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1.1 Introduction

As its name implies, the field of chemical biology
employs chemical principles to dissect mechanisms in
biology and potentially translate these discoveries into
therapeutic approaches for health and disease. Chemi-
cal biology as a field evolved from and merged different
specialized fields of investigation into a broader topic
that encompasses many areas of research. One could
argue that the origins of chemical biology date back
to the discovery, characterization, and synthesis of
small molecules to determine their mechanisms of
action and production for therapeutic applications.
Notably, studies in the late 1800s by Emil Fischer and
coworkers led to the synthesis of indoles, peptides,
and monosaccharides as well as their stereochemical
determination [1], which was highlighted by the Nobel
Prize in Chemistry in 1902. In addition, Paul Ehrlich
and coworkers developed arsphenamine (Salvarsan) as
antimicrobial treatment for syphilis in the early 1900s
and pioneered the concept of chemotherapy as a “magic
bullet” for disease treatment [2]. These two landmark
examples established the foundation for the synthesis of
small molecules, the determination of their structures
and mechanisms of action as well as their therapeutic
application. Many areas of chemistry and biology have
evolved from these pioneering studies and have culmi-
nated in our current perspective on chemical biology.
Notably, the design and synthesis of specific chemical
probes and homogeneous biomolecules lies at the heart
of chemical biology. It is also important to note that
the advances in chemical biology have been enabled
by many major areas of science such as physical and
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Figure 1.1 Chemical biology is at the nexus of basic science,
medicine, and technology.

organic chemistry, biochemistry, structural biology, ana-
lytical chemistry as well as engineering and evolutionary
approaches (Figure 1.1), which we highlight below.

1.2 Enabled by Synthetic
and Physical Organic Chemistry

The ability of chemists to understand reactivity of
molecules and exploit these principles for synthesis
has been transformative for science [3] and underlies
much of the innovations in chemical biology [4, 5]
(Figure 1.2). Indeed, innovations in organic chemistry
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Figure 1.2 Impact of synthetic and physical organic chemistry on chemical biology. (a) Retrosynthetic analysis of complex
natural product such as rapamycin. Source: Nicolaou et al. [6]/American Chemical Society. (b) Improved bioorthogonal reactions
such as strain-promoted azide-alkyne cycloaddition [7] as well as new chromophores such as silicon rhodamine [8].

have greatly facilitated the synthesis of complex nat-
ural products (Figure 1.2a), small-molecule probes,
and macromolecules for fundamental studies and
therapeutic applications [4, 5]. For example, efficient
methods for the chemical synthesis of nucleic acids
have revolutionized molecular biology [9], facilitated
the development of highly sensitive diagnostic meth-
ods [10], and supported the generation of precise
vaccines [11] (Chapter 2). Moreover, the synthesis of
short oligonucleotides has enabled structure-function
studies, the rapid cloning of genes (Chapter 2) [10],
and efficient programmable genome engineering [12]
(Chapter 6). Likewise, the chemical synthesis of pep-
tides [13], proteins [14, 15], and glycans [16, 17] have
also provided important access to these biomolecules
for structure-activity studies as well as the genera-
tion of diagnostics and therapeutics (Chapters 7, 8,
13, 15, 17, 24, 26, and 30). Of note, the site-specific
installation of biophysical probes and posttransla-
tional modifications onto peptides and proteins has
revealed fundamental principles of protein folding,
structure, and function (Chapters 7, 8, and 15). Alterna-
tively, the synthesis of glycans has yielded homogeneous
materials to explore their function as well as important
imaging and diagnostic agents such as fluorine-18-2-
fluoro-2-deoxy-p-glucose (F18-FDG) (Chapter 13).
Beyond the synthesis of biomolecules, advances
in physical organic chemistry such as the hard-soft
acid-base and molecular orbital theories (Figure 1.2b)

[18] have led to the development of new chemical
reactions and probes to explore biology. For example,
understanding the relative reactivity of amino acid side
chains with different chemotypes has yielded efficient
bioconjugation methods for modifying native proteins
(Chapter 14). Alternatively, the development of chem-
ical reactions that are orthogonal to the endogenous
reactivity in cells and yet compatible with biological
conditions has afforded a variety of “bioorthogonal”
reactions for the modification of diverse biomolecules
and small molecules with unique functionality
(Figure 1.2b) (Chapter 16). Moreover, understanding
the stereo-electronic effects of chemical modifications
on chromophores has yielded a wide range of imaging
reagents for visualizing many biological processes in
cells and animals (Figure 1.2b) (Chapters 17 and 18).
These chromophores can also be tuned to bind different
metals to explore their abundance and dynamics in bio-
logical systems (Chapter 19). Furthermore, the unique
reactivity of different chemotypes can be harnessed for
selective profiling of various redox states (Chapter 20)
and biochemical activities of proteins (Chapter 21).

