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Chemomics is an interdisciplinary study using approaches from chemoinformatics, bioinformatics, synthetic chemistry, and
other related disciplines. Biological systems make natural products from endogenous small molecules (natural product building
blocks) through a sequence of enzyme catalytic reactions. For each reaction, the natural product building blocks may contrib-
ute a group of atoms to the target natural product. We describe this group of atoms as a chemoyl. A chemome is the complete
set of chemoyls in an organism. Chemomics studies chemomes and the principles of natural product syntheses and evolutions.
Driven by survival and reproductive demands, biological systems have developed effective protocols to synthesize natural
products in order to respond to environmental changes; this results in biological and chemical diversity. In recent years, it has
been realized that one of the bottlenecks in drug discovery is the lack of chemical resources for drug screening. Chemomics
may solve this problem by revealing the rules governing the creation of chemical diversity in biological systems, and by de-
veloping biomimetic synthesis approaches to make quasi natural product libraries for drug screening. This treatise introduces
chemomics and outlines its contents and potential applications in the fields of drug innovation.
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1 Introduction

The Human Genome Project was completed in 2003. The
achievement is a great leap in life sciences. It was believed
that the rest of the work was to discover genes and related
functions [1]. Genomics involves acquiring and processing
large amounts of data, which leads to the flourishing of bi-
oinformatics. Bioinformatics mainly studies macromolecu-
lar structures, gene annotations, and genome experimental
data mining [2]. Bioinformatics predicts biological func-
tions at the macromolecular level and considers the gene as
a fundamental unit of genetic material. Proteins are the
functional molecules that are responsible for executing bio-
logical functions; their building blocks are amino acids. The
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properties of a gene are determined by the chemical proper-
ties of nucleotides; the properties of a protein are deter-
mined by amino acids per se.

Chemoinformatics mainly studies relations between the
chemical structures and properties of molecules, the interac-
tions between small molecules and macromolecules, and the
construction of chemical libraries.

Bioinformatics and chemoinformatics overlap more and
more. In chemistry, atoms are the building blocks of a mol-
ecule. The rules of combining atoms to make a molecule
have been manifested in the Periodic Table of the Elements.
In biology, a genome has complete instructions for making
cells. However, a cell has to provide a set of endogenous
molecules as building blocks to synthesize more compli-
cated molecules (small or macro molecules) for its survival
and proliferation. Each building block can contribute a
group of atoms to a target molecule that has specific bio-
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logical functions. We describe this group of atoms as a
chemoyl (chemical unit). The complete set of the chemoyls
is a chemome. Chemomics is the study of the chemomes of
organisms. Chemomics mainly determines the chemoyls
and their corresponding building blocks in organisms, and
reveals the common rules in biochemical synthetic path-
ways. The goal of chemomics is to come out with a “bio-
logical periodic table”, which manifests the fundamental
rules of combining chemoyls [3]. However, a rectangular
table may be no longer able to describe the relationship
among these chemoyls [4], because the relationships be-
tween them may be unprecedentedly sophisticated. How do
we derive the chemoyl from biomolecules or natural prod-
ucts? What are nature’s synthetic principles for making bi-
omolecules from chemoyls? These questions should be an-
swered by the joint efforts of chemoinformatics, bioinfor-
matics, and other related disciplines; chemomics exists for
these purposes.

Since the triplet genetic codons were deciphered in the
1960s, a “biological periodic table” has been pursued. For
example, Biro designed a rectangular “biological periodic
table” using amino acids as biological elements in order to
find the relationship between the pattern of nucleotide codon
combinations and the physicochemical properties of amino
acids. In this table, nucleotides control the pharmacophore
properties of amino acids. If a central nucleotide codon is
purine, the hydrophilicity of an amino acid side chain will
be determined; if the central nucleic acid codon is a pyrimi-
dine, the pH of the amino acid side chain (positively or neg-
atively charged) will be determined [5].

2 Building blocks for natural products

It is easy to recognize building blocks for biological mac-
romolecules. For example, a protein is made by linking a
group of amino acids with peptide bonds. The recipes for
building biological macromolecules are encoded in a cell in
order to maintain the hereditability of the organism’s trait.
However, it is difficult to recognize building blocks for nat-
ural products (Generally speaking, biological macromole-
cules are also natural products. In this article, natural prod-
ucts refer to small molecules made in living things). The
recipes for making natural products are not explicitly pre-
served in a cell. However, natural products, including amino
acids and nucleic acids, are still made from a set of simpler
building blocks (chemoyls) and a group of enzyme-catalytic
reactions. What should be done is to identify the chemomes
and their related biochemical reactions. In the past decades,
a number of models have been proposed to interpret natural
products building blocks.

