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Abstract: Accumulation of metal ions on protein surfaces is an important subject in the field of materials
science because these processes are applicable to the preparation of bioinspired inorganic materials. While
previous studies related to this subject have focused on the preparation of nanomaterials using protein
scaffolds, the detailed processes of metal ion deposition and metal core formation on a protein surface
require clarification. Elucidation of the coordination structures of multinuclear metal binding sites on proteins
at an early stage as well as intermediate and fully occupied stages of the metal ion deposition will help us
to understand the reaction mechanisms so that desirable inorganic materials can be prepared using protein
scaffolds. In this Article, we report on the detailed processes of accumulation of Pd(II) ions demonstrated
by a series of X-ray crystal structural analyses of apo-ferritin (apo-Fr), an iron storage protein, containing
different amounts of Pd(II) ions in the protein cage. We have identified the specific binding sites of Pd(II)
ions and analyzed the dynamic changes in the coordination structure by a combination of the crystal
structures and ICP quantitative analyses of apo-Fr containing low, intermediate, and high content of Pd(II)
ions. Our studies on PdII ·apo-Frs provide intriguing implications for the preparation of many other inorganic
materials using protein surfaces.

Introduction

Synthesis of inorganic materials using proteins is a subject
that has gained much attention in the field of nanomaterials
science.1-10 In particular, caged protein assemblies have been
employed as molecular templates to synthesize metallic nano-
particles with regulated sizes, compositions, and morphologies.
Ferritin (Fr) is one of the most widely studied caged protein
assemblies with respect to both applications for synthesis of

nanomaterials and fundamental studies for biomineralization.9,11

Fr utilizes its large protein cage consisting of 24 subunits with
a molecular weight greater than 480 kDa for the biological role
of iron storage.12,13 Thousands of iron ions can be accom-
modated by oxidation of Fe(II) to Fe(III) to form iron oxide
minerals in the 8 nm diameter Fr cage. It is known that several
metal ions other than iron and small organic molecules can be
accumulated in the cage.13-16 The protein cage thus represents
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a promising nanoreactor for preparation of various inorganic
materials such as quantum dots, metal oxides, and metal
nanoparticles.2,7,17-27 Previous studies on these subjects have
focused on the preparation of nanomaterials using metal ions
and proteins rather than investigating accumulation mechanisms.
While early studies on the nucleation mechanism of iron ions
on the internal surfaces of apo-Frs were attempted by X-ray
crystallography, site-directed mutagenesis, metal substitution,
and theoretical calculations,10,15,28-40 the detailed processes of
other metal ion deposition and metal core formation remain
obscure. Recently, Domı́nguez-Vera and co-workers have
reported insights into the structural influences on the mechanism
of copper core formation in apo-Fr on the basis of X-ray
absorption spectra and small-angle X-ray scattering.41 In addi-
tion, it has also been reported that the small metal clusters are

formed in the iron storage,42 iron binding,43 and W/Mo storage
proteins44 as well as several peptide fragments having high
affinities for metal ions,45 which are conserved in native
metalloproteins. However, details of the dynamic process of
metal ion coordination on protein surfaces or peptide fragments
have yet to be clarified. Therefore, determination of the
coordination structures of multinuclear metal binding sites on
the internal surface of apo-Fr is crucial for understanding the
process of accumulation of metal ions on protein surfaces. The
results will help not only the preparation of nanomaterials but
also an in-depth understanding of fundamental roles of
protein-metal ion interactions in biomineralization processes.
We have already reported on the preparation of a Pd nanoparticle
in the native horse spleen apo-Fr (apo-HSFr) cage with a narrow
size distribution and that these nanoparticles are capable of
catalyzing hydrogenation of olefins.27 It is thought that the Pd
nanoparticles that have a monodispersed size distribution are
formed in apo-HSFr cages as a result of coordination of a limited
number of Pd(II) ions to the internal surface of apo-HSFr.
Moreover, crystal structures of apo-recombinant horse L-ferritin
(apo-rHLFr) containing Pd organometal complexes or Cd ions
indicate that apo-rHLFr is useful to determine coordination
geometries of many metal ions deposited in the apo-rHLFr
cage.36,46 The crystal structures have revealed that a particular
ferritin sequence containing a Cys residue at position 48, which
is found only in HLFr, plays a crucial role for coordination to
these metal ions.36,46 In this work, we report a series of crystal
structures of apo-rHLFr composites containing low, intermedi-
ate, and high content of Pd(II) ions (PdII ·apo-rHLFrs) in
combination with quantitative analyses. These composites are
thought to represent intermediate states of Pd(II) ion accumula-
tion in the apo-Fr cage. Moreover, to confirm high-affinity Pd(II)
sites that play a role in localizing Pd(II) ions, we have
determined the structure of the mutant (apo-H49A-rHLFr) with
high content of Pd(II) ions. These structures could be good
models for the binding and nucleation of various metal ions on
protein surfaces.

