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Abstract

Future soft materials and polymer chemistries will require innovative non-petroleum
sourcing pathways to thrive in a sustainable economy. While leveraging microbial
metabolites derived from biological feedstocks possesses high potential in many av-
enues of chemical development, the applicability of this paradigm to the specifics of
soft materials chemistry is unclear. Here, we construct a chemical reaction network
based on databases of common microbial metabolites and the USPTO reaction set to
examine what is possible in the chemical space of metabolite-derived chemistries of
relevance to soft materials. We observe that the accessible chemical space of our chem-
ical reaction network possesses strong microbe-specific chemical diversity, and that this
space saturates rapidly within three synthetic steps applied to the original microbial
metabolites. Importantly, we show that the chemical space accessible from metabolite
precursors possesses significant overlap with existing petrochemical building blocks,

known and proposed synthetically feasible polymer monomers, and the chemical space
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of common organic semiconductors, and redox active materials. The biases induced
by the metabolite and reaction databases that parameterize our reaction network are
analyzed as a function of chemical functional groups, and pathways towards broader
sets of chemistries and reactions are outlined. This work introduces a computational
framework for exploring a novel paradigm of soft materials discovery with the poten-
tial to accelerate the identification of soft materials relevant to metabolic engineering

targets and non-petroleum sourcing pathways for existing soft materials.

Introduction

Over the past century, petroleum has been used to produce synthetic building blocks (e.g.
ethylene, propylene, benzene, toluene, and xylene) for a wide array of organic chemicals and
materials prevalent in fertilizers, fine chemicals, polymers, plastics, pharmaceuticals, deter-
gents, food additives, electronics, sports equipment, clothing, dyes and agrochemicals.'? This
dependence on petrochemical derivatives has exacerbated the depletion of finite resources,
driven global climate change, and undermined sustainable development.?? Alternative feed-
stocks and sourcing pathways are critically necessary to move towards a more sustainable
chemical and materials economy.

The engineering of microorganisms, designed and optimized to produce chemicals from
renewable resources, presents a sustainable alternative to the petrochemical-based synthesis
of commodity chemicals.*® However, naturally occurring microorganisms are typically not
optimized for the efficient uptake of renewable carbon sources or the high-yield production of
target chemicals.®% Through metabolic engineering, these organisms can be reprogrammed to
utilize cost-effective renewable substrates and synthesize desired chemicals, including those
outside their native metabolic pathways. Metabolic engineering involves first selecting a
target product with high demand and promising applications, alongside a host strain that
can be engineered to achieve high titer, rate, and yield of the desired product. This is followed

by a design-build-test-learn cycle, where native or non-native biochemical pathways are
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constructed to convert substrates into the target product.®” Key genetic strategies employed
to enhance metabolite production for industrial-scale synthesis include increasing precursor
supply, optimizing bottleneck enzymes, modifying gene regulation through point mutations
that affect transcriptional or allosteric control, and minimizing byproduct formation.5?

While metabolic engineering offers significant potential for sustainable chemical produc-
tion, the use of hybrid approaches that integrate traditional chemical synthesis steps with
metabolic engineering have the potential to augment the discovery of alternative chemical
and materials sourcing pathways. Here, biological reactions refer to those which occur within
microorganisms via metabolic enzymes and transporters or through enzyme-catalyzed pro-
cesses in vitro, while chemical reactions involve non-biological methods employing catalysts,
solvents, acids, or heat.!® Biosynthetic methods, enabled by highly selective and efficient
enzymes, excel at producing complex natural products while minimizing purification and
protection steps. However, they are limited by a narrow reaction repertoire and challenges
in engineering pathways for non-natural compounds. In contrast, chemical synthesis offers
versatility in modifying diverse molecular structures, but can be less selective, often requir-
ing many synthetic steps and generating significant waste. Combining the complementary
strengths of these approaches has the potential to enable the efficient production of complex
molecules, leveraging the precision of biosynthesis and the flexibility of chemical synthesis
to address a broader range of industrial challenges. 1112

Despite significant advancements in this area, most research has focused on finding new
pathways to a limited set of well-established, industrially significant chemicals. Typical tar-
gets for metabolic engineering are selected based on market demand, societal needs, and
the feasibility of biological production. High-demand chemicals or those with promising fu-
ture applications, including several bulk chemicals, fine chemicals, biofuels, polymers and
natural products, are often prioritized.® Selection criteria emphasize cost-effectiveness and

competitive viability, particularly for bulk chemicals, where achieving high titer, yield and

productivity is critical. %314 Some of the key targets in metabolic engineering include the
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top biobased molecules identified by the U.S. Department of Energy (DOE), such as succinic
acid and 2,5-furan dicarboxylic acid, which are derived from biomass and serve not only as
sustainable alternatives to petrochemicals but also as starting points for novel biobased chem-
icals with enhanced functional properties.'®1® To achieve desired targets, an integrated bio-
and chemo-synthetic approach often begins with metabolic engineering to produce smaller
building block chemicals, which are then further transformed through chemical synthesis
into the final target molecule. A notable contribution by Lee et al.'? involved developing a
comprehensive metabolic map integrating biological and chemical reactions to facilitate the
production of industrial chemicals from renewable resources, underscoring the potential of
combining these methodologies.