2.1 Pharmacophore model

The pharmacophore concept was suggested by medicinal
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chemists. A pharmacophore represents a key feature result-
ing in a molecule possessing biological or therapeutic activ-
ity. If this feature is missing, the efficacy is lost. Along with
the development of computer-aided drug design, the phar-
macophore concept has evolved into a three-dimensional
spatial configuration (Figure 1) [6].

Therefore, the pharmacophore model has nothing to do
with natural product construction.

2.2 Privileged structure model

The concept of a privileged structure was proposed by Ev-
ans and co-workers [7] in 1988. A privileged structure is a
chemical scaffold with good drug-like properties and versa-
tile binding properties, and provides potent and selective
ligands for a range of different biological targets through
the modification of functional groups. A privileged structure
leads to more drug-like compound libraries and leads [8].
Four examples are listed in Table 1 [9].

There is no precise definition of a privileged structure.
Therefore, the concept of a privileged structure is not asso-
ciated with natural product construction either. Medicinal
chemists use the concept to describe some common skeleton
features for drug leads against a set of targets. This concept
has not been investigated systematically.

2.3 Synthon model

The synthon model was initiated by Nobel Laureate Elias J.
Corey in 1967. Creating a rigorous logical reasoning system,
Corey developed a protocol to reveal all possible precursors
(synthons) for a given molecule based on recursively ap-
plying known reaction rules. The reaction rules are opera-
tions (forming bonds, breaking bonds, changing bond types,
etc) on molecules if they satisfy the prerequisite structural
patterns of the rules. If a molecular structure is operated on
by a rule, it will result in synthons. If the synthon is an una-
vailable molecule, reaction rules will be recursively applied
until no rule can be applied or further synthons are found.
The reasoning process results in synthon pathways called
retrosynthetic trees (Figure 2) [10].
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Figure 1 The three-dimensional pharmacophore model.
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Table 1 Examples of privileged structures and their targets
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Figure 2 Corey’s synthons and retrosynthetic tree.

Organic synthesis is the art of making chemicals. It was
Corey who made the art a rigorous reasoning process. The
reasoning system consists of i) a set of synthons that are like
chess pieces on a chessboard and, ii) a set of chemical reac-
tion rules that are like the rules of chess. Corey’s protocol
was implemented via computer program; these were suc-
cessful examples of early artificial intelligence applications.

January (2013) Vol.56 No.1 73

Building on Corey’s work, Schreiber and co-workers
proposed target oriented synthesis (TOS) and diversity ori-
ented synthesis (DOS) [11] in order to generate more di-
verse and natural product-like compounds for drug screen-
ing or chemical biology.

2.4 Fragment-based model

Two decades ago, the poor hit rate of high throughput
screening (HTS) was attributed to the fact that bigger mol-
ecules (MW~500 Daltons) may not fit in smaller protein
binding pockets. Thus, compounds were divided into small-
er fragments (MW < 250 Daltons) for HTS campaigns. This
strategy is called the fragment-based approach [12]. The
strategy resulted in smaller hits with weak binding affinities.
The “fragment hits” were connected by chemical syntheses
to enhance activity. Two examples are demonstrated in Ta-
ble 2 [13].

What is interesting about this approach is that it finds a
way to reveal nature-selected fragments through bioassays
instead of subjective definition. However, the approach is
not concerned with how a natural product is made.

2.5 From synthon to chemoyl

Most of the above-mentioned models focus on finding the
building blocks of natural products or bioactive molecules.
Nature’s secret of making natural products was not system-
atically investigated.

The pharmacophore model reflects the complementary
geometric and physical properties (such as charge, hydro-
philicity, etc.) within arrangements involving a ligand and
receptor. A pharmacophore is not related to the structural
building blocks of natural products. The privileged structure
model manifests the relations between small molecular
scaffolds and target selectivity. The structural fragment
model emphasizes fishing for smaller molecular hits (frag-
ments) through bioassays and connecting them by chemical
modification for better efficacies.

The synthon approach tells us how to derive building
blocks (synthons) for a complicated natural product, and
how to make it from the synthons—simpler molecules. The
synthon protocol is recursive with the termination condi-
tions of finding available synthons and trying all qualified
reaction rules. This results in the combinatorial explosion of
the retrosynthetic tree. However, the synthons are not nec-
essarily the building blocks from which a cell makes natural
products.

