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Abstract: Naringenin and its glycosylated derivative naringin are flavonoids that are synthesized
by the phenylpropanoid pathway in plants. We found that naringenin is also formed by the acti-
nobacterium Streptomyces clavuligerus, a well-known microorganism used to industrially produce
clavulanic acid. The production of naringenin in S. clavuligerus involves a chalcone synthase that uses
p-coumaric as a starter unit and a P450 monoxygenase, encoded by two adjacent genes (ncs-ncyP).
The p-coumaric acid starter unit is formed by a tyrosine ammonia lyase encoded by an unlinked,
tal, gene. Deletion and complementation studies demonstrate that these three genes are required
for biosynthesis of naringenin in S. clavuligerus. Other actinobacteria chalcone synthases use caffeic
acid, ferulic acid, sinapic acid or benzoic acid as starter units in the formation of different antibiotics
and antitumor agents. The biosynthesis of naringenin is restricted to a few Streptomycess species
and the encoding gene cluster is present also in some Saccharotrix and Kitasatospora species. Phyloge-
netic comparison of S. clavuligerus naringenin chalcone synthase with homologous proteins of other
actinobacteria reveal that this protein is closely related to chalcone synthases that use malonyl-CoA
as a starter unit for the formation of red-brown pigment. The function of the core enzymes in the
pathway, such as the chalcone synthase and the tyrosine ammonia lyase, is conserved in plants
and actinobacteria. However, S. clavuligerus use a P450 monooxygenase proposed to complete the
cyclization step of the naringenin chalcone, whereas this reaction in plants is performed by a chalcone
isomerase. Comparison of the plant and S. clavuligerus chalcone synthases indicates that they have
not been transmitted between these organisms by a recent horizontal gene transfer phenomenon. We
provide a comprehensive view of the molecular genetics and biochemistry of chalcone synthases and
their impact on the development of antibacterial and antitumor compounds. These advances allow
new bioactive compounds to be obtained using combinatorial strategies. In addition, processes of
heterologous expression and bioconversion for the production of naringenin and naringenin-derived
compounds in yeasts are described.

Keywords: naringenin; chalcone synthases; flavonoids; actinobacteria; Streptomyces clavuligerus;
aromatic acid starter units; ammonia lyase

1. Introduction: Flavonoids and Chalcones, Naringenin and Related Compounds
in Nature

Numerous plant, fungal and bacterial metabolites are formed through the phenyl-
propanoid pathway by type III polyketide synthases. These compounds include flavonoids,
lignin and coumarins [1]. The flavonoids constitute a large group of biological products
which are responsible for the colours of flowers and aromas of plants and protect them
against UV irradiation and microbial pathogen infections [2,3]. Thousands of flavonoid
compounds are known and many are important in human and animal nutrition since
they are abundant in vegetables, fruits and nuts; besides, some of them are utilized in

Antibiotics 2022, 11, 82. https://doi.org/10.3390/antibiotics11010082 https://www.mdpi.com/journal/antibiotics

https://doi.org/10.3390/antibiotics11010082
https://doi.org/10.3390/antibiotics11010082
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://doi.org/10.3390/antibiotics11010082
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com/article/10.3390/antibiotics11010082?type=check_update&version=2


Antibiotics 2022, 11, 82 2 of 21

cosmetics [4]. Others show pharmacological activities [5], e.g., quercetin and kaempferol
that have, respectively, antioxidant and antitumor activities [6].

One of these flavonoids is naringenin, a precursor of some strongly bitter glycosylated
derivatives undesirable in citrus fruits, particularly in grape fruits [7]. Naringenin is an
antioxidant that scavenges oxygen radicals, has anti-inflammatory properties [8–10] and is
an inhibitor of two-pore channels in human cells [11]. Importantly, naringenin blocks the
neo-angiogenesis, a process required for solid tumor progression [11] and is useful in the
treatment of several viral infections [12].