Despite this exciting potential, the applicability of such sourcing and discovery paradigms
to the broader space of soft materials chemistry remains unclear. Impactful developments
have begun to emerge in the arena of commodity polymers, where bio-based sourcing path-
ways have shown promise in replacing petroleum derived precursors. A notable example of
this potential for soft materials chemistry is in the production of polyethylene terephthalate
(PET), one of the most extensively used polymers in the world, which is traditionally derived
from petrochemical building blocks. Monoethylene glycol, one of its monomers, can now be
produced by combining biological processes (fermentation of bioethanol) and chemical con-
version (bioethanol to monoethylene glycol).!® Similarly, the other monomer, terephthalic
acid (TPA), can be produced by chemically converting biomass to p-xylene, followed by its
bioconversion to TPA using engineered microorganisms, achieving efficiencies comparable
to traditional chemical processes.'® To build on the momentum for such transformations in
the soft materials field, computational discovery frameworks are needed to identify other
existing soft materials chemistries that would be amenable to sourcing modifications via
bio-based and metabolic pathways. Moreover, beyond the immediate interest in replacing
sourcing pathways of known soft materials, there is the vast untapped potential to expand

the functionality of soft materials by leveraging a wider range of biologically derived metabo-
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lites as precursors for new, high performing materials, for which exploratory computational
frameworks are also critically lacking.

In this study, we integrate bio- and chemo-synthesis by leveraging microbial metabolites
as precursor molecules and subjecting them to chemically viable transformations derived
from the USPTO patent chemical reaction database.?? The focus is specifically on replac-
ing petroleum-derived feedstocks for soft materials applications with sustainable, biologically
sourced substrates, forming the basis of a chemical reaction network constructed from micro-
bial metabolites. While other components of chemical reactions, such as reaction conditions,
solvents and reagents are critical considerations, we concentrate on the substrate sourcing
as a foundational step in this work. Two key distinctions define our approach. First, we
consider only metabolites natively produced by the organism, capitalizing on their evolved
functional compatibility within the metabolic framework and avoiding the additional com-
plexity of engineering new biochemical pathways or enzymes. Second, our core metabolic
substrates include both simple molecular building blocks and more complex, underexplored
starting materials, hypothesizing that the latter could lead to functionally diverse and use-
ful products in fewer reaction steps. Our investigation examines how the complexity and
diversity of the metabolite-derived chemical network evolves with successive reaction steps,
enabling an assessment of the breadth of chemistries accessible from these metabolite-derived
reactant molecules. The resulting chemical space is then analyzed for its potential in ma-
terials applications. By moving beyond conventional targets such as bulk chemicals, fine
chemicals, and biofuels, we explore the applicability of metabolite-derived molecules in areas
such as polymeric materials, organic semiconductors, photovoltaics and redox-active ma-
terials, expanding the scope of sustainable, high-value products derived from biologically

sourced precursors.
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Methods

In this section, we describe the methods underlying the preparation of the metabolite

database and generation of the extended metabolite reaction network (EMRN).

Metabolite dataset preparation

The core of the EMRN is formed from existing databases of microbial metabolic prod-
ucts with known biosynthetic pathways. We selected three commonly studied organisms:
Escherichia coli, Saccharomyces cerevisiae and Pseudomonas aeruginosa. FE. coli is a gram-
negative, rod-shaped, facultative anaerobe found in the mammalian gut. The E. coli Metabolome
Database (ECMDB)?!?2 contains detailed information on approximately 3,755 small molecules.
S. cerevisiae, or baker’s yeast, is a single-celled eukaryote used in biofuel production, wine-
making, baking, and brewing. The Yeast Metabolome Database (YMDB)?*2?* includes data
on 870 metabolites. P. aeruginosa is an encapsulated, gram-negative, aerobic-facultatively
anaerobic rod shaped bacterium, well-known for its ubiquity and adaptability. The P.
aeruginosa Metabolome Database (PAMDB)?° contains information on about 4,370 metabo-
lites. The metabolite molecule SMILES strings were extracted from the organism metabo-
lite databases, combined, and filtered based on the following criteria: molecule SMILES
strings should (i) only contain atoms frequently appearing in organic compounds (e.g. H,
B, C, N, O, F, Al, Si, P, S, Cl, and Br), (ii) not contain isotopes (e.g. 13C), (iii) not
contain explicit hydrogens (e.g. [HJOCCO), (iv) not contain non-zero formal charges (e.g.
COC(=0)clccccel [Br+]clecceel), (v) not contain a period punctuation mark to include
more than one molecule (e.g. Br.Oclec(onl)C1CCNCCI), and (vi) not contain atom-map
indices (e.g. [H:4][n:3]1[cH:2][cH:1][c:6]([CH2:7][CL:8])[n:5]1).%¢ After filtering and canonical-
izing the SMILES strings, we identified 4,909 unique metabolite molecules across the three