In addition to reaction and probe development, the
total synthesis of complex natural products and their
analogs has afforded important reagents to determine
their molecular targets and mechanisms of action
[19], which has led to more precise therapeutics for
human diseases. A landmark example of these studies
is the discovery, synthesis (Figure 1.2a), and target



identification of rapamycin, which revealed mam-
malian target of rapamycin (mTOR) [20, 21], as a key
kinase that regulates cellular growth and metabolism
(Chapter 25). Although rapamycin from Streptomyces
hygroscopicus was originally explored as an anti-fungal
agent, it exhibited potent immunosuppressive activity
on T cells and was ultimately approved by the Federal
Drug Administration (FDA) to mitigate the side effects
of organ transplantation (Chapter 4). The subsequent
characterization of mTOR as the mechanistic target
of rapamycin [20, 21] and the discovery of its phos-
phatidylinositol 3-kinase-related kinase activity led to
the development of more specific and potent mTOR
kinase inhibitors to treat cancer and other metabolic
diseases in humans (Chapter 30).

1.3 Guided by Biochemistry
and Structural Biology

The design and development of specific chemical
probes to perturb and visualize biological systems has
been guided by innovations in biochemistry [22] and
structural biology (Figure 1.3) [25, 26]. For example, the
study of enzyme reaction mechanisms [22] allowed
the development of specific chemical probes for
activity-based protein profiling (ABPP) (Figure 1.3a)
(Chapter 21). Alternatively, the advances in X-ray
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1.4 Enhanced by Engineering and Evolution

crystallography have allowed structure-based design
of important small-molecule probes and therapeu-
tics (Figure 1.3b). Moreover, the design of orthogonal
“bump-and-hole” enzyme-substrate pairs (Chapter 22)
was facilitated by X-ray structures of different enzymes
and protein families. In addition, structural studies of
large multi-domain protein complexes such as polyke-
tide synthases (PKSs) have helped to deconvolute the
biosynthesis of natural products and provided new
opportunities to engineer these pathways (Chapter 24).
More recently, advances in cryo-electron microscopy
have shed light on the structures of membrane pro-
teins and larger complexes [27], which has enabled the
design and development of additional chemical probes
and therapeutics. Furthermore, the establishment of
robust protein structure prediction methods has pro-
vided important computational tools for exploring small
molecule-protein interactions as well as de novo design
of novel proteins with diverse functions [28].

1.4 Enhanced by Engineering
and Evolution

As chemists and biologists began to understand
the structure and function of biomolecules, this
collaboration allowed the design of novel systems with
improved or new functions (Figure 1.4). For example,
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Figure 1.3 Impact of biochemistry and structural biology on chemical biology. (a) Understanding enzyme reaction mechanisms
has afforded activity-based probes such as FP-biotin. Source: Liu et al. [23]/The National Academy of Sciences. (b) Structural
biology and computational methods have enabled structure-based design of selective chemical probes and therapeutics such
as HIV-1 protease inhibitor. Source: Swain et al. [24]/The National Academy of Sciences.
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Figure 1.4 Examples of engineering and evolutionary approaches in chemical biology. (a) Advances in protein engineering have
enabled the design and development of proteins with novel activity such as catalytic antibodies for stereoselective Diels-Alder
reaction. Source: Adapted from Gouverneur et al. [29]. (b) Directed evolution has also afforded proteins with novel functions
such as P450 enzymes with cyclopropanation activity. Source: Adapted from Coelho et al. [30].

protein-engineering methods were employed to gen-
erate catalytic antibodies that could execute chemical
reactions like natural enzymes or entirely new reactions
(Figure 1.4a) (Chapter 28). Alternatively, directed evo-
lution approaches combining random mutagenesis in
combination with high-throughput selection or screen-
ing methods were developed to identify unpredicted
and novel protein variants with unique or improved
properties (Figure 1.4b) (Chapter 9). Of note, protein
engineering and directed evolution approaches have
been employed to establish genetic codon expansion for
the site-specific incorporation of non-canonical amino
acids with unique reactivity into specific proteins and
whole organisms (Chapter 15). Beyond these synthetic
biology examples, protein engineering and directed
evolution approaches have also been instrumental
in generating fluorescent proteins (Chapter 17) and
reporter enzymes (Chapter 18) with improved cellular
and in vivo imaging properties.

