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Abstract: Ferritin, a ubiquitous iron storage protein, has a crucial role in innate immunity in arthropods,
which have no adaptive immune system. Arthropods are thought to have two types of ferritin mole-
cules: the secreted type and the cytosolic type. Here, we present the first crystal structure of ferritin
from crustacean, kuruma prawn (Marsupenaeus japonicus), at 1.16 A resolution. This shrimp ferritin
(MjFer) is the cytosolic type, and its structure shows well-conserved ferritin fold composed of a 4-helix
bundle that assembles into a cage-like 24-mer. The structure of MjFer was more similar to those of
human and vertebrate ferritins than to that of the secreted-type arthropod ferritin from an insect. MjFer
possesses both a ferroxidase site and a nucleation site, which are the main characteristics of verte-
brate H and L chain ferritins, respectively. The first crystal structure of crustacean ferritin, MjFer, has
exceptionally high quality that provides the detailed structural information of metal moving pathway in

ferritin.
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Introduction

Iron is an essential element in virtually all living spe-
cies. However, excess iron in the living cell is harmful
due to its highly reactive nature. Ferritin is a
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ubiquitous iron storage protein that sequesters iron
in a nontoxic and biologically available form in its
spherical cage-like oligomer.”> Needless to say, path-
ogenic organisms, such as bacteria and fungi, also
require iron to proliferate in hosts. Accordingly, an
iron-withholding strategy is one of the major strate-
gies in systems, especially in
immunity.>® To defend themselves from pathogenic
organisms, arthropods depend solely on innate immu-
nity because they lack adaptive immunity. Therefore,
ferritin has been identified as a major component of
innate immunity system and a stress-inducible pro-
tein in arthropods because it can accumulate iron

immune innate
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effectively and, as a result, it takes away usable iron
from pathogens. Since 1996, when ferritin protein
and its cDNA were first identified in crayfish,® cDNA
sequences from crustaceans with great market value
have been identified and their expression patterns
were investigated. A 2005 three-dimensional struc-
tural study determined the crystal structure of a
secreted-type ferritin from an insect (Trichoplusia
ni).” In contrast to insects, in which most of the ferri-
tins identified are the secreted type,® most crustacean
ferritins identified do not contain signal peptides,
suggesting that they may be cytosolic proteins,®°15
although a few secreted-type ferritins have also been
reported in crustaceans.'® The expressions of these
ferritin genes are generally upregulated by the pres-
ence of a pathogenic organism or its component and
by an overload of iron or another heavy metal. Fur-
thermore, exogenous injection of purified crustacean
ferritin protects the hosts from microbial infection.®

In general, vertebrate ferritins can be classified
into several groups, such as those of H, L, and M
chains or as mitochondrial ferritins. The ferritin H
chain (FtH) possesses the ferroxidase site that cata-
lyzes the rapid oxidation of ferrous iron, whereas the
L chain (FtL) does not have this catalytic site but
does have a nucleation site, which facilitates the iron
core formation in the inner cavity of ferritin. In mam-
mals, these two ferritin chains are mixed to form het-
eropolymers in various ratios depending on the
organs, and these two chains have cooperative roles
in iron sequestration.!” In contrast, most crustacean
ferritins have both sites in their primary sequences.
Here, we present the first crystal structure of ferritin
from a crustacean (kuruma prawn, Marsupenaeus
Japonicus), which is cytosolic ferritin similar to its
vertebrate counterpart. Its crystal structure has
among the highest resolution ever reported for ferri-
tin structures in various species. It provides the
detailed structural features of “hybrid-type ferritins”
of FtH and FtL.