Different plants produce naringenin and its biosynthesis was studied initially in
parsley and in Arabidopsis thaliana [13–15]. The carbon backbone of flavonoids is formed
by reiterated condensation of coenzyme A (CoA)-activated precursor units by chalcone
synthases (CHSs). These enzymes are type III polyketide synthases that consist in a single
polypeptide chain and are simpler than the type I and type II PKSs [16] as confirmed by
recent crystallization studies [17]. An array of plant secondary metabolites is synthesized
by different members of the chalcone synthases family [18]. Some chalcone synthases
use distinct phenylpropanoid starter units (typically p-coumaric acid, caffeic acid and
ferulic acid) as activated CoA derivatives (Figure 1) and elongate them by incorporation
of malonyl-CoA units [19]. In contrast to type I PKSs, the chalcone synthases lack the
phosphopantetheinyl chain [20], that in type I PKSs is attached to the acyl-carrier protein
(ACP domain); instead, these chalcone synthases use directly CoA-activated units without
transferring the acyl group to a phosphopantetheine carrier.
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tomyces clavuligerus [21], a well-known microorganism used in the industrial production 
of clavulanic acid, that also synthesizes the β-lactam antibiotic cephamycin C and several 
other bioactive compounds [22]. S. clavuligerus produces naringenin and its glycosylated 
derivative, monoglucosylnaringin [21,23]. The naringenin CHSs in plants and bacteria 
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Figure 1. Aromatic acids and non-proteinogenic amino acids utilized by chalcone synthases (CHSs)
as starter units in the phenylpropanoid pathway by different actinobacteria.

Recently, we found that naringenin is also synthesized by the actinobacterium Strep-
tomyces clavuligerus [21], a well-known microorganism used in the industrial production
of clavulanic acid, that also synthesizes the β-lactam antibiotic cephamycin C and several
other bioactive compounds [22]. S. clavuligerus produces naringenin and its glycosylated
derivative, monoglucosylnaringin [21,23]. The naringenin CHSs in plants and bacteria
contain two ketosynthase domains and catalyse repeated condensation of the starter p-
coumaric acid (4-hydroxy-cinnamic acid) with three malonyl-CoA elongation units to
form a tetraketide. In recent years, several chalcone synthases similar to that involved in
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naringenin biosynthesis have been found in other actinobacteria. This raises the question
of whether naringenin is produced by more actinobacteria and if the pathway is identical
to that of plants. This article aims to analyse the analogies and differences between the
naringenin CHS and other naringenin biosynthetic enzymes in plants and actinobacteria.
We summarize here evidence showing that several actinobacteria using type III polyketide
synthases produce a variety of metabolites including pigments, antibiotics and antitumor
agents. Several of these microorganisms use malonyl-CoA as a starter unit instead of a
phenylpropanoid starter, and some of them are able to cyclize the polyketide chain to form
aromatic intermediates.

The content of this article is organized according to the sequence of reactions that take
place in the biosynthesis of naringenin and related chalcones. Following the Introduction,
we study the chalcone synthases in plants and actinobacteria (Sections 2 and 3). Then
we describe the molecular genetics and biochemistry of reactions involved in the biosyn-
thesis of the chalcone starter/substrate molecules including aromatic-derived and linear
polyketides (Section 4). Later, we review the activation of these substrates by CoA ligases
(Section 5). We include in Section 6 the biosynthesis of non-proteinogenic amino acids
that form part of vancomycin-type of antibiotics, formed by enzymes related to chalcone
synthases. Finally, we include the biotechnological processes to produce naringenin and
derived compounds (Section 7).

2. Biosynthesis of (2S)-Naringenin in Plants

Biosynthesis of naringenin in plants is well known to proceed through the phenyl-
propanoid pathway [24]. In plants, this pathway involves five enzymes, namely phenylala-
nine/tyrosine ammonia lyase, trans-cinnamic acid 4-hydroxylase (when phenylalanine is
used as precursor), p-coumaroyl-CoA ligase, chalcone synthase, and chalcone isomerase
(Figure 2).

The naringenin biosynthesis pathway in plants starts with the formation of p-coumaroyl-
CoA, which is synthesized from L-tyrosine or from L-phenylalanine by the action of a
phenylalanine/tyrosine ammonia lyase (PAL/TAL) that converts one of these precur-
sor amino acids into p-coumaric acid. Monocot plants use both amino acids as precur-
sor of p-coumaroyl-CoA, whereas dicots only use phenylalanine that requires in these
plants a transcinnamoyl-4-hydroxylase to introduce a hydroxyl group at position 4 of the
phenylalanine-derived cinnamic acid (Figure 2). A central role in the naringenin synthesis
is played by the naringenin chalcone synthase (EC 2.3.1.74). Plants usually have several
genes encoding isoforms of chalcone synthases. These enzymes, despite their simplicity
show a notable functional promiscuity in the utilization of different substrates [25].

