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Abstract

Synthesis, which includes chemical synthesis and biosynthesis, is a
fundamental approach to generate molecules. The science of synthesis
is closely related to the fields of biology, human health, agriculture,
materials, and energy. Currently, the science of synthesis has new features
and meanwhile faces new challenges. Based on the recent advances
in chemistry and biology, the integration of chemical synthesis and
biosynthesis provides an unprecedented opportunity for the development
of the science of synthesis. In this strategic study, we focus on biology-
facilitated chemical synthesis and chemistry-facilitated biosynthesis and
summarize the characteristics, challenges, and directions of the science of
synthesis. We hope to establish a linkage between chemical synthesis and
biosynthesis and provide insight into the next-generation synthesis which
is expected to break the boundary between chemistry and biology.

The development of chemical synthesis is associated with the
development of biological science and technology. Biology-facilitated
chemical synthesis mainly refers to the chemical synthesis that mimics
the biological transformation (e.g., enzymatic catalysis). Chemists are
inspired by biological systems in many aspects, such as the catalyst
design, reaction mechanism, synthetic strategies, and structure-function

relationship. Thus, biology-facilitated chemical synthesis offers both
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the advantages of conventional chemical synthesis, including simplicity
and flexibility, and those of biosynthesis, including high selectivity and
efficiency and environmental friendliness. In the following five chapters,
biology-facilitated chemical synthesis is described in detail from the
perspectives of reactions, catalysts, and strategies.

Reactions are fundamental tools of synthetic chemistry. The understand-
ing of biosynthetic mechanisms in reaction can facilitate the development
of biomimetic reactions, which mimic the bond formation/cleavage
patterns of their biosynthetic counterparts. Five representative classes
of biomimetic reactions are summarized in Chapter 2: biomimetic ionic
reactions, biomimetic radical reactions, biomimetic pericyclic reactions,
biomimetic heteroatom transfer reactions, and biomimetic photochemical
reactions. The development of new biomimetic reactions would further
enrich our chemical toolbox.

Catalysis is an important field of synthetic chemistry. The use of
catalysis significantly improves the efficiency of synthesis and reduces
environmental pollution. Biology-facilitated catalysis is discussed in
two aspects: biomimetic catalysis (Chapter 3) and directed evolution of
enzymes for non-natural reactions (Chapter 5). Taking advantages of the
core structures and catalytic mechanisms of enzymes, chemists design
simplified ligands and catalytic systems for various catalytic processes.
Two strategies for developing biomimetic catalysis are introduced in
Chapter 3: mimicking the catalytic center and mimicking the protein
scaffold. Biomimetic catalysis offers the advantages of enzyme catalysis
and chemical catalysis, which is expected to play an increasingly more
important role in the synthesis of functional molecules. Chapter 5 focuses
on directed evolution of enzymes, which helps to overcome the problems
of natural enzymes, such as limited reaction types and substrate scope
and unsatisfactory stability. The most exciting advance in this area is to

engineer enzymes for catalyzing non-natural reactions. The combination
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of the design from chemists and the diversity generated by protein
evolution demonstrates remarkable power in the search for new catalysts.

Synthetic strategies form the basis of the logic of multi-step synthesis
of complex molecules. Biosynthesis provides valuable information for the
development of useful strategies for the synthesis of complex molecules,
in particular natural products (see Chapters 4 and 6). In Chapter 4,
biomimetic natural product synthesis is discussed. As a fundamental
approach to natural product synthesis, biomimetic synthesis offers many
advantages, due to the intrinsic correlation between the biogenesis and
the structure of natural products. It stimulates the development of various
useful strategies and meanwhile provides crucial clues for elucidation
of biosynthetic pathways. Empowered with chemists’ logic, enzymatic
reactions can serve as powerful tools for complex molecule synthesis,
as described in Chapter 6. The combination of strategies and methods
of chemical synthesis and enzymatic reactions proves to be superior to
conventional chemical synthesis in the selected cases.

Biosynthesis is essentially a chemically synthetic process that occurs
in a biological system, where various enzymatic reactions are employed
to furnish chemical structures through a multistep pathway. Biosynthetic
studies often target naturally occurring functional molecules and fall into
a scope of multidiscipline, as related research paradigms and developing
ways are highly associated with the advances in the fields of physics,
chemistry and biology. With the deepening of knowledge in the regularity
of molecule evolution and developing in nature, biosynthetic studies are
stepping from “learning the nature” to “surpassing the nature”, greatly
facilitating changes in the research methods and strategies of traditional
natural products chemistry, medicinal chemistry and synthetic chemistry.
In addition, these studies lay the theoretical foundation of synthetic
biology, a new interdiscipline that emerged in the beginning of the 21st

century, in terms of the creation of functional molecules. Studies on
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chemistry-facilitated biosynthesis, which are discussed in the following
seven chapters in this strategic study, can be conducted at a variety
of levels, including encoding genes, catalytic enzymes, biosynthetic
pathways and producing cells.