Inspired by the synthon approach, chemomics applies the
rules from enzyme catalytic reactions on natural products to
derive chemoyls and related building blocks. The building
blocks are associated with biological building blocks, which
are endogenous molecules. Thus, we can make natural
product-like compounds (quasi natural products) by mim-
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Table 2 Examples for fragment-based drug discovery
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icking a synthetic process occurring in a cell. To generate
larger structural diversity space and reduce synthetic costs,
we can also introduce chemical building blocks.

Nature makes amino acids from inorganic materials (wa-
ter, nitrogen gas, oxygen gas, and carbon dioxide) by cou-
pling the carbon fixation and nitrogen fixation reaction
networks [14] (Figure 3). Through photosynthesis, plant

cells make saccharides, and microorganisms make ammonia.

Glycometabolic pathways coupled with the carbon fixation
reaction produce glutamic acid, through which other amino
acids are synthesized.

Endogenous molecules are constructed in an atomic
group termed a building block in natural product chemistry
[15]. In synthetic chemistry, small molecules that deliver a
group of atoms to a target molecule are also called building
blocks. To avoid confusion, we adopt the definition of syn-
thetic chemistry, and the atomic group to be delivered to a
target compound is termed a chemoyl. A number of chemoyls
and their building block examples are listed in Table 3.

Therefore, a chemoyl is a group of atoms that can be de-
livered by an endogenous molecule (building block) to a
target natural product. A chemoyl can have many building
blocks. One building block can deliver a different chemoyl
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Figure 3 Making organic compounds from inorganic compounds by
coupling the carbon fixation and nitrogen fixation reaction networks.

Table 3 Natural product chemoyls and their building blocks
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*A chemoyl is the building block’s contribution to a target natural
product. For example, X—C is a general form for a one-carbon chemoyl. Its
corresponding building blocks will deliver one carbon (saturated or un-
saturated) atom to a target natural product molecule.

to a target compound, depending on which enzyme catalytic
reaction is coupled. Therefore, chemoyls and building
blocks have a many-to-many relationship. The relationship
is enzyme catalytic reaction per se. Take tyrosine as an
example (Table 3): depending on which enzyme is coupled,
tyrosine can contribute five different types of chemoyls
(C6Cl1, C6C2, C6C2N, C6C3, and Indole.C2N) to a target
natural product.

The missions of chemomics are i) to reveal chemoyls,
corresponding building blocks (endogenous or exogenous
compounds), and related reactions (enzyme catalytic or
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non-enzyme catalytic reactions) to generate natural products
or quasi natural products; ii) to develop protocols for creat-

ing quasi natural product libraries or target-specific libraries;

iii) to discover chemoyl evolution rules and the laws of
chemoyl combinations. These studies will provide new
technologies for sustainably acquiring, enhancing, and using
natural products.

Natural products are materials which support organisms’
survival and proliferation. In life's evolutionary history,
there must have been many structurally diversified natural
products produced by a species. Some of the natural prod-
ucts are helpful for survival and are favored; others were
adverse or useless and disappeared. However, these extinct
compounds can be useful for drug innovation by regulating
other life systems. If the secrets of biosynthesis were deci-
phered, extinct natural products could be re-discovered and
re-produced as new resources for drug discovery today.

On the other hand, if we can modify the natural synthesis
protocols, for example, by changing the enzyme catalytic
sequence, replacing enzymes with chemical catalysts, re-
placing endogenous reactants with chemicals, or hybridiz-
ing natural building blocks with unnatural building blocks,
we may produce significant quasi natural product diversity
for drug screening campaigns. This can be termed biomi-
metic synthesis (Figure 4).
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Figure 4 By hybridizing natural and unnatural building blocks, biomi-
metic syntheses can produce natural or quasi natural products. Bold sub-
structures are chemoyls.
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Figure 5 The fatty acid synthetic pathway and its chemoyls are “forgotten”.
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Over 60 years of drug innovation data show that natural
products and quasi natural products are drug-like. Natural
products and quasi natural products are therefore strategic
resources for drug innovation and the life sciences [16].

3 Principles and technologies of chemomics

Natural products are produced through enzyme catalytic
reactions in organisms from natural building blocks. Natural
macromolecules (such as proteins) are made through en-
zyme catalytic reactions supervised by other biomolecules,
such as mRNA or proteins. The goal of the supervised bio-
syntheses is to avoid synthetic errors. Moreover, synthetic
protocols have to be encoded in genes for heredity. Most
natural products are made through enzyme catalytic reac-
tions without a supervisor. After a compound is produced,
its synthetic pathway is “forgotten”.

