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Complexity reduction and
opportunities in the design,
integration and intensification of
biocatalytic processes for
metabolite synthesis
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2Swiss Coordination Committee for Biotechnology, Zurich, Switzerland, *Henry Wellcome Building for
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The biosynthesis of metabolites from available starting materials is becoming an
ever important area due to the increasing demands within the life science
research area. Access to metabolites is making essential contributions to
analytical, diagnostic, therapeutic and different industrial applications. These
molecules can be synthesized by the enzymes of biological systems under
sustainable process conditions. The facile synthetic access to the metabolite
and metabolite-like molecular space is of fundamental importance. The
increasing knowledge within molecular biology, enzyme discovery and
production together with their biochemical and structural properties offers
excellent opportunities for using modular cell-free biocatalytic systems. This
reduces the complexity of synthesizing metabolites using biological whole-cell
approaches or by classical chemical synthesis. A systems biocatalysis approach
can provide a wealth of optimized enzymes for the biosynthesis of already
identified and new metabolite molecules.

KEYWORDS
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Introduction

The quality of human life has continued to benefit from the rapid development of
new medicines for the treatment of many diseases. The tremendous growth of
knowledge in the discovery, isolation, structural characterization and man-made
synthetic replication of small molecules formed naturally in living organisms
represents a new domain of synthetic biology. The man-made synthesis of the
metabolites has been of fundamental importance in this area. The first
demonstration of this approach was using urea or acetic acid characterised as
organic molecules from living organisms that could be synthesized from inorganic
starting materials. Today this has developed into the total synthesis of metabolites

having the most complex molecular structures (Nicolaou et al., 2000; Nicolaou and
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Rigol, 2020). The development of broadly applicable synthetic
methodologies for the construction of the carbon backbone
and for the selective introduction of a large diversity of
functional groups, has created the necessary knowledge
base for human creativity to find sequences of reactions for
targeting products that can be prepared from available
starting materials (Woodward, 1966; Eschenmoser and
Wintner, 1977; Corey, 1991; Eschenmoser, 2015; Nicolaou
and Rigol, 2020). As chirality is a key feature of the small
molecules of living organisms, the analysis and synthesis of
the absolute configuration of the metabolites involved in the
metabolic pathways of interest are of central importance. The
synthetic methodologies rely either on the introduction of new
chiral centers into the starting materials by asymmetric
synthesis or by the utilization of bio-based starting
materials with the naturally occurring stereochemical
configuration such as the chiral pool of compounds,
including amino acids, carbohydrates, or terpenes. Apart
from the selection of the most suitable and easily available
starting materials and a classical primary criteria for
evaluating a synthetic route, such as yield, number of
reaction steps, safety, health, environment or cost aspects,
there are additional factors that have an influence on what is
considered as the ideal synthesis of a given target compound
(Gaich and Baran, 2010; Wender 2014; Peters et al., 2021).
Highly chemoselective reactions which do not require the
initial introduction of protecting groups and their later
removal, not only reduce complexity and the waste
generated, but are also a clear goal to provide support
towards the ideal synthetic process (Young and Baran,
2009). The total time needed to prepare a metabolite from
the starting materials available can be the predominant
determining criterion for determining the ideal synthetic
route (Hayashi, 2021). This can either be man-made in the
laboratory or using the metabolic pathway adopted by
biological organisms or a combination of both.

The goals of synthetic chemistry towards the ideal
synthesis in the laboratory can be greatly facilitated by the
metabolomic information available from the highly evolved
thousands of biocatalytic reactions that occur naturally in
biological cells. This provides a complimentary and fruitful
interface for making use of “natures enzymes” to catalyze
protecting-group free reactions with reduced complexity and
The
biocatalysis is therefore key to the science of small

minimal waste. development and application of
molecule synthesis and is enabling the move towards
sustainable synthetic routes that contribute to the UN
Sustainable Development Goals and the European
Green Deal.

The first man-made synthesis of a metabolite occurring in
living organisms from inorganic starting material (Wohler,
1828), namely the synthesis of urea outside the kidney from

ammonium cyanate, represented a milestone achievement and is
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FIGURE 1

A diagrammatic representation of the growth of described
metabolites from 2007 in the Human Metabolome Database
(HMDB) as reported by Wishart et al. (2018).

of fundamental interest. From that time until today great
advances have enabled the development of a large variety of
synthetic processes for valuable metabolites. From the beginning,
the question of fossil or bio-based starting materials can be
illustrated by the initial development of the coal tar based
chemical synthesis of indigo (Baeyer, 1900), which took over
industrial manufacturing leading to a large increase in synthetic
indigo production from petrochemicals, whereas the natural
plant-based indigo production decreased. While economic
determinants such as overall production costs are still
the of health
environmental aspects are changing the boundary conditions

prevailing, increasing importance and
and have revitalized the interest in bioprocesses towards one of
the oldest and most often used indigo dyes (Mendoza-Avila et al.,
2020). In addition, the industrial large-scale manufacturing of
metabolites today needs to deal with new boundary conditions
and increased attention to the safety, sustainability of the
involved reactions and chemicals, industry sector-specific
strategies and customer preferences for biobased starting
materials. These conditions as well as numerous other factors,
solubilities, thermodynamics, kinetics, downstream processing,
product recovery and purification, have an influence on the final
process design.

Biocatalysis and the exploration of its frontiers have inspired
numerous biocatalytic process designs with high molecular
economy (Wohlgemuth 2021; Alcantara et al., 2022). These have
been realized in various ways, ranging from single step reactions to
their combination with other biocatalytic or chemocatalytic
reactions. This can be achieved by a variety of methods ranging
from the use of purified enzymes or cell-free extracts, to the
organization of the required enzymes in multi-enzyme
assemblies both in vitro or in vivo using engineered whole-cells.
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Synthetic access to the metabolite
and metabolite-like molecular space

The interest and knowledge in the total metabolite molecular
space of a biological organism, the metabolome, and the related
metabolite-like small molecules interacting with enzymes has
increased tremendously over the past 15 years. The metabolomes
of biological organisms are of key importance together with its
genomes, transcriptomes and proteomes. This is very clearly
illustrated by the growth of the world’s largest organism-specific
metabolome database, the human metabolome database HMDB
(Figure 1). The first release, HMDB 1.0 described
2,180 metabolites and its fourth release increased to
114,100 metabolites (Wishart et al., 2018).

Although the synthesis of metabolites goes back to the origins
of organic chemistry and to the historic milestones in
biochemistry, the actual gap between the number of known
metabolites and the ones for which the synthesis has been
reported is widening (Wohlgemuth, 2018). The question of
why there is this widening gap and why the synthetic access
to natural metabolites and metabolite-like molecules is important
and relevant beyond the fundamental aspects of the science of
synthesis, is connected with different areas of the life sciences,
including biomedicine and industry. Having sufficient amounts
of pure metabolites or metabolite-like compounds is essential in
the analysis and identification of metabolites for the areas of
metabolomics, enzyme assays, and discovery of novel biological
functions. Enantiomerically pure metabolites are key to the
precise kinetic characterization of enzymes and understanding
their substrate enantioselectivity.

Chiral metabolites are more challenging to synthesize by
traditional synthetic chemical methods, which often involve
many steps
functional groups due to non-selective synthetic methods.

including protection and deprotection of

Nature synthesizes chiral metabolites naturally in specific
stereochemical configurations since enzymes themselves are
chiral and are made up of L-aminoacids. This property means
that enzymes will usually only use one enantiomer of a specific
substrate. However some enzymes do show promiscuity
especially when non-natural substrates are used in biocatalytic
synthetic reactions. It has been shown that a change in L to D
configuration in specific amino acids within a protein can result
in its misfolding. When the protein structure cannot fold
correctly this can lead to the production of amyloid deposits
that cannot be degraded by natural proteases, so they accumulate
in specific tissues such as the eyes and the brain. Specific
racemase enzymes have been found in human tissue which
can be responsible for this change (Ohide et al,, 2011). The
analysis of the chiral identity of metabolites is a powerful
biomarker for monitoring of human disease and is an area for
development within clinical medicine. The importance of being
able to have standard metabolite molecules to identify these
changes is of increasing importance. b-amino acids are naturally
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found in bacterial cell walls and are therefore associated with our
microbiome (Bastings et al., 2019). The importance of
understanding of an individual’s microbiome and its
symbiotic importance to human health is a topical research
area. It is known that our microbiome is involved in
immunity and the function of the gut barrier (Ruth and Field,
2013).

The synthesis of metabolites is essential in the development
of new chemical entities intended for interacting with biological
organisms, such as drugs for human and veterinary use or
agrochemicals for plant protection. As the multitude of
metabolites in a biological cell is achieved through a variety of
natural biocatalytic reactions, the reduction of the complexity in
the synthesis of a desired single metabolite can be carried out
using a systems biocatalysis approach. This can use only the
required biocatalytic reactions in cell free biocatalysis (Schmid-
Dannert and Lopez-Gallego, 2019; Bergquist et al., 2020; Sutiono
etal., 2021), use cell-free biosynthesis (Morgado et al., 2016), use
artificial metabolism (Fessner, 2015) or synthetic metabolism
(Erb, 2019), all providing attractive strategies for the design of
new biocatalytic processes for metabolite synthesis. The substrate
scope of metabolic enzymes provides also an opportunity for the
synthesis of metabolite-like molecules, which are of interest for
potential new pharmaceuticals, since a major fraction of
approved drugs have been shown to have a similarity to
metabolites (Swainston et al., 2015). Although the importance
of metabolites and metabolic pathways in connection with
disease has long been known, it is only through recent
scientific advances and discoveries that metabolites have
attracted much attention, for example in metabolites as
signatures of altered cancer cell metabolism associated with
specific types of cancer (Ward and Thompson, 2012). Certain
cancer-specific metabolites which are no longer seen as an
indirect response to cancer cell proliferation but have
themselves been shown to be oncogenic, have been designated

as onco-metabolites (Leca et al., 2021).

Search and selection of optimal
route, starting materials and
biocatalysts

A key success factor for facile synthetic access to metabolites
is the identification of the optimal route to the target molecules
(Figure 2), whereby database, experience and retrosynthetic
analysis tools in both the biochemical and chemical domains
can provide valuable guidance. Suitable starting materials
resulting from the disconnection of bonds of the target
molecules in the retrosynthetic analysis can be evaluated
according to criteria such as commercial availability, cost,
fossil or biobased origin.

