovered, and the proteins were then purified using

the ӒKTA fast protein liquid chromatography system (GE

Healthcare, Waukesha, WI, USA) with a Ni-NTA affinity

column (GE Healthcare) according to the manufacturer’s

instructions. After washing with dilution buffer A (25 mM

Tris/HCl, pH 8.0, 150 mM NaCl, 70 mM imidazole), the

bound proteins were eluted with dilution buffer B (25 mM

Tris/HCl, pH 8.0, 150 mM NaCl, 500 mM imidazole). All

purification steps were performed at 25 °C. The His6-

SUMO tags of the proteins were digested with SUMO pro-

tease overnight at 4 °C using a 1 : 500 ratio of protease to

protein and removed using an Ni-NTA affinity column

(GE Healthcare). Subsequently, the purified proteins were

concentrated to ~ 15 mg�mL�1 using a stirred ultrafiltration

cell with a 30 kDa cutoff membrane filter (Millipore, Biller-

ica, MA, USA) and stored at �80 °C. The purity of the

ferritins was visualized using 12% SDS/PAGE. Concentra-

tions of the purified proteins were determined using a bicin-

choninic acid protein assay kit (Beyotime, Shanghai,

China).
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Transmission electron microscopy (TEM)

The purified recombinant Fer147 and PeFer proteins were

placed on carbon-coated copper grids. After removing the

excess solution with filter paper, the samples were nega-

tively stained with 2% uranyl acetate for 5 min. TEM

images were imaged at 80 kV using a model H-7650 trans-

mission electron microscope (Hitachi, Tokyo, Japan).

Circular dichroism (CD) spectra

CD spectra were acquired using a model J-715 CD spec-

tropolarimeter (Jasco, Tokyo, Japan) with the far-UV CD

spectra range of 190–260 nm. The proteins were adjusted

to a concentration of ~ 1.0 mg�mL�1 and loaded into a

quartz cuvette with a 0.1 cm path length cell for measure-

ment at room temperature. A binding buffer without pro-

tein was used for subtraction of the baseline signal. The

nitrogen flow rate was 5 L�min�1, and the binding buffer

was used as the reference solution. Typically, molar elliptic-

ity [h] (deg�cm�2�dmol�1) was calculated based on the mean

amino acid residue weight of ferritins, as described by Ding

et al. [16].

Crystallization and structure determination

Preliminary screening for crystallization trials was con-

ducted by the sitting-drop vapor-diffusion method using

the Crystal Screen kit I and II (Hampton Research, River-

side, CA, USA) at 18 °C by mixing 1 µL of a 15 mg�mL�1

protein with a 1 : 1 ratio of a reservoir solution (Fer147:

0.1 M HEPES pH 7.5, and 20% (v/v) Jeffamine� M-600�;

PeFer: 0.1 M MES monohydrate pH 6.5, and 1.6 M

MgSO4�7H2O). Each crystal was soaked in reservoir solu-

tions containing 25% glycerol for 5 s, followed by flash-

freezing in liquid nitrogen.

All diffraction datasets of Fer147 and PeFer were col-

lected at the BL17U1 [20] and BL19U1 [21] beamline of

the Shanghai Synchrotron Radiation Facility (SSRF,

Shanghai, China), respectively. Diffraction data were inte-

grated, scaled, and merged using HKL-2000 [22]. The ini-

tial phases of Fer147 and PeFer were determined through

molecular replacement by the online version of BALBES, a

molecular-replacement pipeline [23]. Manual editing of the

model was performed using the COOT [24]. Metal ions

were positioned in the higher (Fo�Fc) residual densities and

based on shorter bond distances with neighboring water

molecules or other protein ligands [25]. The model refine-

ment was carried out using the REFMAC5 program [26].

Occupancies of metal ions were manually adjusted to mini-

mize the difference density. Superpositioning of Fer147 and

PeFer with other structures was performed using the online

server Superpose (http://superpose.wishartlab.com/) [27].

All figures were generated using the PYMOL molecular

graphics system (Version 2.4.0, Schr€odinger, LLC, New

York, NY, USA). The mapping surface electrostatic

potential was performed using the APBS application [28].

The data collection and structure refinement statistics are

summarized in Table 1.

