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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.  Comprehensive Multi-Scale Analysis of 
Protein Glycosylation: Structural, 
Functional, and Evolutionary Insights

Glycosylation, a diverse post-translational modification, is 
ubiquitous among proteins in nature. Our research group 
employs a multi-scale approach, from molecular to cellular 
levels, to elucidate the intricate mechanisms of protein glyco-
sylation. In the Human Glycome Atlas Project, we are con-
ducting research to obtain comprehensive and systematic infor-
mation about human glycosylation.1) In humans, approxi mately 
200 glycosyltransferases orchestrate the complex process of 
glycosylation. To gain insights into their molecular architecture, 
we analyzed the domain architecture of these enzymes using the 
AlphaFold Protein Structure Database.2) Our investigation 
particularly focused on non-catalytic add-on domains, systemati-
cally categorizing their structures and potential functions.

Concurrently, we examined the Golgi apparatus, the pri-
mary organelle of glycosylation, to unravel its spatiotemporal 
dynamics and glycoprotein transport pathways. We established 
a technical foundation for the localization analysis of glyco-
syltransferases within the Golgi apparatus using super-resolu-
tion microscopy.3) Our study of sub-Golgi distribution patterns 
of N-glycan diversifying enzymes revealed subtle localization 
differences even among enzymes presumed to coexist within 
the same Golgi compartment (Figure 2). Importantly, we 
revealed molecular codes within CTS regions as crucial deter-
minants of their sub-Golgi localization.

We also conducted structural and functional analyses of 
molecular systems involved in glycoprotein folding and degra-
dation.4,5) These analyses provided novel insights into the fate 
determination of glycoproteins within the cell through glycan 
recognition.

Furthermore, through collaborative research with the 
Deep-Sea and Deep Subsurface Life Research Group at 
ExCELLS, we performed glycoproteomic analysis of archaea, 
yielding important findings that enhance our understanding of 
the evolutionary dynamics of glycosylation and the molecular 
basis of microbial interactions in extreme environments.6,7)

Figure 2.  3D images of two glycosyltransferases. Dual-color 3D 
super-resolution microscopy image of the Golgi ribbon area of an 
Expi293F cell expressing B3GALT6-mScarlet (magenta) and FUT9-
mNeonGreen (green).

2.  Biophysical Characterizations of 
Antibody Functions and Protein Dynamics

We also worked to elucidate the mechanisms of higher-

order functional expression through the dynamics of biological 
molecular systems, utilizing various biophysical methods. In 
particular, we conducted collaborative research with the Bio-
molecular Dynamics Observation Group at ExCELLS, using 
high-speed atomic force microscopy (HS-AFM) to study 
interaction systems between antibodies and effector molecules 
central to immune defense.

While immunoglobulin G (IgG) bound to antigens forms 
hexamers to recruit the complement component C1q, we 
previously reported that a mouse IgG mutant lacking the Cγ1 
domain binds to C1q and activates the complement pathway 
regardless of antigen presence. In this study, using HS-AFM, 
NMR spectroscopy, and mutation experiments, we revealed 
that the deletion of the Cγ1 domain enhances binding between 
the CL domain and C1q through electrostatic interactions, 
enabling a monomeric IgG molecule to activate the comple-
ment system without forming hexamers (Figure 3).8)

Furthermore, quantitative analysis of the interaction between 
therapeutic antibodies and Fcγ receptors using HS-AFM 
revealed that the dwell times of antibodies on effector mol-
ecules are robust indicators of therapeutic antibody efficacy.9)

These studies highlight previously unknown potential 
binding sites for effector molecules within IgG molecules, 
paving the way for developing more refined therapeutic anti-
bodies with tailored interactions.

Moreover, as part of an international collaboration at 
ExCELLS, we performed dynamic structural analysis of the 
human ATAD2 AAA+ histone chaperone to elucidate the 
communication mechanism between subunits.10) This work 
was a joint achievement with Dr. Ji-Joon Song from the Korea 
Advanced Institute of Science and Technology and the Bio-
molecular Dynamics Observation Group at ExCELLS.

Figure 3.  Characterization of interaction between the IgG CL domain 
and complement component C1q using HS-AFM (left) and NMR 
(right) analyses.
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