The starting materials for metabolite synthesis are an
important consideration, also with respect to the reduction of
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metabolite-like analogues, highlighted in. green. The arrows indicate the retrosynthetic pathways from the different classes of. metabolites to the
starting compounds. The open boxes represent additional auxiliary. molecules in the different pathways.

complexity, because starting from highly reduced fossil-based
starting materials the synthetic route to the metabolite can
involve many more reaction steps and be more challenging
than a straightforward defunctionalization reaction from a
biobased starting material containing already many oxygen-
and nitrogen-containing functional groups (Wohlgemuth, 2022).

The selection of suitable starting materials depends on
various factors, such as availability, quality, stability, customer
requirements, safety, health and environment aspects, economic
conditions, or the supply chain. The stability of the supply chain
in the long term, amid needs and sustainability considerations
may also affect the choice of fossil-based versus biobased starting
materials. A number of parallel developments are supporting
research and development on the transition from fossil-based to
biobased starting materials. The number and molecular diversity
of biobased starting materials is continuously increasing, with
many classical compounds already been traditionally
manufactured from bioresources. Top platform chemicals
have been identified, starting in 2004 by the United States
Department of Energy (Werpy and Petersen, 2004) and

updated in 2010 (Bozell and Petersen, 2010). Many more
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platform chemicals derived from bioresources are becoming
available as biobased starting materials and new compounds
derived by novel routes from bioresources are being developed
(Jang et al., 2012; Choi et al., 2015). In order to develop syntheses
using biobased resources which can replace petrochemicals,
knowledge of the production of the starting material needs to
be considered. A globally standardized and simple descriptor for
the source of each compound is not only facilitating the clear
choice between fossil-based and biobased starting materials, but
is also beneficial for quality purposes.

Examples of biobased starting materials which are available
at industrial large scale and can be considered as a substitute for
the corresponding fossil-based starting materials can include a
mix of older and newer compounds. These could be ethanol and
related alcohols, 1,3-propanediol, glycerol, sugar alcohols like
sorbitol and xylitol, organic acids like acetic acid, 3-
hydroxypropanoic acid, lactic acid enantiomers, levulinic acid
and succinic acid, furans like furfural, 5-hydroxymethylfurfural,
and furan-2,5-dicarboxylic acid, or hydrocarbons like farnesene,
isoprene and limonene. Matrices and biological materials which
can be used as biobased starting materials are mainly derived
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from natural photosynthesis, which provides inexpensive and
renewable polysaccharides and biomass.

The move away from fossil based starting materials is being
driven by the push towards a sustainable circular bioeconomy.
With this in mind the optimal route and starting materials should
be determined by the search and availability of the optimal
biocatalysts. Enzymes have traditionally been classified into six
main classes which is based on the type of reaction that they
catalyze. This first classification was introduction by Dixon and
Webb and was establishment as a fundamental enzyme
classification scheme by the enzyme commission more than
60 years ago (McDonald and Tipton, 2022). However a major
change of the system was introduced by the enzyme commission
in 2018 with the establishment of a new seventh class named as
translocases describing enzymes catalyzing transport across cell
membranes (McDonald and Tipton, 2022). The concept of
enzyme engineering for optimization of a particular process is
now generally accepted. Hence a key factor is the initial selection
of the most suitable biocatalysts, that can carry out the desired
reactions in a highly selective, sustainable and energy efficient
manner.

Gene sequencing techniques have rapidly developed in the
last few years allowing the genomes of many animal, plant and
microbial species to be available for identification of a host of new
enzymes which can be characterised and produced for different
metabolite synthesis. In addition the concept of metagenomics
has allowed DNA to be isolated and sequenced from different
unique environments. It is estimated that we can only cultivate
5% of the existing microorganisms found in nature so
metagenomics allows identification of a wealth of new
enzymes which would have escaped our current knowledge.
New genes can be identified using a bioinformatic approach
to search for a known class of enzyme using the amino acid
sequence and known protein structural motifs. These motifs
identified in known proteins are often specific for the binding
of ATP and cofactors necessary for enzyme activity which can
help with annotation. Protein structural space is restricted to a
limited number of overall folds (arrangement of a-helices and -
sheets) that can be used in different proteins with a variety of
different catalytic activities which can make the specific
difficult.
increasing number of protein structures deposited in the

identification of many proteins However the
Protein Data Bank, which currently exceeds 180,000, together
with new improved modelling techniques based on artificial
intelligence such as Alphafold2 (Jumper et al, 2021), have
increased the amount of protein structural information available.

The use of expression libraries generated from available DNA
sequences is another approach to identify new enzymes, which
relies directly on enzyme activity. The DNA is cleaved into “gene
size” fragments and inserted into expression plasmids which can
be induced to over-express a library of many different gene
products in a suitable host such as Escherichia coli. This library
can be screened to identify single bacterial colonies that are able
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to grow on the selected substrate of interest by either direct
visualisation of clearing zones on agar plates containing the
substrate of interest or by colorimetric identification specific
for a particular product. This technique allows the identification
of enzyme activities against non-natural substrates and can
identify different enzyme classes that are active against a
particular substrate for example racemic y-lactam (Taylor
et al., 1993).

The metabolic pathways and genes are easier to identify from
bacterial species since they are often encoded in tandem within
the genome allowing one messenger RNA (polycistronic mRNA)
to be expressed when the whole enzyme synthetic pathway is
required by the microorganism. Also many bacteria have a
secondary metabolism that it only turned on in response to
different growth conditions hence it is important to consider
genomics and proteomics. In addition to genomic DNA many
bacteria carry genes on large plasmids which enable them to grow
under specific conditions such as in the presence of camphor
(McGhie and Littlechild, 2017).

In eukaryotes the genes within in a metabolic pathway are
often more difficult to identify since they can be distributed over
the genome and each gene contains several introns (uncoded
regions) that have to be removed from the mature mRNA before
it leaves the cell nucleus. Molecular biology techniques are used
to copy the mature messenger mRNA to DNA using a viral
reverse transcriptase enzyme to produce cDNA that can be
cloned directly using suitable host systems such as E. coli. The
cost and availability of synthetic gene synthesis now allows the
rapid cloning of codon optimised DNA sequences which can be
tailored to a chosen expression host. Advances in genome
annotation and improved bioinformatic techniques will
continue to allow the identification of new novel biocatalysts
for metabolite synthesis.

As there can be a mismatch between the reaction
requirements and the enzyme properties and performance,
regarding activity, stability or enzyme inhibition, this can
cause a problem. However enzyme engineering approaches
provide a powerful tool for the optimization of enzyme
performance. The enzymes can be evolved and optimised for
the reaction conditions by directed evolution (Reetz, 2016;
Arnold, 2018; Chen and Arnold, 2020) or rational protein
engineering methods that are directed by the structural
knowledge of the enzyme of interest and an understanding of
its mechanism. Enzymes can also be identified from organisms
that grow naturally at high temperatures which have evolved to
be more robust and stable to extreme conditions and as such are
better for industrial processes (Littlechild, 2015a,b; Littlechild,
2017).

While this enzyme optimization applies to both whole-cell
and cell-free approaches, the effective contribution of metabolic
engineering differs in whole-cell systems, cell-free lysates and
cell-free systems using purified enzymes. While the blocking or
repression of an enzyme which catalyzes the further conversion
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of the metabolite in whole-cell systems is a well-established
methodology, the large diversity of other enzymes in whole
cells increase the likelihood of diverting the desired metabolite
to by-products, which may be difficult to separate due to similar
properties as the desired metabolite. Therefore, the contribution
of metabolic engineering for optimizing the flux to the desired
metabolite and reducing unwanted by-product formation is very
important.

Enzyme optimisation for in vitro synthesis can be directly
carried out with each enzyme optimised for stability and/or
substrate specificity based on its structure and mechanistic
properties. Other desired properties can be introduced using
directed evolution as mentioned above. If whole cells are used for
an in vivo synthesis using a synthetic cascade of enzymes this can
be more challenging, however the designed cascade can be
introduced into the host cells using a suitable plasmid and
This
approached using BioBricks cloning methodology (http://hdl.
handle.net/10871/27323) where different genes are assembled
with their own promotors within an expression vector. This is

promotors for each individual enzyme. can be

easier to carry out if a natural pathway is to be used, for example
the synthesis of the natural extremolyte molecule 2,3-diphospho-
D-glycerate that can protect cellular components to high
temperatures (De Rose et al, 2021). However if a new
synthetic pathway is designed problems of flux need to be
addressed. Genetic manipulation of the host organism is often
required to overcome these problems. It has been possible to alter
the steady state flux in a cell by knockout of specific genes,
replacing promotors and introduction of heterologous genes in a
systems metabolic engineering approach (Brockman and
Prather, 2015; Ko et al.,, 2020). Other approaches involve so
called “precision engineering” where the design and engineering
of systems use a cellular response to specific signals to optimise
production strategies (McNerney et al., 2015). Computational
modelling can address different problems in optimising
of enzyme

metabolite production, for example control

expression, toxic pathway intermediates, and product
inhibition of upstream enzymes.

Fast and meaningful experimental analytical assays are a key
success factor for all types of enzyme optimizations. Analytical
advances in droplet-based microfluidics and ultrahigh-
throughput screening methods have led to practical benefits
for rapid enzyme improvements (Colin et al, 2015; Bunzel
et al.,, 2018; Gielen et al., 2018). Tremendous methodological
advances in MS and NMR have enabled the combining of high
information content with simplified, fast and sensitive analysis.
The development of desorption electrospray ionization (DESI)
mass spectrometry (Takats et al., 2004) has provided a powerful
analytical technology for rapid and direct analysis of enzymatic
reactions without having to use labels (Morato et al., 2020;
Morato et al, 2020; Kulathunga et al, 2022). Another
label-free  analytical

demonstrated by using micro-fluidics to sort nanoliter

powerful technology has  been
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FIGURE 3

A schematic comparison of biocatalytic synthesis in whole-

cell versus cell-free systems. The green arrows indicate the
biocatalytic reaction steps involved. The blue arrows. indicate the
transport of substrates and products across the cell

membrane.

droplets whereby the droplets are split with direct detection
by ESI-MS on one side, and on the second side with sorting
according to the result of the ESI-MS analysis (Holland-Moritz
et al., 2020).

Advances in enzyme immobilisation techniques (Sheldon
et al, 2021) have provided a cost-effective and sustainable
way of using enzymes as recyclable heterogeneous catalysts,
which are easier to be removed from the bioreactor vessels by
either centrifugation or filtration.

