CHEMISTRY

A EUROPEAN JOURNAL
DOI: 10.1002/chem.200903269

Elucidation of Metal-Ion Accumulation Induced by Hydrogen Bonds on
Protein Surfaces by Using Porous Lysozyme Crystals Containing Rh™ Ions as
the Model Surfaces

Takafumi Ueno,*™"! Satoshi Abe,” Tomomi Koshiyama,'*! Takahiro Ohki,*
Tatsuo Hikage,'"! and Yoshihito Watanabe'®

WWILEY
InterScience® © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 2730-2740




Abstract: Metal-ion accumulation on
protein surfaces is a crucial step in the
initiation of small-metal clusters and
the formation of inorganic materials in
nature. This event is expected to con-
trol the nucleation, growth, and posi-
tion of the materials. There remain
many unknowns, as to how proteins
affect the initial process at the atomic
level, although multistep assembly pro-
cesses of the materials formation by
both native and model systems have
been clarified at the macroscopic level.
Herein the cooperative effects of

are clarified by using porous hen egg
white lysozyme (HEWL) crystals con-
taining Rh™ ions, as model protein sur-
faces for the reactions. The experimen-
tal results reveal noteworthy implica-
tions for initiation of metal accumula-
tion, which involve highly cooperative
dynamics of amino acids and hydrogen
bonds: i) Disruption of hydrogen bonds
can induce conformational changes of
amino-acid residues to capture Rh™
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ions. ii) Water molecules pre-organized
by hydrogen bonds can stabilize Rh™
coordination as aqua ligands. iii) Water
molecules participating in hydrogen
bonds with amino-acid residues can be
replaced by Rh™ ions to form polynuc-
lear structures with the residues. iv) R-
h™ aqua complexes are retained on
amino-acid residues through stabilizing
hydrogen bonds even at low pH (=2).
These metal-protein interactions in-
cluding hydrogen bonds may promote
native metal accumulation reactions
and also may be useful in the prepara-

amino acids and hydrogen bonds pro-
moting metal accumulation reactions

Introduction

Accumulation of metal ions on proteins represents not only
a natural process for creation of bioinorganic materials in
nature, but is also an important strategy for use in the
design of advanced inorganic materials.!'! Synthesis of inor-
ganic compounds by using proteins or peptides is now at-
tracting attention in the fast-growing field of nanomaterials
science.®? It is commonly known that proteins and pep-
tides play very important roles in providing materials with
various characteristics. The accumulation of metal ions on
protein surfaces is, therefore, a crucial step in the preorgani-
zation of metal ions to initiate small-metal clusters and the
formation of inorganic materials because this event is ex-
pected to control the nucleation, growth and position of in-
organic materials.'*™! There remain many unknowns as to
how proteins affect the initial process at the atomic level. In
particular, cooperative effects involved in the metal accumu-
lation process are thought to include the dynamic behavior
of amino acid side chains and hydrogen bonds, although the
multistep assembly processes of biomineral formations of
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tion of new inorganic materials that in-
corporate proteins.

both native and model systems have been clarified at the
macroscopic scale.>!317-1]

The coordination structures of metal ions accumulated in
protein cages have been investigated by X-ray crystal struc-
tural analysis of metal storage proteins.,!>'**** A Fe,0,
cluster is observed in the cage of Dps-like ferritin protein
(DpsA) when the crystal of apo-DpsA is soaked in a cryo-
buffer containing FeClL.' Structures of small Fe- and Hf-
oxo-clusters in ferric binding protein (Fbp) indicate that a
flexible binding motif can play a major role in metal accu-
mulation to control the geometric processes."**) Many crys-
tal structures of ferritins (Frs), which include various metal
ions have been reported with the aim of elucidating the
metal accumulation process that occurs within the cage.**?*
We have reported on the accumulation process of Pd" ions
on the interior surface of apo-ferritin (apo-Fr) by investigat-
ing a series of X-ray crystal structures of apo-Fr that contain
different amounts of Pd" ions. The results indicate that the
number of Pd" ions accumulated by apo-Fr increases when
different coordination structures are adopted at the specific
binding sites on the interior surface of apo-Fr.*! However,
there is only limited information about the cooperative roles
of hydrogen bonds and amino-acid residues in the accumula-
tion reactions, because the crystal structure with a high con-
tent of Pd" ions was obtained at low resolution.**! If we
can construct appropriate metal ion/protein surface models,
we expect to gain an in-depth understanding of the accumu-
lation mechanism.

