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Numerous studies have investigated the biosynthesis of pyridine heterocycles derived from nicotinic acid. How-
ever, metabolic pathways generating pyridine heterocycles in nature remain uninvestigated. Here, we summarize
recent contributions conducted in the last decade on the biosynthetic pathways of non-derivate from nicotinic
acid pyridine rings and discuss their implication on the study of natural products with pyridine structures.

1. Introduction

Biomolecules containing nitrogen heterocycles are an important
class of biologically active compounds [1], as they are constituents of
essential molecules in biological systems, including nitrogenous bases in
nucleic acids, energy molecules such as ATP, second messengers, c-di-
GMP and its analogs, and various coenzymes [2-4]. In addition, these
compounds also comprise secondary metabolites with medical appli-
cations [5]. In fact, around 60% of small molecule drugs used in hu-
mans present N-based heterocycle moieties [6], including the antitu-
moral drug camptothecin [7], the widely used analgesic morphine [8],
the antimalaria alkaloid quinine [9], and antibiotics such as f-lactams
[10]. The reason for their use as drugs is the N-heterocycle’s stability
and effectiveness in the human body [11].

Nitrogen shows weak acidity in N-H bonds and weak basicity in het-
erocyclic rings [5], being able to accept or donate protons. In addition,
nitrogen heterocycles can establish intermolecular forces like dipole-
dipole, hydrophobic, van der Waals, hydrogen bonds, and z-stacking
interactions [10]. These features allow N-heterocycles to interact with
several molecules in living systems [5]. Furthermore, their presence
improves pharmacokinetics and pharmacodynamics in drug candidates
[12].

N-heterocycles can be aromatic or aliphatic [13]. Aromatic N-
heterocyclics include functional groups such as indole, quinoline, pyr-
role, pyridine, pyrimidine, and purine —ubiquitous in natural products
and with potent biological activity [5]. Among them, pyridines are the
most common aromatic heterocycle in FDA-approved drugs [6] having
demonstrated biocompatibility and efficacy as a biological agent [14].

The pyridine moieties in drugs and bioactive molecules can increase
their biochemical potency and metabolic stability and membrane per-
meability, and fix protein-binding issues [15]. For this reason, there is
great interest in the synthesis of pyridine and its derivates [16-19]. In-
deed, although chemical synthesis arose >200 years ago [20], given its
high energy consumption and associated pollution, biosynthesis is re-
ceiving increasing attention [21,22].

There is extensive knowledge on the formation of pyridine rings in
secondary metabolites from plants, such as alkaloids [23,24]. Particu-
larly, nicotinic acid is the source of the pyridine ring in these compounds
and created by some of the same enzymes implicated in nicotinamide
adenine dinucleotides biosynthesis [23]. However, little is known about
their biosynthesis in other organisms or metabolic pathways. In this
mini-review, we summarize recent progress in the biosynthesis of com-
pounds containing pyridine heterocycles not derived from nicotinic acid
and describe three instances of pyridine ring production and their po-
tential for abiotic reactions.

2. Biosynthetic pathways of pyridine ring formation

In general, pyridine rings are derived from amino acids [25,26].
Classically, research on pyridine biosynthesis was limited by the use of
radioactively-labeled precursors [26,27]. However, advances in molec-
ular biology, genome mining, and gene editing offer a new tool for the
synthesis and structure prediction of natural products which allowed
discovering new biosynthetic reactions and enzymes involved in pyri-
dine ring formation. Hereafter, we describe three types of mechanisms
of pyridine ring formation found in nature.