The naringenin chalcone intermediate in plants is cyclized to form naringenin by the
combined action of the chalcone synthase and the chalcone isomerase (CHI). First, the
tetraketide formed by the CHS is cyclized by the same enzyme to form 2,4,4,6 tetrahydrox-
ychalcone. The last step in naringenin biosynthesis is performed by the CHI that catalyses
a stereospecific isomerization resulting in the cyclization of the former intermediate into a
flavanone [26,27]. Phylogenetic studies of CHIs revealed that there are two major types of
CHIs in plants; an additional third group includes chalcone-isomerase-like proteins, that
increase chalcone formation by interacting closely with the chalcone synthases avoiding
the derailment of the polyketide that would form side products [26,28]. Therefore, this
chalcone-isomerase-like activity increases the efficiency of synthesis of selected chalcones.
A specific molecular mechanism has been proposed for the naringenin chalcone isomeriza-
tion based on structural studies of CHI enzymes. After positioning of the chalcone substrate
in the CHI active center, a transient enol is formed from the αβ-unsaturated double bond of
the chalcone substrate. The subsequent deprotonization of the enoyl intermediate leading
to the formation of the naringenin pyrone ring is pH-dependent [27,29]. Interestingly, this
naringenin chalcone in plants is able to self-cyclize slowly under acidic conditions without
the requirement of the chalcone isomerase; therefore, the last enzyme might be dispensable
when the biosynthesis of naringenin takes place under acidic conditions [30].
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Figure 2. Biosynthetic pathway of naringenin in plants (green letters, left panel) and in Streptomyces
clavuligerus (red letters, right panel). The starter units and the intermediates are indicated below the
structures. The enzymes involved in every step of the pathway are labelled in colour. Note that either
tyrosine or phenylalanine are used as precursors of the starter units in plants, but only tyrosine is
used in S. clavuligerus.

3. The Naringenin Chalcone Synthase of S. clavuligerus: Comparison with Other
Bacterial Chalcone Synthases

In S. clavuligerus, as occurs in plants, the naringenin chalcone synthase (Ncs) catalyses
the condensation of tyrosine-derived p-coumaric acid and three malonyl-CoA units to
form the naringenin chalcone (Figure 2). The role of the S. clavuligerus chalcone synthase
encoding gene (ncs) has been stablished by gene deletion and complementation of the
deleted mutant [21]. This gene is present in a single copy in the genome of this actinobacteria
and encodes a CHS of 351 amino acids. The bacterial CHSs are always smaller than those
of plants [16,31]. Comparative analysis of S. clavuligerus ncs encoded protein with the
homologous enzymes of plants reveal an average identity of 29.3%, although they play a
similar catalytic function (Figure 3).
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Figure 3. Phylogenetic three of chalcone synthases of actinobacteria (red colour) and plants
(green colour). The name of the organism is indicated at the right side of its location in
the phylogenetic tree and the identity percentage of each CHS to S. clavuligerus Ncs is in-
dicated. The accession number for the actinobacteria chalcone synthases are: S. griseus sub.
griseus NBRC 13,350 (BAG23449), S. venezuelae ATCC 10,712 (CCA58653), S. avermitilis MA-4680
(BAC74842), S. coelicolor A3(2) (CAC01488), Saccharopolyspora erythraea (AAL78053), S. jumonjinensis
(WP_153523942), S. katsurahamanus (WP_153480465), S. tubercidicus (WP_159748865), S. noursei
(WP_073449908), S. natalensis (WP_030063035), S. clavuligerus (WP_003962674), Saccharothrix sp.
ST-888 (WP_045299660) S. inhibens (WP_128512316), K. kifunensis (WP_34749), K. aureofaciens
(WP_033347252), Kitasatospora sp. SUK 42 (WP_196948006). The accession number of the plant
chalcone synthases are: Marchantia polymorpha (PTQ40452), Populus deltoides (KAF9867454), Dahlia
pinnata (BAJ14518), Ipomoea nil (XP_5608), Petunia x hybrida (P22928), Olea europaea (XP_022858585),
Sesamum indicum (XP_011091402), Arabidopsis thaliana (CAC80090), Zea mays (NP_001149022), Phase-
olus vulgaris (XP_007161599), Apium graveolens (AGM46641), Salix suchowensis (KAG5249740), Hy-
pericum androsaemum (Q9FUB7), Rhododendron simsii (KAF7132615), Acacia koa (AOX49211), Citrus
limon (608.1), Gossipium anomalum (KAG8493015), Rosa hybrid cultivar (BAC66467). The phylogenetic
three was obtained using the Clustal Omega Program (https://www.ebi.ac.uk/Tools/msa/clustalo/
(accessed on 20 November 2021)).