Results and Discussion

Preparation and Crystallization of apo-rHLFrs and
apo-H49A-rHLFr Containing Pd(II) Ions. We have prepared
composites of apo-rHLFr (recombinant L-chain apo-Fr from
horse liver) containing low, intermediate, and high content of
Pd(II)ions(L-PdII ·apo-rHLFr,I-PdII ·apo-rHLFr,andH-PdII ·apo-
rHLFr) by treating apo-Fr with 50, 100, and 200 equiv of
K2PdIICl4, respectively, as reported previously (and see Sup-
porting Information).27 The samples were purified by size
exclusion chromatography (ÄKTA Superdex G-200) after
stirring the reaction mixtures for 30 min at 25 °C. Inductively
coupled plasma-optical emission spectrometry (ICP-OES) and
bicinchonic acid (BCA) protein assays of L-PdII ·apo-rHLFr
indicate the presence of 37 ( 3 Pd atoms/apo-rHLFr. The same
analyses of I-PdII · apo-rHLFr and H-PdII · apo-rHLFr also
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indicated 88 ( 3 and 193 ( 10 Pd atoms per apo-Fr,
respectively (Table 1). H-PdII ·apo-H49A-rHLFr, which was
prepared by the same procedure, contained 204 ( 13 Pd atoms
(Table 1). Crystallization of these composites was performed
using a hanging drop vapor diffusion method with (NH4)2SO4

and CdSO4 as precipitants in Tris/HCl buffer as described in
our previous report.46

Whole Structures of PdII ·apo-rHLFrs. To elucidate the
binding sites of the metal ions in detail, the crystal structures
of L-PdII ·apo-rHLFr, I-PdII ·apo-rHLFr, and H-PdII ·apo-
rHLFr have been refined to resolutions of 1.65, 2.10, and 2.50
Å, respectively (Figure 1).47 Their crystallographic data and
refinement statistics are listed in Tables S1 and S2, respectively.
We have solved two individual crystal structures for each
loading condition to confirm the reproducibility of the anoma-
lous density maps. The highest resolution structures have been
chosen for the analysis under each loading condition. The overall
structures of the PdII ·apo-rHLFrs are essentially identical to
that of PdII-free · apo-Fr.36 The root-mean-square deviations
(rmsds) for CR’s from the PdII-free · apo-rHLFr are 0.37, 0.48,
and 0.61 for L-, I-, and H-PdII ·apo-rHLFrs, respectively.36