Results

The calculated molecular masses of Fer147 and PeFer

without the signal peptide were 20.398 and

20.196 kDa, respectively, with a respective theoretical

pI of 5.32 and 5.08. SDS/PAGE analysis revealed a

molecular weight of ~ 20 kDa for both the recombi-

nant Fer147 and PeFer subunits (Fig. 1A,C). The

spherical features of Fer147 and PeFer were confirmed

by TEM analysis (Fig. 1B,D). Multiple sequence align-

ment indicated that Fer147 was very similar to PeFer

(GenBank accession number: ABW75858.1), with

80.8% sequence identity over 174 amino acids

(Fig. 1E). Moreover, they each contained seven

Table 1. Crystallographic statistics.

Crystal parameters Fer147 PerFer

Data collection

Space group I222 I432

a, b, c (�A) 153.01, 153.49,

153.82

232.76, 232.76,

232.76

a, b, c (˚) 90, 90, 90 90, 90, 90

Wavelength (�A) 0.960 0.979

Resolution range (�A) 34.25–1.65 41.15–1.99

Total no. of

observations

217 040 159 439

No. of unique

reflections

207 919 79 720

Completeness (%) 96.383 99.481

<I/r(I)> 44.0 (2.9)a 21.6 (2.3)a

Wilson B-factor (�A2) 13.3 33.3

Rmerge (%) 1.3 (9.3)a 1.5 (29.5)a

CC1/2 (%) 100 (99.9)a 100 (69.0)a

Model refinement

No. reflections used 197 507 68 702

Rwork 0.108 0.249

Rfree 0.153 0.302

RSMD

R.m.s.d. bonds (�A) 0.029 0.013

R.m.s.d. angles (°) 2.60 1.54

Average B-factor (�A2) 17.0 38.0

Ramachandran statistics

Most favored regions

(%)

98.95 98.20

Allowed regions (%) 1.05 1.80

Disallowed regions

(%)

0.00 0.00

PDB code 6LPD 6LPE

aHighest resolution shell is shown in parentheses.
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conserved amino acid residues in the ferroxidase center

and three conserved amino acid residues of the three-

fold channel. CD analysis revealed that Fer147 and

PeFer were a-helical, resulting in a maximum at

195 nm and well-defined minima at 208 and 225 nm

(Fig. 1F).

The X-ray diffraction data of Fer147 and PeFer

were collected with an up to 1.65 and 1.99 �A resolu-

tion, respectively (Table 1). The 24 independent chains

of Fer147 and PeFer each contain 170 and 172 resi-

dues, with five a-helices (aA–aE) in each. Adjacent

pairs of subunits are essentially orthogonal to one

another in an assembled nanocage (Fig. 2A). Superim-

position of the structures of Fer147 and PeFer

revealed the good fit with the corresponding elements

(Fig. 2B). The RMSD of Fer147 and PeFer monomers

was 0.56 �A over 169 Ca atoms. A typical ferritin sub-

unit structure of the Fer147 and PeFer monomers

(Fig. 2A,B) comprised residues 12–40 (helix A), 47–74
(helix B), 94–122 (helix C), 125–156 (helix D), and

160–170 (helix E) (Fig. 1E). The protein shells of

Fer147 and PeFer assembled into a large spherical

cage with a respective inner diameter of 69 and

68.5 �A, and respective outer diameter of 125 and

130 �A (Fig. 2C,D). The symmetric arrangement of

subunits from ferritins can form eight and six channels

at the threefold and fourfold symmetry axes through

the protein coat, respectively (Figs 3 and 4). The three-

fold channels form where three subunits come into

contact through the N-terminal end of helix D and the

C-terminal end of helix C (Fig. 3A,D). The fourfold

channels form at the encounter point between the C-

terminals of helix E of four subunits from different

pairs. These four symmetry-related E-helices determine

the inner wall of the channel (Fig. 4A,D).

Based on the calculation of the electrostatic poten-

tials of these surfaces, the threefold channels in both

Fer147 and PeFer give rise to a funnel-like pore that is

mainly lined with negatively charged amino acids to

form a negative electrostatic potential (Fig. 3).