Protein crystals are expected to serve as model protein
surfaces in investigations aimed at the elucidation of the
mechanism of metal-ion accumulations by single-crystal X-
ray structural analysis. Protein crystals have been utilized as
nano-sized porous materials in applications such as separa-
tions, biocatalysis, and drug delivery because they can form
various porous spaces ranging in size from 15-100 A.P3
The pore size and morphologies of protein crystals are de-
pendent on the nature and crystallization conditions of the
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proteins. Functional groups of amino acid side chains, such
as imidazole, thiol, amine, carboxylic acid, and phenol, are
regularly exposed to internal surfaces of the crystal pores.
Thus, ions and organic molecules are able to interact with
the pore surfaces. Experimental and theoretical studies on
the diffusion of ions and fluorescent molecules into protein
crystal pores have been recently reported.®3¥ It is expected
that porous protein crystals (PPCs) have the potential to
provide a means for observing interactions between amino
acids and various metal ions at a higher resolution than the
resolution possible for crystals of apo-Fr. This is possible be-
cause more flexibility is achievable with respect to reaction
conditions for PPCs (including pH, and the identity and
quantity of metal ions) relative to the more restrictive con-
ditions required for working with crystals of apo-Fr contain-
ing metal ions.”!

We demonstrate a snapshot analysis of protein-mediated
metal accumulation processes by using porous hen egg
white lysozyme (HEWL) crystals that contain different
amounts of Rh™ ions to elucidate the metal accumulation
mechanism, as a preorganization of metal ions for biominer-
alization reactions at the atomic level. HEWL, a small hy-
drolytic enzyme, forms a tetragonal crystal (space group
P4;2,2) with different types of pores, as shown in Fig-
ure 1a.”! Tt has been reported that HEWL can serve as a

a
Crystallization
—_
b
e
@ o 2o
—_

lation of metal ions. We have chosen the Rh™ ion for our
experiments because; i) the metal ions are able to form sev-
eral polynuclear structures under the HEWL crystallization
conditions (<pH4.5), and ii) the kinetic inertness of the
Rh™ ion enables high resolution structural determination
using by single-crystal X-ray structural analysis (Fig-
ure 1b).* Our model system, which takes advantage of the
favorable properties of PPCs of HEWL, provides direct
structural evidence for the cooperative contributions of con-
formational changes of amino acid residues and hydrogen
bonds in the metal accumulation on protein surfaces.

Results and Discussion

Preparation and X-ray structural analysis of HEWL crystals
with different amounts of Rh™ ions: Tetragonal HEWL
crystals were prepared according to a previously reported
procedure.*® To prepare the crystals containing Rh™ ions,
colorless HEWL crystals were soaked in buffer solutions
containing different concentrations of RhCl; (0, 1, 5, 10, 30,
and 100 mm), 1.8 M NaCl, and 0.1 NaOAc (pH 4.5) at 20°C
for 2 days (0-, 1-, 5-, 10-, 30-, and 100-Rh-HEWLs, respec-
tively). The structures of these resulting crystals were re-
fined to a resolution range of
1.40-1.55 A.  Crystallographic
data and refinement statistics
are listed in Tables S1 and S2 in
the Supporting Information.
The Rh binding sites were de-
termined by anomalous differ-
ence Fourier maps. We solved
two individual crystal structures
for each set of soaking condi-
tions to confirm the reproduci-
bility of the anomalous differ-
ence Fourier maps. The posi-
tions of the sodium and chlo-
e} ride ions are distinguished from
those of Rh™ ions by compari-
sons with a high resolution
Rh'"-free HEWL structure.*!

Figure 1. a) Crystal lattice structure of tetragonal HEWL crystal. b) Schematic drawings of the deposition of

Rh™ ions in the pore of porous HEWL crystals.

biotemplate for preparation of inorganic materials in solu-
tion.*”) Moreover, the crystal has been known to capture
and deposit metal complexes and metal ions when subjected
to co-crystallization or soaking techniques, because the pore
surfaces include coordinating amino acid residues, such as
histidine, lysine, aspartate, and glutamate.”**" Although
such coordination structures have been reported in detalil,
there are no reports of the dynamic behavior of amino acid
residues bound to metal ions during the process of accumu-
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The root-mean-square devia-
tions (rmsds) of the C* atoms
of the HEWL crystals soaked
with Rh™ ions from that of 0-
Rh-HEWL soaked only with
buffer are from 0.04 to 0.18, indicating that whole structures
of the Rh-HEWLSs are preserved even during the process of
binding of Rh™ ions on the pore surfaces of the HEWL
crystals.

