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Living systems are characterized as dynamic processes of 
assembly and disassembly of various biomolecules that are 
self-organized, interacting with the external environment. The 
omics-based approaches developed in recent decades have 
provided comprehensive information regarding biomolecules 
as parts of living organisms. However, fundamental questions 
still remain unsolved as to how these biomolecules are ordered 
autonomously to form flexible and robust systems (Figure 1). 
Biomolecules with complicated, flexible structures are self-
organized through weak interactions giving rise to supra
molecular complexes that adopt their own dynamic, asym
metric architectures. These processes are coupled with expres
sion of integrated functions in the biomolecular systems.

Toward an integrative understanding of the principles 
behind the biomolecular ordering processes, we conduct 
multidisciplinary approaches based on detailed analyses of 

dynamic structures and interactions of biomolecules at atomic 
level, in conjunction with the methodologies of molecular and 
cellular biology along with synthetic and computational 
technique.

Figure 1.  Formation of supramolecular machinery through dynamic 

assembly and disassembly of biomolecules.
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1.  Exploration of Conformational Spaces 
of Flexible Oligosaccharides

Conformational dynamics are essential properties of bio
macromolecules that are involved in molecular recognition 
events in living systems. The motional freedom of three-
dimensional structures can endow them with adaptability to 
various interaction partners, occasionally in promiscuous 
fashions. We employed stable isotope- and lanthanide-assisted 
NMR approaches in conjunction with replica-exchange molecu
lar dynamics (REMD) simulations to obtain atomic descrip
tions of the conformational dynamics of high-mannose-type 
oligosaccharides, which harbor intracellular glycoprotein-fate 
determinants in their triantennary structures.1) The experimen
tally validated REMD simulation provided quantitative views 
of the dynamic conformational ensembles of the complicated, 
branched oligosaccharides, and indicated significant expansion 
of the conformational space upon removal of a terminal 
mannose residue during the functional glycan-processing 
pathway (Figure 2).

Figure 2.  Superimpositions of 240 conformers derived from NMR-

validated replica exchange MD simulations of the high-mannose-type 

M9 (left) and M8B (right) oligosaccharides.

2.  Structural Characterization of 
Biomolecular Interactions Involved in 
Protein Fate Determination

Using NMR spectroscopy and X-ray crystallography, we 
characterized structures and interactions of multidomain 
proteins involved in fate determination of other proteins in 
living systems. In the endoplasmic reticulum, folding of newly 
synthetized proteins is facilitated through interaction with 
various proteins including molecular chaperones. We deter
mined three-dimensional structures of the putative substrate-
binding domains of UDP-glucose:glycoprotein glucosyltrans
ferase (UGGT), a folding sensor enzyme, and protein disulfide 
isomerase (PDI), a folding catalyst, underscoring the importance 
of conformational changes in substrate recognition.2,3)

Many of proteins in cells are destroyed primarily by 
ubiquitin-/proteasome-mediated protein degradation system. 
We applied a paramagnetic NMR technique to determine the 
mode of substrate recognition by the Josephin domain of 
ataxin-3, which has an endo-type deubiquitinase activity.4) 
Moreover, our NMR study revealed that Ump1, a proteasome 
assembly chaperone, is an intrinsically unstructured protein 
and largely devoid of secondary structural elements.5)

Our NMR data also contributed to providing structural 
bases of interactions of amyloidogenic proteins with self- 
assembled spherical complex displaying a gangliosidic glycan 
cluster (collaboration with Dr. Sota Sato, Tohoku University 
and Dr. Makoto Fujita, the University of Tokyo) and with 
SorLA, a neuronal sorting receptor considered to be a major 
risk factor for Alzheimer’s disease (in collaboration with Dr. 
Junichi Takagi, Osaka University).6,7)

Figure 3.  3D Structures of (A) the Trx3 domain of UGGT, (B) PDI 

b’-a’ domains, and (C) the Josephin domain of ataxin-3 complexed 

with di-ubiquitin.
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