Fig. 1. (A) Purification of Fer147 by SDS/PAGE analysis. (B) TEM images of recombinant Fer147. The scale bar denotes 100 nm. (C)

Purification of PeFer by SDS/PAGE analysis. (D) TEM images of recombinant PeFer. The scale bar denotes 100 nm. (E) Sequence alignment

of Fer147 and PeFer. (F) CD spectrum and secondary structure of Fer147 and PeFer.
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However, compared with PeFer, the threefold channel

in Fer147 presents a pronounced preponderance of

the negative electrostatic potential region from the

overall view of the protein inner cavity plane

(Fig. 3C,F). Comparison of these amino acid residues

forming a threefold channel showed that most amino

acids of the outer and inner entries are conserved in

Fer147 and PeFer. However, in the threefold channel,

the outer entry is included in Ala125 of Fer147 and

Asp125 of PeFer (Fig. 3B,E). The inner entry is lined

with Glu133 and Asn134 in Fer147, corresponding to

Ser133 and His134 in PeFer (Fig. 3C,F). In contrast

to the threefold channel, the channel along the four-

fold symmetry axes of Fer147 and PeFer protein

coats forms a hydrophobic and tightly packed chan-

nel lined with neutrally and positively charged resi-

dues (Fig. 4B,E). Nevertheless, the inner cavity from

the fourfold channel in PeFer is dominated by the

distribution of the negative electrostatic potential

region, which is quite distinct from the fourfold chan-

nels in Fer147 (Fig. 4C,F). In contrast to Asn168,

Glu171, and Leu173 in Fer147, the fourfold channel

of PeFer near the inner cavity is lined with three

acidic residues (Glu168, Asp171, and Asp173)

(Fig. 1E).

For Fer147 and PeFer, six conserved amino acid

residues (Glu25, Tyr32, Glu60, His63, Glu105, and

Gln139) were identified in the ferroxidase center. The

residues conferred the electron density of binuclear

iron sites (Fig. 5B,E). In Fer147, each monomer binds

with two iron cations, and the two metal binding sites

were designated Fe-1 and Fe-2. The iron ion bound at

the Fe-1 site in Fer147 is ligated by two monodentate

glutamate residues (Glu25 and Glu60), one histidine

(His63) residue, and three water molecules. The iron

ion at site Fe-2 is ligated by two monodentate gluta-

mate residues (Glu25 and Glu105), a glutamine

(Gln139) residue, and four water molecules (Fig. 5B).

However, only one magnesium ion bound at the Fe-1

site in PeFer is ligated by two monodentate glutamate

residues (Glu25 and Glu60), a bridging histidine

(His63) residue and two water molecules (Fig. 5E).

The Fe-3 bound at the threefold channel in Fer147 is

ligated by monodentate aspartate (Asp129) and gluta-

mate (Glu132) residues and one water molecule

(Fig. 5C). Moreover, two magnesium ions appear in

PeFer, and only Mg-1 ion binds to glutamate (Glu132)

and three water molecules (Fig. 5F). Compared with

the putative nucleation sites of Glu58, Glu59, Gln62,

and Glu65 in Fer147, these sites facing the inner cavity

Fig. 2. Structure superimposition for monomeric ferritin subunit of Fer147 and PeFer (A). Structure superimposition for ferritin cages of

Fer147 and PeFer (B). The cross section image of the cage-like cavity of the Fer147 (C) and PeFer (D).
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of PeFer are included in four glutamate (Glu58,

Glu59, Glu62, and Glu65) residues (Fig. 5A,D).

Discussion

In this study, we heterologously expressed, purified,

and crystallized the Fer147 and PeFer ferritins in

P. esculenta. The crystal structures of Fer147 and

PeFer display a cage-like hollow spherical shell com-

posed of 24 subunits. This assembly is similar to most

ferritins from eukaryotes and prokaryotes [3]. How-

ever, the detailed structural comparison revealed that

Fer147 and PeFer displayed some significant differ-

ences from other ferritins.