Rh™ binding sites in the pores of 100-Rh-HEWL: Analysis
of the crystal structure of 100-Rh-HEWL indicates that the
HEWL monomer has five Rh binding sites located on the
surfaces of different pores (Figure 2). Sites A and D are lo-

Chem. Eur. J. 2010, 16, 27302740


www.chemeurj.org

Metal-Protein Interactions Observed by Porous Protein Crystals

Site C \f“.' ®» SiteD

Figure 2. The crystal lattice and molecular structures of 100-Rh-HEWL (a and b). The monomer is indicated
by the cyan structure in a) and b). The molecular surfaces are colored according to c) the electrostatic poten-
tial and d) the B-factor. Rh atoms are colored with orange. The electrostatic potential for c) is represented by
a color spectrum extending from red to blue indicating negative to positive charges for each residue. The sur-
face shown in d) is represented by a color spectrum extending from red to blue for large to small B-factor

values of each atom. These images were produced by using Pymol.’!

cated on the largest pore and Sites B, C, and E are found in
different narrow pores (Figure2a). A common factor
shared by all of the sites is the presence of negatively
charged regions. However, high B-factors of the amino acids
do not seem to be essential for metal accumulation (Fig-
ure 2¢, d). The characteristics of the coordination structures
identified at each binding site are described below.

Binding Site A: The anomalous difference Fourier maps of
three Rh ions, Rh1, Rh2, and Rh3, are located on the sur-
face of the largest pore of the HEWL crystal (Figure 1 and
Figure 3a). This binding site has the ability to trap several
types of metal complexes, such as [Ru(n’-p-cymene)Cl,],
[Mn(CO),]*, and [Pt(NH;),]**, by binding to the imidazole
moiety of His15."* The Rhl atom coordinates to the N"
atom of Argl4 and the N° atom of His15 with bond lengths
of 2.12 and 2.35 A, respectively. These bond lengths are
within the usual range of Rh—N bond lengths.*¥! The Rh2
atom is bound to an O° atom of Asp87 (2.01 A) and a water
molecule (O1, 2.20 A) with typical Rh—O bond lengths.*!
The Rh3 atom is coordinated to three water molecules, but
lacks any interactions with the HEWL molecule itself. The
bond lengths of Rh1—Rh2, Rh2—Rh3, and Rh1-Rh3 are
3.35,2.99, and 1.57 A, respectively. Although O2 serves as a
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bridging ligand and is located
2.10, 2.48, and 187 A away

p from Rhl, Rh2, and Rh3, re-
. Vg A spectively,®> a  trinuclear
structure is apparently not
formed at this site because the
1.57 A bond length between
Rh1-Rh3 is too short to stabi-
lize the trinuclear geometry.
This is also supported by the
low occupancies of the Rhl
(0.4) and Rh3 (0.6) atoms. A
similar observation was report-
ed for ferritin containing Au™
ions.*

Binding Site B: There have
been no previous reports of
metal ions binding to this site,
which is located on a narrower
pore (Figure 3b). Two Rh
atoms, Rh4 and Rh5, coordi-
nate with O°1 (Aspl8), O°-
(Asn19), and water molecules.
An oxygen atom (O3) serves as
a bridging ligand with Rh4—03
and Rh5—03 bond lengths of
2.22 and 2.16 A, respectively.1*’)
The short length of the Rh4—
Rh5 bond (2.76 A) also sug-
gests the existence of a OH-
bridged dinuclear structure.[*

Binding Site C: It is known that Asn46 and Asp52 can bind
metal ions such as Co%, Ni'l, Gd™, and Yb™ with different
coordination geometries.”**) Two types of Rh mononu-
clear complexes are individually formed at this site (Fig-
ure 3c). The electron density at Rh6 indicates that four
water molecules are bound to the metal atom. The coordi-
nation of water molecules is apparently stabilized by hydro-
gen bonds with both the side chain and the backbone of
Thr47 (Figure 3¢).’"! The Rh7 atom is bound to the O°
atoms of Asn46 and Asp52 with bond lengths of 2.00 and
219 A, respectively. The coordination geometry is very simi-
lar to that of a previously reported Gd™ aqua complex lo-
cated at the site.*”) There are no oxygen atoms available to
form bridged Rh dinuclear centers.