3.1. Bacterial Chalcone Synthases That Use Aromatic or Aliphatic Starter Units

Two classes of chalcones are formed by the bacterial chalcone synthases according
to the starter units utilized, that in some cases are CoA-activated aromatic acids and in
others are malonyl-CoA units. The final products of the CHSs that use aromatic acid

https://www.ebi.ac.uk/Tools/msa/clustalo/
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units depends on the starter unit used by the condensing enzyme such as benzoic acid
in enterocins or caffeic acid in saccharomicins A and B [32,33]. The CHS of Streptomyces
griseus, Saccharopolyspora erythraea and Streptomyces coelicolor A3(2) is encoded by the rppA
gene, so named for red-brown pigment production [34–37]. The RppA chalcone synthase
differs from S. clavuligerus Ncs, in that it uses malonyl-CoA as starter unit instead of the
p-coumaroyl-CoA unit.

RppA condenses five malonyl-CoA units (one starter and four elongation units) to
form a pentaketide intermediate and then 1,3,6,8-tetrahydroxynaphtalene (THN), a precur-
sor of the 1,4,6,7,9,12-hexa-hydroxy-perylene 3,10 quinone (HPQ), which autopolymerizes
to form bacterial HPQ melanin [38]. The THN intermediate may also be oxidized to flavio-
lin (2,5,7-trihydroxy-1,4-naphtoquinone) [39] (Figure 4). S. clavuligerus does notproduce
red brown pigment similar to that formed by the RppA chalcone synthase. Conversely,
S. coelicolor RppA does not synthesize naringenin, which is produced by a small group
of species closely related to S. clavuligerus, such as Streptomyces jumonjinensis [21,40]. A
gene encoding a naringenin chalcone synthase has also been found in Streptomyces kat-
suharamanus, but there is no report of production of naringenin by this strain. Moreover,
when S. coelicolor cultures were supplemented with p-coumaric acid or when the strain was
transformed with the S. clavuligerus tal gene (that account for the formation of p-coumaric
acid), the transformants were unable to produce naringenin [21] indicating that the RppA
chalcone synthase is unable to accept the p-coumaric acid starter unit or that S. coelicolor
lacks an adequate p-coumaroyl-CoA ligase to activate this precursor (Figure 2). Noteworthy,
the amino acid sequence of S. clavuligerus Ncs is largely conserved in relation to the RppA
chalcone synthases of S. coelicolor (68% identity) and S. avermitilis (75% identity) indicate
that S. clavuligerus Ncs is closely related phylogenetically to the RppA chalcone synthases
of other Streptomyces species, forming a subfamily of chalcone synthases [21] (Figure 3).
The chalcone synthases phylogenetic three shows a distant relatedness between plants and
actinobacterial CHSs, which excludes the possibility of a recent horizontal gene transfer
between them. Alignment of the amino acid sequences of S. clavuligerus Ncs with the RppA
proteins of other Streptomyces species allowed us to identify the catalytic triad C138H270N303

described in plant chalcone synthases, and other amino acids lining the active site pocket
(106CT107, C171, F188, F233, A305), also conserved in plant chalcone synthases [18].
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(below). The names of the starter units and the intermediates are indicated next to their chemical
structure. The enzymes involved in the pathway in Streptomyces toxytricini (in red letters) or in
Streptomyces coelicolor (in green letters) are shown. Note that RppB is proposed to be involved in more
than one biosynthetic step.
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The available evidence indicates that the cyclization of the polyketide chain by Ncs
that results in the formation of the two rings of naringenin is different from that performed
by the RppA chalcone synthase that leads to the aromatization and formation of the
required THN intermediate. In the red-brown pigment, this cyclization of the pentaketide
chain proceeds through a carbon-carbon condensation of the carboxyl group at the start
of the polyketide chain with an CH2 at the end of the pentaketide, simultaneous with a
decarboxylation (Figure 4) [41].