organisms, forming the core of our metabolite network.
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Preparing the USPTO Dataset for Reaction Search with the Metabo-

lites as Core Reactants

The USPTO grants database® consists of 1.8 million chemical reactions extracted from
United States patents published between 1976 and 2016, presented as reaction SMILES
strings in the general format of either “reactant>reagent>product” or “reactant-reagent>>product”.
In databases derived from data mining, differentiating between reactants and reagents on
the non-product sides of reactions is often unclear. This distinction is critical for our study,
as we need to compare the metabolite molecules with the reactant molecules in the USPTO
database to identify reactions involving these metabolites as reactants. To prepare the
USPTO database for reaction selection, we performed reaction role mapping for the non-
product molecules using a data-driven approach established by Schneider et al,?” employing
fingerprint-based method instead of the traditional, time-consuming atom-to-atom mapping.
This method assigns reaction roles - reactant, reagent, or product - by comparing combined
reactant /reagent fingerprints with product fingerprints to determine atomic changes. This
process resulted in a modified reaction database, with each USPTO reaction having reac-

tants, reagents and products delineated separately.

Extracting Reactions from the USPTQO Dataset Given an Initial

Metabolite Reactant Set

To generate the EMRN, we implemented a search algorithm that compares the SMILES of
metabolite molecules with the reactant SMILES of each reaction in the USPTO database.
Upon finding an exact match, the corresponding reaction is stored for that specific metabo-
lite, identifying it as a synthetic pathway utilizing the metabolite as a reactant. This single-
step reaction is considered one “reaction round”. To generate further reaction rounds, the
search algorithm is iteratively applied to the unique product SMILES strings from previ-

ous rounds, treating them as reactants for the next round. In the first reaction round,
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the data is stored with “Metabolite-derived reactant” and “Product” columns, where the
“Metabolite-derived reactant” column contains all metabolite molecules with exact matches
in the USPTO database, and the “Product” column contains all product molecules from
the reactions, mapped to their respective metabolites. For subsequent reaction rounds, the
unique molecules in the “Product” column of the previous round are used as the potential
“Metabolite-derived reactant” molecules for the next round.

To refine the reaction network, a series of filtering steps were applied. First, we focused
on reactions where the metabolite-derived precursor serves as the primary reactant. This was
accomplished by retaining only reactions in which the molecular weight of the metabolite-
based precursor is greater than that of any other reactant. Additionally, given that the
reaction database contains only reaction SMILES and lacks information regarding the relative
abundance or yield of the products, we simplified the selection criteria for reaction products.
Specifically, reactions that produced a single product were included, as well as those that
produced “n” products, where “n—1" of the products contained fewer than three heavy
atoms. Molecules with fewer than three heavy atoms are represented as minor byproducts,
such as water, ammonia, or other small molecules. Lastly, reactions exhibiting identical
molecules on both the reactant and product sides were excluded from the analysis to eliminate
trivial cases which do not contribute meaningfully to pathway exploration or design.

In the first reaction round, out of 4,909 metabolite molecules, 335 had exact matches as
reactants in the USPTO database, leading to the formation of 2,800 unique products. In
the second round, 1,295 of these products had exact matches, generating 8,435 unique prod-
ucts. In the third round, 3,803 of these products served as reactants, forming 15,967 unique
products. The fourth round had 7,138 metabolite-derived reactant molecules, resulting in
23,249 products. In the fifth round, 10,192 metabolite-derived reactant molecules led to the
formation of 30,918 unique products. The increase in the number of unique products from
round four to round five was approximately 32%, compared to the 551% increase observed

from the initial metabolites. Provided the increasing saturation of the EMRN as a function
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of reaction round, along with the anticipated positive correlation of cost with the number
synthetic steps, we concluded the expansion of the reaction network after five rounds. All
datasets and codes necessary for the reproduction of the results in this paper can be found
in our GitHub (https://github.com/TheJacksonLab/ExtendedMetaboliteReactionNetwork,
https://doi.org/10.5281/zenodo.14719996).