1.5 Expanded by Analytical
Chemistry and “Omics” Technologies

Chemical biology has also been significantly enabled
and expanded upon with improved analytical methods
and instrumentation (Figure 1.5). The development of
rapid and inexpensive nucleic acid sequencing methods
has been transformative for illuminating the genome

of many organisms and has allowed comparative
genomics of healthy and disease states (Figure 1.5)
(Chapters 2-6). The extension of these methods to
single cell analyses has revealed spatial and tempo-
ral phenotypes of diverse biological processes and is
revolutionizing biology and medicine [31]. In parallel,
the advances in mass spectrometry [32] and nuclear
magnetic resonance spectroscopy [33] have greatly
improved the detection and structural characterization
of macromolecules and metabolites (Figure 1.5). For
example, the high-throughput fragmentation and detec-
tion peptides by mass spectrometry along with accurate
computational assembly methods have facilitated the
large-scale comparative analysis of proteins [32] and
their posttranslational modifications (Chapter 12). In
addition, the union of mass spectrometry with chemical
affinity probes and ABPP (Chapter 21) has facilitated
the identification of small molecule-protein targets
for improved pharmacology and drug development
(Chapters 26 and 30). Furthermore, these significant
advances in analytical chemistry have allowed the
large-scale comparative analysis of cellular metabolites
(Chapter 10) and lipids (Chapter 11) in cells, tissues, and
whole organisms as well as complex natural products
(Chapter 23). Collectively, these large-scale methods
for analyzing the genome, transcriptome, proteome,
and metabolome of cells and organisms are providing
important methods for dissecting complex biology
systems and diseases.
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Figure 1.5 Impact of analytical chemistry and large-scale methods on chemical biology. (a) Better analytical methods have
allowed improved detection of biomolecules for metabolomics and proteomics. (b) Enhanced nucleic acid detection and
sequencing methods have significantly expanded the scope and impact of genomics.

1.6 Impact on Biological Discovery
and Drug Development

Innovations in chemical biology have illuminated spe-
cific areas of biology and are fueling the development of
new therapeutics. Since the original discovery of peni-
cillin [34], chemical approaches and new probes have
helped to elucidate fundamental biosynthetic pathways
in bacteria and have facilitated the development of new
antibiotics (Chapter 25). Likewise, chemical biology
approaches have aided in the dissection of complex
signaling pathways in eukaryotic cells and the deter-
mination of mechanisms of action and resistance for
new small-molecule drug candidates (Chapter 26).
Chemical biology has also helped to uncover impor-
tant developmental pathways in whole organisms and
characterize detrimental side effects of drug molecules
(Chapter 27). Since the birth of immunology as field,
chemistry has played a key role in establishing the
principles of the adaptive immune response and has
also afforded new tools for large-scale immune profiling
as well as the next generation of adjuvant molecules
(Chapter 28). Neuroscience has also benefitted from
the advances in chemical biology, as the engineering
of novel protein-ligand pairs has afforded methods for
cell-specific perturbations and imaging in vivo, which

has been instrumental in deconstructing neuronal
circuits and modulating animal behavior (Chapter 29).
Finally, the multitude of chemical biology approaches to
discover novel bioactive small molecules and elucidate
their mechanisms of action has greatly improved the
overall pipeline for drug discovery (Chapter 30).

1.7 Outlook

We have been fortunate to witness and participate in the
evolution of chemical biology as a multi-disciplinary
field that integrates different fields of basic science to
understand biology and disease. We greatly appreciate
the remarkable contributions of the chapter authors
and are grateful for their insightful perspectives on each
area of chemical biology, which we hope will be helpful
and inspire the next generation of scientists. As we look
forward to the future, remarkable advances in synthetic
chemistry continue to provide access to more complex
molecules for investigation, while new and improved
instrumentation from analytical chemistry will allow for
more sensitive and high-throughput analyses of diverse
biomolecules. Excitingly, machine-learning and artifi-
cial intelligence methods have already begun to provide
new approaches to design and synthesize biomolecules
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more efficiently and with novel properties [35]. The
union of these advances with “omics” technologies
should provide new opportunities to realize the promise
of personalized medicine for different diseases. As we
achieve new milestones in chemistry and biology for
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