We have discriminated the Pd atoms from the Cd atoms, which
are essential for the crystallization of the composites, by using
anomalous difference maps in which data sets from a single
crystal were collected at 0.5086 and 0.4639 Å of the peak
wavelength of Pd and Cd atoms, respectively. One Cd atom
per apo-rHLFr subunit was found at the binding site of Asp80,
which is located on the outer surface of each of the PdII ·apo-
rHLFrs. This preserves the intermolecular contacts of apo-
rHLFr molecules in crystals as previously reported.29 Although
Fe(II) or Fe(III) atoms bound to the interior surfaces of apo-
Frs are displaced by crystallizing cations such as Cd(II) and
Tb(III),28 this is not the case for PdII ·apo-rHLFrs; Cd(II) ions
observed at the interior surface of L- and H-PdII ·apo-rHLFrs
are bound to different sites from those of Pd(II) ions as shown
in Figure 1b and d. This may be rationalized by an extremely
slow rate of ligand exchange of Pd(II) ion relative to that of
Cd(II) ion.48TheanomalousdifferenceFouriermapsofL-PdII ·apo-
rHLFr indicate the existence of 24 Cd binding sites (1 site/
subunit) and 144 Pd binding sites (6 sites/subunit) on the interior
surface of apo-Fr with a low occupancy of Pd atoms. The Pd
atoms in the monomer protein subunit of L-PdII ·apo-rHLFr

are located in two areas: the 3-fold axis channel and the
accumulation center, which consists of Cys48, His49, Glu45,
Arg52, and Glu53 (Figure 2b and j). There are 216 and 240 Pd
binding sites (9 and 10 sites/subunit) in I- and H-PdII ·apo-
rHLFr, respectively (Figures 1c,d, 2c,d). I-PdII ·apo-rHLFr
shows three new Pd binding sites with respect to L-PdII ·apo-
rHLFr. These binding sites are located at the accumulation
center and at the N terminus on the exterior surface (Figure 2c
and k). Two additional Pd binding sites appear near a crevasse
located between the B and D helices of H-PdII ·apo-rHLFr
(Figure 2d). The quantity of Pd binding sites is larger than the
quantity determined by ICP-OES and the BCA assay for each
PdII ·apo-rHLFr. This observation will be discussed in further
detail later.

3-Fold Channel. The 3-Fold channel that consists of highly
conserved residues His114, Cys126, Asp127, and Glu130
represents an entrance of metal ions into the Fr cage.28,35,36

Crystal structures of Frs indicate that various metal ions, such
as Ca(II), Cd(II), Zn(II), and Tb(III), are able to bind to the
3-fold channel.28,29,36 The PdL1-PdL3 atoms in L-PdII ·apo-
rHLFr interact with three conserved residues His114, Cys126,
and Glu130 (Figure 2f). In particular, the observation of two
different conformations of the Cys126 side chain indicates that
there are at least two coordination structures for Cys126 to ligate
to either PdL1, PdL2, or PdL3. In the 3-fold channel of
I-PdII ·apo-rHLFr, three Pd atoms remain in the same region,
although their locations are somewhat different from those
identified in L-PdII ·apo-rHLFr, which has broader anomalous
electron densities than those of L-PdII ·apo-rHLFr as shown
in Figure 2f and g. H-PdII ·apo-rHLFr holds two Pd atoms in
this region, while electron density is missing from the side chain
of Glu130 as a result of conformational flexibility (Figure 2h).
The low resolution of the H-PdII ·apo-rHLFr data set might
be responsible for the decreased number of Pd atoms observed
at the 3-fold channel.

Accumulation Center and Additional Sites. As shown in
Figure 2, Pd binding sites are found in the accumulation center,
which includes Glu45, Cys48, His49, Arg52, and Glu53 residues
located near the proposed ferrihydrate site where a number of
Cd(II) and Tb(III) ions are preferably bound.28,33,36 Three Pd
sites (PdL4-PdL6) of L-PdII ·apo-rHLFr are observed at the
accumulation center (Figure 2j). Interestingly, PdL5 and PdL6
exhibit a thiol-bridged dinuclear structure with Cys48, while a
single cadmium atom is located at the same binding site in PdII-
free · apo-rHLFr (Figure 2i).33,36 The coordination structure of
the dinuclear site is similar to a typical Pd thiol-bridged dinuclear
complex50 and appears to be stabilized by the coordination of
Glu45 and water molecules (Figure 2j), although the Glu45 side
chain adopts two conformations. The anomalous difference map
of I-PdII ·apo-rHLFr reveals two additional Pd binding sites,
PdI7 and PdI8, located between PdI4 and the dinuclear site (PdI5
and PdI6) at the accumulation center (PdI7 and PdI8, Figure
2k). On the exterior surface, PdI9 interacts with several residues
at the N-terminal region and Asp40 of an adjacent subunit