Results and Discussion

Characterization and Analysis of the Metabolite Database

Understanding the metabolite chemical space is crucial for comprehending the diversity of
biochemical pathways across organisms and identifying unique structural characteristics that
can inform the reactivity landscape of these molecules. The chemical space defined by the
the metabolite pool comprising 4,909 unique compounds, drawn from Escherichia coli (1,964
metabolites), Saccharomyces cerevisiae (214 metabolites), Pseudomonas aeruginosa (1,522
metabolites) and the set of molecules common to all three organisms (1,209 metabolites),
was visualized according to their structural characteristics using t-SNE (Fig. 1) with a
Morgan fingerprint, the details of which are provided in the Supplementary Information
(SI). While metabolites from different organisms share some overlap in chemical space due to
canonical metabolic outputs (e.g. amino acids, carbohydrates, lipids, nucleotides and sugar

2829) " each organism occupies distinct regions of chemical space, highlighting the

phosphates
intrinsic capability of different organisms to access diverse structural domains. Detailed
analysis of the functional group distributions by organism class is provided in the SI - Fig.
S1). More generally, this suggests the possibility of broadening the coverage of chemical
space via the inclusion of other microorganisms in the future. To further characterize the
differences between metabolites from different organisms, we also performed ground and

excited-state DFT calculations at the wB97X-D3/def2-SVP, details of which are provided in

the SI.
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Figure 1: t-SNE plot of all 4,909 metabolite molecules, colored by organism class (E. coli,
S. cerevisiae, P. aeruginosa and the molecules that were ‘common’ among the organisms).

Microbial metabolites exhibit substantial structural diversity and complexity, positioning
them as promising precursors for the synthesis of complex materials. To quantitatively as-
sess molecular complexity across the metabolite chemical space, two metrics were employed:
absolute molecular weight as a proxy for structural complexity, and the Synthetic Complex-
ity Score (SCScore)®® as an indicator of synthetic feasibility. Molecular weight serves as

an intuitive physicochemical descriptor, with larger values generally correlating with more
10
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complex molecular architectures.®' In contrast, the SCScore is a machine learning-derived
scoring function for predicting the synthetic accessibility of organic compounds. The molec-
ular weight distribution of these metabolites spans a broad range, from 16 to 8,000 g/mol,
reflecting their extensive structural diversity (Fig. 2a). Notably, the most structurally com-
plex metabolite, lipopolysaccharide (LPS) 4-O-antigen (Figure S3) has a molecular weight
of 8,069.8 g/mol, while the simplest is methane (CH,), with a molecular weight of 16.04
g/mol, emphasizing the vast range of chemical structures present in the dataset. Addition-
ally, the SCScore distribution in Fig. 2b reveals that 78% of the metabolites possess a score
greater than 3.0, indicating that most metabolites lie above the midpoint of the SCScore
scale (ranging from 1 to 5), thereby underscoring the high synthetic complexity inherent to
metabolically-derived compounds. Together, these metrics highlight the potential of micro-
bial metabolites to serve as versatile and valuable scaffolds for chemical synthesis, both in

terms of structural and synthetic complexity.
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Figure 2: Histograms depicting (a) the log of the distributions of the molecular weights and
(b) the distributions of the Synthetic Complexity Score of the metabolites, by organism class.

Analysis of the Multi-step Reaction Network Originating from Metabo-

lite Precursors

To explore the progressive transformation of metabolites through multiple USPTO reaction

rounds, we compared the starting metabolites and the resulting product molecules from each

11
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round to the reactant SMILES of reactions cataloged in the USPTO database. Fig. 3 exam-
ines how the molecular weight and SCScore of the metabolite-derived molecules evolve over
five reaction rounds. Despite the broad chemical diversity of the initial metabolite pool, the
reactant molecules (i.e. metabolites that have a reaction match in the USPTO database) in
the first round of reactions exhibit lower molecular weight and SCScore values compared to
the overall metabolite set. The metabolite reactants with the highest and lowest complex-
ity are presented in the SI (Fig S4). This is likely an induced bias from the petrochemical
feedstocks used to populate the starting materials of the USPTO reactions, but could also
be attributed to the generally smaller and less complex nature of reactant molecules in the
USPTO database, with more complex metabolites—such as certain natural products—being
underrepresented as reactants in synthetic reaction datasets. Future works may expand to
include a more comprehensive reaction dataset, which would enable more complex metabo-
lites to find a direct match. This could include more comprehensive synthetic databases, %33
as well as biochemical reaction databases such as KEGG,?* MetaCyc,3 etc.?03® which offer
unique, enzymatically selective transformations under mild conditions that are challenging
to achieve through traditional synthetic chemistry.