As shown in Figure 5, acetyl groups cannot be recog-
nized as the building blocks of fatty acids. By examining
the structure of the fatty acid, it is difficult to figure out
what is the synthetic pathway associated with the activation,
elongation, and termination.

3.1 Deciphering chemomes from natural products

Natural products seemed complicated to synthesize. In
order to make them, we have to understand how nature
assembles them from natural building blocks in vivo. Ret-
ro-synthetic analysis is a useful approach for deciphering
chemoyl building blocks from natural products. Epothilo-
ne, for example, can be simplified into a number of che-
moyls by applying the synthon of polyketide synthase
(PKS) (Figure 6).

Deciphering chemomes from natural products relies on the
following: i) A set of synthons derived from enzymatic reac-
tions for making natural products; ii)) An endogenous
compound database, in which a compound is a natural product
building block, associated with an enzyme (or enzymes) and a
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Figure 6 Deciphering chemoyls from epothilone.

chemoyl (or chemoyls); iii) The relationships between
building blocks and chemoyls can be multiple-to-multiple;
iv) A set of graph theoretic algorithms, with which the
chemical structures of natural products are divided into
chemoyls that are further mapped onto a set of endogenous
(or non-endogenous) building blocks.

For a natural product, there can be more than one way to
derive chemoyls, and more than one way to map the che-
moyls to building blocks. Natural products, chemoyls, and
building blocks form complicated networks.

Deciphering chemomes requires a large amount of met-
abolic chemical reaction data, which have been compiled in
many resources, such as, “the biochemical pathways: bio-
chemistry and molecular biology navigation diagram” [17],
the KEGG database [18], and the BioPath database [19]. In
the BioPath database, the reaction centers have been anno-
tated and are searchable. Therefore, BioPath is more suita-
ble for chemomics studies.

3.2 The principles governing assembly of natural
products from endogenous building blocks

Both biopolymers and natural products are assembled from
endogenous building blocks in cells. They use the same set
of reagents and solution, the same set of synthetic devices
(enzymes), and the same set of enzyme-catalyzed reactions
(mainly hydrolysis, lysis, transference, isomerization, oxi-
dation, reduction, and linking). The difference is that a bi-
opolymer is assembled in a precisely supervised platform
(e.g., mRNA), whereas a natural product is assembled more
flexibly.

Assembly of a biological macromolecule involves pro-
grammed synthesis, which is strictly guided by a specific
gene with an extremely low error rate. The error rate is be-
tween one and ten in a billion [20]. The low error rate en-
sures the species’ genetic integrity and warrants flexibility
in response to environmental stresses. This explains bacteri-
al drug resistance as originating from the accumulated bio-
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correlated chemoyls

c5C2 C3

chemoyls

logical macromolecule assembly errors. Antibiotic abuse
may only play a role in accelerating drug resistance. If a
bacterial cell reproduction error rate is 1% (mutation rate),
and the cell reproduces twice per hour, then it only takes 10
hours for a bacterial cell to produce millions (2 =
1,048,576) of cells. Therefore, at least one mutant will be
created from ten thousand bacterial cells. When the flora
with mutants grows further, drug resistant mutants will in-
crease significantly in number [21]. This explains why bac-
teria have resistance to yet-to-be-discovered drugs [22].

The general processes of assembling biological macro-
molecules (for example, proteins) can be summarized as
follows:

Assembly platform A (ribosomal guided synthesis). As-
sembly process: activating amino acids—tRNA taking acti-
vated amino acids (aaa) to peptide binding sites—connecting
aaa to the (n+1)th codon at an mRNA with a hydrogen bond
—forming a peptide bond with the current amino acid, and
releasing tRNA— shifting the mRNA to the (n + 2)th codon
—repeating the process until the last amino acid is assem-
bled.

Assembly platform B (non-ribosomal guided synthesis).
Assembly process: there are three enzyme chains associ-
ated with three operations (activation, elongation, and
termination); selecting amino acids—activating amino
acids—covalently binding amino acids onto phosphopan-
tetheines—forming peptide bonds—post-assembly modi-
fications [23].

General processes of assembling natural products can be
summarized as follows: starting with endogenous primary
or secondary metabolites and co-factors (for examples, ATP,
CoA)—activating a building block—elongating the acti-
vated building block with a new building block—repeating
the elongations till the environment disallows—terminating
the process (see Figure 5). The process contains a group of
enzymes, which form a biochemical reaction network.