Binding Site D: This binding site, which is located in the
largest channel, has not previously been observed to accu-
mulate metal ions.***! We observe that the Rh8 and Rh9
atoms are fixed at this site by coordination to the N® and O°
atoms of Asn65 at bond lengths of 2.12 and 2.15 A, respec-
tively. The Rh8—Rh9 distance of 3.03 A is not sufficient to
form a Rh dinuclear complex, although the Rh8-0O4 dis-
tance of 3.19 A is too long to allow O4 to form a bridge be-
tween Rh8 and Rh9."! The Rh10 atom, which only coordi-
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Figure 3. Structures of a) Site A, b) Site B, ¢) Site C, d) Site D, and ¢) Site E of 100-Rh-HEWL. The Rh atom and oxygen of water or OH"™ are represent-
ed by using spherical models colored with orange and red, respectively. The neighboring HEWL molecule in panel d) is indicated by a cyan-colored tube
models. Anomalous difference Fourier maps at 4.00 indicating the positions of individual Rh atoms are indicated by magenta coloring. The selected
2 |F,|—|F.]| electron-density maps at 1.0 are shown in gray. Hydrogen bonds are indicated with orange dotted lines.

nates to water molecules, is stabilized by a hydrogen-bond-
ing network within the crevice formed by the intermolecular
association of two HEWL molecules (Figure 3d).

Binding Site E: This site, which is located within a narrower
channel, has been previously reported to have the capability
to capture a Gd-HPDO3 A complex by hydrogen bond in-
teractions.*® In the present work, Rh11 is directly bound to
the O° of D119 and to a water molecule with bond lengths
of 1.98 and 2.28 A, respectively (Figure 3¢). No other inter-
actions with Rh11 are observed.

Snapshot analysis of rhodium accumulation: The snapshot
analysis of Rh™ ion accumulation on the pore surfaces of
HEWL crystals was carried out by X-ray crystal structure
analysis of the HEWL crystals soaked in buffer solutions
containing different amounts of Rh™ ions (0, 1, 5, 10, 30,
100 mm, which correspond to the different snapshots in
Figure 4) over the course of 2 days. These structures indicate
that sequential binding of Rh™ ions is associated with con-
formational changes and rearrangement of hydrogen bond-
ing networks.

Binding Site A: The crystal structures of 0- and
1-Rh-HEWLs show that two water molecules (Oal and
Oa2) are located at the binding site and fixed by two hydro-
gen bonds with the N" atom of Argl4 (Figure 4a, al and
a2). The side chain of Asp87 is fixed by a hydrogen bond
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with Thr89 (Figure 4a, al). When HEWL crystals are
soaked in buffer containing S mm RhCl;, a single anomalous
difference Fourier map assignable to a Rh atom appears at
that position instead of the original water molecules of 1-
Rh-HEWL (Figure 4a, a3). The Rhl atom is bound to both
the N" atom of Argl4 and the N° atom of His15 with bond
lengths of 2.29 and 2.48 A, respectively. These bond lengths
are slightly longer than typical Rh—N bond lengths (Fig-
ure 4a, a3)."¥! In 10 mm RhCl; buffer, the two additional
anomalous densities of Rh2 and Rh3 are observed close to
the Rhl atom (Figure 4a, a4). As the concentration of
RhCl; increases from 10 to 100 mM, the bond length be-
tween Rh2 and O® of Asp87 is shortened from 2.94 to
2.01 A, which is within the range of a typical Rh—O bond
length.®! An accompanying conformational change of the
side chain of Asp87 occurs and the hydrogen bond with
Thr89 is maintained (Figure 4a, a4—a6).

Binding Site B: At Site B, two Rh™ ions are captured and
large conformational changes of Aspl8 and Asnl9 are in-
duced by disruption of a hydrogen-bond network (Fig-
ure 4b). In the absence of RhCl;, the side chain of Asp18 is
revealed as dual conformer and Asnl9 participates in a hy-
drogen-bond network (Figure 4b, b1). As the RhCl; concen-
tration increases from 0 to 10 mm, the amide plane (CP-C'-
(=0%)-N°) of Asn19 rotates along the CP—C* axis and flips
to orient the amide O° of Asn19 toward Aspl8 by shorten-
ing the distance between the N° atom of Asn19 and the O
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Figure 4. Snapshot analyses of Rh ion binding to a) Site A, b) Site B, c¢) Site C, d) Site D, and e) Site E. Each structure obtained at a different concentra-
tion of RhCl; is indicated by a-el, a-e2, a-e3, a-e4, a-e5, and a-e6, representing 0, 1, 5, 10, 30, and 100 mm of RhCl;, respectively, in sodium acetate buffer
at pH 4.5. The Rh and O atoms are indicated by orange and red spheres, respectively. The yellow dashed lines indicate hydrogen bonds. The side chains
of Aspl8in bl and b2 are revealed as dual conformers.
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atom of a water molecule (Obl) from 2.73 to 2.45 A (Fig-
ure 4b, bl-b4). The O° atom of Aspl8 is bound to a Rh™
ion with side-on geometry in 10-Rh-HEWL (Figure 4b, b4).
The 30-Rh-HEWL structure shows that additional electron
density of a Rh atom (RhS5) occurs between Aspl8 and
Asnl9, and the hydrogen bond of Obl and Aspl9 is
cleaved. In 100-Rh-HEWL, the distance between the O°
atom of Asnl19 and RhS5 is shortened from 2.63 to 2.06 A in
30- and 100-Rh-HEWL, respectively. This appears to be due
to the dramatic conformational change of Asnl9. Finally,
Rh4 and Rh5 form a dinuclear center with a bridged OH
ligand (Figure 4b, b6). These results suggest that the cleav-
age of the hydrogen bond and the conformational change of
Asn19 cooperatively contribute to form the dinuclear coor-
dination geometry (Figure 4b).