Results and Discussion

Overall structure of MjFer and its channel
structures

X-ray diffraction data were collected up to 1.16 A res-
olution at SPring-8 BL26B1. The I4 crystal of MjFer
contained six monomers in its asymmetric unit (PDB
ID: 6A4U). The crystallographic and refinement sta-
tistics are shown in Table I. Similar to other ferritin
family proteins, MjFer forms a spherical oligomer
composed of 24 subunits [Fig. 1(A,B)]. This structure
of MjFer would be a functional form of crustacean fer-
ritin, because Huang et al. demonstrated that the
purified crayfish ferritin, which has quite similar pri-
mary sequence to MjFer (~70%), forms an oligomer
that has a comparable molecular weight with verte-
brate ferritin.® It shows the general characteristics of
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ferritin structures, such as four-, three-, and twofold
symmetry axes and channels along with the three-
and fourfold axes. The rms deviation of the main
chain between MjFer and both FtH (PDB ID: 3ajo)!®
and FtL (PDB ID: 2ffx)'® are 0.69 A for 171 amino
acid residues, and that between MjFer and bullfrog
M ferritin (PDB ID: 3ka3) is 0.62 A for 171 residues,
while that between MjFer and insect secreted-type
ferritin (PDB ID: 1z60)” is 1.37 A for 171 amino acid
residues, suggesting that MjFer is more -closely
related to the vertebrate ferritin than to the insect
secreted-type ferritin, despite the evolutional dis-
tance. However, among the three-dimensional struc-
tures of ferritin family proteins available in PDB,
ferritin from the marine worm, Chaetopterus sp
(ChF)*® (PDB ID: 5wpn), has the closest structure
with MjFer. ChF has been identified as secreted type
of ferritin from marine worm. The amino acid
sequence identity between MjFer and ChF is 66.5%
and the main chain rmsd is 0.478 A. The detailed
structure around the threefold channel is shown in
Figure 1(C,E). Generally, the threefold channel forms
a funnel-like pore that is lined with negatively
charged amino acid side chains of glutamate and
aspartate, rendering it hydrophilic and suitable for
metal entry. For example, the threefold channel of
human H ferritin homo polymer has two acidic side
chains, Asp131 and Glu134,%2%22 poth of which are
highly conserved among ferritins from vertebrates,
plants,?® and algae,2* while they are substituted in
the bacterial type of ferritin.?>2® The threefold sym-
metry channel of MjFer is lined with Glul33, corre-
sponding to the conserved Glul34, and with Asp134.
The highly conserved Asp131 of FtH is substituted to
lysine in MjFer, although this channel still has a neg-
atively charged surface because of the two acidic resi-
dues (Glul33 and Aspl134) [Fig. 1(C)]. In contrast to
the threefold channel, the channels along the fourfold
symmetry axes form a hydrophobic and tightly
packed channel lined with the side chains of Leul62
and Met166, similar to the case of vertebrate ferritins
[Fig. 1(D,F)].

Structure of the ferroxidase site and

nucleation site

Ferroxidation is the crucial process of iron incorpora-
tion into the ferritin shell. The ferroxidase site has
been identified and characterized in FtH, bullfrog M
ferritin, and other molecules. The ferroxidase site in
FtH is composed of Glu27, Tyr34, Glu62, His65,
Glu107, and GIn141,2%2?" while the corresponding res-
idues are Glu24, Tyr31, Glu60, His63, Glul06, and
GIn140 in MjFer [Fig. 2(B)]. Among the amino acid
side chains in the ferroxidase site, the side chains of
His63 in MjFer have double conformation [Fig. 2(B)].
However, no clear electron density of metal ligands is
visible around the site. Instead, site A of the ferroxi-
dase center is occupied by a water molecule [water
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Table L. Crystallographic Statistics

Data collection

X-ray source
Detector
Wave length A)
Resolution (A)
Space group
Unit cell parameters
a,b @)
c@)
Total reflections
Unique reflections
Completeness (%)
Redundancy
Mean I/6 (I)
Rmenge
Rpim
cc? (highest resolution shell)
Refinement
Rwork/Rﬁ'ee
No. of atoms/Bfactors (A?)
Protein
Ligands
Ethylene glycol
Magnesium
sulfate
Water
RMSD from ideal geometry
Bond lengths (A)
Bond angles (°)
Coordinate error (A)
Ramachandran plot
Favored regions (%)
Allowed regions (%)
Outliners (%)
PDB code

SPring-8 BL26B1
R-AXISV
0.8
50.00-1.16 (1.18-1.16)
14

124.872
175.683
1,405,342
456,412 (22,818)
98.8 (99.0)
3.1(2.9
26.9 (3.08)
0.056 (0.464)
0.036 (0.327)
0.729

