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ABSTRACT:

Many functional molecules and materials have been produced using flask chemical reactions.
Meanwhile, individual organisms, such as insects, have the potential to serve as natural, high-
density cultivation equipment with multiple enzymes capable of complex reactions. However,
research in this area has focused on the composition and reactivity of enzymes involved in
biological reactions. Here, we report a unique “in-insect” unnatural product synthesis.
Biotransformation using insect xenobiotic metabolism can selectively transform belt- and ring-
shaped molecular nanocarbons into other difficult-to-prepare functional oxygen-doped
derivatives. Cytochrome P450 variants are most likely the enzymes responsible for this reaction.
Molecular dynamics simulations and quantum chemical calculations indicated a possible mode
of substrate incorporation into the enzyme and an unconventional mechanism of direct oxygen
insertion into carbon—carbon bonds.

Discovery of in-insect transformation of belt-shaped molecular nanocarbons
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INTRODUCTION

Functional molecules integral to our daily lives, such as pharmaceuticals, optoelectronic
materials, and polymers, have been produced through in-flask chemical reactions utilizing
precisely designed reagents and catalysts. Meanwhile, natural products secreted by organisms are
often difficult to synthesize using conventional in-flask reactions. One major factor contributing
to this challenge is the ability of the organism to adapt to the changing environment and perform
complex reactions as efficiently and accurately as high-density culture devices.! Notably, insects
have developed highly effective detoxification systems and control mechanisms against
xenobiotics, such as plant secondary metabolites and pesticides.* However, research has thus far
primarily focused on the composition and reactivity of enzymes participating in biological
reactions, with no examples demonstrating active utilization for the production of unnatural
functional molecules through xenobiotic metabolism.

The overall aim of this study was to hijack the insects’ xenobiotics metabolism for creating
new functional organic materials. We now report a unique “in-insect” unnatural product synthesis
where biotransformation using insect xenobiotic metabolism can selectively functionalize specific
molecular nanocarbons, to yield otherwise difficult-to-make and functional molecular
nanocarbons.’> Molecular nanocarbons, such as Ce fullerene,® cycloparaphenylenes (CPPs),”!!
carbon nanobelts (ultrashort armchair-type carbon nanotubes),'?!® methylene-bridged CPPs
(MCPPs: a segment structure of haeckelite carbon nanotubes and Cso fullerene),?® 2! warped
nanographenes,?>2* and cyclocarbons,?* 26 have received significant attention in various kinds of
research in recent years (Figure 1a).> Although considerable progress has been made in this field,
bottlenecks exist in the synthesis and functionalization of these molecules. While the
functionalization of molecular nanocarbons is crucial for preparing analogs suited for target
applications, successful examples are minimal, except for Ceo, mainly because of the limited
toolbox for in-flask synthesis. We envision that in-insect synthesis provides significant
opportunities as an enabling technology for the preparation of new molecular nanocarbons.