Cell-free versus whole-cell
biocatalytic systems

While the use of whole cells for producing metabolites has a
long history, the use of cell free biocatalytic systems has attracted
increasing interest over the last 20 years (Hodgman and Jewett,
2012; Swartz, 2018). To carry out biocatalytic reactions outside a
living cell (cell-free, in vitro) the respective enzymes need to
satisfy certain requirements, such as stability for the synthetic
process. The thermodynamics and kinetics of natural pathways
can facilitate the design of similar new bioprocess learning from
naturally evolved flux of the enzymes which allow the pathway to
flow in the desired direction. For newly designed synthetic and
non-natural pathways where the energetics and flux is not
need to be

and  kinetic

Metabolic engineering of whole-cells as well as cell-free

favourable suitable adaptations designed

considering both  thermodynamic aspects.
systems can allow the choice of enzyme activities and their
sequential arrangement to allow a favourable flux to drive the
system to completion. Some interventions are much simpler for
cell-free systems, for example precise coordination and temporal
control of the reactions in a sequence by modifying the quantities
of the enzyme catalysts used in relation to their different turnover
rates. However this is more challenging in whole cell systems

since the enzymes converting precursors into the desired
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metabolite need to be optimized for their increased and
coordinated expression. At the same time enzymes diverting
precursors towards side products need to be repressed (Zalatan
et al., 2015). A variety of molecular and engineering tools can be
utilized for both whole-cell and cell-free systems to provide more
favourable energetics. As whole-cell and cell-free systems
(Figure 3) have their advantages and disadvantages the design
of a hybrid bioprocess could divide the parts of a bioprocess
which are best supported by a whole-cell and those by a cell-free
system. The choice of the system depends on various boundary
conditions which may also change over time such as economic
aspects (Claassens et al., 2019).

If the process of biosynthesis is carried out in vivo by a
natural pathway or the construction of synthetic enzyme
cascades/pathways in whole cells, the cellular environment
provides some protein stability and also the vital co-factors
that are required for the activity of many of the natural
enzymes. On the other hand this in vivo approach also
requires that there is effective transport of the required
substrates into the whole cells. In addition the transport of
the synthesized metabolite products out of the whole cells
needs to be optimized to avoid mass transport limitations, or
the whole cells need to be disintegrated before the metabolites
can be isolated and purified. The efficient and selective transport
of products through the cell membranes out of the cells can be an
advantage for the use of whole-cell systems. However the
energetics of having in addition to the desired bioprocess, the
need to sustain various other processes in whole-cells and the
kinetics of the reactions and transport issues may limit the
efficiency of the whole-cell bioprocesses. Another challenge for
the use of whole cells in metabolite synthesis is the need to
genetically delete enzymes which catalyze undesired side
reactions of substrates, intermediates and products, thereby
decreasing the efficiency of the bioprocess.

From the perspective of complexity reduction, carrying out a
biosynthetic process in vitro, or ex vivo, as described over 25 years
ago (Roessner and Scott, 1996), can overcome limitations of
whole-cell approaches by the opportunity to focus only on the
required reactions for optimizing productivity, diversity or new-
to-nature metabolites. The use of cell-free systems, whether in the
form of a crude cell lysate or composed of a number of isolated
and purified enzymes, has some fundamental advantages
compared to whole cell systems. This approach gives the
opportunity to focus only on the required reactions and their
optimization towards high productivity by avoiding product
losses by unwanted side reactions, bypassing complex
interactions of substrates, intermediates or products resulting
in toxicity to whole cells, and simplifying product recovery and
purification as the cell membrane/cell wall and complex cellular
components are removed. The first demonstration of cell free
biocatalytic processes was carried out in the 19th century by
Eduard Buchner, who received the 1907 Nobel Prize in
Chemistry “for his biochemical researches and his discovery
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of cell-free fermentation” (Buchner, 1897; Buchner 1907).
Great advances have enabled the assembly of recombinant
enzymes in a modular fashion, such as in the biocatalytic
synthesis of metabolites of the natural aerobic and anaerobic
vitamin B;, pathways using cell-free systems (Scott, 2003).
stable of
intermediates at submicromolar scale was the reason for

Reproducible  and biosynthesis metabolic
moving from whole cell preparations of Propionibacterium
shermanii to the cell-free synthesis of corrin metabolites such
as cobyrinic acid from uroporphyrinogen III and aminolevulinic
acid (Scott et al., 1973). The cell-free biocatalytic synthesis of the
corrin metabolite hydrogenobyrinic acid from aminolevulinic
acid, which uses 12 overexpressed enzymes for catalyzing
17 reaction steps in one pot, has been achieved with an
overall yield of 20% (Roessner et al., 1994; 1995). A cell-free
system containing nine enzymes, including auxiliary enzymes
and cofactor regenerating enzymes, enabled the one-pot
synthesis of nepetalactol or nepetalactone starting from
geraniol at a much higher product concentration of about
1gL™" than the highest titer described for microbial systems
(Bat-Erdene et al., 2021). The use of cell-free systems is highly
attractive due to its modularity and continues to attract much
interest in cell-free metabolic engineering (Dudley et al., 2015;

Swartz, 2018) and synthetic biochemistry (Bowie et al., 2020).

Design of biocatalytic processes

Before starting the design of a biocatalytic process in the
context of metabolite synthesis it is important to define the
design goals. The most common design goal is to find the
optimal synthetic route towards a desired metabolite in a
target-oriented synthesis. There may however be other
situations where the design goal is to find suitable targets
which can be synthesized from a common starting material in
a diversity-oriented synthesis, or to reduce complexity towards
obtaining a compound most suited for a particular application in
a function-oriented synthesis. While in target-oriented synthesis
a major reason for synthesizing natural products has been to
provide simplified access to the desired target product in a
defined quality for its function, whereas the strategy of
function-oriented synthesis is to achieve a desired function of
the target product by design and with synthetic economy
(Wender et al,, 2008; Wender et al., 2015). Bioactive small
molecules from natural resources are of great value for drug
development and medicine, but simplification of their structural
complexity by removing unnecessary or even disturbing
substructures can overcome bottlenecks and limitations of
their drug properties, pharmacokinetics, and synthesis (Wang
et al., 2019).

This paper will concentrate on target-oriented synthesis for
which Figure 4 highlights a number of key design tools. In this
synthetic approach, retrosynthetic analysis in the chemical and
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etabolites,
Metabolite-

FIGURE 4

The four key aspects for the design of a biocatalytic process in target-oriented. synthesis of metabolites and metabolite-like molecules.

biological reaction space provides the background for navigating
through the various routes which can be thought of from starting
material to the product. Considering molecular economy aspects
together with the lowest number of reaction steps is important
for integrating multiple steps. Finally process intensification not
only for the reaction but also for the product recovery and
purification is essential for practical implementation. While
biocatalytic process design is a complex task the increased
with the steps successfully
implemented bioprocesses provides an excellent practical

experience innovation for
knowledge base for innovation in systematic process design
methods and for integrating various methodologies, such as
protein and process engineering (Woodley, 2017).
Retrosynthetic analysis from both the biological as well a
chemical perspective provides a design framework with which
the most promising solutions can be used for rapid prototyping
and obtaining a proof of principle (Wohlgemuth, 2017). The
analysis of chemical and biological routes for the synthesis of
metabolites often shows large differences in the number of
reaction steps required to construct highly and differentially
functionalized small molecules. Designing highly selective and
straightforward biocatalytic one-step synthesis methods instead
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of lengthy and challenging chemical routes has been established
as the preferred method for preparative access to a large number
of valuable metabolites (Richter et al., 2009; Schell et al., 2009;
Matsumi et al., 2014; Schoenenberger et al., 2017a; Hardt et al.,
2017; Schoenenberger et al., 2018; Krevet et al, 2020;
Schoenenberger et al.,, 2020; Sun et al, 2021). As the finding
and selection of routes is a key task in target-oriented synthesis
the development of appropriate methodologies has attracted
much interest in both chemistry and biology. New tools for
retrosynthetic analysis have been developed both in the domain
of biochemical (Delépine et al., 2018; Lin et al., 2019; Hafner
et al., 2021; MohammadiPeyhani et al., 2022) as well as chemical
reactions (Mikulak-Klucznik et al., 2020).

Suitable methods with the necessary high information
content, such as MS and NMR, for the analysis of the
biocatalytic transformations and products are therefore a key
success factor, both for the development and in-process control
in the production phase (Jani et al., 2008; Gauss et al., 2014;
Matsubara et al., 2014; Schoenenberger et al., 2017b).

The complexity of the downstream processing, product
recovery and purification steps can be greatly reduced if
simple methods such as

purification crystallization,
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Enzyme B

C
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Reaction I

Reaction K

FIGURE 5

Enzyme C
Reaction C

10.3389/fbioe.2022.958606

Different integration strategies of biocatalytic processes, (A) use of five different enzymes. in a sequential reaction cascade or simultaneously in
a one-pot reaction, (B) use of one multifunctional enzyme catalyzing three related reactions, (C) use of a biocatalytic and a chemocatalytic reaction

in a sequential reaction or in a one-pot reaction.

precipitation, extraction, phase separation, or distillation, which
have been successfully designed for one metabolite, can be

transferred to other metabolites of the class

(Wohlgemuth, 2011).

same

Integration of biocatalytic reactions

Biocatalytic reactions can be integrated along the paths of
multiple biocatalytic reactions steps (Figure 5), or along
biocatalytic and classical chemical reaction steps, or along the
reaction, downstream processing and product recovery steps.
Considering molecular economy aspects together with the lowest
number of reaction steps is important for integrating multiple
steps. The relevant aspects of molecular economy for step
integration include the optimization of the step economy by
reducing the number of reaction steps, by more direct
transformations or by eliminating protection-deprotection
schemes, by avoiding intermediate isolation and downstream
processing steps through coupling several reaction steps in one
pot. The examples of the manufacturing processes for
mevalonate 5-phosphate (Matsumi et al., 2014), shikimate-3-
2018), tagatose-1,6-
diphosphate (Schoenenberger et al., 2020), 2-keto-3-deoxy-
D-gluconate (Matsubara et al, 2014) and L-argininosuccinate

phosphate  (Schoenenberger et al,

(Schoenenberger et al., 2017a) demonstrate the importance of
complexity reduction. This can be achieved by reducing the
number selective

of steps, avoiding protecting groups,
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biocatalytic reactions, selective

defunctionalization and simple addition reactions reducing

phosphorylation

complex chemical multi-step routes.