Initial crystallographic studies of some CHSs reveal an important role of the size of
the entry channel to the internal cavity in the selection of the chalcone starting unit [42,43].
The different size of the internal cavity explains the final products of the CHSs, e.g., the
chalcones formed from aromatic starters or the tetrahydroxynaphtalene formed from
malonyl-CoA. The Streptomyces RppA CHSs were proposed to have a narrow entry channel
that allows only the entry of the malonyl starter unit [41], whereas the plant, S. clavuligerus
Ncs and other actinobacteria “aromatic chalcone synthases” allow the entry of bulky starter
units such as p-coumaric-CoA, caffeoyl-CoA or benzoyl-CoA. It was initially proposed
that the tyrosine Y224 residue in the entry channel of the internal cavity of the RppA
chalcone synthase was a determinant for the selective entry of malonyl-CoA as a starter
unit; however, further analysis of mutants in which the Y224 was replaced by other amino
acids disputed this finding [37]. Therefore, the mechanism that selects the starter unit is
more complex and is still unclear [38,41].

3.2. Role of the P450 Monooxygenase (NcyP) Encoded by a Gene Linked to ncs

Genes encoding P450 monooxygenases are frequently associated with genes for type
III polyketide synthases. Adjacent to the ncs gene in S. clavuligerus, there is a gene encoding
a P450 monooxygenase (NcyP) of 454 amino acids which is transcribed separately from
ncs. The NcyP monooxygenase is required for the biosynthesis of naringenin as shown by
gene deletion and complementation of the ncyP mutant [21]. This P450 monooxygenase
appears to be involved in the cyclization of the naringenin chalcone to form the pyrone
ring of naringenin (Figure 2). No gene encoding an enzyme similar to the plants naringenin
chalcone isomerase was found in the S. clavuligerus genome, suggesting that the final step
in the cyclization of the naringenin structure is performed by a different enzymatic system.
This information is consistent with the observation that the naringenin chalcone isomerase
in plants is conditionally dispensable, as indicated above. Multiple P450 monooxygenases
are encoded in the genome of S. clavuligerus with identity percentages to NcyP ranging
from 35 to 47%. However, the NcyP monooxygenase is essential for the biosynthesis of
naringenin since other P450 oxygenases present in S. clavuligerus are unable to replace this
enzyme function in the ncyP-deleted mutant. It is likely that only the NcyP monooxy-
genase is able to form a functional two-protein complex with the Ncs protein. Genes
homologous to ncs-ncyP, with a similar linked arrangement, occur in other actinobacteria;
all the cytochrome P450 encoding genes shown in Figure 5 have an adjacent gene for a
chalcone synthase, except in S. noursei and S. natalensis. A high identity percentage of the
cytochrome P450 encoded proteins was observed in two clavulanic acid producers, namely
S. jumonjinensis and S. katsuharamanus, and in Streptomyces inhibens, with average identities
of 83.7 and 76.3% for Ncs and NcyP, respectively. However, the highest identities were
observed in species of Kitasaspora and Saccharothrix, e.g., in Kitasaspora aureofaciens where
the ncs-ncyP genes encode proteins with 84 and 80% amino acid identity and in Saccha-
rotrix ST-888 with a Ncs-NcyP protein identity of 87% and 80%, respectively, to those of S.
clavuligerus (Figures 3 and 5), although it is not known whether Kitasaspora or Saccharotrix
species produce naringenin. In other Streptomyces species, in which the homologous genes,
rppA and rppB are involved in red-brown pigment production, as S. coelicolor, S. griseus or
S. venezuelae, the identity of these proteins is lower, with identities to Ncs and NcyP in the
actinobacteria Sacc. erythraea of 75 and 41%, respectively [36]. The rppA and rppB genes are
adjacent and have been proposed to have a role in the crosslinking of TNH molecules and
in the oligomerization of flaviolin. The low similarity of NcyP of S. clavuligerus to the RppB
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proteins of Sacc. erythraea, S. coelicolor, S. venezuelae or S. avermitilis suggests that these P450
oxygenases have different roles in the late cyclization steps of their respective chalcones
(Figure 5).