As the reaction rounds progress, both the median molecular weight and Synthetic Com-
plexity Score (SCScore) of the product molecules increase relative to the metabolite-derived
reactant molecules. From the metabolites to the first-round products, the median molecular
weight increases by 73.2%, while the SCScore increases by 51.8%. In subsequent rounds, the
rate of increase diminishes, with smaller changes observed in the second and third rounds
(6.1% and 17.2% for molecular weight and SCScore respectively in the second round, and
5.4% and 3.8% respectively in the third round). By the fifth round of reactions, these in-
creases plateau, indicating a convergence in the structural and synthetic complexity of the
products. This suggests that the structural diversity of the chemical space is nearing a sat-
uration point after three reaction rounds, further justifying the truncation of the iteration

USPTO reaction rounds in this work after five rounds. Interestingly, these findings align
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with the seminal analysis of Grzybowski on organic chemistry’s network structure, which
revealed that the “periphery” of known organic chemical space can be reached within an
average of three concerted reactions from the “core” of that space.?® While methodologically
our work is quite distinct from this Grzybowski’s, this commonality reinforces the underlying
thesis of this work that broad chemical diversity (and functionality) may be accessible using

bio-based feedstocks combined with a small number of traditional chemical reaction steps.
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Figure 3: Violin plots depicting the distributions of (a) Molecular weight and (b) SCScore
across five reaction rounds. The blue half represents the complete set of potential reactant
molecules for a given reaction round (for Round 1, it is the set of all metabolite molecules,
for all other rounds it is all the product molecules from the previous round). The orange half
represents the molecules that are involved as substrates in a reaction for that given round.
The dashed lines represent the quartiles for each group.

The evolution of chemical space coverage with respect to reaction round is visualized
by comparing the USPTO-compatible metabolite-derived molecules (i.e. contains a hit in
the USPTO database) against the full set of potential metabolite derivatives (all possible
reactants which arise from the reaction rounds). Specifically, in the first reaction round,

metabolites serve as the initial set of potential reactants for USPTO reactions, but the subset
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of metabolite molecules that can act as reactants in USPTO reactions occupies a smaller
region of the overall metabolite chemical space (Fig. 4a). As the second and third rounds
of reactions progress (Fig. 4b, 4c), the chemical space occupied by the USPTO-compatibile
metabolite derivatives increasingly overlaps with that of the entire potential set of metabolite
derivatives. By the third reaction round, the structural diversity of the metabolite-derived
reactant molecules approaches saturation, indicating that the accessible chemical space is
nearly fully explored within this iterative process. Additionally, we visualized the expansion
of chemical space from reactants to their corresponding products in each reaction round to
assess how the structural diversity of the product molecules evolves relative to that of the
reactants in a given round (Fig. 4d-f). Similar to the analysis in Fig. 4a-c, the metabolite
precursors from the first round occupy a limited region of chemical space, which expands
into a more diverse product space. However, this rate of expansion in chemical diversity
decreases rapidly, such that after three rounds, both reactants and products begin to occupy
similar regions of structural chemical space. This trend further confirms that a sufficiently

diverse and complex chemical space can be achieved within just three reaction steps.
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Figure 4: First set of t-SNE plots showing (a) all metabolite molecules, (b) all the prod-
uct molecules after reaction round 1, (c) all the product molecules after reaction round 2.
Molecules involved as substrates in USPTO chemical reactions over the three rounds are
highlighted in red. Second set of t-SNE plots illustrating the chemical space of metabolite-
derived reactants (magenta) and their corresponding product molecules (cyan) across reac-
tion rounds: (a) round 1, (b) round 2, and (c) round 3.

Biases of the USPTO Dataset and Alternative Reaction Analysis

for Functionalizing Metabolites

The utility of the EMRN for soft materials discovery will clearly depend on the robustness
of the set of reaction pathways considered. The USPTO patent reaction database, one of the
largest open-access repositories of commercially relevant reactions, is one comprehensive op-
tion to establish a framework for quantifying the potential of metabolite precursors. However,
it is important to acknowledge that it also exhibits significant biases, particularly towards
reaction types prevalent in medicinal chemistry. This bias limits its generalizability to other

areas of chemistry, including less common reaction types and inorganic reactions. “**2 Dobbe-
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laere*! has studied the distribution of reaction types in the USPTO dataset, quantiying the
unbalanced distribution of reaction types within the USPTO, with an overrepresentation of
heteroatom alkylation and arylation, as well as acylation reactions. The EMRN constructed
here may similarly overrepresent certain reaction types and functional groups based on this
observation. We expect transferability to applications beyond medicinal chemistry to be
improved by incorporating reaction network databases that better represent other possible
synthetic pathways.