In order to maintain the stability of biological systems,
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the building blocks are usually stable in cells, and will be
activated when elongations are demanded. The activation is
conducted through a carrier. As shown in Figure 7, Che-
moyl C, is carried by SCoA in a form of acetyl, which is
activated at the carbon atom of the methyl group by adding
carbon dioxide. The activated carbon atom is ready to co-
valently bind to another chemoyl. The adenosine of SCoA
supplies energy for the coming chemical reaction. SCoA
can be compared to a missile, which contains three com-
partments: warhead (red), recognition (blue), and engine
(black).

Although the assembly of biological macromolecules is
precisely programmed, the assembly of natural products is
not well programmed. This flexibility allows organisms to
have more choices to response to environmental stresses.
Figure 8 demonstrate an example of flexibility in the as-
sembly of building blocks. Combining three building blocks
with two chemoyls (C, and C;) and three enzyme-catalyzed
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reactions can produce totally different natural products. The
results can be arrived at simply by regulating/adding differ-
ent combinations of enzymes, building blocks, and concen-
trations.

Building block A can be assembled with other building
blocks at one end. It is used to assemble linear natural
products. Building blocks B and C, however, can be assem-
bled with other building blocks at multiple sites. They are
used to assemble dendric or cyclic molecules. A fatty acid, a
linear molecule, is generated by recursively assembling
block A. The size of a natural product is regulated by en-
Zymes.

Genes or a number of biological macromolecules syner-
gistically make proteins from amino acids through amina-
tions. It is more flexible to assemble a natural product in
response to environmental stresses (Figure 9). Usually, cys-
teine and valine can be connected by a peptide bond. How-
ever, the two amino acids are fused to form a [B-lactam
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Figure 7 Activating a building block at its chemoyl.
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(penicillin) as an inhibitor to stop the condensation of two
D-alanines crucial to other bacteria. The assembly of peni-
cillin is an example of targeted synthesis in nature, and in-
spires us to find new ways of creating chemical diversity.

3.3 The evolution of chemical diversity in nature

The major stages in the life cycle are birth, growth, maturity,
decline, and death. The types of compounds and their con-
centrations change at each stage. This knowledge is a guide
for when, where, and how Chinese herbs should be har-
vested. A Chinese proverb says, Herba Artemisiae Capil-
laris is a herb in March, a weed in April, and firewood after
May. For example, shikimic acid, a precursor of Tamiflu,
can be found in many plants and microbes. However, it is
only harvested from a few resources, such as the seeds of a
small number of winteraceae plants. Metabolic pathways
(Figure 10) show that shikimic acid is an intermediate for a
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number of other primary metabolites (such as amino acids).
It is therefore not surprising that the amount of shikimic
acid declines when a plant becomes mature. Therefore, it is
critical to understand shikimic acid metabolic pathways in
order to effectively harvest shikimic acid from plants.

In the 1980s, it was noticed that natural product produc-
tion is related to the developmental history of an individual
organism. For example, the alkaloids quinolizidine, coniine,
and solanine are found in significant amounts in the buds of
lupin, hemlock and potato [24]. These findings should be
the scientific foundation of Traditional Chinese Mediane
(TCM) herb harvest and processing. Unfortunately, conven-
tional TCM harvesting and processing rely on empirical
rules or traditions. In order to efficiently and sustainably
utilize TCM resources, the harvest season or time, planting
approach, extraction technology, and biodiversity protection
strategy should be determined from the relationships be-
tween natural product building blocks, chemoyls, ontogene-
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sis, and metabolic reaction pathways.

On the other hand, there is a relation between the diver-
sity development of biochemical building blocks and the
evolution of the species. The relation is the scientific foun-
dation of TCM herb composition rules, such as, a herb’s
nature, taste, action, compatibility, and replacement. It is
also the rationale for plans for the protection of endangered
TCM species. Caffeic acid, for example, is widely found in
plants. As the species group develops from lower to more
advanced, the number of caffeic acid derivatives grows
through caffeic acid autopolymerization and heteropoly-

merization, and demonstrates chemical diversity (Figure 11).

Complicated caffeic acid metabolites demand specialized
enzymes for production; for this, the organisms are regulat-
ed more precisely. If the evolutionary diagram of caffeic
acid metabolites is clear, new ways of generating novel
chemical diversity for drug screening can be discovered.