0.1377/0.1566
9351/11.63

200/31.20
9/37.07
65/67.49
1007/26.40

0.005
0.838
0.09

98.5
1.50
0
6A4U

No. 1, Fig. 2(B)]. This site is generally occupied by
metal ligands, for example, magnesium in H chain
ferritin (3ajo) and zinc in ChF.2° In MjFer structure,
the distance from the water 1 to the adjacent car-
bonyl oxygen of glutamate side chain is ~2 A, which
is closer when compared with the distance of the ordi-
nary hydrogen bond. It is possible that this site is
occupied by magnesium with very low occupancy. We
assigned water here, because putting magnesium
here produced prominent negative F, — F. electron
density map. The corresponding site of water 2 in
MjFer [Fig. 2(B)] is occupied by a metal ligand in frog
M ferritin.2® Magnesium ions are positioned mainly
on outer surface of MjFer.

It has been suggested that iron atoms enter
from the threefold symmetry channel and subse-
quently are translocated to the ferroxidase site via
the conserved glutamate side chain: Glul73 in soy-
bean ferritin,?® Glu140 in FtH,'® and Glu136 in bull-
frog M ferritin.2® Previously, we designated this
glutamate residue a “transit site.” The correspond-
ing residue, Glul39, whose side chain shows double
conformation, is also present in the structure of
MjFer [Fig. 2(A)]. This side-chain flexibility would
enable iron to translocate from the entry channel to
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the ferroxidase site. The side chain of His63, which
is an indispensable member of the ferroxidase site,
also has double conformation, which would facilitate
iron translocation from Glul39 to the ferroxidase
site [Fig. 2(A,B)].

On the other hand, four acidic amino acid resi-
dues of the putative nucleation site (Glu54, Asp58,
Glu59, and Glu62), which correspond, respectively, to
Glu57, Glu60, Glu61, and Glu64 of FtL,?° are present
facing the inner cavity of MjFer 24mer [Fig. 2(A,D)].
Although Glu60 of FtL is substituted by Asp58 in
MjFer, the positions of these residues are well con-
served and the negatively charged inner surface is
also formed in MjFer [Fig. 2(C,D)]. However, it is pos-
sible that this substitution influences the rate of
nucleation, because Glu60 in FtL, corresponding to
Asp58 in MjFer, is one of the amino acid residues
that binds the metal directly in iron core formation.?’

Thus, we have determined the first crystal struc-
ture of a crustacean ferritin, MjFer, at 1.16 A resolu-
tion. MjFer would be a sophisticated model for
studying the iron storage mechanism of ferritin,
because it provides all the components required for
iron incorporation and storage and it produces excel-
lent crystals for structural studies. Further
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Figure 1. Overall structure of MjFer viewed from the (A) threefold symmetry axis and (B) fourfold symmetry axis. (C) An enlarged
image of the threefold metal entry channel of MjFer viewed from the threefold symmetry axis (stereo image). The acidic side
chains (Glu133 and Asp134) around this channel are shown as sticks. The water molecules seen around the channel are shown as
balls. The water molecules located in the outer, middle, and inner parts of the channel are shown in green, pink, and blue,
respectively. (D) An enlarged image of the channel around the fourfold symmetry axis (stereo image). The amino acid residues
(Leu162 and Met166) that form the narrow channel are shown as sticks. (E,F) The cross-sectional view of the (C) threefold and

(D) fourfold channels, respectively.

comprehensive studies are required to elucidate the
detailed mechanisms underlying the iron storage by
ferritin.