Multiple biocatalytic reaction steps can be achieved by having
a multifunctional biocatalyst catalyzing more than one reaction
step, a principle used by nature, for example in case of the
polyketide synthases and the non-ribosomal peptide synthetases
(Adrover-Castellano et al., 2021). This is also of much interest for
biocatalytic synthesis as demonstrated by the recent discovery of
a multifunctional biocatalyst EneIRED, which can catalyse
conjugate reduction, as well as imine reduction and reductive
amination of a broad range of simple prochiral substrates to
diastereomeric amines in one-pot (Thorpe et al., 2022). An
already classical way of integration is the assembly of multiple
biocatalysts acting in a reaction sequence, with each biocatalyst
catalyzing one specific reaction step (Roessner and Scott, 1996;
Cutlan et al., 2020).

There are many examples of enzyme cascades being
effectively used in “one pot” reactions such as the production
of plant benzylisoquinoline alkaloids using purified enzymes
(Lichman et al., 2015; Zhao et al., 2018). The construction of
process models is commonly carried out to help understand the
enzyme reactions and their optimisation for scale-up (Finnigan
etal, 2019). The biocatalytic conversion of 4-methyl toluate to 4-
tolyl alcohol, which involved at least seven enzymes in three
reaction steps and included cofactor recycling, has been
optimized by the use and validation of process models based
on characterized enzyme parts (Finnigan et al., 2019). An
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(+)-cis-limonene oxide

OH
< _sOH
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(A) Optimizing process metrics by increasing substrate concentration while maintaining complete conversion, (B) intensification of epoxide-
hydrolase catalyzed resolutions of (+)-and (-)-cis/trans-limonene oxides, as illustrated for the Tomsk limonene epoxide hydrolase (LEH) for the
production of (+)-cis-limonene oxide and the (1S,2S,4R)- limonene-1,2-diol (Ferrandi et al., 2015b).

approach combining experimental enzyme kinetics with pathway
modelling has been successfully applied to a reaction sequence
for the preparation of 2-ketoglutarate from p-xylose, using five
enzymes of the Weimberg pathway in a cell-free system (Shen
et al,, 2020). Linear biocatalytic reaction cascades have attracted
increasing interest over the last years and offer excellent synthetic
opportunities with the reduced complexity of designing
biocatalytic reaction sequences from well-characterized single
biocatalytic reactions operating in a simultaneous or sequential
mode (Schrittwieser et al., 2018). In cases where some
biocatalysts of a reaction sequence show only sufficient
activities in whole cells, for example membrane-bound
enzymes for which no active variant is available in soluble
form, the combination of biocatalysts in purified form as well
as in whole cells represents another integration opportunity. The
plant metabolite cis-(+)-12-oxophytodienoic acid has been
synthesized in good yield, high diastereoselectivity and low
side product formation from linolenic acid by a cascade of
three biocatalytic reactions involving lipoxygenase 13-LOX as
an isolated enzyme and recombinant E. coli whole cells
expressing the Arabidopsis thaliana genes encoding allene
oxide synthase AOS and allene oxide cyclase AOC2 (Lowe
et al., 2020). Integration of several biocatalytic reaction steps
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can be achieved by searching for a novel biocatalyst which is able
to catalyze a more direct reaction route to the target product. It is
important to know all of the enzymes in the natural biosynthetic
route to a metabolite and any missing enzymes need to be
identified (Caputi et al., 2018).

While natural pathway enzymes provide within their
substrate scope facile synthetic access to metabolites or
metabolite-like molecules, more diversified and non-natural
by
broadening of the substrate by enzyme engineering, by

metabolite-like compounds can become accessible
introducing new catalytic activities with non-natural substrates
and by developing new chemical transformations by combining
chemistry and protein engineering (Miller et al, 2022). The
transformations which can effectively be performed by either
a classical chemical reaction, a chemocatalytic or a biocatalytic
reaction can enable the combination of the two worlds of classical
organic synthesis and biocatalysis (Wohlgemuth, 2007; Roberts
et al., 2010; Rudroff et al., 2018; Bering et al., 2022).

In cases where no enzymes are known to catalyze a particular
reaction, the integration of chemocatalytic and enzymatic
transformations in a one-pot process offers a synthetic
opportunity, if mutually compatible reaction conditions can
be found and cross-reactions  and

any interfering
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incompatibilities can be overcome. Regioselective C—H bond
functionalization —methods
enzymes
together with the incorporation of nitrile hydratase or nitrilase
This  type of
chemobiocatalytic system can be carried out in “one pot” at

have been developed with

halogenase and palladium-catalysed cyanation

enzymes. two- or three-component

gram scale (Craven et al,, 2021).

Intensification of biocatalytic
processes

The increase of the overall productivity of the prototype of
the integrated biocatalytic procedure is essential for reaching a
The
biocatalytic processes needs to take into account upstream,

viable manufacturing process. intensification  of
biocatalytic reaction and downstream phases (Boodhoo et al.,
2022). The use of simple process metrics such as reaction
yield, space-time yield, product concentration (Figure 6A) is
thereby not only valuable for characterizing and comparing
process performance in the course of intensifying, scaling and
implementing biocatalytic processes, but also for setting
targets for protein engineering and process engineering
(Woodley 2017).

An important starting point for process development are
the available process windows for favorable thermodynamics
and stabilities of the components of the biocatalytic reactions,
such as enzymes, substrates, intermediates and products,
under the reaction conditions. While a variety of powerful
methodologies are available for engineering the properties and
stabilities of enzymes to match the optimum reaction
conditions, the properties and stabilities of products can
determine the reaction conditions, or otherwise product
be
biocatalytic

modifications need to considered. In a next

intensification phase reaction engineering
aiming at complete substrate to product conversion and
minimizing the formation of side products is an essential
intermediate phase. In the final intensification phase the
increase of the substrate concentration and the decrease of
the enzyme usage is optimized for achieving the highest space-
time yield, while maintaining the complete conversion and
highest product purity from the previous intensification
phase.

Overall Dbiocatalytic process intensification builds on
optimizing each biocatalytic reaction involved, since one
single bottleneck in a biocatalytic reaction affects the entire
process. This is illustrated with the biocatalytic process
the of

lactaldehyde and limonene oxide metabolites. The application

intensification  for synthesis important  chiral
of novel thermostable epoxide hydrolases (Ferrandi et al., 2015a).
which are also stable in organic solvents, facilitates the use of
poorly water-soluble substrates at high substrate concentrations.

Complementary limonene-1,2-epoxide hydrolases have been
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applied in the process intensification up to 2M substrate
concentrations for the synthesis of all limonene oxide
enantiomers as well as (15,2S,4R)-limonene-1,2-diol and
(1R,2R,4S)-limonene-1,2-diol 2015b) as
illustrated in Figure 6B. The key ketoreductase-catalyzed
the of
enantiomerically pure (R)- and (S)-lactaldehydes have been

(Ferrandi et al.,

asymmetric ~ reduction  steps in synthesis
intensified in two development phases, whereby the substrate
concentration could be increased from 6 to 250 g L', the cofactor
concentration could be decreased from 0.8 to 0.05 gL, while
maintaining complete conversion and excellent chemical and
enantiomeric purity (Vogel et al., 2016).

Downstream processing methods with full product recovery
in high quality are as important as the intensification of the
reaction with complete conversion and are a key success factor
for achieving viable processes with high overall resource
efficiency. A variety of methodologies and tools are available
for the intensification of metabolite downstream processing,
(Wohlgemuth, 2009).

extraction optimization is illustrated by the examples of the

recovery and purification Simple
complete extraction of enantiomerically pure 1,1-dimethoxy-2-
propanols, which has been achieved by saturating the aqueous
reaction solution with sodium chloride (Vogel et al., 2016).
Working within process windows for product stability is
essential in case of labile products for maintaining the product
quality during downstream operations (Gauss et al, 2016).
Simple product recovery and purification methodologies, such
as phase separation, crystallization, or extraction, are attractive
for intensification. However chromatographic separation may be
needed, where simulated moving bed chromatography can be
successfully used in the intensification of efficient separations of
equimolar mixtures, such as enantiomerically pure regioisomeric
lactones (Kaiser et al., 2009).

Process intensification over a convergent multistep reaction
cascade in one pot has been demonstrated by the biocatalytic
synthesis of MK-1454 (McIntosh et al, 2022). Process
intensification phases involved classical optimization of
reaction conditions, directed evolution of cyclic guanosine-
adenosine synthase, optimizing cofactors and cosolvents,
increasing substrate concentration, enzyme engineering of
cyclic guanosine-adenosine synthase under optimized reaction
conditions (Benkovics et al., 2022), which has intensified this
biocatalytic process and improved the initial yield of less than

1%-91% (Benkovics et al., 2022).

Discussion

The large “natural” reserve of known biocatalysts and the
tremendous advances in tools and methodologies for designing,
integrating and intensifying biocatalytic reactions are providing
benefits and opportunities for future biocatalytic processes for
the synthesis of metabolites and metabolite-like molecules. The
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high selectivity of natural biocatalysts removes the need for
the
group transformations thereby

protection and deprotection reactions and reduces
complexity of functional
significantly simplifying the synthesis of more complex
products. The metabolic pathways in biological cells and new
and metabolite-like

molecules, can provide blueprints and starting points for

synthetic pathways for metabolites

biocatalytic platform technologies. The interaction of scientific
disciplines of classical organic chemistry and biocatalysis in total
synthesis, microbial whole-cell and cell-free approaches in design
and integration, or reaction/process engineering with protein
engineering has allowed a multidisciplinary research community
to be established to drive forward the synthesis of metabolite and
metabolite-like molecules for their many potential future
applications.

Author contributions

JL and RW have contributed equally to the writing and
preparation of this manuscript.