Ferritin can be divided into various groups, includ-

ing those of H, L, and M chains or mitochondrial and

serum ferritins [11]. Masuda et al. [13] described that

the Marsupenaeus japonicus ferritin (MjFer) (PDB ID:

6A4U) subunit resembled the main characteristics of

vertebrate H and L ferritins. Moreover, De Meule-

naere et al. [12] indicated that the ferroxidase reaction

rate of marine invertebrate Chaetopterus ferritin (ChF)

(PDB ID: 5WPN) was eightfold faster than that of

recombinant human H-chain ferritin (HuHF). Despite

their origins from vastly different organisms, the main

chain Ca RMSDs are 0.52 �A between Fer147 and

MjFer for 168 residues (60.6% identity over 170 amino

acids), 0.44 �A between Fer147 and ChF for 168 resi-

dues (71.2% identity over 170 amino acids), 0.63 �A

between PeFer and MjFer for 168 residues (61.8%

identity over 173 amino acids), and 0.38 �A between

PeFer and ChF for 169 residues (73.8% identity over

Fig. 3. Overall structure of Fer147 (A) and PeFer (D) viewed from the 3-fold channel. The surface electrostatic potential of Fer147 viewed

from the outer (B, E) and inner (C, F) side of the 3-fold channel. The potential scale is rendered from the �10 to +10 kT�e�1 from red to

blue.
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172 amino acids). Furthermore, the main chain Ca
RMSD values between Fer147 of HuHF (PDB ID:

2FHA [29], 61.6% identity over 172 amino acids) and

that of the human ferritin L-chain (HuLF) (PDB ID:

5LG8 [30], 47.1% identity over 174 amino acids) are

both 0.72 �A over 169 and 168 residues, respectively.

Also, the Ca RMSD values between the PeFer of

HuHF and that of HuLF are 0.56 �A over 169 residues

and 0.69 �A over 170 residues, respectively, with respec-

tive sequence identity of 64.0% and 51.4% over 174

residues. Therefore, we can speculate that both Fer147

and PeFer might function similar to these marine

invertebrates containing the hybrid type of H and L

ferritin.

Generally, the threefold hydrophilic channel is

widely acknowledged to penetrate into the ferritin shell

cavity by metal ions and metal complexes, while the

fourfold channel is not used for metal penetration [3].

In the structures of Fer147 and PeFer, most amino

acids composed of the threefold channel are highly

conserved. They include Asp129 and Glu132 present-

ing in their narrowest area (Fig. 3C,F), consistent with

previous reports [31]. Moreover, the threefold channels

of Fer147 and PeFer are interlaced positive and nega-

tive regions of the electrostatic potential (Fig. 3). This

arrangement can give rise to electrostatic fields that

direct metal ions toward the channel entrance and pro-

vide a route of access to the core of ferritin via electro-

static attraction [32]. Notably, a comparison of the

electrostatic potential of the threefold channel for the

two ferritins indicated that Fer147 presented many

more negative potential regions than PeFer (Fig. 3C,

Fig. 4. Overall structure of Fer147 (A) and PeFer (D) viewed from the 4-fold channel. The surface electrostatic potential of PeFer viewed

from the outer (B, E) and inner (C, F) side of the 4-fold channel. The potential scale is rendered from the �10 to +10 kT�e�1 from red to

blue.
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F). This finding suggests that Fer147 could form a lar-

ger region of pronounced negative potential sur-

rounded by a threefold channel, resulting in

accelerated aggregation of metal ion [33]. The fourfold

channel is markedly diverse among different organisms

[3]. However, since the fourfold channel is usually be

Fig. 5. Schematic overview of the trajectory of metal ion moving through ferritin external pores to the threefold channel and to the

ferroxidase sites, and subsequently into the nucleation site of Fer147 (A) and PeFer (D). The detailed structure of the ferroxidase site (B, E)

and the ion entry channel (C, F) of Fer147 and PeFer.
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lined mostly by hydrophobic residues (e.g., leucine) in

vertebrates, it is not used for metal penetration [34].

Electrostatic potential analysis indicated a significant

difference in the distribution of electrostatic potential

along the fourfold channel of Fer147 and PeFer. It is

worth noting that almost all the surfaces of the exte-

rior entrance of the fourfold channel have positive

electrostatic potential (Fig. 4C,F), which could be

unfavorable for the entry of some cations into the

fourfold channel [34]. This electrostatic distribution is

mainly attributed to the four symmetrical C-terminal

of the E-helices formed by several amino acid residues

(Fig. 2). Of note, the fourfold channel forming the

inner cavity of PeFer presently displayed completely

negative potential (Fig. 4F), as was also observed by

Khare et al. [35]. This result suggests a possible func-

tional role of the fourfold channel in providing path-

ways that facilitate cation exclusion from inside the

protein shell and core formation [36].