(47) Atomic coordinates are deposited in the Protein Data Bank under
accession numbers 2Z5P, 2Z5Q, 2Z5R, and 3FI6 for L-PdII · apo-
rHLFr, I-PdII · apo-rHLFr, H-PdII · apo-rHLFr, and H-PdII · apo-
H49A-HLFr, respectively.

(48) Richens, D. T. The Chemistry of Aqua Ions; Wiley: West Sussex, 1997.

(49) The residues, His49 and Glu130 of I-PdII ·apo-rHLFr, His49, Arg52,
Cys126, and Glu130 of H-PdII ·apo-rHLFr, and Cys126, Asp127,
and Glu130 of H-PdII ·apo-H49ArHLFr, were replaced by Ala
because electron densities of these side chains are missing. The side
chains of Glu45, Glu53, Glu56, and Cys126 of L-PdII ·apo-rHLFr,
Arg52 of I-PdII ·apo-rHLFr, Glu45 of H-PdII ·apo-rHLFr, Asp38,
Arg52, and Glu53 of H-PdII ·apo-H48A-rHLFr, and Arg52 and Glu56
of PdII(allyl) · apo-rHLFr were revealed as dual conformers.

(50) Osakada, K.; Ozawa, Y.; Yamamoto, A. J. Organomet. Chem. 1990,
399, 341–348.

Table 1. Quantitative Analyses of Pd Atoms of PdII ·apo-rHLFrs
and PdII ·apo-H49A-rHLFrs

total number of Pd Atoms and
Pd binding sites in PdII · apo-rHLFr

Pd binding sites
determined by crystal

structural analyses
reaction conditions
([Pd2+]/[apo-rHLFr])

Pd atoms determined
by ICP-OES and

BCA assay interior exterior

50:1 37 ( 3 (1.5)a 144 (6)a 0
100:1 88 ( 3 (3.7)a 192 (8)a 24(1)a

200:1 193 ( 10 (8.0)a 216 (9)a 24(1)a

200:1 (apo-H49A-rHLFr) 204 ( 13 (8.5)a 168 (7)a 24(1)a

500:1 365 ( 10 (15)a -b -b

a The number of Pd atoms/subunit is shown in parentheses. b Failure
of crystallization.

5096 J. AM. CHEM. SOC. 9 VOL. 131, NO. 14, 2009

A R T I C L E S Ueno et al.



(Figure 2c). The structure of I-PdII ·apo-rHLFr exhibits large
differences in side-chain conformations of Glu45 and Arg52
relative to those of L-PdII ·apo-rHLFr. In addition, the electron
density of the imidazole ring is missing from His49. The side
chain of Glu45 is expected to interact with PdI7 and PdI8 to
stabilize the deposition of these ions at the accumulation center,
while no significant changes were observed in the coordination
structures of PdI5 and PdI6 with Cys48 (Figure 2k). Although
H-PdII ·apo-rHLFr shows no large changes in the coordination
geometry observed at the accumulation center relative to
I-PdII ·apo-rHLFr, the two strong anomalous densities of Pd
atoms, PdH8 and PdH9 (>4σ) with coordination to Arg64 and
His124, respectively, are found near a crevasse located between
the B and D helices (Figure 2d). The results indicate that the
accumulation center first becomes occupied by five Pd atoms,
followed by additional binding of Pd atoms to the sites of PdH8
and PdH9 (Figure 2d).