References

Adrover-Castellano, M. L., Schmidt, J. J., and Sherman, D. H. (2021).
Biosynthetic cyclization catalysts for the assembly of peptide and polyketide
natural products. ChemCatChem 13 (9), 2095-2116. doi:10.1002/cctc.
202001886

Alcantara, A. R, Dominguez de Maria, P., Littlechild, J. A., Schiirmann, M.,
Sheldon, R. A., and Wohlgemuth, R. (2022). Biocatalysis as key to sustainable
industrial chemistry. ChemSusChem 15 (9), €202102709. doi:10.1002/cssc.
202102709

Arnold, F. H. (2018). Directed evolution: Bringing new chemistry to life. Angew.
Chem. Int. Ed. 57 (16), 4143-4148. doi:10.1002/anie.201708408

Baeyer, A. V. (1900). Zur geschichte der indigo-synthese. Ber. Dt. Ges. Chem. 33,
LI-LXX. doi:10.1002/cber.190003303211

Bastings, J. J. A. J., Eijk, H. M., Olde Damink, S. W., and Rensen, S. S. (2019).
D-Amino acids in health and disease: A focus on cancer. Nutrients 11, 2205. doi:10.
3390/nul1092205

Bat-Erdene, U, Billingsley, J. M., Turner, W. C., Lichman, B. R, Ippoliti, F. M.,
Garg, N. K, et al. (2021). Cell-free total biosynthesis of plant terpene natural
products using an orthogonal cofactor regeneration system. ACS Catal. 11 (15),
9898-9903. doi:10.1021/acscatal.1c02267

Benkovics, T., Peng, F., Phillips, E. M., An, C,, Bade, R. S., Chung, C. K,, et al.
(2022). Diverse catalytic reactions for the stereoselective synthesis of cyclic
dinucleotide MK-1454. J. Am. Chem. Soc. 144, 5855-5863. doi:10.1021/jacs.1c12106

Bergquist, P. L., Siddiqui, S., and Sunna, A. (2020). Cell-free biocatalysis for the
production of platform chemicals. Front. Energy Res. 8, 193. doi:10.3389/fenrg.2020.
00193

Bering, L., Thompson, J., and Micklefield, J. (2022). New reaction pathways by
integrating chemo- and biocatalysis. Trends Chem. 4, 392-408. doi:10.1016/j.
trechm.2022.02.008

Boodhoo, K. V. K., Flickinger, M. C., Woodley, J. M., and Emanuelsson, E. A. C.
(2022). Bioprocess intensification: A route to efficient and sustainable biocatalytic
transformations for the future. Chem. Eng. Process. - Process Intensif. 172, 108793.
doi:10.1016/j.cep.2022.108793

Bowie, J. U, Sherkhanov, S., Korman, T. P., Valliere, M. A., Opgenorth, P. H., Liu,
H., et al. (2020). Synthetic biochemistry: The bio-inspired cell-free approach to
commodity chemical production. Trends Biotechnol. 38 (7), 766-778. doi:10.1016/j.
tibtech.2019.12.024

Bozell, J. J., and Petersen, G. R. (2010). Technology development for the
production of biobased products from biorefinery carbohydrates - The US

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2022.958606

Acknowledgments

The COST organization is gratefully acknowledged for
supporting the SysBiocat COST Action CM1303.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Department of Energy’s “Top 10” revisited. Green Chem. 12 (4), 539. doi:10.
1039/B922014C

Brockman, I, M., and Prather, K. L. J. (2015). Dynamic metabolic engineering:
New strategies for developing responsive cell factories. Biotechnol. J. 10 (9),
1360-1369. doi:10.1002/biot.201400422

Buchner, E. (1897). Alkoholische Gihrung ohne Hefezellen. Ber. Dtsch. Chem.
Ges. 30 (1), 117-124. doi:10.1002/cber.18970300121

Buchner, E. (1907). Cell-free fermentation. Nobel Lecture. Available at: https://
www.nobelprize.org/uploads/2018/06/buchner-lecture.pdf.

Bunzel, H. A, Garrabou, X., Pott, M., and Hilvert, D. (2018). Speeding up enzyme
discovery and engineering with ultrahigh-throughput methods. Curr. Opin. Struct.
Biol. 48, 149-156. d0i:10.1016/j.sb1.2017.12.010

Caputi, L., Franke, J., Farrow, S. C., Chung, K, Payne, R. M., Nguyen, T. D, et al.
(2018). Missing enzymes in the biosynthesis of the anticancer drug vinblastine in
Madagascar periwinkle. Science 360 (6394), 1235-1239. doi:10.1126/science.
aat4100

Chen, K, and Arnold, F. H. (2020). Engineering new catalytic activities in
enzymes. Nat. Catal. 3 (3), 203-213. d0i:10.1038/541929-019-0385-5

Choi, S., Song, C. W., Shin, J. H,, and Lee, S. Y. (2015). Biorefineries for the
production of top building block chemicals and their derivatives. Metab. Eng. 28,
223-239. doi:10.1016/j.ymben.2014.12.007

Claassens, N. J., Burgener, S., Vogeli, B., Erb, T. J., and Bar-Even, A. (2019). A
critical comparison of cellular and cell-free bioproduction systems. Curr. Opin.
Biotechnol. 60, 221-229. doi:10.1016/j.copbio.2019.05.003

Colin, P. Y., Kintses, B., Gielen, F., Miton, C. M., Fischer, G., Mohamed, M. F.,
et al. (2015). Ultrahigh-throughput discovery of promiscuous enzymes by
picodroplet functional metagenomics. Nat. Commun. 6, 10008. doi:10.1038/
ncomms10008

Corey, E. J. (1991). The logic of chemical synthesis: Multistep synthesis of
complex carbogenic molecules (Nobel lecture). Angew. Chem. Int. Ed. Engl. 30
(5), 455-465. doi:10.1002/anie.199104553

Craven, E. J,, Latham, J., Shepherd, S. A, Khan, I, Diaz-Rodriguez, A., Greaney,
M. F, et al. (2021). Programmable late-stage C—H bond functionalization enabled
by integration of enzymes with chemocatalysis. Nat. Catal. 4, 385-394. doi:10.1038/
541929-021-00603-3

Cutlan, R,, De Rose, S., Isupov, M. N,, Littlechild, J. A., and Harmer, N. J. (2020).
Using enzyme cascades in biocatalysis: Highlight on transaminases and carboxylic

frontiersin.org


https://doi.org/10.1002/cctc.202001886
https://doi.org/10.1002/cctc.202001886
https://doi.org/10.1002/cssc.202102709
https://doi.org/10.1002/cssc.202102709
https://doi.org/10.1002/anie.201708408
https://doi.org/10.1002/cber.190003303211
https://doi.org/10.3390/nu11092205
https://doi.org/10.3390/nu11092205
https://doi.org/10.1021/acscatal.1c02267
https://doi.org/10.1021/jacs.1c12106
https://doi.org/10.3389/fenrg.2020.00193
https://doi.org/10.3389/fenrg.2020.00193
https://doi.org/10.1016/j.trechm.2022.02.008
https://doi.org/10.1016/j.trechm.2022.02.008
https://doi.org/10.1016/j.cep.2022.108793
https://doi.org/10.1016/j.tibtech.2019.12.024
https://doi.org/10.1016/j.tibtech.2019.12.024
https://doi.org/10.1039/B922014C
https://doi.org/10.1039/B922014C
https://doi.org/10.1002/biot.201400422
https://doi.org/10.1002/cber.18970300121
https://www.nobelprize.org/uploads/2018/06/buchner-lecture.pdf
https://www.nobelprize.org/uploads/2018/06/buchner-lecture.pdf
https://doi.org/10.1016/j.sbi.2017.12.010
https://doi.org/10.1126/science.aat4100
https://doi.org/10.1126/science.aat4100
https://doi.org/10.1038/s41929-019-0385-5
https://doi.org/10.1016/j.ymben.2014.12.007
https://doi.org/10.1016/j.copbio.2019.05.003
https://doi.org/10.1038/ncomms10008
https://doi.org/10.1038/ncomms10008
https://doi.org/10.1002/anie.199104553
https://doi.org/10.1038/s41929-021-00603-3
https://doi.org/10.1038/s41929-021-00603-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.958606

Wohlgemuth and Littlechild

acid reductases. Biochimica Biophysica Acta - Proteins Proteomics 1868, 140322.
doi:10.1016/j.bbapap.2019.140322

De Rose, S, A., Finnigan, W., Harmer, N. ], and Littlechild, J. A. (2021).
Production of the extremolyte cyclic 2, 3-diphosphoglycerate using Thermus
thermophilus as a whole-cell factory. Front. Catal. 1, 803416. doi:10.3389/2fctls.
2021.803416

Delépine, B., Duigouc, T., Carbonell, P., and Faulon, J. L. (2018). RetroPath2.0: A
retrosynthesis workflow for metabolic engineers. Metab. Eng. 45, 158-170. doi:10.
1016/j.ymben.2017.12.002

Dudley, Q. M., Karim, A. S,, and Jewett, M. C. (2015). Cell-free metabolic
engineering: Biomanufacturing beyond the cell. Biotechnol. J. 10 (1), 69-82. doi:10.
1002/biot.201400330

Erb, T. J. (2019). Structural organization of biocatalytic systems: The next
dimension of synthetic metabolism. Emerg. Top. Life Sci. 3, 579-586. doi:10.
1042/ETLS20190015

Eschenmoser, A. (2015). Introductory remarks on the publication series ‘corrin
syntheses-parts I-vi’. Helv. Chim. Acta 98, 1475-1482. doi:10.1002/hlca.201400399

Eschenmoser, A., and Wintner, C. E. (1977). Natural Product Synthesis and
Vitamin B12: Total synthesis of vitamin B12 provided a framework for exploration
in several areas of organic chemistry. Science 196 (4297), 1410-1420. doi:10.1126/
science.867037

Ferrandi, E. E., Marchesi, C., Annovazzi, C., Riva, S., Monti, D., Wohlgemuth, R.,
et al. (2015b). Efficient epoxide hydrolase catalyzed resolutions of (+)-and (-)-cis/
trans-Limonene oxides. ChemCatChem 7 (19), 3171-3178. doi:10.1002/cctc.
201500608

Ferrandi, E. E., Sayer, C,, Isupov, M. N., Annovazzi, C., Marchesi, C., lacobone,
G., et al. (2015a). Discovery and characterization of thermophilic limonene-1, 2-
epoxide hydrolases from hot spring metagenomic libraries. FEBS J. 282 (15),
2879-2894. doi:10.1111/febs.13328

Fessner, W. D. (2015). Systems Biocatalysis: Development and engineering of
cell-free “artificial metabolisms” for preparative multi-enzymatic synthesis. N.
Biotechnol. 32, 658-664. doi:10.1016/j.nbt.2014.11.007

Finnigan, W., Cutlan, R,, Snajdrova, R., Adams, J. P., Littlechild, J. A., Harmer, N.
J., et al. (2019). Engineering a seven enzyme biotransformation using mathematical
modelling and characterized enzyme parts. ChemCatChem 11, 3474-3489. doi:10.
1002/cctc.201900646

Gaich, T., and Baran, P. S. (2010). Aiming for the ideal synthesis. J. Org. Chem. 75,
4657-4673. d0i:10.1021/j01006812

Gauss, D., Schoenenberger, B., Molla, G. S., Kinfu, B. M., Chow, ], Liese, A.,
et al. (2016). “Biocatalytic phosphorylation of metabolites,” in Applied
biocatalysis - from fundamental science to industrial applications. Editors
A. Liese, L. Hilterhaus, U. Kettling, and G. Antranikian (Weinheim,
Germany: Wiley VCH).