Binding Site C: The structures of 0-10-Rh-HEWLSs indicate
that two water molecules (Ocl and Oc2) maintain hydro-
gen-binding interactions with both the side chain and back-
bone of Thr47 (Figure 4c, cl-c4). These two water mole-
cules can serve as aqua ligands for a Rh™ ion in 30-
Rh-HEWL (Figure 4c, c¢5). When HEWL crystals are
soaked in the buffer solution containing 100 mm RhCl;, the
other Rh™ ion is found to coordinate to Asn46 and Asp52
(Figure 4c, c6). No conformational changes of Asn46, Thr47
and Asp52 were induced during the process of accumulation
of these Rh™ ions. While there is a water molecule (Oc3) lo-
cated between Rh6 and Rh7, it is too far from Rh7 (3.39 A)
to serve as a bridging ligand. These results suggest that the
each Rh™ ion is independently accumulated at this site.

Binding Site D: 0-30-Rh-HEWLSs indicate that N° and O° of
Asn65 each retain a hydrogen bond with a water molecule
(Figure 4d, d1-d5). The two water molecules (Odl and
0d2) were replaced with Rh8 and Rh9 without inducing
conformational perturbation of the side chain of Asn65 of
100-Rh-HEWL (Figure 4d, d6). Moreover, the structure of
100-Rh-HEWL indicates that an additional mononuclear
Rh™ aqua complex is independently deposited at the site
because no oxygen atoms were found to serve as bridging li-
gands between Rh9 and Rh10 (Figure 4d, d6).

Binding Site E: The structures of 30- and 100-Rh-HEWLs
indicate the presence of a Rh™ ion binding to D119 (Fig-
ure 4e, e4 and e5). The conformational change of the side
chain and the hydrogen bond rearrangement were not ob-
served during the binding reaction.

pH Dependence on Rh™ binding: To elucidate the pH de-
pendence of Rh™ ion binding, 100-Rh-HEWLSs have been
prepared by soaking crystals in the buffer solution contain-
ing 100 mm RhCl; at different pH values (4.5, 3.8, and 2.2).
The crystal structures at pH 3.8 and 2.2 have been deter-
mined at 1.50 and 1.75 A resolution, respectively (see
Table S1 in the Supporting Information and Figure 5). At
pH 3.8, the whole structure of 100-Rh-HEWL indicates the
presence of six Rh atoms located the five binding sites ob-
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served in 100-Rh-HEWL at pH 4.5. The conformations of
the side chains are similar at pH 3.8 and at pH4.5 (Fig-
ure 5a,b). Rh™ aqua complexes at Sites C and D are fixed
by hydrogen bonds with the surrounding amino-acid resi-
dues (Figure 5b). No Rh atoms are found to coordinate
with Asnl19, Asn46, Asp52, and Asn65. At pH 2.2, there are
four Rh atoms remaining at Sites A, B, C, and D. At Site A,
Argl4 adopts two conformers, one of which coordinates to
the Rh atom as shown in Figure 5f. The conformation of
Asp87 which prevents it from binding its corresponding
Rh™ ion reverts to that of 0-Rh-HEWL (Figure 4c and Fig-
ure 5f). Although Rh ions are dissociated from Asp52,
Aspl19, and Asp87, owing to their pK, values being less
than 2.3, Aspl8 (pK,=2.3) conserves coordination with a
Rh'™ ion (Figure 5i).*> At that time, the side chain of
Asnl9 is in an oppositely-oriented conformation from
Aspl18 (Figure 5i). At pH 2.2, the Rh™ aqua complexes at
Sites C and D still remain fixed by hydrogen-bonding inter-
actions with neighboring amino acid residues (Figure 5b, c).