In-insect transformation of methylene-bridged [6]cycloparaphenylene

We selected methylene-bridged [6]cycloparaphenylene ([6]MCPP) as the first molecular
nanocarbon substrate in this study because of its rigid and belt-like structure,?®?! excellent
conductivity,?” and commercial availability.”® We began by feeding [6]MCPP to insects; however,
in many cases, they did not survive because of the inherent toxicity of [6]MCPP. While searching
for durable species, we discovered that the tobacco cutworm Spodoptera litura (Lepidoptera,
Noctuidae) was suitable for the in-insect functionalization of [6]MCPP. S. /itura is a polyphagous
pest that feeds on more than 120 plant species.? S. litura has a biological life cycle of 3540 days,
and a simple xenobiotic metabolism test (biotransformation) using the oral administration of plant
secondary metabolites and pesticides has been established.** Moreover, recent genomic studies
have reported that S. /itura possesses approximately twice as many detoxifying enzymes, such as
cytochrome P450 (CYPs), carboxylesterase, and glutathione-S-transferase, as the monophagous
species Bombyx mori (domestic silkworm), a known lepidopteran model insect.?! These aspects of
S. litura xenobiotic metabolism are likely the reasons for the success of this study.
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Figure 1. In-insect transformation of molecular nanocarbons by Spodoptera litura. a) Representative
molecular nanocarbons. b) Scheme of the biotransformation. Reaction conditions: The artificial diet consists of
boiled kidney beans, agar, water, and molecular nanocarbons. The insects are the fourth- and fifth-instar larvae
of Spodoptera litura. The frass is collected and immersed in a solvent. The product is purified from the frass
extract. ¢) '"H NMR spectra of [6)]MCPP and [6]MCPP-oxylene. d) Oak Ridge thermal ellipsoid plot (ORTEP)
drawing [6 ]MCPP-oxylene with thermal ellipsoids set to 50% probability. Hydrogen atoms and solvent
fluorescence (dashed line)
spectra of the toluene solutions of [6(]MCPP and [6]MCPP-oxylene. The fluorescence spectra were measured

molecules are omitted for clarity. ) Ultraviolet-visible absorption (solid lines) and

upon excitation at 360 nm for [6]MCPP-oxylene.
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The in-insect functionalization of [6]MCPP was conducted as shown in Figure 1b. Groups of
50 larvae were fed an artificial diet containing [6]MCPP (200 nmol/larva), boiled kidney beans,
and agar for two days.** An artificial diet without [6(]MCPP was administered for an additional
day to completely excrete [6]MCPP from the body. Fresh frass was collected every 12 hours for 3
days and immersed in CH2Cl, followed by extraction. In this crude extract, we identified the
presence of one [6]MCPP derivative in addition to the remaining unreacted [6]MCPP. The sole
product formed was found to be an oxygen adduct by MALDI-TOF mass spectrometry; thus, we
named this product [6]MCPP-oxylene. Through purification by gel permeation chromatography
(GPC) and preparative thin-layer chromatography (PTLC), [6]MCPP-oxylene was isolated in 9.9
+ 0.4% yield while [6]MCPP was recovered in 71.1 £ 18.3% yield. The selectivity (substrate
specificity) of this biotransformation is high as [6]MCPP-oxylene remains the sole product even
when the reaction scale increased 50-fold, and dioxylene products were not observed under any of
the conditions we tested. The feeding activity of S. litura was affected when the concentration of
[6]MCPP exceeded 400 nmol/larva. Therefore, [6]MCPP concentration of 200 nmol/larva seems
to be optimal for this biotransformation and the upper limit at which there was no feeding inhibition
of larvae (see Supporting Information for details).

Initially, we assumed that [6]MCPP-oxylene was a typical C—H bond hydroxylation product
at either the aromatic or benzylic C-H bond of [6]MCPP. However, the 'H-NMR spectrum of
[6]MCPP-oxylene in CD2Cl; at 25 °C shows six singlets of aromatic hydrogen atoms and seven
doublets of geminal hydrogen atoms (Figure 1c), which does not match with either aromatic or
benzylic C—H bond hydroxylation product (Figure 1b). The surprising structure of [6]MCPP-
oxylene was revealed by single-crystal X-ray crystallography (Figure 1d), in which the oxygen
atom was inserted by cleaving the Cphenyi—Cphenyl bond on the opposite side of the methylene moiety
in the five-membered ring. The highly symmetric belt structure of [6]MCPP? is significantly
altered into an oval shape in [6]MCPP-oxylene, exhibiting a short diameter of 7.47 A and a long
diameter of 9.67 A. In the solid state, [6]MCPP-oxylene was found to align and stack to fill the
interior of the ring structure, with one molecule tilted at approximately 90° relative to the other
(see Supporting Information for details). The optimized structure of [6]MCPP-oxylene exhibits Cs
symmetry, which agrees well with its "TH-NMR spectrum.