4 Chemomics and drug innovation

Drug discovery begins with active compound screening.
Success relies on the screening technology and the druggabil-
ity and structural diversity of compound libraries. Today,
screening technology is highly advanced. Ultra-high
throughput screening (uHTS), high content screening (HCS),
and various types of omics are routinely used in the phar-
maceutical industry. However, the number of new drug ap-
plications has not dramatically increased. One of the rea-
sons is the chemical diversity for drug screening is still lim-
ited.

Most compound libraries for lead identification come
from chemical syntheses (or combinatorial chemistry),
which are limited by existing reactants and chemical syn-
thetic protocols. Natural products are better resources for
lead identification. However, the content of a natural prod-
uct is usually low, and the cost for natural product extrac-
tion is high. Overconsumption leaves medical plants en-
dangered. Strategies for making natural product-like com-
pounds have been proposed [25]. One of the missions of
chemomics is the development of another strategy for mak-
ing natural product-like compounds (quasi natural product)
via biomimetic syntheses (i.e., by mimicking natural en-
dogenous synthetic rules) in order to efficiently make quasi
natural product libraries as sustainable resources for drug
screening.

4.1 Quasi natural product syntheses

In nature, synthesis of natural products occurs under mild
conditions (ambient temperature and pressure with water
and oxygen) beginning with simple endogenous molecules,
such as, amino acids, creatine, and carbon dioxide, and
enzyme-catalyzed reactions and reaction networks that cou-
ple to guarantee efficiency and chemical diversity. The
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structural diversity of natural products is sometimes unex-
pected sometimes, and often difficult to mimic by chemical
synthesis. Although chemical synthesis seems incomparable
with natural synthesis, it still has advantages. Chemical
synthesis can be carried out under special conditions (e.g.,
no water, no oxygen, high temperature, high pressure, or
microwave-heating). Also, chemical synthesis can be done
in an isolated system to simplify the situation and produce a
highly pure product.

Biomimetic synthesis should combine the pros of chem-
ical syntheses and natural syntheses in order to make quasi
natural products efficiently for drug screening (Table 4). As
shown in Figure 12, acetyl carrier protein (ACP) is a plat-
form for natural synthesis. A polymer bead is a platform for
combinatorial chemical synthesis. Biomimetic synthesis,
however, can adopt the protocol of the natural synthesis, but
use a polymer bead as the synthetic platform. Replacing a
protein with a polymer bead not only reduces synthesis
costs, but also increases the synthetic capacity of the proto-
col. By means of chemical modifications, the bead can be a
chemoyl carrier, and activate the chemoy].

Natural synthetic protocols inspire chemical syntheses. If
the mechanism of action of a natural synthetic protocol is
understood, the biomimetic synthesis can be simplified, and
the new synthetic protocol can be significantly more effi-
cient. As shown in Figure 13, gramicidin S is synthesized at
a protein carrier catalyzed by gramicidin synthase. After
understanding the mechanism of action of the synthetic re-
action, Bu and colleagues devised a simple and extremely
efficient protocol to make gramicidin S [26]. Furthermore,
with molecular dynamic simulations, Bu discovered that the
peptide is easy to cyclize if it fits the following general
formula:

(D-X)—L-P—(L-X),,,
where D and L are configurations, X stands for any amino
acid, P is proline, and n > 1.

4.2 Constructing quasi natural product libraries

To construct a quasi natural product library, we need a nat-
ural product scaffold. The scaffold can be a chemoyl or a
combination of chemoyls, and has clear relations with vari-
ous types of bioactivity. A network of chemical scaffolds
and their bioactivities are demonstrated in Figure 14.
Having analyzed chemical structures collected by Zhou
and colleagues [27], we conclude that some natural chemoyls
or scaffolds are related to many bioactivity, while others are
not. Excluding peptides, most natural products do not take
o-amino acids as a scaffold. However, phenylalaninyl
(chemoyl C¢Cs) is found in many natural products, and is
associated with many types of bioactivity. Actually, a single
carbon-substituted phenyl moiety plays important roles in
natural product evolution. As shown in Figure 15, single
carbon-substituted phenyl chemoyls appear in many TCM
herb plants, and are related to many types of bioactivity.
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Table 4 Natural synthesis, synthetic and biomimetic synthesis
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Building blocks

Synthetic condition

Synthetic protocol

Natural synthesis endogenous molecules

Chemical synthesis chemical reagents

endogenous molecules and

Biomimetic synthesis .
chemical reagents

natural condition complex system

controllable condition isolated system

controllable condition simplified system

loading & activating—elongating—terminating
finding synthon—activating precursor—
synthesizing (chiral control + elongation + release)

loading & activating—elongating —terminating

Natural synthesis

o) s)LCH3 (Ach 0

Jl CO,* ATP @ o) 9 OH
CHs o CH; OH s
ACP = acetyl carrier protein activation elongation

Combinatorial synthesis

o 1. HNR,R
Y\\\ d

0 2.X-Ry

Biomimetic synthesis

.\/\(\4&

o]
oJ\cHs \Ou

o CO,* ATP 0
& Nl Y,
0" "CHsz  catalyst 0" "¢ "OH
2
activation elongation

Figure 12 Examples of natural, combinatorial and biomimetic syntheses.
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Figure 13 The biomimetic synthesis and natural synthesis of gramicidin S.