Materials and Methods

Molecular cloning and expression of MjFer

Oligonucleotide primers were designed according to
the deposited sequence of ferritin from M. japonicus
(GenBank accession no. KC556901).1° The sequences
of the primer set were Fw (5'-GACTCCATGGCCAGC-
CAAGTCC-3') and Rv (5-GATCGGATCCTAGTT-
GAGCTCTTTGTC-3'), which respectively contained
the Ncol and BamHI restriction sites. Total RNA was
extracted from the hepatopancreas of live kuruma
prawn using Sepasol reagent (Nacalai Tesque, Kyoto,
Japan), followed by ¢cDNA synthesis by Primescript
RTase (Takara, Ohtsu, Japan). MjFer cDNA was
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amplified by PCR using the primer set. The PCR
fragment was digested by Ncol and BamHI (Takara)
and inserted into the Ncol/BamHI restriction site of
pET 21d (Novagen, San Diego, CA). The expression
plasmids were transformed into the Escherichia coli
strain BL21(DE3) (Novagen). Protein expressions
were performed at 20°C after isopropyl-p-p-
thiogalactopyranoside induction. The cells were har-
vested and disrupted by sonication, followed by pro-
tein extraction with phosphate-buffered saline
containing a protease inhibitor cocktail (Nacalai).
MjFer was expressed as a soluble protein and was
further purified by ammonium sulfate precipitation,
anion exchange chromatography by Q-sepharose
(GE Healthcare, Piscataway, NdJ) and finally, size
exclusion chromatography using a Superdex 200 pg
16/60 column (GE Healthcare) which had been equili-
brated by 10 mM Tris—HCI pH 7.5 containing 0.15 M

First Crystal Structure of Crustacean Ferritin
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Figure 2. (A) The locations of the threefold metal entry channel (cyan), transit site (yellow), ferroxidase site (green), and nucleation
site (blue) in the MjFer protein shell. The color codes of water molecules around the threefold entry channel are the same as in
Figure 1(C). (B) The detailed structure of the ferroxidase site of MjFer (stereo view). The electron density of the 2|F,| — |F¢| map for
this site is contoured at 1.5¢ and is shown in blue mesh. Water molecules that are localized in the vicinity of the previously
reported iron binding site are shown as red balls. The broken lines indicate possible hydrogen bonds. (C) The cross-section image
of the inner cavity of the MjFer 24-mer viewed from the fourfold symmetry axis. The amino acid residues of the putative nucleation
sites (Glu54, Asp58, Glu59, and Glu62) are shown as sticks. The surface electrostatic potential of MjFer 24-mer was rendered
from the —1 (red; electronegative) to +1 kT (blue, electropositive) range, where k is the Boltzmann constant and T is the absolute
temperature (K). (D) An enlarged image of the inner cavity of MjFer [Fig. 2(C)] around the nucleation site viewed from a twofold
symmetry axis. The amino acid residues that form the nucleation site are shown as sticks.

NaCl. Concentrations of purified proteins were
adjusted by absorbance at 280 nm. The molar extinc-
tion coefficient was calculated to be 18,910 M~ cm™
by ProtParam program (https://web.expasy.org/
protparam/).

Crystallization and data collection

Initial crystals were obtained in a week using crystal-
lization screening kits. The crystallization condition
was optimized using the hanging-drop vapor-diffusion
method. The optimized crystallization drops were
prepared by mixing equal volumes of mother liquid
(35% MPD, 100 mM imidazole-HCI pH 8.0 and
200 mM MgCl;) and protein solution containing
15 mg ml~?! of recombinant MjFer at 20°C. Diffraction
data on MjFer crystals were collected to 1.16 A reso-
lution at 100 K at SPring-8 BL26B1 after flush cool-
ing with liquid nitrogen. Ethylene glycol (10% v/v)
was used as a cryoprotectant. Diffraction data were
processed, merged, and scaled with HKL-2000 (HKL
Research, Charlottesville, CA). Data processing sta-
tistics are shown in Table I.

Structure determination and refinement
The structure of MjFer was determined by molecular
replacement using the Molrep®® program in CCP4i

Masuda et al.

suite®! 1.4.4 using the structure of a subunit of FtH
(PDB ID: 3ajo) as a search model. Refinement was
performed using the REFMAC52? and PHENIX?? pro-
grams including anisotropic B-factor refinement. The
structure was visualized and rebuilt using COOT
0.7.2.1 and further modified on s-weighted (2| F,| — |
F.|) and (|F,| — |F.|) electron density maps. The
final refinement was carried out using PHENIX that
also calculated the maximum-likelihood based coordi-
nate error. The coordinate error, Ryork, and Rgee Of
the final model were calculated as 0.09, 0.1377, and
0.1566, respectively. Figures were produced by
PyMOL (DeLano Scientific, San Carlos, CA). The sec-
ondary structure was assigned using the DSSP pro-
gram.?* Images of the electrostatic potential of the
protein surface were generated using the APBS appli-
cation [Fig. 2(C,D)].3?
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