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Development of technologies for biopharmaceutical design by integrating experimental and information

sciences.
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1. Background and Objectives

Rational molecular design based on protein three-dimensional structures has become well established in small-molecule
drug discovery, enabling rapid progress in computation-driven drug development. In contrast, biopharmaceuticals such as
antibodies possess large, flexible, and highly dynamic structures, making design approaches based solely on static structural
information insufficient. Consequently, antibody engineering has continued to rely largely on empirical, trial-and-error
methods.Antibodies exist in solution as dynamic structural ensembles, and their functions arise from continuous
conformational fluctuations. Therefore, a fundamental understanding and control of antibody function require capturing
dynamic structural changes and intramolecular information transmission (allostery) rather than single static
structures.The objective of this research was to establish a technological platform for systematically elucidating the
relationship between antibody dynamics and function by integrating evolutionary engineering, advanced experimental
measurements, molecular dynamics (MD) simulations, and information science. In particular, the study focused on

intramolecular allosteric networks within antibodies and their direct application to molecular design.

2. Research Framework

This project was conducted through a multidisciplinary collaboration integrating evolutionary engineering, molecular and
structural biology, computational science, and information science. The principal investigator led overall coordination and
integrative data analysis, while collaborators contributed to antibody engineering, structural characterization, and functional

evaluation, enabling a seamless workflow from design to validation.

3. Research Content and Key Results
3.1 Evolutionary Exploration of Antibody Sequence Space

Using single-domain antibodies (VHHs), a comprehensive mutational library covering the entire gene region was
constructed and screened by phage display. Next-generation sequencing before and after selection revealed that affinity-
enhancing mutations were frequently located not only in antigen-binding CDRs but also in framework regions and distal non-
CDR loops. This finding indicates that antibody function is regulated by global structural dynamics rather than local

interactions alone.

3.2 Dynamic Structural and Allosteric Analysis

MD simulations were used to generate dynamic structural ensembles, which were analyzed to identify intramolecular
allosteric networks transmitting conformational and energetic changes. These computational results were validated by
experimental techniques such as NMR spectroscopy, allowing accurate depiction of antibody dynamics in solution. Key
intramolecular “hub” regions responsible for information transmission were identified, leading to the design principle that

avoiding perturbation of these hubs can enhance antibody function.

3.3 Antibody Engineering and Functional Validation
Based on these insights, antibodies with modifications at distal sites were generated and evaluated through interaction and
cellular assays. Significant functional enhancement was achieved without direct modification of antigen-binding regions,

demonstrating the effectiveness of a design strategy that leverages dynamic structures and intramolecular networks.

3.4 Data Integration via Information Science
Large-scale datasets from evolutionary, structural, and functional analyses were statistically integrated to clarify
correlations between mutation sites and functional improvement. This integration established a foundation for predicting

modification effects in silico.

4. Significance and Future Perspectives

This research established a new framework for antibody analysis and design that treats antibodies as dynamic molecular
systems with allosteric networks, fundamentally extending conventional design concepts. The iterative integration of
experimental and computational approaches presented here is broadly applicable to other complex
biopharmaceuticals.Building upon this platform, future work will target the rational design of multispecific antibodies, precise
control of effector functions, long-range allosteric regulation in full-length antibodies, and computation-driven design through

the integration of machine learning and MD simulations.