The bioactivities associated with these chemoyls are: cyto-
toxicity, antioxidant, antibacterial/anti-virus, anti-inflamma-
tory, anti-metabolic diseases, and anti-tumor. For example,
the benzopyran class of antioxidants mainly come from lic-
orice, epimedium, skullcap, iris, ginkgo, rotenone, artemisia
annua, orange peel, arrowroot, morus alba, evodia,
erythrina, millettia incense, matrine, capillaris, shegan, an-
drographis paniculata, salvia, and oriental arborvitae.

This analysis can be extended. For example, the structur-
al features of antioxidant benzopyran compounds can be
summarized in the form of a Markush structure, as shown in
Figure 16. The Markush structure is a quasi natural product
library for anti-oxidation bioactivity. Through computer

Pro7
Gramicidin S

simulation techniques, a quasi natural product library can be
enumerated from the Markush structure in Figure 16. The
virtual compounds can be validated by virtual screening
programs. Furthermore, biomimetic synthetic protocols can
be designed, and lead compounds eventually made and as-
sayed eventually.

4.3 Chemoyl-based pharmacological networks

The conventional drug discovery paradigm focuses on find-
ing a compound that is highly selective against a single-
target. However, more and more evidence demonstrates that
most ligands act on multiple targets, and these targets may
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Figure 14 A network of chemical scaffolds and bioactivities.

1200 (o)

Figure 15 (a) Chemoyls versus TCM herbs; (b) chemoyls versus bioac-
tivity.

R.: monosaccharide or polysaccharide
Ry: aromatic or more phenolic
Ra: alkyl or electron donating groups
R4: hydroxyl

R R, and R; are at para position
derived from 61 natural products

Figure 16 A quasi natural product library for antioxidants.

form complex signal transduction networks. It will be diffi-
cult to design or discover an effective drug without side-
effects. In fact, there is no such a drug, which absolutely
acts on a single-target. It is safer to announce that you have
not yet found a drug that acts on more than one target. This
is particularly true for diseases caused by complex mecha-
nisms of actions [28]. For example, B-lactams kill viruses
through more than two protein-induced cell apoptoses and
Gleevec, a targeted anti-cancer drug kills cancer cells
through multiple signal transduction pathways for apopto-
ses.

Recently, network pharmacology has attracted a lot of
attention in the pharmaceutical industry. Network pharma-
cology adopts approaches from systems biology, creates
pharmacological networks, and identifies the changes in
gene polymorphism, connectivity, and redundancy due to
pharmaceutical regulations. Some scientists believe network
pharmacology is a new term for the systematical quantita-
tive structure—activity relationships (QSAR) studies on drug
effects and side effects done by Janssen years ago [29].
Others argue that it is actually systems pharmacology [30].
The networks studied by network pharmacology are as fol-
lows: i) protein-protein interaction networks (PPI), where
the node is a protein molecule, and the edge represents two
proteins’ similarity or regulations; ii) drug-drug interaction
networks (DDI), where the node is a drug molecule, and the
edge represents common target(s) or medical indication(s)
between two drugs. Figure 17 demonstrates examples of
drug and target interactions.

Network pharmacology mainly tries to solve the follow-
ing problems: i) Identifying drug targets at the system level.
An ideal drug target satisfies these criteria: it is an enzyme
that is able to be screened; it is the main cause and the driv-
ing force of the disease; it is a unique determining factor for



Xud,etal. SciChina Chem
Drug Target
domperidone dopamine receptors
haloanisone SHT receptors

histamine receptors

indoleamine

tetrabenazine B-adrenergic receptors

‘ dimetholizine

ldeoxymethyl testosterone muscarinic receptors

ifenprodil transfeases

% c-adrenergic receptors ‘
opioid receptors ‘

l paroxetine

Figure 17 Examples of drug-target interactions.

disease development; it is the only target associated with the
clinical observation; there is ligand affinity at the active site;
it has low molecular weight and a three-dimensional struc-
ture or at least a structural model; preferably, it is not pre-
sent in the human body; it does not disturb other proteins or
genes unrelated to the disease process. ii) Identifying drug
leads. An ideal drug lead mainly regulates on its target
without disturbing anti-targets. Preferably, if the disease is
caused by more than one target, the lead can synergistically
regulate multiple drug targets (multiple targeted drugs).
Alternatively, the leads can regulate multiple targets (com-
pound drugs).