Crystal Structure of H-PdII ·apo-H49A-rHLFr. To elucidate
the accumulation of Pd(II) ions at the accumulation center in
detail, the crystal structure of H-PdII ·apo-H49A-rHLFr has
been determined with 1.8 Å resolution (Figure 3).47 The
crystallographic data and refinement statistics are listed in Tables
S1 and S2, respectively. The overall structure is essentially
identical to that of PdII-free · apo-Fr and H-PdII · apo-rHLFr
(rmsds in CR atoms: 0.42 and 0.61, respectively) (Figure 3a and
b).36 One Cd atom per H-PdII ·apo-H49A-rHLFr subunit was
found at the binding site of Asp80, which is located on the outer
surface as observed in PdII ·apo-rHLFrs (Figure 1). The whole

structure shows 168 and 24 Pd binding sites on the interior and
exterior surfaces of apo-H49A-rHLFr, respectively (Figure 3a
and b). They are located at the 3-fold channel, the accumulation
center, and other binding sites with coordination to Ser2 and
His124 as found in H-PdII ·apo-rHLFr, along with a new
binding site of His173 on the interior surface (Figure 3b). The
coordination structures of PdHHis1 and PdHHis2 binding to
His114 and Cys126 in the 3-fold channel are almost identical
to that of H-PdII ·apo-rHLFr (Figure 3c and e). Electron
densities of side chains of Asp127 and Glu130 are missing as
found in H-PdII ·apo-rHLFr. At the accumulation center, no
electron densities of Pd atoms have been found around His49Ala
in H-PdII ·apo-H49A-rHLFr, while the PdH3, PdH6, and PdH7
are observed at the center for H-PdII ·apo-rHLFr(Figure 3d
and f). The anomalous density maps of three Pd atoms,
PdHHis3, PdHHis4, and PdHHis5, are observed immediately
above the sulfur atom of Cys48 with the Pd-S distances of
2.36, 2.17, and 2.54 Å, respectively, while other PdII ·apo-
rHLFrs give dinuclear structures at the same site. This trinuclear
core is a distorted structure as compared to a reported trinuclear
palladium alkanethiolate complex.51 We need further investiga-
tion to elucidate the different cluster formation in apo-rHLFr
and apo-H49A-rHLFr.

(51) Espinet, P.; Hernandez, C.; Martin-Alvarez, J. M.; Miguel, J. A. Inorg.
Chem. 2004, 43, 843–845.

(52) Zhang, L.; Swift, J.; Butts, C. A.; Yerubandi, V.; Dmochowski, I. J.
J. Inorg. Biochem. 2007, 101, 1719–1729.

Figure 1. The whole structures of PdII-free and PdII ·apo-rHLFrs. (a) PdII-free · apo-rHLFr has 120 Cd binding sites on the interior surface and 24 Cd
binding sites on the exterior surface (PDB ID 1AEW). (b) L-PdII ·apo-rHLFr has 144 Pd and 24 Cd binding sites on the interior surface. There are 24 other
Cd binding sites on the exterior surface. (c) I-PdII ·apo-rHLFr has 192 Pd binding sites on the interior surface. On the exterior surface, additional 24 Pd
binding sites are located in the vicinity of Ser2, and 24 Cd binding sites are located near Asp80. (d) H-PdII ·apo-rHLFr has 216 Pd binding sites on the
interior surface as well as 24 Cd and 24 Pd binding sites on the exterior surface. (a)-(d) are depicted along 3-fold axes. The Pd and Cd atoms are indicated
as sphere models colored purple and orange, respectively.
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Comparison of L-PdII ·apo-rHLFr with PdII-free · and
Pd(allyl) · apo-rHLFr. The whole structure of the apo-rHLFr
cage was not affected by the coordination of Pd(II) ions because
the rmsd values in CR atoms of L-PdII ·apo-rHLFr are 0.37
and 0.44 from PdII-free · apo-rHLFr and PdII(allyl) · apo-rHLFr,
respectively.36,46 However, conformation of amino acid side

chains is changed by the PdII binding at the Pd binding areas as
shown in Figure 4.36 At the 3-fold channel, the side-chain
conformations of Cys126 and Glu130 are altered to retain the
coordination of PdII(allyl) complexes and Pd(II) ions as com-
pared to those in PdII-free · apo-rHLFr (Figure 4a-c). Interest-
ingly, Glu130 in L-PdII ·apo-rHLFr ligates to the PdL2 atom,