Abbreviations: NRPS, Non-ribosomal peptide synthase; PKS-NRPS, Polyketide synthase non-ribosomal peptide synthetase; PK, Polyketide; NRP, Non-ribosomal
peptide; PK-NRP, Polyketide non-ribosomal peptide; DA, Diels-Alder reaction; DAases, Diels-Alderases; RiPPs, Ribosomally synthesized and post-translationally

modified peptides.
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Fig. 1. Polyketide synthase/non-ribosomal peptide synthetase (PKS/NRPS) complex for 2,2’-bipyridine biosynthesis. A. Caerulomycin A structure. B. Diagram of
genes responsible for caerulomycin A synthesis C. Abbreviated PKS-NRPS assembly line. Protein complex formations include their functional domains (KS: ketosyn-
thase, AT: acyltransferase, ACP: acyl carrier protein, Cy: condensation/cyclization, A: adenylation, PCP: peptide carrier protein, Ct: terminal C: condensation). The
molecule’s identity is indicated by colors: gray for picolinyl, pink for malonyl, green for L-cysteinyl, and light blue for L-leucinyl. Adapted from [29].

2.1. Bipyridine biosynthesis by the polyketides synthetase
(PKS)—-non-ribosomal peptide synthetase (NRPS) assembly line

Polyketides (PKs) and non-ribosomal peptide (NRPs) hybrids are
natural products derived from large multimodular enzymes [28]. Pyri-
dine formation using this chemical assembly line has been described
in several polyketide synthase-non-ribosomal peptide synthetase (PKS-
NRPS) hybrids [29]. Below, we provide a few examples of symmetrical
bipyridines.

2,2’-Bipyridine is a unique molecular scaffold of bioactive natural
products represented by caerulomycin A (Fig. 1A), which has multi-
ple antifungal and antitumor activities and is a dual-target antitumor
agent [29,30]. In this compound, the PKS-NRPS assembly line con-
sists of three modular proteins (CaeAl, CaeA2, and CaeA3) (Fig. 1B,
C). CaeAl has been proposed to incorporate picolinic acid, which pro-
vides an unmodified pyridine unit. CaeA2, an atypical PKS-NRPS hybrid
complex, integrates malonyl-CoA and L-cysteinyl to picolinic acid, us-
ing a unique peptidyl elongation reaction through C-C linkage. Finally,
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Fig. 2. Kynurenine pathway, the main route of tryptophan metabolism. Adapted from [31].
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Fig. 3. Chemical structure of rubrolone A and B. Pyridine rings are shown in red.

CaeA3 produces the mature 2,2’-bipyridine through reactions including
L-leucinyl removal, carboxyl reduction, and transamination (Fig. 1C)
[29]. Interestingly, the flavoprotein CaeB1 is needed to form a func-
tional 2,2’-bipyridine. In the CaeA2 protein complex, the Ct domain
activates CaeB1, which catalyzes in trans the a,f-dehydrogenation of
L-cysteinyl [29]. Similarly, collismycin antibiotics, another type of 2,2’-
bipyridine, share an assembly line showing an unusual PK-peptide as-
sembly hybrid [29].

Another important precursor in the biosynthetic pathway of caeru-
lomycin and other natural products containing pyridine structures is
picolinic acid, a catabolite of tryptophan through the kynurenine path-

way (Fig. 2) [31]. Since the metabolism of tryptophan is a well-known
primary metabolic pathway, it is not described in detail in this review.

2.2. Non-enzymatic pyridine ring formation in type II polyketide synthases
(PKS)

Non-enzymatic pyridine ring synthesis has been reported on some
tropolone alkaloids natural products [26,32,33]. In particular, the
metabolic pathways of a Streptomyces-derived compounds, rubrolones,
have been recently described [26]. Specifically, rubrolone A and B pos-
sess a tetra-substituted pyridine moiety that differ by an additional ben-
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Fig. 4. Non-enzymatic pathways for pyridine ring biosynthesis in tropolone alkaloids. A. Rubrolone biosynthesis. Adapted from [26]. B. Biosynthesis of rubterolones.
Adapted from [33] C. Reaction of isotropalone A with amines and amino acids. Adapted from [32]. The 1,5-dicarbonyl moiety and their derived pyridine ring are

shown in red.

zoic acid on the pyridine ring in B (Fig. 3), which shows cardioprotective
activity [26,34]. This unique pyridyl moiety structure makes the pyri-
dine ring formation in these compounds highly interesting.