The drug-drug interaction network should have another
version: chemoyl-based pharmacological networks (CPN).
In CPNs, the node is a chemoyl, the edge represents a rela-
tion if two chemoyls can be combined to result in natural
product(s) or bio-functional molecule(s). By investigating a
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natural products database, DNP (Dictionary of Natural
Products, www.chemnetbase.com), we found interesting
phenomena for CPNs. As shown in Figure 18(a), 20 natural
amino acids (primary metabolic chemoyls) form a CPN:
some amino acid pairs can productively generate many nat-
ural products; others cannot. For example, the tyrosine and
phenylalanine pair results in more than 43 natural products;
proline and phenylalanine, and tryptophan and phenylala-
nine, only result in one natural product each. Since glycine
has no side chain, it can be removed from the network, re-
sulting in a simplified CPN as shown in Figure 18(b).

Deeper investigations are required in order for CPN to
answer the following questions: what are the targets associ-
ated with the edges (natural products) of the CPN? Why are
some combinations of amino acid pairs not selected in na-
ture? If these products unselected in nature are identified,
what will be their targets?

5 Conclusions

Natural chemoyls are basic chemical units of biopolymers
and natural products, and keys to understanding how these
molecules are assembled from simple building blocks in
nature. Each chemoyl is associated with a number of small
molecular building blocks, and vice versa. Therefore, the
relationships between the chemoyls and the building blocks
are multiple-to-multiple. This relationships should be fully
investigated in order to decipher the natural secrets of natu-
ral product syntheses.

Correctly predicting the druggability of a compound is
crucial to a drug discovery project. It is well known that the
druggability relies on the chemical structure of a compound,

Figure 18 (a) CPN for 20 natural amino acids; (b) simplified CPN for natural amino acids (glycine has been removed).
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but, we have not investigated if the druggability is associat-
ed with chemoyls in the compound. As time goes on, more
rules of natural product assembly will be revealed, and we
will invent more techniques to make quasi natural products
for drug screening and to predict druggable molecules by
recognizing druggable chemoyl combinations. To under-
stand the natural chemoyl assembly process, one has to
study the chemical reaction mechanism. The core of the
mechanism is the conformation changes of a substrate mol-
ecule at transition states as it is catalyzed by an enzyme.
Many existing drugs work because their active confor-
mations are similar to those of enzyme substrate transition
states, and have higher affinities to the active sites of en-
zymes. Hence, chemomics will be useful for design com-
pound libraries that mimic enzyme substrate transition
states. Maybe, enzyme substrate transition state confor-
mationomics will appear in the future as a new virtual
screening approach. The changes in chemoyls and related
natural building blocks along with individual medical plant
life-time development, the changes along with species evo-
lution, and the relationships between the chemoyls and bio-
activity will be important information for sustainably utiliz-
ing natural products and TCM modernization.

In recent years, synthetic biology has developed new
technology to synthesize basic components in cells from
nucleic acids [31]. Through external interventions, synthetic
biology tries to force biological systems, for example bacte-
ria, to make desired natural products. The common part of
chemomics and synthetic biology is to make natural prod-
ucts (or quasi natural products) by learning from nature.
However, chemomics mimics the chemical mechanism of
biological syntheses, and synthetic biology mimics the bio-
logical process of the biological syntheses. The ultimate
goal of synthetic biology is able to synthesize life.

Chemomics focuses on deciphering the building blocks
of natural products, discovering natural synthetic laws, and
developing new chemical technology to make quasi natural
products. Conventional natural product chemistry studies
metabolites and optimizing natural products by chemical
modification for biological activity. The modification is
limited by existing scaffolds and reagents. In contrast,
chemomics starts with elucidating natural products, inter-
preting natural synthetic laws, and inventing new ways to
make quasi natural products by combining chemical and
biological synthetic approaches in order to expand chemical
diversity space. Chemomics is interdisciplinary, and re-
quires the joint efforts of scientists from chemistry, biology,
informatics, and mathematics.
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