The rppB gene, associated to rppA, is required for the biosynthesis of the THN inter-
mediate, and the encoded P450 oxygenase may serve as an enzyme for the cyclization of
the pentaketide chain to form THN. In addition, it has been proposed that this P450 in
S. coelicolor is involved in the dimerization of the THN intermediate, leading to the forma-
tion of flaviolin, a quinone molecule derived from THN, and to further oligomerization of
this compound [36,37]. Similarly, Streptomyces toxytricini NRRL 15,443 contains a cluster
formed by a chalcone synthase gene and two adjacent genes encoding P450 monooxy-
genases. The two encoded P450 monooxygenases, indistinctly, oxidize flaviolin to form
oligomers in vitro [39]. A fourth gene in the cluster, stmo, encoding an additional quinone-
forming oxygenase with a cupin fold in its structure, is involved in the oxidation of THN to
flaviolin. This gene cluster is involved in the biosynthesis of bacterial melanin and, when
expressed in E. coli, protects the cells from UV radiation [39].
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(https://www.ebi.ac.uk/Tools/msa/clustalo/ (accessed on 20 November 2021)).

We have found, in S. coelicolor, downstream of rppB, a stmo orthologous gene, which
encodes a protein 77% identical to S. toxytricini Stmo, which has not yet been characterized
functionally. The Stmo protein of S. coelicolor may be used as a catalyst for the formation of
flaviolin as described in S. toxytricini. Since stmo genes are associated with the rppA-rppB
gene cluster in several Streptomyces species known to synthesize flaviolin and red-brown
pigment, it seems that this quinone forming oxygenase is essential for the biosynthesis
of these compounds. However, there is no stmo homologous gene in the genome of
S. clavuligerus, in agreement with the lack of formation of flaviolin by this strain.

4. Biosynthesis of p-Coumaric Acid and Other Related Starter Molecules: Role of
Ammonia Lyases

As indicated above, different CHSs use distinct starter and elongation units to form
the chalcone intermediate.

4.1. Biosynthesis of p-Coumaric Acid in Plants and Yeasts

In plants, the p-coumaric acid started is formed either from tyrosine or phenylalanine
by a tyrosine (TAL) or phenylalanine (PAL) ammonia lyase [44]. The PAL and TAL en-
zymes are very similar, but depending on their biological source they show preference for
phenylalanine over tyrosine ranging from 1 to 600.000-fold [45,46].

https://www.ebi.ac.uk/Tools/msa/clustalo/
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The characterized plant PAL ammonia lyases are usually homotetramers. Their native
form size ranges from 300 to 340 kDa [47]. In several plants, the PAL enzymes are encoded
by multigene families, ranging from 4 to 8 copies per genome [48–51]. The PAL enzymes of
several monocot plants have been shown to have both PAL and TAL activities, including the
monocot Zea mays PAL1 [45] and the recently purified PAL2 [51], which has a higher PAL
than TAL activity when the encoding gene is expressed in E. coli. The crystal structure of
one of the eight Sorghum PAL ammonia lyase isoforms enabled definition of the amino acid
residues that are important in the utilization of phenylalanine or tyrosine as a substrate [52].
Additionly, in the red yeast Rhodosporidium toruloides, the ammonia lyase recognizes both
aromatic amino acids [53] as shown by heterologous expression in S. cerevisiae.

4.2. Bacterial Amino Acid Ammonia Lyases

Several examples of amino acid ammonia lyases have been described in bacteria in
the last decades. The best-known are the histidine ammonia lyases (HAL) and the tyrosine
ammonia lyases [44].

The TAL, PAL and HAL enzymes perform a Friedel-Crafts deamination reaction that
results in the formation of α, β-unsaturated aryl-propanoid acids [54]. A histidine ammonia
lyase that forms trans-urocanic acid from histidine was initially described in Pseudomonas
putida [55]. Later, Louie et al. [44], using the HAL enzyme of Rhodobacter sphaeroides (now
Cereibacter sphaericus), proved that this enzyme was able to use tyrosine, phenylalanine
and histidine as substrates and, therefore, the enzymes annotated as HAL are likely broad
spectrum aromatic amino acid/histidine ammonia lyases. Aromatic ammonia lyases
are present in diverse bacterial classes including actinobacteria as Streptomyces maritimus,
photosynthetic bacteria as R. sphaeroides, or myxobacteria as Sorangium sp. [56–59]. The
photobacteria Rhodobacter capsulatus has a TAL enzyme involved in the formation of its
yellow enzyme chromophore [60,61]. This TAL enzyme has high selectivity for tyrosine over
phenylalanine (150-fold) and is considered the prototype of tyrosine ammonia lyases [60].