Indeed, the tropolone ring construction in rubrolone A and B biosyn-
thesis derives from a type II polyketide synthases (PKS) pathway that in-
cludes the synthesis of a long PK chain, enzymatic oxidative rearrange-

ments, and cyclization [26] (Fig. 4A). As a key intermediate, a rubru-
lone precursor is formed (Compound 4), the divergent point in rubru-
lone A and B synthesis. Compound 4 has a reactive 1,5-dione moiety
that reacts with ammonia or o-aminobenzoic acid in the non-enzymatic
pathway to form the pyridine rings (Fig. 4A) [26]. Interestingly, these
non-enzymatic pathways require hydrolysis of intermediate 4 to form
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Fig. 5. Pyridine ring formation in thiocillins and thiomuracins. A. Structure of thiocillins and thiomuracins. The pyrimidine ring is shown in red B. Potential

mechanism of the Diels-Alder reaction. Adapted from [44].

an amino-acceptor compound (4a) with a 1,5-dicarbonyl structural unit
(Fig. 4A) [26].

The chemical structure and reactivity of the biosynthetic intermedi-
ate 4, the presence of excess anthranilic acid in the fermentation cul-
ture of the wild type Streptomyces strain, and the absence of suitable
gene candidates in the rub cluster, together suggest that amination may
occur non-enzymatically [26].

To confirm the non-enzymatic origin of the pyridine ring, Yan et al.
[26] restored rubrolone B production in an anthranilic acid deficient
strain after feeding the mutant with [15N]-labeled o-aminobenzoic acid.
Additionally, in vitro reactions to mimic the fermentation media between
the biosynthetic intermediate 4 and either ammonia or anthranilic acid
analogs in phosphate buffer at pH 8.0 yielded new HPLC peaks with
a retention time corresponding to that of the intermediates having a
pyridine ring. These results demonstrate intermediate 4 can react with
ammonia or anthranilic acid to generate non-enzymatic pyridyl moieties
[26].

The 1,5-dicarbonyl structural unit may represent a widespread mech-
anism of pyridine ring formation in nature [26]. For instance, biosyn-
thesis of rubterolones A-D, natural compounds derived from the gut
of a fungus-growing termite, includes an intermediate with a 1,5-dione
moiety which can react with amines, triggering non-enzymatic pyridine
ring formation (Fig. 4B) [33,35]. Furthermore, the Streptomyces com-
pounds isatropolones have a 1,5-diketone moiety, similar to compound

4 in rubrolone biosynthesis, which can produce pyridine rings when re-
acting with ammonia, amines, and lysine (Fig. 4C) [32].

2.3. Hetero-Diels-Alderases catalyzing pyridine ring formation

The Diels-Alder (DA) reaction has a wide range of applications in
organic synthesis [36], particularly in the total synthesis of natural
products [37]. This reaction is highly stereoselective and yields a six-
membered ring with four chiral centers [37]. Moreover, it can form a
pyridine ring from a 1,3-butadiene moiety (diene) and an olefin/double
bond structure (dienophile) using a [4 + 2] cycloaddition reaction [38].
Five different families of enzymes, called Diels-Alderases (DAases) cat-
alyze DA reactions in biosynthetic pathways [39]. Near 10 DAases have
been described, with different catalytical mechanisms. Among them, ri-
bosomal peptides that contain thiazole are the only ones capable of pro-
ducing pyridine rings [40].

Thiazole peptides are a class of ribosomally synthesized and post
translationally modified peptide natural products (RiPPs) considered in-
teresting because of their strong biological activity [41-43]. The biosyn-
thesis of the central pyridine ring at the junction of the macrocyclic
system is particular to this class of compounds [44]. Recently, genome
sequencing and mining has shown that the synthesis of the pyridine
ring of thiazole peptides is catalyzed by DAases [44]. In vitro synthesis
of thiopeptides (thiomuracins and thiocillins; Fig. 5A) has shown that
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the enzymes TcIM and Tbt can produce pyridine rings without inter-
mediates [45,46]. First, a variable-size peptide chain with two dehy-
droalanines with synergistic cyclization via isomerization of the amide
carbonyl group forms a tetrahydropyridine. Later, spontaneous dehy-
dration, excision of the N terminal region (leader peptide), and aroma-
tization result in a mature pyridine ring (Fig. 5B) [44].