Accumulation mechanism of Rh™ ions in the HEWL crys-
tal: Rh™ ions can bind to multiple binding sites in the
HEWL crystal, as shown in Figure 2. The accumulation pro-
cess of each Rh™ ion at different binding sites is observable
by using the HEWL crystals, as the water exchange rate of
Rh™ is 10" to 10"-fold lower than the water exchange rate
of other metal ions, such as Co" and Ni',*” and because the
conversion of mononuclear Rh™ aqua complexes into poly-
nuclear Rh™ aqua complexes can be easily promoted under
the conditions used for crystallization of HEWL
(pH 4.5).P% In fact, Rh™ dinuclear structures can be found
at Sites A, B, and D (Figure 4). Although several structures
of HEWL crystals that contain metal ions or metal com-
plexes have been determined, this work represents the first
example of using HEWL crystals to elucidate metal accumu-
lation processes. Di- and trivalent metal ions such as Co",
Ni", Yb™, and Gd™ ions are known to ligate to Asp52 and
to form hydrogen bonds between their aqua ligands and the
neighboring residues at Site C.*”*! It was concluded that
the quantity of Ni" ions and their coordination structures
are not affected by the concentration of Ni" ion.””! Metal
complexes, such as [Mn(CO);]*, [Pt(NH;),]*t, and [Ru(n’-
p-cymene)Cl,], can be recruited to Site A by coordination
with His15 and by hydrophobic interactions with the sur-
rounding residues.*'™! These metal ions and complexes
cannot form polynuclear structures under the conditions
used for crystallization. For example, Co™ and Ni" ions form
polynuclear compounds at high concentrations (> 0.1Mm)
and pH range (pH 8-11)." Therefore, the Rh™ ion/HEWL
crystal system is appropriate for use as a biomimetic model
to elucidate the processes of metal accumulation on protein
surfaces.

The crystal structures obtained at pH 4.5 suggest that dif-
ferent hydrogen-bond interactions, as well as coordination
of metal ions with amino acid residues, contribute to the
promotion of the accumulation process at each binding site
by i) regulating the orientation of amino-acid residues for
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Figure 5. Comparison of crystal structures of 100-Rh-HEWL prepared at pH 4.5 (a, d, and g), pH 3.8 (b, e, and h), and pH 2.2 (c, f, and i). The Rh atoms
are indicated by orange spheres. The O atoms of water molecules or OH™ ions are shown as red spheres. The selected 2 | F,| — | F,| electron density maps
at 1.00 are shown in gray. The anomalous difference Fourier maps at 4.00 indicate the positions of individual Rh atoms and are indicated by magenta

coloring. The side chain of Argl4 in f) is revealed as a dual conformer.

coordination with metal ions (Figure 4a, b), ii) causing water
molecules to capture metal ions (Figure 4c), and iii) induc-
ing pre-organization of water molecules at specific amino
acid functional groups before the coordination of Rh™ ions
(Figure 4d). When Rh2 is bound after deposition of Rhl at
Site A, the carboxylate of Asp87 can alter its orientation
and bind the Rh2 atom as a result of a strong hydrogen-
bond interaction with Thr89. This encourages the formation
of stable multinuclear structures at that position (Figure 4a).
The conformation of Asnl9 is fixed at Site B of 0-
10-Rh-HEWLs, because the side chain is a part of a hydro-
gen-bond network (Figure 4b). Interestingly, the side chain
is taken out of the network by soaking HEWL crystals in
buffers with concentrations of RhCl; greater than 30 mwm.
The conformation is then dramatically changed to capture
Rh5, as observed in 30- and 100-Rh-HEWLs (Figure 4b, b5
and b6). The disruption of the hydrogen bond between a
water molecule and Asn19 appears to represent a trigger for
initiation of coordination of this residue with the RhS atom.
As shown in Figure 4c, two water molecules are pre-ar-
ranged with Thr47 by hydrogen bonds at Site C of 0-

Chem. Eur. J. 2010, 16, 2730-2740
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Rh-HEWL. Analysis of the structure of 30-Rh-HEWL
shows that the hydrogen-bonded water molecules are used
as two aqua ligands to fix a Rh™ ion (Figure 4c¢, c5). The
amide group of Asn65 at Site D forms two hydrogen bonds
with two independent water molecules, as observed in 0-30-
Rh-HEWLs. These two water molecules are then replaced
by two Rh™ ions which form a dinuclear center in 100-
Rh-HEWL (Figure 4d). Therefore, the snapshot analysis
suggests that the hydrogen bonds contribute to stabilization
of metal coordination structures, as well as multinuclear
structures and facilitate the accumulation of metal ions in
the binding sites by cooperatively-induced structural
changes of the neighboring amino-acid residues.