Dissection of the chemical processes for the formation of functional
molecules in biological systems serves as one of the main objectives of
biosynthetic studies. Chapter 7 summarizes the enzymatic mechanisms
of skeleton formation and tailoring that are associated with a variety of
natural products classified according to their structural characteristics and
biosynthetic origins. Deep insights into the pathways and related catalytic
mechanisms facilitate the understanding of the regularities of enzymatic
reactions that are followed in the biosynthesis and subsequently the
creation and discovery of new (designed) functional molecules by
engineering and mining with various combinatorial biosynthesis and
synthetic biology approaches. These studies can provide access to
important biological functions or processes and eventually benefit the life
and health of human being.

The importance of biosynthetic studies is exemplified by diversity-
oriented biosynthesis, which occurs through the combination and
permutation of different biological elements or chemical precursors
following an idea of combinatorial chemistry or elaborate designing
editing. Based on the theoretical formation and development that can
be classified into the four periods of exploring, starting, developing and
rapidly developing, Chapter 8 introduces the progress, current situations
and existing problems of the studies on combinatorial biosynthesis.

In addition, the importance of biosynthetic studies is exemplified
by genome mining, which allows for the discovery of new molecules
or new biosynthetic mechanisms (as shown in Chapter 9). Based on
the established relationship between characteristic structures and gene

sequences, the bioinformatics analysis of genome data can reveal the
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potential biosynthetic gene clusters and their associated molecules,
thereby representing one of the significant breakthroughs in the strategies
of natural products chemistry. Genome mining approaches, which
simplify the target molecules with complex, three-dimensional structures
to simple, readable and analyzable DNA sequences, can greatly improve
the predictability and success rate and eventually lead to the discovery of
pharmaceutically useful molecules from natural sources.

As an important biotechnology, heterologous biosynthesis can
effectively make up for the deficiency of chemical synthesis in the
production of natural medicines with complex structures, lower the
costs of staple/refined chemicals and energy products and facilitate
the coordinated development of environmental and resources. Chapter
10 reports the history, development, current situations and future in
the heterologous biosynthesis of natural products (either microbial or
plant) and industrial chemicals and particularly discusses gene editing
technologies and chassis cells, both of which are of importance to the
effectiveness of heterologous biosynthesis.

Biosynthesis is a typical interdescipline whose research paradigms and
developing ways are closely related to the advances of physics, chemistry
and biology and their associated technologies. Chapter 11 summaries the
strategies/methods used in biosynthesis, where technologies relevant to
chemistry, physics, biology, computational informatics and others are
involved. According to the strategies/methods used in different stages,
this chapter reviews the history of the development of biosynthetic
studies. In particular, the analysis of classical cases, e.g., those for
morphine and erythromycin, highlights the significance of technological
advance to field development.

In contrast to biosynthesis, biodegradation or transformation is a
process through which the metabolic capability of microorganisms can be

used for degrading or detoxifying pollutants (especially the results from
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chemical synthesis) to chemical products with economic values. Chapter
12 states the significance of biodegradation or transformation to the green
development of the science of synthesis.

DNA information storage/computing is a newly emerging interdisciplinary
direction that plays an important role in developing alternative data storage
media and maintaining security for ecological environment and energy
(as shown in Chapter 13). At present, this research field has just started
in China, and is at the key stage of making major breakthroughs and
exploring applications. The strategic plan of this research direction will
be conducive to early foothold in emerging industries, as well as national
defense and security. In addition, it will promote the development of a
number of basic and cutting-edge interdisciplinary studies.

Synthesis of biomacromolecules including carbohydrates, proteins,
and nucleic acids has long been an active field at the chemistry-
biology interface. In Chapter 14, the recent advances in the synthesis
of carbohydrates, in particular the development of the state-of-the-art
methods for glycosylation and strategies for polysaccharide assembly,
are summarized. Chapter 15 focuses on the synthesis of proteins. Natural
chemical ligation has become a powerful tool for the synthesis of
homogeneous, selectively modified proteins that are otherwise difficult
to obtain. This approach facilitates the functional study of biologically
active proteins. The synthesis of nucleic acids is described in Chapter 16,
which covers the following topics: the genome synthesis, the chemical/
enzymatic nucleic acid synthesis, the high-throughput nucleic acid

synthesis, and the development of functional nucleic acids.
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