Gauss, D., Schoenenberger, B., and Wohlgemuth, R. (2014). Chemical and
enzymatic methodologies for the synthesis of enantiomerically pure
glyceraldehyde 3-phosphates. Carbohydr. Res. 389, 18-24. doi:10.1016/j.carres.
2013.12.023

Gielen, F., Colin, P-Y., Mair, P., and Hollfelder, F. (2018). Ultrahigh-
throughput screening of single-cell lysates for directed evolution and
functional metagenomics. Methods Mol. Biol. 1685, 297-309. doi:10.1007/978-
1-4939-7366-8_18

Hafner, J., Payne, J., MohammadiPeyhani, H., Hatzimanikatis, V., and Smolke, C.
A. (2021). A computational workflow for the expansion of heterologous
biosynthetic pathways to natural product derivatives. Nat. Commun. 12, 1760.
doi:10.1038/s41467-021-22022-5

Hardt, N, Kinfu, B. M., Chow, J., Schoenenberger, B., Streit, W. R, Obkircher, M.,
et al. (2017). Biocatalytic asymmetric phosphorylation catalyzed by recombinant
glycerate-2-kinase. ChemBioChem 18 (15), 1518-1522. doi:10.1002/cbic.201700201

Hayashi, Y. (2021). Time economy in total synthesis. J. Org. Chem. 86, 1-23.
doi:10.1021/acs.joc.0c01581

Hodgman, C. E., and Jewett, M. C. (2012). Cell-free synthetic biology: Thinking
outside the cell. Metab. Eng. 14, 261-269. doi:10.1016/j.ymben.2011.09.002

Holland-Moritz, D. A., Wismer, M. K., Mann, B. F., Farasat, 1., Devine, P.,
Guetschow, E. D, et al. (2020). Mass activated droplet sorting (mads) enables high-
throughput screening of enzymatic reactions at nanoliter scale. Angew. Chem. Int.
Ed. 59 (11), 4470-4477. doi:10.1002/anie.201913203

Jang, Y.-S., Kim, B., Shin, J. H., Choi, Y.J., Choi, S., Song, C. W., et al. (2012). Bio-
based production of C2-C6 platform chemicals. Biotechnol. Bioeng. 109 (10),
2437-2459. doi:10.1002/bit.24599

Jani, P, Emmert, J., and Wohlgemuth, R. (2008). Process analysis of
macrotetrolide biosynthesis during fermentation by means of direct infusion
LC-MS. Biotechnol. ]. 3 (2), 202-208. doi:10.1002/biot.200700174

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.958606

Jumper, J., Evans, R,, Pritzel, A, Green, T., Figurnov, M., Ronneberger, O., et al.
(2021). Highly accurate protein structure prediction with alphafold. Nature 596
(7873), 583-589. doi:10.1038/s41586-021-03819-2

Kaiser, P, Ottolina, G., Carrea, G., and Wohlgemuth, R. (2009). Preparative-scale
separation by simulated moving bed chromatography of biocatalytically produced
regioisomeric lactones. New Biotechnol. 25 (4), 220-225. doi:10.1016/j.nbt.2009.
01.005

Ko, Y.S., Kim, J. W., Lee, J. A., Han, T., Kim, G. B., Park, J. E., et al. (2020). Tools
and strategies of systems metabolic engineering for the development of microbial
cell factories for chemical production. Chem. Soc. Rev. 49 (14), 4615-4636. doi:10.
1039/D0OCS00155D

Krevet, S., Shen, L., Bohnen, T., Schoenenberger, B., Meier, R., Obkircher,
M., et al. (2020). Enzymatic synthesis of 2-keto-3-deoxy-6-phosphogluconate
by the 6-phosphogluconate-dehydratase from Caulobacter crescentus. Front.
Bioeng. Biotechnol. 8, 185. doi:10.3389/fbioe.2020.00185

Kulathunga, S. C., Morato, N. M., Zhou, Q., Cooks, R. G., and Mesecar, A. D.
(2022). Desorption electrospray ionization mass spectrometry assay for label-free
characterization of SULT2BIb enzyme kinetics. ChemMedChem 17 (9),
€202200043. doi:10.1002/cmdc.202200043

Leca, J., Fortin, J., and Mak, T. W. (2021). Illuminating the cross-talk between
tumor metabolism and immunity in IDH-mutated cancers. Curr. Opin. Biotechnol.
68, 181-185. doi:10.1016/j.copbio.2020.11.013

Lichman, B. R,, Lamming, E. D., Pesnot, T., Smith, J. M., Hailes, H. C., and Ward,
J. M. (2015). One-pot triangular chemoenzymatic cascades for the syntheses of
chiral alkaloids from dopamine. Green Chem. 17 (2), 852-855. doi:10.1039/
C4GC02325K

Lin, G. M., Warden-Rothman, R., and Voigt, C. A. (2019). Retrosynthetic design
of metabolic pathways to chemicals not found in nature. Curr. Opin. Syst. Biol. 14,
82-107. doi:10.1016/j.coisb.2019.04.004

Littlechild, J. A. (2015a). Archaeal enzymes and applications in industrial
biocatalysts. Archaea 2015, 147671. doi:10.1155/2015/147671

Littlechild, J. A. (2015b). Enzymes from extreme environments and their
industrial applications. Front. Bioeng. Biotechnol. 3, 161. doi:10.3389/fbioe.2015.
00161

Littlechild, J. A. (2017). Improving the ‘tool box’ for robust industrial enzymes.
J. Ind. Microbiol. Biotechnol. 44, 711-720. doi:10.1007/s10295-017-1920-5

Lowe, J., Dietz, K. J., and Gréger, H. (2020). From a biosynthetic pathway toward
a biocatalytic process and chemocatalytic modifications: Three-step enzymatic
cascade to the plant metabolite cis-(+)-12-OPDA and metathesis-derived
products. Adv. Sci. 7 (13), 1902973. doi:10.1002/advs.201902973

Matsubara, K., Kéhling, R., Schénenberger, B., Kouril, T., Esser, D., Brisen, C.,
et al. (2014). One-step synthesis of 2-keto-3-deoxy-D-gluconate by biocatalytic
dehydration of D-gluconate. J. Biotechnol. 191, 69-77. doi:10.1016/j.jbiotec.2014.
06.005

Matsumi, R., Hellriegel, C., Schoenenberger, B., Milesi, T., Van Der Oost, J.,
Wohlgemuth, R., et al. (2014). Biocatalytic asymmetric phosphorylation of
mevalonate. RSC Adv. 4, 12989. doi:10.1039/C4RA01299B

McDonald, A., and Tipton, K. F. (2022). Enzyme nomenclature and classification:
The state of the art. FEBS J. doi:10.1111/febs.16274

McGhie, E. J., and Littlechild, J. A. (2017). The purification and
crystallisation of 2, 5-diketocamphane 1, 2-monooxygenase and 3, 6-
diketocamphane 1, 6-monooxygenase from Pseudomonas putida NCIMB
10007. Biochem. Soc. Trans. 24 (1), 29S. doi:10.1042/bst024029s

Mclntosh, J. A., Liu, Z., Andresen, B. M., Marzijarani, N. S., Moore, J. C,,
Marshall, N. M, et al. (2022). A kinase-cGAS cascade to synthesize a therapeutic
STING activator. Nature 603 (7901), 439-444. doi:10.1038/s41586-022-04422-9

McNerney, M. P., Watstein, D. N., and Styczynski, M. P. (2015). Precision
metabolic engineering: The design of responsive, selective, and controllable
metabolic systems. Metab. Eng. 31, 123-131. doi:10.1016/j.ymben.2015.06.011

Mendoza-Avila, J., Chauhan, K., and Vazquez-Duhalt, R. (2020). Enzymatic
synthesis of indigo-derivative industrial dyes. Dyes Pigments 178, 108384. doi:10.
1016/j.dyepig.2020.108384

Mikulak-Klucznik, B., Golebiowska, P., Bayly, A. A., Popik, O., Klucznik, T.,

Szymku¢, S., et al. (2020). Computational planning of the synthesis of complex
natural products. Nature 588, 83-88. doi:10.1038/541586-020-2855-y

Miller, D. C., Athavale, S. V., and Arnold, F. H. (2022). Combining chemistry and
protein engineering for new-to-nature biocatalysis. Nat. Synth. 1, 18-23. doi:10.
1038/544160-021-00008-x