In this study, Fer147 and PeFer formed ferroxidase

centers composed chiefly of six conserved amino acid

residues and conserved ion channels as found in

Sinonovacula constricta ferritin [19]. In the structure of

Fer147, the ferroxidase center is generally composed of

two metal binding sites, A and B [2,13] (Fig. 5A,B),

and one iron ion is observed inside the threefold chan-

nel and coordinated with Asp129 and Glu132

(Fig. 5C), corresponding to Asp131 and Glu134 of

HuHF [33], and to Asp134 and Glu133 of MjFer [13],

respectively. However, in the crystal structure of

PeFer, both ferroxidase center and threefold channel

are associated with some huge positive peaks in the

Fo�Fc map. Obviously, the nature of metal ions can

be determined based not only on the electron density,

but also on the contextual evidence from other

sources, for example, protein solution at any purifica-

tion or crystallization step [37]. In this study, the crys-

tallization mother liquid in PeFer contained a higher

concentration (1.6 M) of MgSO4. Therefore, the assign-

ment of ions appeared reasonable as MgSO4 from the

crystallization solution in the crystal structure of

PeFer. Positions of magnesium ions were assigned on

the basis of the relatively strong electron density and

the octahedral coordination geometry, that is, the rela-

tively short distance between magnesium ion and

ligand (amino acid or water molecules) [38,39]. In the

present structure of PeFer, only one magnesium ion is

bound to Glu25, Glu60, His63, and two water mole-

cules in the ferroxidase center (Fig. 5D,E), as previ-

ously observed for other ferritins [40,41]. Two

magnesium ions are present in the threefold channel

where Mg-1 ion is coordinated with the side chain of

Glu132 and three water molecules, while Mg-2 ion

that stands exactly in the cavity of threefold channel is

coordinated with six water molecules (Fig. 5D,F).

Moreover, it has been reported that the conserved

Glu139 with double conformation could flexibly

translocate iron from the entry channel to the ferroxi-

dase site with the assistance of the double conforma-

tion of His63 [13]. Thus, we infer that Glu138 with

double conformation can play a crucial role in the

transit site, and further research can be expended by

site-directed mutagenesis experiment to elucidate the

role of this flexible side chain in the structures of

Fer147 and PeFer. Accordingly, it can be concluded

that in Fer147 and PeFer, metal ions are attracted by

the specific array of carboxylate groups of Asp129 and

Glu132 from the outside environment into the cage

and are then transferred from the threefold channel to

the ferroxidase site with the assistance of Glu138

(Fig. 5A,D). The putative nucleation sites of Fer147

are composed of Glu58, Glu59, Gln62, and Glu65,

whereas in PeFer they are composed of four glutamate

residues (Glu58, Glu59, Glu62, and Glu65), corre-

sponding to Glu53, Glu56, Glu57, and Glu60 of the

HuLF and horse spleen L ferritin (HoLF) [29,30].

Therefore, although Glu57 of HuLF and HoLF is sub-

stituted by Gln62 in Fer147, the relative positions of

these residues are well conserved and structurally anal-

ogous to those L ferritins.

Conclusions

This study provides the first complete structural char-

acterization of Fer147 and PeFer from marine inverte-

brate P. esculenta at 1.65 and 1.99 �A resolution,

respectively. Both Fer147 and PeFer exhibit the 4-3-2

symmetry of cage-like hollow shells containing 24 sub-

units commonly found in other known ferritins. A lar-

ger region of very negative potential is surrounded by

a threefold channel in Fer147, suggesting an accelera-

tion of metal ions aggregation. The fourfold channel

of PeFer has a significantly different electrostatic

potential arrangement from that of Fer147, suggesting

that this channel may function as a possible pathway

facilitating cation exclusion from inside of protein

shells. Structural comparison revealed that Fer147 and

PeFer contain both the conserved ferroxidase center

and threefold channel, providing a structural insight

into the possible routes of metal ion movement in the

protein shells.
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