The influence of oxygen-doping on the optical properties of the [6]MCPP framework can be
observed in the UV-vis absorption and fluorescence spectra of [6]MCPP-oxylene vs [6]MCPP
(Figure le). The major absorption band of [6]MCPP-oxylene was observed at a maximum
absorption wavelength (Amax) of 364 nm, which is bathochromically shifted compared with that of
[6]MCPP (349 nm). While [6]MCPP shows a weak absorption band within the 450-600 nm
wavelength region, [6(]MCPP-oxylene shows a maximum absorption wavelength of 458 nm and
absorption bands in the 400-500 nm range. No fluorescence is observed for [6]MCPP, but
[6]MCPP-oxylene fluoresces at 510 and 539 nm with a fluorescence quantum yield (@r) of 0.13
at 25 °C in toluene. This simple yet significant alteration in the structure and properties of
[6]MCPP underscores the power of the present one-shot in-insect transformation as well as the
potential of otherwise difficult-to-make [6]MCPP-oxylene in various applications.

Identification of responsible enzymes

In addition to the significance of the product generated, the pathway and mechanism of
[6]MCPP-oxylene formation are of fundamental interest. To verify whether the oxygen-doping of
[6]MCPP was derived from intestinal bacteria and/or enzymes within the body, biotransformation
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was conducted using intestinal bacteria as the target. However, it was clearly shown that bacteria
were not involved in biotransformation (see Supporting Information for details). Next, the effects
of [6]MCPP feeding on individual insects were comprehensively analyzed using RNA sequencing
to identify enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) and differentially
expressed genes (DEGs) pathways. The enriched KEGG analysis is shown in detail in the
Supporting Information. The most significant signaling pathway was the intestinal immune
network for IgA production. This suggests that the accelerated neutralizing function of [6]MCPP
can be attributed to its recognition as a xenobiotic or toxin. The number of expressed genes that
increased (red) or decreased (blue) upon feeding [6]MCPP is shown in Figure 2a. In particular, an
increase in the gene expression of metabolism-related pathways was observed. Based on the
biotransformation pathway (Figure 1b), which involves the insertion of the single oxygen atom
into [6]MCPP, we focused on five CYP variants [No. 1, 2, 3, 4, and 5; cytochrome P450 6B2-like
isoforms X1 (RefSeq ID; XP 022824880), X2 (XP 022824881), X3 (XP_022824882), X4
(XP_022824884), and X5 (XP_022824885)] that were suggested to be involved in xenobiotic
metabolism.*!33 These CYP variants exhibited different levels of gene expression associated with
[6]MCPP-feeding, as determined by quantitative reverse transcription-polymerase chain reaction
(qQRT-PCR) (Figure 2b). These results suggested that at least three CYP variants are involved in
biotransformation of [6]MCPP.?! We then employed an RNA interference (RNAi) technique,** in
which a small interfering RNA (siRNA) targeting these CYP variants was injected into the
hemolymph of S. litura larvae (Figure 2c). The siRNA used in this study was designed to
knockdown the expression levels of five CYP genes, rather than targeting a specific CYP gene.
We examined the expression levels of three CYP variants that were predominantly upregulated by
[6]MCPP feeding and the production of [6]MCPP-oxylene. The levels of gene expression for each
CYP in S. litura fed [6]MCPP after siRNA injection were 20-80% lower than those in injected
with siRNA against green fluorescent protein (GFP) as a control, with significant differences in
CYP No.3 and CYP No.4 (Figure 2d). The siRNA injection decreased the production yield of
[6]MCPP-oxylene to 4.4 + 1.9% (Figure 2e). Therefore, these CYP variants are key enzymes in
the biotransformation process. These CYP variants are microsomal cytochrome P450s that bind to
the membrane through their N-terminal transmembrane hydrophobic segment, and thus direct
purification and functional evaluation of these proteins from insects is challenging with high
technical demand. In our longer-term campaign, the enzymatic activities of the individual CYP
variants will be elucidated by heterologous expression in hosts such as Escherichia coli, yeast, and
insect cells with optimized conditions, followed by purification and in vitro assays.
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Figure 2. Insight of in-insect synthesis of [6]MCPP-oxylene by Spodoptera litura. a) Differentially expressed
genes (DEGs) analysis of [6]MCPP-feeding S. litura. Up-regulation, red; Down-regulation, blue. b) gqRT-PCR
of five CYP genes in the midgut of S. /irura fed [6)]MCPP. The reference gene is EF-1a. c¢) Injection of siRNA
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[6]MCPP. ¢) Biotransformation of MCPP by siRNA for GFP or CYP injected S. litura. (—), S. litura with siRNA
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standard error of the mean (SEM) from three independent experiments.
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In-insect transformation of cycloparaphenylenes