Interestingly, dehydration is an enzymatic process in other macro-
cyclic RiPPs. For example, in pyritidine A, dehydratase MroBC acts
after [4 + 2] cycloaddition of the DA enzyme MroD. Remarkably,
both enzymes recognize specific parts in the peptide; mutations in
these sections can produce analogs with various sequences and sizes
(14-68 atoms) [47]. Moreover, these heteroDA enzymes are unexpect-
edly homologous to the elimination enzymes which provide dehydroala-
nine/dehydrobutyrine, the precursors for DA reactions in lantibiotic
biosynthesis [48].

3. Discussion

Nitrogen containing natural products have received extensive atten-
tion from pharmaceutical scientists due to their complex structures and
wide range of biological activities [10]. The biosynthesis processes of
common nitrogenous substances, such as non-ribosomal polypeptides
and RiPPs has been investigated in depth [49,50]. However, the mech-
anism of pyridine ring formation in some pyridine alkaloids is not so
well-known [26]. In this review, we list three types of compounds con-
taining pyridine structures, which have very different mechanisms of
pyridine ring formation.

The discovery and identification of novel biosynthetic pathways and
related enzymes catalyzing the synthesis of pyridine heterocycles is
meaningful research, as not only expands the understanding on the ori-
gin of pyridine rings in natural products but also allows synthetic prepa-
ration of compounds containing pyridine rings.

In particular, the biosynthesis of rubrolones and rubterolones in-
cludes enzymatic generation of a highly reactive 1,5-dione intermediate
that forms a pyridine ring under non-catalytic conditions [26,35]. This
finding provides a good reference for the future development of new
structures of pyridine alkaloids, expands the chemical diversity of nat-
ural products, enhances their bioactivity, and avoids the use of extreme
temperatures and pH required for in vitro pyridine synthesis [26,32,51].

Furthermore, caerulomycin A biosynthesis expanded our knowledge
on the compounds synthesized by hybrid PKS-NRPS systems. Given
the broad spectrum and powerful biological activities of 2,2’-bipyridine
analogs, this study highlights the need to further expand PK-NRPs prod-
uct diversity through synthetic biology. From this perspective, improv-
ing the bioactivity or bioavailability of this family of traditionally used
chemicals in clinical settings is particularly important [52].

In addition, the construction of pyridine structures in thiazole
peptide-like compounds indicated the role of DAases. The discovery of
new DAases can provide more environmentally friendly routes to syn-
thesize bioactive compounds [53,54]. Furthermore, knowledge on the
functional features of DAases may allow enhancing their natural prop-
erties. In addition, protein-based artificial enzymes for DA reactions are
a promising tool for abiotic catalysis under eco-friendly conditions [55].

In summary, nature has evolved mechanisms and highly efficient
molecules that, by imitating their process, we can improve chemical syn-
thesis [56]. However, a major challenge is enhancing efficiency and pro-
duction. Therefore, the rapid development of technologies (e.g, omics,
synthetic and semisynthetic methods) will open a window for the dis-
covery of more new nature biosynthetic pathways of non-derivate from
nicotinic acid pyridine rings.

4. Conclusion

Pyridine moieties are often used in drugs because of their biological
importance, however, its biosynthesis in some organisms is poorly un-
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derstood. In this review, the metabolic pathways analyzed exemplify the
significance of pyrimidine biosynthesis and their possible applications.

Recent knowledge on pyridine ring formation has provided the ba-
sis to produce structurally varied pyridine compounds using synthetic
biology methods and combinatorial biosynthesis, offering in the future
a way to develop new pharmacological drugs. With the development
of bioinformatics and gene editing technologies, a large number of un-
known biosynthetic gene clusters have been discovered. We expect that
in the following years, the use of new tools will accelerate the discovery
of novel natural biosynthetic pathways, and associated pyridine ring-
forming enzymes.
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