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Trace amounts of “bio-metals” are essential for
maintaining our life, but we have not yet fully understood
mechanisms of how they function in proteins, cells, organs,
and bodies. The Scientific Research on Innovative Areas
“Integrated Bio-metal Science” aims to reveal regulatory
mechanisms of the maintenance, failure and disturbance of
the bio-metals by integrating several research fields dealing
with the bio-metals into a new inter-disciplinary research
field. Extensive researches of the bio-metals have been
explored by the development of precise biophysical
measurements and visualization of trace metals in
biological materials. Cutting-edge developments of nuclear
magnetic resonance (NMR), electron paramagnetic
resonance (EPR), native mass spectrometry (Native MS),
chemical imaging, and nuclear resonance vibrational
spectroscopy (NRVS) are now opening the door for new
strategies to understand various kinds of bio-metals
essential for life and to establish “integrated bio-metal
science”. For the issue, we had a symposium at the 58th
Annual Meeting of the Biophysical Society of Japan held in
September 2020. Six pioneers of the aforementioned
measurements and exploitation of bio-metals were invited
to introduce their marvelous techniques and discussed
recent achievements toward medical and environmental
applications. In this paper, their talks with figures provided
from the speakers are summarized.
The simplest and direct method to identify metal binding

to biomolecules is “Native MS”, which mildly ionizes
metal binding biomolecules including proteins, nucleic
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acids, and their complexes in crowded biosystems or
without purification and detects them without dissociation
even in the gas phase. With these characteristics, Native
MS has been utilized to determine the molecular mass of
intact metal binding proteins and to analyze their
biophysical properties. The first speaker of this symposium,
Dr. Satoko Akashi from Yokohama City University, talked
about “Native MS for bio-metal science”, demonstrating
the recent advancement of application of “Native MS” to
protein complexes [1,2].

To characterize the environments of the metal binding
site in biomolecules, several new methodologies have
developed over the past few decades. The second speaker in
this symposium, Dr. Masaki Horitani from Saga University,
presented a combinational study of X-ray crystallography
and EPR spectroscopy on a manganese-binding protein,
cold-adapted inorganic pyrophosphatase (PPase). PPase
from a psychrophilic bacterium, Shewanella sp. AS-11 (Sh-
PPase), activated by manganese, catalyzes hydrolysis of
inorganic pyrophosphate to phosphates. The characteristic
temperature dependence of the activity showing an
optimum at 5°C suggested a specific molecular mechanism
for cold adaptation of Sh-PPase. To examine the environ‐
mental changes of the metal binding site associated with
the substrate binding, he combined X-ray crystallography
and EPR spectroscopy with rapid mixing freeze-quench
technique, revealing that unique active site rearrangement
of Sh-PPase is induced by the substrate binding (Fig. 1) [3].
The metal binding can be also used for one of the

structural markers to structural dynamics of proteins,
particularly multi-domain proteins. The third speaker, Dr.
Tomohide Saio from Tokushima University, recently
moved from Hokkaido University, introduced the exploita‐
tion of paramagnetic metal ions for protein structural
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studies in solution. Long-reach (<40 Å) paramagnetic
effects provide positional information of the observed
nuclei with respect to the paramagnetic center [4]. Using
paramagnetic NMR, he revealed structural dynamics of a
multi-domain protein enzyme in solution (Fig. 2) [5].
Paramagnetic lanthanide ions fixed at the surface of one of
the domains induces significant paramagnetic effects,
providing a detailed view of the conformational states of
the protein and allowing detection of conformational
changes induced by ligand binding.

Considering that protein dynamics is substantially

Figure 1 Overall conformational changes of Sh-PPase upon
metal binding (top), EPR spectra (middle) and coordination sphere of
the metal binding sites (bottom) of Sh-PPase in the absence (left) and
presence (right) of the substrate (PDB IDs: 6LL7 for the Mn-bound
form and 6LLB for the Mg and PNP-bound form) [3].

Figure 2 Paramagnetic lanthanide ions for protein structural
study. Top panel is GB1 attached with a lanthanide-binding peptide
tag (PDB ID: 2RPV) [4]. The bottom panel is a lanthanide ion fixed to
MurD, UDP-N-acetylmuramoyl-L-alanine: D-glutamate ligase (PDB
ID: 3UAG) [5].

sensitive to its surrounding environment, 3D structures
under physiological conditions are indispensable. Solution
NMR is currently one of the valid techniques to investigate
the dynamics and conformational changes of biomacro‐
molecules under physiological conditions or even in living
cells. To date, various NMR measurements using para‐
magnetic effects and magnetic anisotropy have been
developed, allowing us to extract more accurate structural
ensemble information (Fig. 3). The fourth speaker,
Dr. Teppei Ikeya from Tokyo Metropolitan University,
developed new computational methodologies for NMR data
analysis and structure calculation. He recently integrated
these paramagnetic NMR data to the new system and
demonstrated multi-state structures of several model
proteins in solution. He discussed further potential appli‐
cations, such as in-cell protein structure determinations
[6,7].

While combination of structural and dynamic
investigations of proteins has provided new insights into
molecular mechanisms of protein functions as shown in
NMR studies presented here, dynamic property of bio-
metal itself has not been extensively investigated. The fifth
speaker, Dr. Yoshitaka Yoda from SPring-8/JASRI, showed
the recent progress of the NRVS technique using the long
undulator beamline BL19XU at SPring-8. NRVS is a
unique technique using high intensity X-ray, produced by
synchrotron radiation, to investigate the atomic vibration in
molecules. Vibration modes of a specific atom, selectively
excited via the nuclear level, give quite different and
complementary information from that taken by Raman or
infrared (IR) spectroscopy in the examination of the active
center of metalloenzyme (Fig. 4) [8–12].

X-rays from the synchrotron radiation can be also
utilized for light source of new imaging systems that
visualize bio-metal distribution and chemical status in
tissues or even in cells. The last speaker, Dr. Shino Takeda
from National Institute of Radiological Sciences, is trying

Figure 3 Long-range information on paramagnetic NMR of
calbindin (PDB ID: 1CLB) in solution.
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to establish bio-chemical imaging using quantum nano-
beam and construction for intracellular bio-metal dynamics
in situ (Fig. 5). She presented some results of elemental
characteristics and formation mechanisms of localized and
concentrated bio-metals in tissues by combination of
pathological observation and the in situ elemental analyses
such as particle induced X-ray emission (PIXE),
synchrotron radiation X-ray fluorescence (SR-XRF) and
X-ray absorption fine structure (XAFS) [13–19].

To understand molecular mechanisms for metal
homeostasis and metal-related diseases, detailed structural
and functional characterizations of metal binding
biomolecules at atomic levels in cells, tissues or organs, as
well as under physiological conditions, must be revealed by
cutting-edge techniques presented in this symposium. We
expect that developments of these techniques accelerate the

Figure 4 Introduction to NRVS. The vibrational spectra (right top
panel) was published in [9].

Figure 5 Conceptual diagram of Dr. Shino Takeda’s research.

progress of the researches in “Integrated Bio-metal
Science”, which can pave the way for fully deciphering
why and how life utilizes the specific transition metals as
the “bio-metals”.
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