Having established the in-insect oxygen-doping of [6]MCPP, we hypothesized that the S. litura
mediated reaction can be extended to carbon nanorings, [r]cycloparaphenylene ([#]CPP).”-!! Thus,
eight carbon nanorings of different ring sizes ([S]CPP to [12]CPP) were used as starting materials
and biotransformed by S. litura larvae. Interestingly, the biotransformation of CPPs by S. litura
larvae is a size-selective reaction that proceeds exclusively with [6]CPP (Figure 3a and see
Supporting Information for details). In the reaction of [6]CPP under otherwise identical conditions,
oxygen-doped [6]CPP ([6]CPP-oxylene) was similarly isolated in 5.8 + 0.9% yield together with
unreacted [6]CPP (50.0 = 17.0%) from the frass extract. The structure of [6]CPP-oxylene, in which
a single oxygen atom is inserted into a Cpheny~Cphenyi bond of the CPP framework, was
unequivocally confirmed by single-crystal X-ray crystallography analysis. Similar to the case of
[6]MCPP-oxylene, the symmetry of the molecules changed from D3¢ symmetric ([6]CPP) to >
symmetric ([6]CPP-oxylene) (Figure 3b, see Supporting Information for details). [6]CPP-oxylene
shows a weak absorption band at 400-500 nm, whereas [6]CPP shows a maximum absorption
wavelength at 414 nm and absorption bands at 360—480 nm (Figure 3c). This oxygen-doping
assists emerging fluorescence properties. While [6]CPP is non-fluorescent, [6]CPP-oxylene
exhibits an emission band centered at 524 nm with a quantum efficiency (@r) of 0.26 at 25 °C in
toluene. The gene expression levels of the CYP variants exhibited slight variations compared to
the biotransformation of [6]MCPP, with only CYP No.4 showing a significant difference as shown
in Figure 3d. This difference in the expression levels of CYP variants suggests that [6]CPP is more
conformationally flexible than [6]MCPP, thereby affecting its binding stability to CYPs.
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Figure 3. In-insect transformation of [6]cycloparaphenylene ([6]CPP). a) In-insect synthesis of [6]CPP-
oxylene. b) Oak Ridge thermal ellipsoid plot (ORTEP) drawing [6]CPP-oxylene with thermal ellipsoids set to
50% probability. Hydrogen atoms and solvent molecules are omitted for clarity. ¢) Ultraviolet-visible
absorption (solid lines) and fluorescence (dashed line) spectra of the toluene solutions of [6]CPP and [6]CPP-
oxylene. The fluorescence spectra were measured upon excitation at 410 nm for [6]CPP-oxylene. d) qRT-PCR
of five CYP genes in the midgut of Spodoptera litura fed [6]CPP. The reference gene is EF-1a. Statistically,
significant differences are indicated with their respective p-values (p < 0.05, Welch’s #-test). Columns and bars
indicate means and SEM from three independent experiments.
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Substrate binding to CYP variants