To further clarify the effect of this bias on our dataset, Fig. 5 presents the distribution of
key functional groups in the product molecules across three rounds of reactions. Popular re-
action types in medicinal chemistry, such as acylation and alkylation, result in the formation
of functional groups like amides, ethers, sulfonamides and amines, which are consequently
found in high frequencies in our EMRN.*34 Interestingly, alkynes, anhydrides, acyl halides,
ethers and sulfonamides, which are only present in low quantities (or entirely absent) in the
initial metabolites, become more accessible after two rounds of reactions, rationalizing the
observed expansion in chemical space. Additionally, we observe a marked increase in the fre-
quency of aldehydes, ketones, amines, nitriles, ethers, halides and alcohols during the second
and third reaction rounds as well. Therefore, despite the limitations of the USPTO reaction
database, the resulting reaction network enables access to a broader structural and functional

group diversity, presenting significant potential for a wide range of materials applications.
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Figure 5: Distributions of common functional groups present in the product molecules across
three reaction rounds of the extended metabolite reaction network.

Applications of the EMRN to Petrochemical and Biobased Chem-

ical Building Blocks

We next investigated the extent to which metabolites and metabolite derivatives overlap with
the chemical space occupied by both basic petrochemicals and biobased chemicals, which
serve as critical platform molecules for commodity materials. The primary petrochemical
building blocks include ethylene, propylene, methane, benzene, toluene, xylenes, butene,
1,3-butadiene, isobutylene, and their derivatives. Our analysis reveals that the molecules
present in the EMRN constitute 38% of common petrochemical building blocks, including
ethylene (with ethanol and ethylene oxide), propylene (with butyraldehyde), methane (with
methanol), cumene, benzoic acid and toluene diisocyanate (Fig. 6). These fundamental
building blocks serve as precursors for the production of a wide range of essential com-
modity materials, such as plastics, synthetic fibers and dyes, underscoring the potential of

these traditional petrochemical feedstocks being obtained from metabolic sources for the
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manufacturing of high-value materials. 446
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Figure 6: EMRN molecules as potential alternatives to petrochemical building blocks, bio-
based platform chemicals and popular commodity materials.

X
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Furthermore, the U.S. Department of Energy (DOE) has identified a set of the top
biobased platform chemicals, which highlights biomass-derived chemicals as promising alter-
natives to reduce reliance on fossil fuels and promote a bioeconomy.*” These platform chem-
icals, derived from sugars and other biomass feedstocks, have broad applicability in the pro-

1548 Our analysis shows

duction of fuels, materials, polymers, and other chemical products.
that the molecules contained within the EMRN comprise 10 out of the 20 biobased platform
chemicals, including ethanol, glycerol, aspartic acid, itaconic acid, 3-hydroxypropionic acid,
levulinic acid, glucaric acid, hydroxymethylfurfural (HMF), malic acid and 1,4-succinic acid
(Fig. 6). The complete list of petrochemical building blocks and biobased platform chemicals
considered in this study is given in the SI.

While conceptually straightforward, our analysis demonstrates the significant potential

of studying metabolites and their derivatives, not only for the development of novel methods

to produce commodity materials, but also as viable alternatives to replace the basic building
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blocks currently used in the manufacturing of such materials. Expanding the scope of organ-
isms and reactions considered in this analysis presents an obvious future step to enhance the
coverage of chemical space, potentially revealing additional metabolites and decomposition
reactions allowing for the functional substitution of conventional feedstocks in the production

of high-value materials.

Applications of the EMRN to Polymer Synthesis

A key objective in the study of metabolites and their derivatives is to explore their potential
for the sustainable synthesis of polymers, which is crucial for reducing the environmental
impact of conventional polymer production and advancing towards more biodegradable and
recyclable alternatives. %4 In addition to their potential to offset dependence on petrochem-
ical precursors, molecules found in the EMRN can substitute several widely used commodity
monomers in polymerizations. These include ethylene glycol, adipic acid, propylene, ethy-
lene, terephthalic acid and bisphenol A (Fig. 6), which are integral to a range of applications,
from plastics and polyester fibers to adhesives and coatings.?**! To further explore the po-
tential of synthetically accessible polymer chemistries derived from metabolites and their
derivatives, we examined the overlap between the metabolite network space and the reac-
tant space in the Open Macromolecular Genome (OMG) database.?® Developed by Kim
et al., the OMG database encompasses synthesizable polymer chemistries compatible with
established polymerization reactions and commercially available reactants. Our analysis re-
vealed a significant structural overlap between metabolites, the products from the first and
second reaction rounds, and the chemical space of OMG reactants (Fig. 7). Specifically,
89.6% (13,221 of 14,753) of the EMRN molecules contained one or more of 17 functional
groups (Fig. 8) that are polymerizable via the 17 polymerization reactions covered by the
OMG database, including step-growth, chain-growth addition, metathesis, and ring-opening

reactions.
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Figure 7: A t-SNE plot depicting the overlap between the original metabolite molecules and
the metabolite derivatives with the reactant molecules in the Open Macromolecular Genome
database, following the first and second USPTO reaction rounds .

