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Molecular Understanding of Nanocarbon Transformation at Insect

Enzymatic Sites

Atsushi Usami, Institute of Transformative Bio-Molecules, Nagoya University

Introduction

Enzymes exhibit high regio- and stereoselectivity under mild conditions, enabling molecular transformations that are
difficult to achieve by conventional organic synthesis. Accordingly, biocatalytic production has attracted attention as a
green process. However, when non-natural, highly hydrophobic, and non-volatile molecular nanocarbons are used as
substrates, controlling substrate supply, phase distribution, cofactor availability, and product recovery using only
purified enzymes or aqueous systems is challenging. Thus, it is essential to understand not only the catalytic enzyme
itself but also how the substrate is taken up. localized, and transformed within a biological reaction environment. In this
study, | extended my research from flavor-compound biotransformation and gas-phase microbial reactions to
nanocarbon transformation using the insect body as an enzymatic reaction site, and investigated the conditions and
molecular basis underlying these transformations.

Development of Biocatalysis on Flavor Compounds

Although these compounds are highly volatile and often occur only T
d |

We investigated the in vivo dynamics of flavor compounds,
i i i i i 3 AL CMMS Generation of Evaluation of
particularly monoterpenoids, using biocatalytic approaches. : Q>0 Biocatalyste el

in trace amounts in nature, they undergo diverse metabolic
transformations mediated by xenobiotic-metabolizing enzymes, |t
including cytochrome P450s. In addition to evaluating the functions

v Liver

Flavor

of essential oil components, we performed metabolic analyses Compound J)

using human liver microsomes and various biocatalysts, thereby , e J

establishing a perspective that links substrate physicochemical DeﬁV?!iveg_'

properties with metabolic selectivity. Moreover, biotransformation prasHtilication

using bacteria and insects enabled the construction of metabolite g:ﬁﬁ?.f;'?'c":x?fahvi':iscfm‘):,ounds E;:t:;zhsrzér;zs;cess
libraries derived from flavor compounds and showed that

biocatalysts function not only as isolated enzymes but also as Fig. 1. Research on Flavor Compounds

integrated reaction systems encompassing substrate uptake and

sequential conversion (Fig. 1, left)™. These studies revealed that not only chemical structure but also volatility,
hydrophobicity, and membrane permeability strongly influence metabolic pathway selection, forming the conceptual
basis for my later work on the interplay between molecular structure and reaction environment.

We also developed a gas-phase microbial reaction system using Acinetobacter sp. Tol 5 and achieved the conversion
of geraniol into the high value-added compound (£)-geranic acid. In this system, the outcome of the reaction was
governed not only by catalytic activity but also by the design of the reaction field, including substrate introduction, mass
transfer, toxicity avoidance, and product recovery. These studies led us to regard whole organisms as reaction fields
rather than mere collections of enzymes (Fig. 1, right)*®.

Molecular transformation of nanocarbons in insect enzyme catalytic sites

We then extended the scope of target substrates from naturally occurring molecules to non-natural compounds and
developed the biotransformation of molecular nanocarbons. Molecular nanocarbons possess excellent materials
properties derived from their precisely defined structures, yet their site-selective functionalization, particularly oxygen-
atom doped, remains challenging in synthetic chemistry because it often requires harsh conditions and is prone to side
reactions. To address this problem, we focused on the xenobiotic metabolism of insects, which has evolved under
constant exposure to plant secondary metabolites and synthetic chemicals. Insects have developed oxidative enzyme
systems centered on cytochrome P450s, enabling oxidation at specific sites based on differences in electron density
and molecular structure. Furthermore, at the whole-organism level, feeding, partitioning in the digestive tract, transport
within the body, cofactor supply, metabolism, and excretion are integrated into a continuous process, suggesting that
insects provide a catalytic environment well suited for handling hydrophobic substrates. From this perspective, insects
can be understood not simply as a collection of enzymes, but as a multiphasic and dynamic reaction field that accepts
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hydrophobic artificial molecules, localizes them, and selectively
transforms them.

As a model insect, we selected larvae of Spodoptera litura, a
highly polyphagous species with strong xenobiotic metabolizing
capacity. [6JMCPP, a representative molecular nanocarbon, was
used as the model substrate. When larvae were fed an artificial
diet containing [6]MCPP, analysis of the frass revealed the
selective formation of a mono-oxygenated product. Purification
and structural characterization demonstrated that this product
was generated by oxygen-atom insertion into a specific bond.
Furthermore, this highly selective transformation was also
extendable to the ring-shaped molecular nanocarbon [6]CPP. Additionally, the reaction is strongly dependent on the
intrinsic metabolic system of the host insect and that specific cytochrome P450s are involved. These findings indicate
that the insect body can function as an “in vivo nanoreactor” that autonomously mediates the uptake, local partitioning,
oxidation, and excretion of hydrophobic substrates. This result is important in that it suggests that insect xenobiotic
metabolism, which has traditionally been understood in the context of degradation and detoxification, can be
reinterpreted as a selective molecular transformation system capable of generating high value-added derivatives of non-
natural compounds (Fig. 2)".

In-insect
nanocarbon synthesis

Fig. 2. Research on Nanocarbons

Future Perspectives

I aim to further deepen the understanding of nanocarbon transformation in the enzymatic sites in insect not merely as
a phenomenological observation, but from a molecular perspective. Ultimately, | seek to reframe the insect xenobiotic
metabolic system as a “designable catalytic site” and to establish a new principle of molecular transformation for
creating unprecedented nanocarbon derivatives that are difficult to access by conventional synthetic chemistry.
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