Crystalographic studies of the R. sphaeroides TAL reveal that the His89 residue of
this enzyme forms hydrogen bonds with the 4-hydroxyl group of the tyrosine substrate.
Whereas the TAL ammonia lyases contain a His89 residue, the PAL and HAL enzymes have
a phenylalanine at this position. The replacement of His89 by Phe89 in the R. sphaeroides
ammonia lyase change the substrate specificity in favour to phenylalanine [44].

The availability of bacterial TAL enzymes lacking phenylalanine ammonia lyase
activity was used by Nishiyama et al. [62] to direct the biosynthesis of phenylpropanoids
in plants; when the R. sphaeroides tal gene was introduced in A. thaliana, its expression
led to the formation in early development stages of large amounts of anthocyanins and
production, in later steps, of quercetin glycosides. This is a good example of the possible use
of aromatic ammonia-lyases with different substrate specificity to modify the production of
flavonoids, anthocyanins and other products in plants.

In S. clavuligerus, as well as in all plants, the starter unit for naringenin biosynthesis is
p-coumaric acid (4-hydroxy-cinnamic acid), which in this actinobacterium derives from
L-tyrosine [21]. In S. clavuligerus, the TAL enzyme has 559 amino acids and is encoded by
the gene SCLAV_5457 (tal). Cloning, deletion and complementation of the S. clavuligerus tal
gene showed that the encoded enzyme is essential for the biosynthesis of naringenin [21].

Comparison of the TAL enzymes of S. clavuligerus, Saccharothrix espanaensis and other
actinobacteria and the model TAL enzyme of R. sphaeroides shows that the His89 residue in
the R. sphaeroides TAL corresponds to Tyr105 in S. clavuligerus and closely related Streptomyces
species. The available results indicate that the ammonia lyase of S. clavuligerus is a true
TAL; this conclusion is supported by the lack of a 4-cinnamoyl-hydroxylase gene in the
S. clavuligerus genome that would contribute to form coumaric acid from phenylalanine.
In vitro studies with the Streptomyces globisporus aminomutase that converts α-tyrosine
to β-tyrosine, involved in the synthesis of (S)-3-chloro-4,5-dihydroxy-β-phenylalanine
component of the enediyne C-1027 antitumor agent, showed that this enzyme is also a TAL,
since the in vitro product of the first reaction step is p-coumaric acid [63].
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4.3. The Aromatic Ammonia Lyases and the Aminomutases Contain a Methylidene Imidazol-5-one
(MIO) Prostetic Group

The MIO structure works as a prosthetic group and is formed by autocatalytic cy-
clization and dehydration of the tripeptide Ala-Ser-Gly that forms part of the amino acid
sequence of ammonia lyases and aminomutases [64]. In the S. clavuligerus TAL, this tripep-
tide corresponds to amino acids 164ASG166 [21]. The mechanism of ammonium elimination
by the aromatic ammonia lyases is well established; the highly electrophilic MIO group
is able to stereo-specifically abstract a proton from the β-CH2 of the substrate L-aromatic
amino acid resulting in the removal of the amino group [46,65]. The aminomutases that
form β-amino acids have a similar mechanism. They also contain a MIO prosthetic group,
but in the reactions catalysed by these enzymes, the overall conversion has a second half-
reaction involving the transfer of the amino group from the α to the β position, leading
to the formation of the rare beta amino acids instead of the deamination of the L-amino
acid [63,66,67].

4.4. Enzymes for the Conversion of Trans-Cinnamic Acid and p-Coumaric Acid into Caffeic Acid
and Ferulic Acid

Caffeic acid and ferulic acid are intermediates in the formation of flavonoids and lignin
and have important applications in the food industries. Caffeic acid has antioxidant, anti-
inflammatory, antitumor activities and has an effect on atherosclerosis; ferulic acid is used
as a component of nutraceuticals and other functional foods. In addition, some bacteria
synthesize either caffeic acid or ferulic acid as components of secondary metabolites, as
occurs in the biosynthesis of the antibiotics saccharomicins A and B (Figure 6A) [33]. The
saccharomicins are complex oligosaccharides produced by Sac. espanaensis that contain an
aglycon moiety of caffeoyl-taurine. These antibiotics are potent antibacterial compounds
active against Gram positive bacteria including Staphylococcus and vancomycin-resistant
Streptococcus strains. Enzymes occurring in Sac. espanaensis and other bacteria perform
additional hydroxylation and methylations on p-coumaric acid to form caffeic acid. The
conversion of the p-coumaric acid to its 3-hydroxyderivative is catalysed by a coumarate
3-hydroxylase encoded by a gene that has been cloned from Sac. espanaensis [33] and also
from plants [68–70].