Figure 2. The binding site structures of PdII-free · apo-rHLFr and PdII ·apo-rHLFrs. (a-d) Monomer unit structures of PdII-free · apo-rHLFr, L-, I-, and
H-PdII ·apo-rHLFr, respectively.49 (e-h) 3-fold channel structures of PdII-free · apo-rHLFr, L-, I-, and H-PdII ·apo-rHLFr, respectively. (i-l) Accumulation
center structures of PdII-free · apo-rHLFr, L-, I-, and H-PdII ·apo-rHLFr, respectively. The PdII-free · apo-rHLFr structure is taken from PDB ID 1AEW.36

Pd atoms in L-, I-, and H-PdII ·apo-rHLFrs are shown as PdLs, PdIs, and PdHs, respectively. The Pd atoms in the 3-fold axis channels, accumulation
centers, and the third site are colored purple, blue, and green, respectively. Cd atoms are indicated as pale yellow spheres. The O atoms of water molecules
are shown as red spheres. Anomalous difference Fourier maps at 4.0σ indicating the positions of individual palladium atoms are shown as purple and blue
spheres. The insets of (c) and (d) are close-up views of PdI9, PdH8, PdH9, and PdH10. The original residue numbers of PdII-free · apo-rHLFr are given in
parentheses (e and i).36

Figure 3. The crystal structure of H-PdII ·apo-H49A-rHLFr.49 (a) The whole structure has 168 Pd binding sites on the interior surface. Additionally, 24
Pd binding sites are located in the vicinity of Ser2, and 24 Cd binding sites are located near Asp80 on the exterior surface. These views are along the 3-fold
axis. The Pd and Cd atoms are indicated as sphere models colored purple and orange, respectively. (b) Monomer unit structure of H-PdII ·apo-H49A-
rHLFr. The insets are close-up views of PdHHis6-9. (c and e) 3-fold channel structures of H-PdII ·apo-H49A-rHLFr and H-PdII ·apo-rHLFr, respectively.
(d and f) Accumulation center structures of H-PdII ·apo-H49A-rHLFr and H-PdII ·apo-rHLFr, respectively. Pd atoms in H-PdII ·apo-H49A-rHLFr and
H-PdII ·apo-rHLFrs are shown as PdHHiss and PdHs, respectively. The Pd atoms in the 3-fold axis channels, accumulation centers, and the third site are
colored purple, blue, and green, respectively. Cd atoms are indicated as pale yellow spheres. The O atoms of water molecules are shown as red spheres.
Anomalous difference Fourier maps at 4.0σ indicating the positions of individual palladium atoms are shown as purple and blue spheres.
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while the side chain in PdII(allyl) · apo-rHLFr is displaced by
steric hindrance of the allyl ligand of the PdII(allyl) complex
bound to His114 and Cys126 (Figure 4a and b). His114 and
Asp127, which are well conserved and bound to metal ions,36

show no structural perturbation regardless of whether the Pd(II)
ions coordinate to them or not. The same rigid conformations
of His114 and Asp127 have been found in amphibian red-cell
L-Fr containing Mn(II) and Mg(II) ions.31 Therefore, our results
suggest that the conformation changes of Cys126 and Glu130
play crucial roles for metal bindings at the 3-fold channel to
transport metal ions into the apo-rHLFr cage. The conformation
of His49 is dramatically changed by the coordination of Pd(II)
ions at the accumulation center (Figure 4d-f). While the
imidazole group of His49 was bound to a PdII(allyl) complex
ligated to Cys48 to maintain the dinuclear structure of PdII(allyl)-
S(Cys48)-PdII(allyl) of PdII(allyl) · apo-rHLFr (Figure 4e), the
same imidazole ring in L-PdII · apo-rHLFr was oriented to the
opposite direction due to the coordination with PdL4 (Figure
4d and e). In contrast, at the ferrihydrite nucleation site, the
side-chain conformations of four well-conserved glutamic acids,
Glu53, Glu56, Glu57, and Glu60, were almost identical among
the three crystal structures (Figure 4g-i).