The pH dependence of 100-Rh-HEWL structures indi-
cates that the behavior of Rh™ aqua complexes interacting
with HEWL is different from the behavior of Rh™ ions co-
ordinating with amino-acid residues. As the pH is decreased
from 4.5 to 2.2, Rh™ ions are dissociated from their coordi-
nating amino-acid residues, as shown in Figure 5. In particu-
lar, the process of dissociation of Rh™ ions from aspartate
residues generally tracks the pK, value of the Asp residues
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as determined in solution.’***! The Rh'™ ion bound to Asp52
(pK,=3.4) is removed at pH 3.8. At pH 2.2, Asp87 (pK,=
2.3) and Aspl119 (pK,=3.1) each release a Rh™ ion, where-
as Aspl8 (pK,=2.3) remains bound to its Rh™ ion. Further
investigations will be required to elucidate the stability of
the Rh™-ion—-Asp18 interaction when the pH is below the
pKa value of the residue. The aqua complexes at Sites C
and D remain at low pH without evidence of significant
structural perturbation resulting from the hydrogen bonds
of the aqua ligands that interact with the surrounding amino
acid residues (Figure 3c, d, and Figure 5b, c). These results
imply that the structures of the accumulated metal aqua
complexes are stabilized by hydrogen bonds in a wider pH
range than metals coordinated by the functional groups of
amino-acid residues.

Implications for native metal accumulation and applications
thereof: The crystal structures of native metal storage pro-
teins indicate that metal accumulation reactions are promot-
ed according to molecular mechanisms similar to those pro-
posed as a result of our investigations of HEWL crystals
that contain Rh™ ions. Fbp contains a phosphate anion cap-
tured at the iron binding site by hydrogen bonds in the ab-
sence of iron atoms."! When apo-Fbp crystals are soaked
into the precipitant buffer containing [Fe,(cit),(H,0),]*"
(cit=citrate), the phosphate anion is replaced by a trinu-
clear Fe;O,; cluster stabilized by coordination to two con-
served Tyr residues and hydrogen bonds with the neighbor-
ing residues.'® This initiation step, triggered by rearrange-
ment of hydrogen bonds, is similar to that of Site B of
Rh-HEWL (Figure 4b). DpsA has a large cluster of water
molecules at the Fe,O; cluster binding site.”” The water
cluster is removed by formation of a Fe,O; cluster there
after incubation of apo-Dps crystals into the precipitant so-
lution containing excess FeCl,, as observed at Site D of
Rh-HEWL (Figure 4d). The crystal structures of ferritins
containing different amounts of Pd" ions indicate that Asp
and His residues are pre-organized by hydrogen bonds with
water molecules at the metal binding site in the apo-form.
These Asp and His functional groups can be bound to Pd"
ions with cooperative disruption of the hydrogen bonds and
alterations of the conformation of coordinated amino acids
in a manner similar to that which occurs at Site B of
Rh-HEWL (Figure 4a).”®) Therefore, it is suggested that
these metal clusters in native proteins are formed by accu-
mulation of aqua metal complexes. The reactions are cou-
pled with the rearrangement of hydrogen bonds and confor-
mational changes of amino acid residues, as observed in our
model systems.

Metal accumulation processes on protein surfaces have
been used in the preparation of various types of inorganic
nanomaterials.! Genetically modified ferritin, chaperonin,
icosahedral virus, tobacco mosaic virus, and bacteriophage
M13 virus can serve as templates for selective deposition of
metal ions providing nano-particles and wires."'"3¢71 Al
though electrostatic interactions between metal ions and
charged residues have been recognized as the most impor-
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tant factors in the design of these proteins for the prepara-
tion of inorganic materials,”*®” the processes of coordina-
tion of metal aqua complexes and rearrangement of hydro-
gen bonds observed in our model systems should be consid-
ered as additional key factors for protein-based synthesis of
desired inorganic materials. Moreover, we propose that the
preparation of inorganic materials by using HEWL in solu-
tion is initiated by the mechanism described herein.>")