The mode of substrate incorporation into the CYP variants and the mechanism of oxygen
insertion are of significant interest. Thus, we first performed a two-step calculation of the binding
affinity between [6]MCPP and the CYP variants. For the calculation, CYP No.3 was selected,
because its expression was the most upregulated during the biotransformation of [6]MCPP. First,
docking simulations®> were performed to explore the conformation of [6]MCPP binding to CYP
No.3. Given that the three-dimensional structure of CYP No.3 has not been experimentally
determined, the structure predicted by AlphaFold23¢ was used in the simulations. Placement of the
heme cofactor at the active site of CYP was determined by superposition with a structurally
homologous enzyme, human CYP3A4 (PDB ID: 413Q).?” The results of the docking simulations
yielded insights into the arrangement of [6]MCPP within CYP No.3. Subsequently, molecular
dynamics (MD) simulations were conducted on the obtained [6]MCPP-CYP No.3 complex
structure (Movie S1). As illustrated in Figure 4a, the results demonstrated the sustained stability
of [6]MCPP within CYP No.3 throughout an extended simulation period of 1 ps. Comparable
computational analyses confirmed the presence of CPPs within the CYP variants (CYP No.4;
Movie S2 for [6]MCPP and S3 for [6]CPP). These computational findings strongly imply the
involvement of [6]MCPP-oxylene and [6]CPP-oxylene formation catalyzed by CYP450. Although
our calculations successfully demonstrated the binding of [6]MCPP to CYP No.3, this was
hindered by the significant spatial separation between the center of [6(]MCPP and the active site,
namely, heme. In the last MD snapshot, the distance between the center of mass of [6]MCPP and
the iron atom of heme was measured to be 14.2 A, and the nearest neighbor distance from the
carbon of [6]MCPP to heme iron was 10.5 A. Considering the available structural space within
CYP No.3 (Figure 4a), we attempted to incorporate an additional [6]MCPP molecule into CYP
No.3. Docking and MD simulations confirmed the ability of CYP No.3 to accommodate two
[6]MCPP molecules stably (Figure 4b and Movie S4). The time evolution of the distance between
[6]MCPP center and heme iron during the MD simulation exhibited an average distance of 10.8 A
with standard deviation of 0.42 A, and 10.8 A for the last MD snapshot. The nearest-neighbor
distance between the [6]MCPP carbon and heme iron was 6.6 A. These results substantiate the
stable binding of the two [6]MCPP molecules to CYP No.3. Furthermore, our findings demonstrate
that the [6]MCPP—heme distance is reduced when two [6]MCPP molecules are introduced,
compared to the scenario with only one [6]MCPP molecule. Similar observations were made for
the incorporation of two CPP molecules within the CYP No.4 (Movie S5 for two [6]MCPPs and
S6 for two [6]CPPs). Thus, our analysis provides substantial evidence supporting the role of
CYP450 in the formation of [6]MCPP-oxylene. It is important to note that the MD simulations
employed are grounded in classical mechanics and, therefore, cannot elucidate the intricate
chemical reaction processes involving the recombination of covalent bonds between atoms.
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Figure 4. Substrate binding to CYP variants and mechanism of oxygen-doping. a) The binding structure of
a [6]MCPP molecule to CYP No.3 obtained after 1 ps of MD simulation. b) Binding structure of the two
[6]MCPPs to CYP No.3 after 1 pus of MD simulation. The distance between the [6]MCPP molecular center and
Fe atom is shown in orange, and the nearest neighbor distance between the [6]MCPP molecule and Fe atom is
shown in red. ¢) Calculated free energy profiles at 298 K for the conversion of [6]MCPP to [6]MCPP-oxylene
catalyzed by Cpd 1. Two spin states—quartet and doublet— are considered. Two pathways are proposed: the

epoxidation pathway (blue arrows) and the direct pathway (pink arrow). The energy values are expressed in kcal
mol !