For instance, polyesters—indispensable in textiles, packaging, and biodegradable plas-
tics—are formed through condensation polymerization of diols and dicarboxylic acids.??>*
The EMRN contains 1,168 diol molecules and 161 dicarboxylic acid molecules, of which
78 diols and 26 dicarboxylic acids are exact matches to OMG reactants, highlighting the

potential use case of metabolites for synthesizing a diverse range of polyesters. Similarly,

metabolites and their derivatives feature 230 lactone and 131 lactam structures, which are key
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moieties for the synthesis of high-performance, biodegradable, and recyclable polymers. >

These findings underscore the substantial potential of the metabolite network in enabling

sustainable synthesis of commercially relevant polymers.
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Figure 8: Distribution of the 17 polymerizable functional groups in the OMG database
applied across the EMRN molecules.

While certain polymer chemistries possess strong overlap with the chemistries in the
EMRN, the absence of diisocyanate chemistries in the dataset significantly constrains the
synthesis of polyureas and polyurethanes, which are typically produced through the reactions
of these diisocyanates with diamines and diols. Additionally, the limited representation of
cyclic carbonates, cyclic sulfides, and diacid chlorides in the dataset limits the synthesis of
polycarbonates, polythioethers and polyamides. Notably, cyclic sulfides and cyclic carbon-
ates are more prevalent in the metabolites of plants and marine organisms,*” % indicating a
promising avenue for expanding the EMRN in future studies. The formation of several diacid
chlorides, along with cyclic carbonates and cyclic sulfides generated after one or two reac-

tion rounds, further suggests potential for enhanced synthesis capabilities through increased

organism diversity.
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Application of the EMRN to Organic Electronics and Redox Active

Materials

The metabolite molecules feature a high prevalence of conjugated chemistries, which are
crucial for applications in organic semiconductors and redox-active materials. We evaluated
the potential of metabolite derivatives for these molecule classes by comparing the moi-
eties in conjugated metabolite systems with those commonly found in literature for organic
electronics, photovoltaics and redox material applications. Notably, these molecules in the
EMRN exhibit a variety of acene, pyrene, porphyrin, purine, phenazine and pteridine motifs
(Fig. 9), many of which are common to these application types and are characterized by
large, planar aromatic systems with delocalized m-electrons, enabling extended conjugation
and promoting 7-7 stacking interactions.® % The metabolite derivatives also include indoles
and benzodiazoles, along with porphyrins and acenes, which are highly suited for organic
photovoltaics (Fig. 9). These molecules can absorb light across a broad wavelength range,
improving solar cell efficiency. Their tunable band gaps and, in the case of porphyrins, high
extinction coefficients, allow for efficient light harvesting and consequently, enhanced photo-

6771 Furthermore, these metabolites feature various organic redox-active

voltaic performance.
materials such as quinones, naphthoquinones, pyridines, pteridines and phenazines (Fig. 9).
Redox-active materials are promising for sustainable electrode materials due to their ability
to undergo reversible redox cycles, maintain structural integrity during cycling, and exhibit

electron-deficient characteristics. 2 7°
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Figure 9: The potential applications of metabolite molecules in organic electronics and redox
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Future Outlook for the Extended Metabolite Reaction Network

This study represents an initial exploration of the chemical space accessible through mi-
crobial metabolites, utilizing three metabolite databases from diverse organisms common in
metabolic engineering, coupled to a single openly available reaction database. Given that the
network is neither comprehensive nor exhaustive, it is important to acknowledge pathways
for future development of the EMRN to translate the proposed framework into practical,
large-scale usage.

Scaling up metabolic processes for industrial production involves several complex steps
and considerations. The process typically begins with laboratory-scale experiments and pro-
gresses through pilot-scale testing before reaching full industrial scale. Although leveraging
natively produced metabolites, which build on an organism’s inherent biosynthetic capabili-
ties, intuitively appears more reliable and efficient than engineering new pathways for novel
molecules, it does not necessarily guarantee a simpler scale-up process. Consequently, not all

metabolites in the organisms we have considered here have been industrially scaled up. Scal-
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ing up metabolite production to a commercial level involves optimizing pathway complexity,
selecting suitable host organisms and addressing downstream processing (DSP) challenges,
all while ensuring overall economic viability. Achieving this scale requires balancing en-
zyme expression for efficient metabolic flux, minimizing byproducts and leveraging robust
host organisms with established industrial applications. Key challenges include maintaining
consistent product quality in large-scale bioreactors, developing efficient DSP methods and
ensuring the stability of engineered strains in prolonged cultures, all within the constraints of
energy, raw material costs, and waste management.”®"® Although still a relatively new field,
metabolic engineering has made significant strides in scaling up the production of valuable
chemicals, with ongoing research and development addressing key challenges to enable com-
mercially viable industrial-scale processes. Understanding which metabolites in our network
have successfully been scaled up enables two key objectives: first, it supports the discovery of
useful molecules within the subset of industrially scalable metabolites; second, it highlights
promising metabolites with potential for scale-up that remain underexplored.