Conclusion

We have directly observed the process of accumulation of
Rh™ ions onto internal surfaces of porous hen egg white ly-
sozyme (HEWL) crystals in an effort to clarify initiation
steps of the process of accumulation of metals onto protein
surfaces. The experimental results produced by using this
model system reveal several noteworthy implications for ini-
tiation of the process of metal accumulation onto protein
surfaces which involve highly cooperative dynamic behavior
of amino acids and hydrogen bonds: i) Disruption of hydro-
gen bonds can induce conformational changes to capture
metal ions. ii) Water molecules pre-organized by hydrogen
bonds can act as aqua ligands for the stabilization of coordi-
nation complexes. iii) Water molecules participating in hy-
drogen bonds with amino acid residues can be replaced by
metal ions to form polynuclear structures involving the
amino acid residue. iv) Metal aqua complexes remain bound
to amino-acid residues by hydrogen bonds even at low pH.
These metal-protein interactions induce inorganic materials
prepared in natural biological systems and may also be ap-
plicable for the design of new inorganic materials by using
protein scaffolds. On the basis of these findings, further ef-
forts to design nanomaterials by using porous HEWL crys-
tals are in progress.

Experimental Section

Materials: Hen egg white lysozyme (HEWL) was purchased from Sigma-
Aldrich. Other reagents were purchased from TCI (Wako, Nacalai
Tesque), and Sigma—Aldrich and were used without further purification.
Crystallization of HEWL: Tetragonal HEWL crystals were grown at
20°C by using the hanging drop vapor diffusion method.“”! The reservoir
solution contained 0.1M sodium acetate buffer (pH 4.5) and 0.8m NaCl,
and the drop contained 50 mgmL~' HEWL in acetate buffer (3 uL) and
the reservoir solution (3 pL). Tetragonal crystals were obtained in three
days.

RhCl; soaking: Soaking drops (6 pL) contained 0-100 mm RhCl;, 0.1m
NaOAc (pH4.5), 1.8 mol L' NaCl. Soaking was carried out for 2 days at
20°C, and crystals gradually turned red-yellow.

X-ray crystallographic analysis: Prior to the data collection, crystals were
immersed in a precipitant solution containing 20% (w/w) glycerol and
subsequently frozen in liquid nitrogen. X-ray diffraction data were col-
lected at 100 K by using a Rigaku FR-E X-ray generator (wavelength:
1.5418 A, Cug,) and R-AXIS VII detector at the High-Intensity X-ray
Laboratory, Nagoya University. The data were processed with the pro-
gram DENZO and SCALEPACK. The crystal parameters and data
collection data are summarized in Table S1 in the Supporting Informa-
tion.
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Refinement: The structures were solved by molecular replacement with
MOLREP by using a lysozyme structure (pdb ID: 193L) as the initial
model. Refinement of the protein structure was performed by using
REFMAC5'? in the CCP4 suite. Rebuilding was performed by using
COOT!®! based on sigma weighted (2 F,—F,) and (F,—F,) electron-densi-
ty maps. About 5% of the observed data were excluded from the refine-
ments and used to calculate the free R (Ry..) as a monitor of model bias.
The Rh binding sites were determined by anomalous difference Fourier
maps. The occupancies of all the rhodium atoms were refined to make
the B-factors of the Rh atoms below 45 A2

The positions of the Na and Cl ions were distinguished from those of
Rh™ ions by comparing with a high resolution Rh"-free HEWL struc-
ture.“! Water molecules were positioned to fit residual (F,—F,) density
peaks with a lower cut-off of 30. Residues Argl25 of 5-Rh-HEWL,
Argl25 of 10-Rh-HEWL, GInl121 and Argl25 of 30-Rh-HEWL, GIn121
and Argl25 of 100-Rh-HEWL, Arg65, Glnl21 and Argl25 of 100-
Rh-HEWL at pH3.8, Argl125 of 100-Rh-HEWL at pH2.2 were replaced
to Ala because electron density of these residues are missing. The
models were subjected to quality analysis during the various refinement
stages with omit maps and PROCHECK.*! The refinement statistics are
summarized in Table S2 in the Supporting Information. We have solved
two individual crystal structures for each soaking condition to confirm
the reproducibility of the anomalous difference Fourier maps. Atomic co-
ordinates are deposited in the Protein Data Bank under accession num-
bers 3A8Z, 3A90, 3A91, 3A92, 3A93, 3A94, 3A95 and 3A96 for 0-, 1-, 5-,
10-, 30-, and 100-Rh-HEWLs, 100-Rh-HEWL at pH 3.8, and 100-
Rh-HEWL at pH 2.2, respectively.
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