MohammadiPeyhani, H., Hafner, J., Sveshnikova, A., Viterbo, V., and
Hatzimanikatis, H. (2022). Expanding biochemical knowledge and illuminating
metabolic dark matter with ATLASx. Nat. Commun. 13, 1560. doi:10.1038/s41467-
022-29238-z

frontiersin.org


https://doi.org/10.1016/j.bbapap.2019.140322
https://doi.org/10.3389/2fctls.2021.803416
https://doi.org/10.3389/2fctls.2021.803416
https://doi.org/10.1016/j.ymben.2017.12.002
https://doi.org/10.1016/j.ymben.2017.12.002
https://doi.org/10.1002/biot.201400330
https://doi.org/10.1002/biot.201400330
https://doi.org/10.1042/ETLS20190015
https://doi.org/10.1042/ETLS20190015
https://doi.org/10.1002/hlca.201400399
https://doi.org/10.1126/science.867037
https://doi.org/10.1126/science.867037
https://doi.org/10.1002/cctc.201500608
https://doi.org/10.1002/cctc.201500608
https://doi.org/10.1111/febs.13328
https://doi.org/10.1016/j.nbt.2014.11.007
https://doi.org/10.1002/cctc.201900646
https://doi.org/10.1002/cctc.201900646
https://doi.org/10.1021/jo1006812
https://doi.org/10.1016/j.carres.2013.12.023
https://doi.org/10.1016/j.carres.2013.12.023
https://doi.org/10.1007/978-1-4939-7366-8_18
https://doi.org/10.1007/978-1-4939-7366-8_18
https://doi.org/10.1038/s41467-021-22022-5
https://doi.org/10.1002/cbic.201700201
https://doi.org/10.1021/acs.joc.0c01581
https://doi.org/10.1016/j.ymben.2011.09.002
https://doi.org/10.1002/anie.201913203
https://doi.org/10.1002/bit.24599
https://doi.org/10.1002/biot.200700174
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/j.nbt.2009.01.005
https://doi.org/10.1016/j.nbt.2009.01.005
https://doi.org/10.1039/D0CS00155D
https://doi.org/10.1039/D0CS00155D
https://doi.org/10.3389/fbioe.2020.00185
https://doi.org/10.1002/cmdc.202200043
https://doi.org/10.1016/j.copbio.2020.11.013
https://doi.org/10.1039/C4GC02325K
https://doi.org/10.1039/C4GC02325K
https://doi.org/10.1016/j.coisb.2019.04.004
https://doi.org/10.1155/2015/147671
https://doi.org/10.3389/fbioe.2015.00161
https://doi.org/10.3389/fbioe.2015.00161
https://doi.org/10.1007/s10295-017-1920-5
https://doi.org/10.1002/advs.201902973
https://doi.org/10.1016/j.jbiotec.2014.06.005
https://doi.org/10.1016/j.jbiotec.2014.06.005
https://doi.org/10.1039/C4RA01299B
https://doi.org/10.1111/febs.16274
https://doi.org/10.1042/bst024029s
https://doi.org/10.1038/s41586-022-04422-9
https://doi.org/10.1016/j.ymben.2015.06.011
https://doi.org/10.1016/j.dyepig.2020.108384
https://doi.org/10.1016/j.dyepig.2020.108384
https://doi.org/10.1038/s41586-020-2855-y
https://doi.org/10.1038/s44160-021-00008-x
https://doi.org/10.1038/s44160-021-00008-x
https://doi.org/10.1038/s41467-022-29238-z
https://doi.org/10.1038/s41467-022-29238-z
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.958606

Wohlgemuth and Littlechild

Morato, N. M., Holden, D. T., and Cooks, R. G. (2020). High-throughput label-
free enzymatic assays using desorption electrospray-ionization mass spectrometry.
Angew. Chem. Int. Ed. 59, 20459-20464. doi:10.1002/anie.202009598

Morgado, G., Gerngross, D., Roberts, T. M., and Panke, S. (2016). “Synthetic
biology for cell-free biosynthesis: Fundamentals of designing novel in vitro multi-
enzyme reaction networks,” in Synthetic biology-metabolic engineering. Adv.
Biochem. Eng./Biotechnol. Editors H. Zhao and A. P. Zeng (Cham: Springer),
162, 117-146. doi:10.1007/10_2016_13

Nicolaou, K. C., and Rigol, S. (2020). Perspectives from nearly five decades of total
synthesis of natural products and their analogues for biology and medicine. Nat.
Prod. Rep. 37, 1404-1435. doi:10.1039/DONP00003E

Nicolaou, K. C., Vourloumis, D., Winssinger, N., and Baran, P. S. (2000). The art
and science of total synthesis at the dawn of the twenty-first century. Angew. Chem.
Int. Ed. 39 (1), 44-122. doi:10.1002/(sici)1521-3773(20000103)39:1<44::aid-
anie44>3.0.co;2-1

Ohide, H., Miyoshi, Y., Maruyama, R., Hamase, K., and Konno, R. (2011).
D-Amino acid metabolism in mammals: Biosynthesis, degradation and analytical
aspects of the metabolic study. J. Chromatogr. B 879, 3162-3168. doi:10.1016/j.
jchromb.2011.06.028

Peters, D. S,, Pitts, C. R,, McClymont, K. S, Stratton, T. P., Bi, C., Baran, P. S, et al.
(2021). Ideality in context: Motivations for total synthesis. Acc. Chem. Res. 54,
605-617. doi:10.1021/acs.accounts.0c00821

Reetz, M. T. (2016). Directed evolution of selective enzymes: Catalysts for organic
chemistry and Biotechnology. Weinheim: Wiley VCH. ISBN 978-3-527-31660-1.

Richter, N., Neumann, M., Liese, A., Wohlgemuth, R., Eggert, T., Hummel, W,
et al. (2009). Characterisation of a recombinant NADP-dependent glycerol
dehydrogenase from Gluconobacter oxydans and its application in the
production of L-glyceraldehyde. ChemBioChem 10 (11), 1888-1896. doi:10.1002/
cbic.200900193

Roberts, A. R., Ryan, K. S., Moore, B. S., and Gulder, T. A. M. (2010). Total (Bio)
Synthesis: Strategies of nature and of chemists. Top. Curr. Chem. 297, 149-203.
doi:10.1007/128_2010_79

Roessner, C. A, and Scott, A. I. (1996). Achieving natural product synthesis and
diversity via catalytic networking ex vivo. Chem. Biol. 3 (5), 325-330. doi:10.1016/
$1074-5521(96)90114-3

Roessner, C. A., Spencer, J. B., Ozaki, S., Min, C. H., Atshaves, B. P., Nayar, P,,
et al. (1995). Overexpression in Escherichia coli of 12 vitamin B12 biosynthetic
enzymes. Protein Expr. Purif. 6, 155-163. doi:10.1006/prep.1995.1019

Roessner, C. A., Spencer, J. B., Stolowich, N. J., Wang, J., Nayar, G. P., Santander,
P.J., etal. (1994). Genetically engineered synthesis of precorrin-6x and the complete
corrinoid, hydrogenobyrinic acid, an advanced precursor of vitamin B12. Chem.
Biol. 1 (2), 119-124. doi:10.1016/1074-5521(94)90050-7

Rudroff, F., Mihovilovic, M. D., Gréger, H., Snajdrova, R., Iding, H., Bornscheuer,
U. T, et al. (2018). Opportunities and challenges for combining chemo- and
biocatalysis. Nat. Catal. 1 (1), 12-22. d0i:10.1038/s41929-017-0010-4

Ruth, M. R,, and Field, C.J. (2013). The immune modifying effects of amino acids
on gut-associated lymphoid tissue. J. Anim. Sci. Biotechnol. 4 (27), 27. doi:10.1186/
2049-1891-4-27

Schell, U., Wohlgemuth, R., and Ward, J. M. (2009). Synthesis of pyridoxamine
5'-phosphate using an MBA:pyruvate transaminase as biocatalyst. J. Mol. Catal. B
Enzym. 59 (4), 279-285. doi:10.1016/j.molcatb.2008.10.005

Schmid-Dannert, C., and Loépez-Gallego, F. (2019). Advances and opportunities
for the design of self-sufficient and spatially organized cell-free biocatalytic systems.
Curr. Opin. Chem. Biol. 49, 97-104. doi:10.1016/j.cbpa.2018.11.021

Schoenenberger, B., Kind, S., Meier, R., Eggert, T., Obkircher, M., Wohlgemuth,
R, et al. (2020). Efficient biocatalytic synthesis of D-tagatose 1, 6-diphosphate by
LacC-catalysed  phosphorylation of D-tagatose 6-phosphate.  Biocatal.
Biotransformation 38 (1), 53-63. doi:10.1080/10242422.2019.1634694

Schoenenberger, B., Wszolek, A., Meier, R., Brundiek, H., Obkircher, M,
Wohlgemuth, R, et al. (2017a). Biocatalytic asymmetric Michael addition
reaction of L-arginine to fumarate for the green synthesis of N-(([(4S)-4-amino-
4-carboxy-butylJamino)iminomethyl)-L-aspartic acid lithium salt
(L-argininosuccinic acid lithium salt). RSC Adv. 7, 48952-48957. doi:10.1039/
C7RA10236D

Schoenenberger, B., Wszolek, A., Meier, R., Brundiek, H., Obkircher, M,
Wohlgemuth, R, et al. (2018). Recombinant AroL-catalyzed phosphorylation for
the efficient synthesis of shikimic acid 3-phosphate. Biotechnol. J. 13 (8), 1700529.
doi:10.1002/biot.201700529

Schoenenberger, B., Wszolek, A., Milesi, T., Brundiek, H., Obkircher, M.,
Wohlgemuth, R, et al. (2017b). Synthesis of Nw-phospho-L-arginine by
biocatalytic phosphorylation of L-arginine. ChemCatChem 9 (1), 121-126.
doi:10.1002/cctc.201601080

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.958606

Schrittwieser, J. H., Velikogne, S., Hall, M., and Kroutil, W. (2018). Artificial
biocatalytic linear cascades for preparation of organic molecules. Chem. Rev. 118
(1), 270-348. doi:10.1021/acs.chemrev.7b00033

Scott, A. I. (2003). Discovering nature’s diverse pathways to vitamin B12: A 35-
year odyssey. J. Org. Chem. 68 (7), 2529-2539. doi:10.1021/j0020728t

Scott, A. I, Yagen, B., and Lee, E. (1973). Biosynthesis of corrins. Cell-free system
from Propionibacterium shermanii. . Am. Chem. Soc. 95, 5761-5762. doi:10.1021/
ja00798a054

Sheldon, R. A., Basso, A., and Brady, D. (2021). New frontiers in enzyme
immobilisation: robust biocatalysts for a circular bio-based economy. Chem. Soc.
Rev. 50 (10), 5850-5862. doi:10.1039/D1CS00015B

Shen, L., Kohlhaas, M., Enoki, J., Meier, R., Schénenberger, B., Wohlgemuth, R.,
et al. (2020). A combined experimental and modelling approach for the Weimberg
pathway optimisation. Nat. Commun. 11, 1098. doi:10.1038/s41467-020-14830-y

Sun, Q., Lv, Y., Zhang, C., Wu, W., Zhang, R., Zhu, C,, et al. (2021). Efficient
preparation of c-di-AMP at gram-scale using an immobilized Vibrio cholerae
dinucleotide cyclase DncV. Enzyme Microb. Technol. 143, 109700. doi:10.1016/j.
enzmictec.2020.109700

Sutiono, S., Pick, A., and Sieber, V. (2021). Converging conversion-using
promiscuous biocatalysts for the cell-free synthesis of chemicals from
heterogeneous biomass. Green Chem. 23 (10), 3656-3663. doi:10.1039/
D0GC04288A