This study aimed to explore alternative bio-based sources for material production as a
green replacement for conventional petrochemical feedstocks, however more nuanced treat-
ments of sustainability are crucially needed moving forward. Simply replacing one reactant
in a reaction with a metabolite-based precursor does not necessarily create a sustainable
process, as sustainability depends on multiple factors beyond feedstock origin. Each reac-
tion also involves additional reagents, solvents, catalysts, and specific reaction conditions
such as temperature, pressure, and time - all of which influence sustainability. According
to GREENSCOPE (Gauging Reaction Effectiveness for the ENvironmental Sustainability
of Chemistries with a multi-Objective Process Evaluator),”™ sustainable chemical processes
can be evaluated through four key principles: efficiency, energy, environmental impact and
economics. Optimizing each of these principles is essential to identify the most sustainable
reaction pathway for a given synthesis. However, evaluating sustainability is complex due

to the numerous metrics available within each category, such as atom economy, E-factor, re-
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action mass efficiency, energy consumption, emissions, waste generation, and process costs,
which must be carefully selected based on the specific needs of the reaction process.3086
Given that our reaction database comprises only SMILES representations without stoichio-
metric or process conditions, we relied on molecular weight as a proxy to confirm that the
metabolite-derived precursor is the main reactant in each reaction. To further enhance sus-
tainability filtering within the reaction network, we assessed whether the filtered reactions
included any bio-based co-reactants to the metabolite-based precursors. The complete details
of this exercise are outlined in the SI.

A comprehensive evaluation of reaction sustainability would benefit from including addi-
tional metrics from each GREENSCOPE category. However, calculating these metrics often
requires detailed reaction information. For example, even basic assessments like atom econ-
omy or E-factor require stoichiometric data.®® Thermodynamic properties, such as reaction
free energy, and kinetic factors, such as reaction rates, can be estimated via density func-
tional theory (DFT), while machine learning models offer potential for predicting conditions
and yields.®” Although computationally intensive and sometimes limited in generalizability
across diverse datasets, these methods represent a promising direction for developing com-
prehensive sustainability assessments for reaction pathways. Optimized 3D geometries are
provided in our GitHub both for molecular visualization as well as enabling such campaigns
in the future.

One specific deficiency of the chemical space accessible within the EMRN relates to its
lack of sulfur containing heterocycles. This pattern can be attributed to several factors rooted
in the biochemistry and evolutionary adaptations of these microorganisms. Contrastingly,
the prevalence of nitrogen heterocycles reflects the abundance and bioavailability of nitrogen
in microbial environments, as well as the critical role of nitrogen-containing compounds in
essential cellular processes.®®® The scarcity of sulfur-containing aromatic rings is consis-
tent with the lower environmental abundance of sulfur and the more specialized metabolic

pathways required for its incorporation.?9! It is worth noting that some plants and marine
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organisms produce sulfur heterocycles for specific defensive or signaling purposes, such as the
thiophene-containing metabolites in certain Asteraceae plants, which may not be necessary
for essential functions in the microorganisms under study.®? Furthermore, the co-occurrence
of sulfur and nitrogen in the few observed heterocycles suggests a synergistic biochemical
role, potentially leveraging the unique properties of both elements to fulfill specific functional
requirements within these microbial systems. For instance, some fungi produce gliotoxin, a
sulfur and nitrogen-containing heterocycles that serves as a virulence factor and contributes
to their pathogenicity.?® Structural comparisons with known motifs for organic electronics,
photovoltaics and redox active materials revealed several metabolite-derived structures with
significant potential for these applications. Moving forward, the incorporation of microrgan-
isms with biochemistry and more diverse reaction networks will be critical to advancing the

EMRN.

Conclusion

The future of soft material sourcing must shift from petrochemical-based processes to a more
sustainable, biobased ecosystem. By constructing an expanded metabolite reaction network
(EMRN) through the integration of biological metabolites with commercially viable chemical
reactions, we explored a chemical space that bridges biological and synthetic chemistry for
potential applications in materials synthesis. In addition to common biochemical metabo-
lites, these organisms produce microbe-specific metabolic outputs that enhance chemical
diversity of the extended metabolome. The overall structural diversity of the chemical space
saturates within three reaction rounds, demonstrating the potential to achieve maximum
diversity from these precursors within a limited number of steps. Despite biases inherent
in the USPTO database, the EMRN successfully accessed functional groups beyond those
found in the metabolome, broadening the scope of accessible chemistries. The molecules

within this network show promise for diverse materials applications, offering alternatives
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to petrochemical building blocks, biobased platform chemicals and widely used commodity
monomers. Furthermore, these molecules exhibit potential in polymer synthesis, organic
electronics and redox-active materials, paving the way for innovative solutions in sustainable

material development.
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