Accumulation Mechanism of Pd(II) Ions. It is known that
many different metal ions can occupy the apo-Fr cage through
the 3-fold channels. These metal ions are expected to first
accumulate at the negatively charged interior regions by
coordination of the carboxylate groups of glutamic acid residues
and are then mineralized either by oxidation or by ligation to
inorganic anions.28,34,52 The X-ray crystal structures and mu-
tagenesis investigations of apo-Frs show that the metal ions such
as Cd(II), Zn(II), Mn(II), and Tb(III) are located at the

ferrihydrite nucleation sites, which consist of Glu53, Glu56,
Glu57, and Glu60.28,31-37 In contrast, our results show that Pd
binding sites are located at different regions, which include
Glu45, Cys48, His49, Arg52, and Glu53 (accumulation center)
(Figures 2 and 3). Pd(II) ions generally form square planar
complexes, while Cd(II), Zn(II), and Mn(II) prefer octahedral
coordination structures, which are similar to Fe(II) ion.48,53

Cys48 is expected to be crucial to retain the square planar
geometry of Pd(II) ions by the formation of a di- or trinuclear
structure with cooperative ligation of Glu45 and water molecules
(Figures 2j and 3d). In contrast, four well-conserved glutamic
acid residues at the ferrihydrite nucleation center have a greater
tendency to promote octahedral geometry as found for Cd(II)
ions in the crystal structure of mouse L-chain ferritin.35

Moreover, the accumulation center has relatively high B-factors
for side chains of amino acid residues, while electrostatic
potentials of apo-Fr calculated by GRASP54 show that the 3-fold
channel and the ferrihydrite nucleation site are more negatively
charged regions than the accumulation center (Figure 5).54

Therefore, the results suggest that Pd(II) ions selectively bind
to Cys48 and His49 at the accumulation center with square
planar geometry instead of the ferrihydrite nucleation center
consisting of highly conserved glutamic acid residues to preserve
octahedral coordination geometry.

A series of crystal structures of PdII ·apo-rHLFrs containing
different amounts of Pd(II) ions indicates that there are two
deposition areas located in the 3-fold channel and at the
accumulation center (Figure 2). There is a large difference in
the number of Pd atoms estimated by ICP-OES and BCA assay
(1.5 Pd atoms/subunit) from that of the crystal structure (6 Pd
atoms/subunit) of L-PdII ·apo-rHLFr (Table 1). Moreover,
His49 gives weaker electron density with increasing number
of Pd(II) ions at the accumulation centers of PdII · apo-rHLFrs
(Figure 2i-l). With respect to H-PdII ·apo-H49A-rHLFr, the
number of Pd atoms obtained by quantitative analysis is almost
identical to that of the crystal structure (Table 1). The crystal
structure of H-PdII ·apo-H49A-rHLFr shows all of the Pd
atoms being observed with higher occupancy than those of all
PdII ·apo-rHLFrs. At an early stage of Pd(II) accumulation in
the apo-rHLFr cage, Pd(II) ions are expected to bind to any of
the sites of the two areas in several possible binding modes.
Therefore, all of the Pd atoms in apo-rHLFr are superimposed
on the one subunit with low occupancy of the electron density.
The conformational changes of His49 and the surrounding
residues, Glu45 and Arg52, stabilize the Pd(II) ion binding and
promote an increase in the number of Pd atoms bound to the
accumulation center (Figure 2j-l). Furthermore, Cys48 is a key
residue for the formation of a Pd dinuclear coordination structure
during the accumulation of Pd(II) ions.