Swainston, N., Handl, J., and Kell, D. B. (2015). A ‘rule of 0.5’for the metabolite-
likeness of approved pharmaceutical drugs. Metabolomics 11 (2), 323-339. doi:10.
1007/s11306-014-0733-z

Swartz, J. R. (2018). Expanding biological applications using cell-free metabolic
engineering: An overview. Metab. Eng. 50, 156-172. doi:10.1016/j.ymben.2018.
09.011

Takats, Z., Wiseman, J. M., Gologan, B., and Cooks, R. G. (2004). Mass
spectrometry sampling under ambient conditions with desorption electrospray
ionization. Science 306, 471-473. doi:10.1126/science.1104404

Taylor, S. J., McCague, R., Wisdom, R, Lee, C., Dickson, K., Ruecroft, G., et al.
(1993). Development of the biocatalytic resolution of 2-azabicyclo[2.2.1]hept-5-en-
3-one as an entry to single-enantiomer carbocyclic nucleosides. Tetrahedron
Asymmetry 4 (6), 1117-1128. doi:10.1016/S0957-4166(00)80218-9

Thorpe, T. W., Marshall, J. R., Harawa, V., Ruscoe, R. E., Cuetos, A., Finnigan,
J. D., et al. (2022). Multifunctional biocatalyst for conjugate reduction and reductive
amination. Nature 604 (7904), 86-91. doi:10.1038/s41586-022-04458-x

Vogel, M. A. K., Burger, H., Schliger, N., Meier, R., Schonenberger, B., Bisschops,
T., et al. (2016). Highly efficient and scalable chemoenzymatic syntheses of (R)-and
(S)-lactaldehydes. React. Chem. Eng. 1 (2), 156-160. doi:10.1039/C5RE00009B

Wang, S., Dong, G., and Sheng, C. (2019). Structural simplification of natural
products. Chem. Rev. 119, 4180-4220. doi:10.1021/acs.chemrev.8b00504

Ward, P. S., and Thompson, C. B. (2012). Metabolic reprogramming: A cancer
hallmark even warburg did not anticipate. Cancer Cell 21, 297-308. doi:10.1016/j.
ccr.2012.02.014

Wender, P. A, Quiroz, R. V., and Stevens, M. C. (2015). Function through
synthesis-informed design. Acc. Chem. Res. 48, 752-760. doi:10.1021/acs.accounts.
5b00004

Wender, P. A. (2014). Toward the ideal synthesis and molecular function
through synthesis-informed design. Nat. Prod. Rep. 31, 433-440. doi:10.1039/
C4NP00013G

Wender, P. A., Verma, V. A., Paxton, T. J., and Pillow, T. H. (2008). Function-
oriented synthesis, step economy, and drug design. Acc. Chem. Res. 41, 40-49.
doi:10.1021/ar700155p

T. Werpy and G. Petersen (Editors) (2004). Top value added chemicals from
biomass, volume 1, results of screening for potential candidates from sugars and
synthesis gas (Golden, Colorado, USA: U.S. Department of Energy (DOE), National
Renewable Energy Laboratory). No. DOE/GO-102004-1992.

Wishart, D. S., Feunang, Y. D., Marcu, A., Guo, A. C,, Liang, K., Vazquez-Fresno,
R, et al. (2018). HMDB 4.0: The human metabolome database for 2018. Nucleic
Acids Res. 46 (D1), D608-D617. doi:10.1093/nar/gkx1089

Wohler, F. (1828). Ueber kiinstliche Bildung des Harnstoffs. Ann. Phys. Chem. 12,
253-256. doi:10.1002/andp.18280880206

Wohlgemuth, R. (2017). Biocatalytic process design and reaction engineering.
Chem. Biochem. Eng. Q. 31, 131-138. doi:10.15255/CABEQ.2016.1029

Wohlgemuth, R. (2018). Horizons of systems biocatalysis and renaissance of
metabolite synthesis. Biotechnol. J. 13 (6), 1700620. doi:10.1002/biot.201700620

Wohlgemuth, R. (2007). Interfacing biocatalysis and organic synthesis. J. Cherm.
Technol. Biotechnol. 82 (12), 1055-1062. doi:10.1002/jctb.1761

frontiersin.org


https://doi.org/10.1002/anie.202009598
https://doi.org/10.1007/10_2016_13
https://doi.org/10.1039/D0NP00003E
https://doi.org/10.1002/(sici)1521-3773(20000103)39:1<44::aid-anie44>3.0.co;2-l
https://doi.org/10.1002/(sici)1521-3773(20000103)39:1<44::aid-anie44>3.0.co;2-l
https://doi.org/10.1016/j.jchromb.2011.06.028
https://doi.org/10.1016/j.jchromb.2011.06.028
https://doi.org/10.1021/acs.accounts.0c00821
https://doi.org/10.1002/cbic.200900193
https://doi.org/10.1002/cbic.200900193
https://doi.org/10.1007/128_2010_79
https://doi.org/10.1016/S1074-5521(96)90114-3
https://doi.org/10.1016/S1074-5521(96)90114-3
https://doi.org/10.1006/prep.1995.1019
https://doi.org/10.1016/1074-5521(94)90050-7
https://doi.org/10.1038/s41929-017-0010-4
https://doi.org/10.1186/2049-1891-4-27
https://doi.org/10.1186/2049-1891-4-27
https://doi.org/10.1016/j.molcatb.2008.10.005
https://doi.org/10.1016/j.cbpa.2018.11.021
https://doi.org/10.1080/10242422.2019.1634694
https://doi.org/10.1039/C7RA10236D
https://doi.org/10.1039/C7RA10236D
https://doi.org/10.1002/biot.201700529
https://doi.org/10.1002/cctc.201601080
https://doi.org/10.1021/acs.chemrev.7b00033
https://doi.org/10.1021/jo020728t
https://doi.org/10.1021/ja00798a054
https://doi.org/10.1021/ja00798a054
https://doi.org/10.1039/D1CS00015B
https://doi.org/10.1038/s41467-020-14830-y
https://doi.org/10.1016/j.enzmictec.2020.109700
https://doi.org/10.1016/j.enzmictec.2020.109700
https://doi.org/10.1039/D0GC04288A
https://doi.org/10.1039/D0GC04288A
https://doi.org/10.1007/s11306-014-0733-z
https://doi.org/10.1007/s11306-014-0733-z
https://doi.org/10.1016/j.ymben.2018.09.011
https://doi.org/10.1016/j.ymben.2018.09.011
https://doi.org/10.1126/science.1104404
https://doi.org/10.1016/S0957-4166(00)80218-9
https://doi.org/10.1038/s41586-022-04458-x
https://doi.org/10.1039/C5RE00009B
https://doi.org/10.1021/acs.chemrev.8b00504
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1021/acs.accounts.5b00004
https://doi.org/10.1021/acs.accounts.5b00004
https://doi.org/10.1039/C4NP00013G
https://doi.org/10.1039/C4NP00013G
https://doi.org/10.1021/ar700155p
https://doi.org/10.1093/nar/gkx1089
https://doi.org/10.1002/andp.18280880206
https://doi.org/10.15255/CABEQ.2016.1029
https://doi.org/10.1002/biot.201700620
https://doi.org/10.1002/jctb.1761
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.958606

Wohlgemuth and Littlechild

Wohlgemuth, R. (2021). Key advances in biocatalytic phosphorylations in the last
two decades: Biocatalytic syntheses in vitro and biotransformations in vivo (in
humans). Biotechnol. J. 16 (4), 2000090. doi:10.1002/biot.202000090

Wohlgemuth, R. (2011). “Product recovery,” in Comprehensive Biotechnology.
Editors M. Moo-Young, M. Butler, C. Webb, A. Moreira, B. Grodzinski, Z. F. Cui,
et al. 2, 591-601. doi:10.1016/B978-0-444-64046-8.00096-3

Wohlgemuth, R. (2022). Selective biocatalytic defunctionalization of raw
materials. ChemSusChem 15 (9), €202200402. doi:10.1002/cssc.202200402

Wohlgemuth, R. (2009). Tools and ingredients for the biocatalytic synthesis of
metabolites. Biotechnol. J. 4 (9), 1253-1265. doi:10.1002/biot.200900002

Woodley, J. M. (2017). Integrating protein engineering with process design for
biocatalysis. Phil. Trans. R. Soc. A 376, 20170062. doi:10.1098/rsta.2017.0062

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2022.958606

Woodward, R. B. (1966). Recent advances in the chemistry of natural products.
Science 153 (3735), 487-493. doi:10.1126/science.153.3735.487

Young, I. S., and Baran, P. S. (2009). Protecting-group-free synthesis as
an opportunity for invention. Nat. Chem. 1 (3), 193-205. doi:10.1038/
nchem.216

Zalatan, J. G., Lee, M. E., Almeida, R., Gilbert, L. A., Whitehead, E. H., La Russa,
M, et al. (2015). Engineering complex synthetic transcriptional programs with
CRISPR RNA scaffolds. Cell 160 (0), 339-350. doi:10.1016/j.cell.2014.11.052

Zhao, M., Qin, Z., Abdullah, A., and Xiao, Y. (2022). Construction of biocatalytic
cascades for the synthesis of benzylisoquinoline alkaloids from p-coumaric acid
derivatives and dopamine. Green Chem. 24 (8), 3225-3234. doi:10.1039/
D1GC04759K

frontiersin.org


https://doi.org/10.1002/biot.202000090
https://doi.org/10.1016/B978-0-444-64046-8.00096-3
https://doi.org/10.1002/cssc.202200402
https://doi.org/10.1002/biot.200900002
https://doi.org/10.1098/rsta.2017.0062
https://doi.org/10.1126/science.153.3735.487
https://doi.org/10.1038/nchem.216
https://doi.org/10.1038/nchem.216
https://doi.org/10.1016/j.cell.2014.11.052
https://doi.org/10.1039/D1GC04759K
https://doi.org/10.1039/D1GC04759K
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.958606

	Complexity reduction and opportunities in the design, integration and intensification of biocatalytic processes for metabol ...
	Introduction
	Synthetic access to the metabolite and metabolite-like molecular space
	Search and selection of optimal route, starting materials and biocatalysts
	Cell-free versus whole-cell biocatalytic systems
	Design of biocatalytic processes
	Integration of biocatalytic reactions
	Intensification of biocatalytic processes
	Discussion
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