Mechanism of oxygen-doping of [6]MCPP

Furthermore, we explored the reaction mechanism for the conversion of [6]MCPP to
[6]MCPP-oxylene, catalyzed by the active species of P450 reaction cycles, Compound I (Cpd I),
using Density Functional Theory (DFT) calculations (see Supporting Information for
computational details). Our analysis considered two near-degenerate spin states: a quartet and a
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doublet.’® We analyzed two pathways: epoxidation and direct attack (Figure 4c). The epoxidation
pathway involved the formation of an intermediate (IM1) and an epoxide product, followed by the
formation of two intermediates (IM2 and IM3). The insertion of oxygen into the five-membered
ring forms the product. This step is the rate-determining step, with activation free energies from
IM2 to TS4 of 25.8 and 21.3 kcal mol™! for the doublet and quartet states, respectively. In the direct
attack pathway, IM3 was formed directly from a slightly different reactant complex (RC2). The
subsequent transformation of IM3 to [6]MCPP-oxylene mirrored the epoxidation pathway. We
believe that the direct attack pathway is favored over the epoxidation pathway because it involves
fewer elementary reactions and has lower activation free energy than the reactant complex.
Compared with the epoxide product, the oxylene product was significantly more stable (by more
than 45 kcal mol™"), indicating that it was the thermodynamic product of the conversion process.
We also considered the feasibility of two competing reactions: hydroxylation at either the benzylic
or aromatic C—H bonds of [6]MCPP. Both products are thermally less stable than the oxylene
product by 14.7 and 8.3 kcal mol™!, respectively. In addition, for the C—H hydroxylation to be
feasible, a linear Fe—O—H arrangement is required. Because of the orientation of [6]MCPP relative
to Cpd I in the active site, benzylic C—H hydroxylation is expected to be less probable. The
formation of the phenol product could theoretically proceed through the non-enzymatic ring
opening of the epoxide via protonation, as previously described.** However, MD simulations
indicated that [6]MCPP was stable in the active site, suggesting that the epoxide conversion into
phenol was less likely to occur under the studied conditions. We also theoretically explored the
formation of [6]MCPP-dioxylene products by peroxidation (Figure S28). Among three possible
dioxylene products, the pseudo-meta position is the most stable state with a strain energy (AH) of
17.4 kcal mol™!. However, even when the reaction scale was increased 50-fold, only [6]MCPP-
oxylene was obtained as the product. Thus, these experimental and computational studies revealed
that [6]MCPP-oxylene is produced by utilizing a unique biological function.

Finally, the reaction mechanism of the Cpd I-catalyzed conversion of [6]CPP to [6]CPP-
oxylene was investigated in a similar manner to the conversion of [6]MCPP. The pathways
proposed for this reaction (Figures S20 and S21) closely mirror the pathways of [6]MCPP. The
rate-determining step, exhibiting an activation free energy of ~20 kcal mol !, is still the insertion
of oxygen into the [6]CPP ring.

Conclusions

This study provides insight into the production of single oxygen-doped molecular nanocarbons
and the biocatalytic utilization of non-natural molecules. The in-insect synthesis of functional
molecular nanocarbons not only offers a new toolbox and opportunity in nanocarbon science, but
also represents an immense possibility for biocatalysts in a range of unnatural product syntheses.
Although biotransformation reactions present the scientific challenge of high substrate specificity,
as demonstrated in this study, we envision that a broader range of molecular nanocarbons can be
nonclassically functionalized by utilizing genome-editing technologies to design CYP variants
with extended enzyme pockets or mutations in their binding sites. Coupled with the significant
recent progress in directed evolution technology and artificial metalloenzymes, the concept of in-
insect synthesis offers a unique and alternative option for molecule synthesis, enhancing our ability
to discover, develop, and apply unnatural molecules in science and technology, expanding our
chemical repertoire.
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