When apo-rHLFr was treated with a large excess of Pd(II)
ions (500 equiv of K2PdCl4), only 365 Pd(II) ions were
accommodated in apo-rHLFr (Table 1). Upon addition of a large
quantity of Pd(II) ions, all of the binding sites are fully occupied
by Pd(II) ions accompanied by conformational changes of amino
acid side chains as shown in a series of coordination structures
of L-, I-, and H-PdII ·apo-rHLFrs (Figure 2). Preparation of
2.0 ( 0.3 nm Pd nanoparticles with a narrow size distribution
in apo-HSFr is reasonably attributed to a limited number of

(53) Lippard, S. J.; Berg, J. M. Principles of Bioinorganic Chemistry;
University Science Books: Mill Valley, 1994.

(54) Gallois, B.; d’Estaintot, B. L.; Michaux, M.-A.; Dautant, A.; Granier,
T.; Précigoux, G.; Soruco, J.-A.; Roland, F.; Chavas-Alba, O.; Herbas,
A.; Crichton, R. R. J. Biol. Inorg. Chem. 1997, 2, 360–367.

Figure 4. Binding site structures of L-PdII · , PdII(allyl) · , and PdII-free · apo-
rHLFr.49 (a-c) 3-fold channel of L-PdII · , PdII(allyl) · , and PdII-free · apo-
rHLFr, respectively. (d-f) Accumulation center of L-PdII · , PdII(allyl) · ,
and PdII-free · apo-rHLFr, respectively. (g-i) Ferrihydrite nucleation center
of L-PdII · , PdII(allyl) · , and PdII-free · apo-rHLFr, respectively. The PdII(al-
lyl) · and PdII-free · apo-rHLFr structures are taken from PDB IDs 2ZG7
and 1AEW, respectively.36,46 Pd atoms in L-PdII · and PdII(allyl) · apo-rHLFr
are shown as PdLs and PdAs, respectively. The Pd atoms in the 3-fold
axis channels and accumulation centers are colored purple and blue,
respectively. Cd atoms are indicated as pale yellow spheres. The O atoms
of water molecules are shown as red spheres. The allyl ligands of
PdII(allyl) · apo-rHLFr are shown as green tube models. The original residue
numbers of PdII-free · apo-rHLFr are given in parentheses (c, f, and i).36
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Pd(II) ions accumulated on the internal surface of apo-HSFr as
reported previously.27 Moreover, on the basis of these crystal
structures, we assume that the single Pd0 nanoparticle is formed
in apo-HSFr by assembly of small Pd0 seeds generated at each
accumulation center within the 24mer cage upon the reduction
of Pd(II) ions by NaBH4 as proposed for the formation of cobalt
oxide nanoparticles in apo-HSFr.55

Conclusion

We have identified two specific binding areas of Pd(II) ions
and analyzed dynamic coordination changes by a combination
of the crystal structure and ICP-OES quantitative analyses of
apo-rHLFr and the mutant containing low, intermediate, and
high content of Pd(II) ions. These results suggest that Pd(II)
ions are likely to bind to these binding areas with several binding
modes at an early stage of Pd(II) accumulation. We recently
published a report on the deposition of PdII(allyl) complexes
on the interior surface of apo-rHLFr.46 The complexes are
exclusively bound to two specific sites by utilizing Cys48 and
Cys126. The binding sites and binding structures of Pd(II) ions
depend on the absence or presence of external ligand such as
an allyl molecule. Our results provide intriguing implications

not only for the fundamental role of protein-metal ion
interactions but also for the design of new inorganic materials
using protein scaffolds. On the basis of these findings, further
design of nanoparticles using protein cages is in progress to
improve the catalytic reactivity.
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Figure 5. The molecular surfaces of apo-rHLFr subunit in 24mer (PDB ID 1AEW) are colored with B-factor (a) and electrostatic potentials (b).36 The
surface of a monomer for (a) is colored with red to blue for large to small B-factor values of each atom. Part (b) is colored with red to blue for negative to
positive charge of each residue. The original residue numbers of PdII-free · apo-rHLFr are given in parentheses.36 (a) and (b) are depicted along 3-fold axes.
Two other monomers composing the 3-fold channel are colored with yellow and green. They are reproduced by Pymol.56
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