In plants, the modifications by late oxygenases of either cinnamic acid or p-coumaric
acid occur after their activation by formation of shikimate or quinate esters [71–73]. A
similar p-coumaroyl 3-hydroxylase that introduced the 3-hydroxyl group in ester activated
p-coumaric acid has been found in A. thaliana [74,75].

In contrast to what occurs in plants, studies on the biosynthesis of caffeic acid in Sac.
espanaensis showed that the p-coumaric acid is converted to its 3-hydroxy-derivative by
a 3-oxygenase encoded by the sam5 gene without previous esterification [33]. This is an
important difference between the plant conversion of p-coumaric acid to caffeic acid and
that observed in Sac. espanaensis, although further research on the characterization and
crystallization of these enzyme of plants and Sac. espanaensis has to be performed to clarify
their substrate specificity.

Bioconversion studies using Streptomyces faerulens isolated from soil by phenolic
compounds enrichment techniques have shown that p-coumaric acid is transformed into
caffeic acid and also to the novel product 4-hydroxybenzoic acid, in which the three carbons
side chain has been shortened to the C-1carboxylic acid. p-Coumaric acid is abundantly
produced in plants and may be converted to other aromatic compounds by industrial
processes [76].
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Figure 6. Biosynthetic steps leading from the precursors to the CoA-activated starters used by the 
chalcone synthases. Early steps in saccharomicins biosynthesis by Saccharotrix espanaensis (panel A) 
and in enterocins biosynthesis by Streptomyces maritimus (panel B). The names of the starter units, 
the intermediates and the enzymes involved in every step are indicated. The genes encoding the 
enzymes are shown in green. Note that benzoyl-CoA can be formed in S. maritimus either from en-
dogenous 3-oxophenylpropionyl-CoA or from exogenous benzoic acid (see text). 

Structurally related to caffeic acid is the ferulic acid (3-methoxy-coumaric acid) syn-
thesized by methylation of a hydroxyl group in the former compound (Figure 1). The gene 
encoding the caffeic acid O-methyltransferase (O-MT) has been cloned from several 
plants, including A. thaliana and M. sativa [77,78]; recently, the caffeic acid O-methyl trans-
ferase from Azadirachta indica, an aromatic plant (Neem) that produces a variety of phe-
nolic compounds, has been characterized. The enzyme expressed heterologously in E. coli 
has been identified as a S-adenosylmethionine (SAM)-dependent methyl transferase and 
has been proposed to be used for the large-scale production of ferulic acid [79]. The A. 
thaliana caffeoyl-O-MT has been found to methylate serotonin (5-hydroxytryptamine), 
which offers new possibilities to methylate other molecules of pharmacological interest 
[76]. 

In contrast to the many reports on ferulic acid biosynthesis in plants, there is little 
information on the molecular mechanisms of the enzymatic steps for the conversion of 
cinnamic acid to caffeic acid or to ferulic acid in actinobacteria. Genes encoding caffeoyl 
O-methyltransferases are present in the genomes of different Streptomyces. In Streptomyces 
avermitilis, a SAM-dependent methyltransferase, encoded by SAV_OMT5, was found to 
methylate caffeic acid and caffeoyl-CoA to ferulic acid and feruloyl-CoA, respectively. 
Heterologous expression of the encoding gene and purification of the methyl transferase 
indicate that this enzyme was also able to methylate other flavones such as 2,3 dioxyfla-
vone, 3,4 dioxyflavone, 6,7 dioxyflavone and quercetin [80]. Zhang et al. [81] found nine 
O-MTs in a bioinformatic study of Streptomyces virginiae genome, and later characterized 
three of them, namely O-MT02, O-MT03 and O-MT06. Of these three methyltransferases, 
O-MT03 and O-MT06 are able to convert caffeic acid into ferulic acid. The amino acids of 
the methyl transferase involved in the recognition of the substrates caffeic acid and SAM 
were identified and a mechanism for the methyl group transfer was proposed [81]. In 

Figure 6. Biosynthetic steps leading from the precursors to the CoA-activated starters used by the
chalcone synthases. Early steps in saccharomicins biosynthesis by Saccharotrix espanaensis (panel A)
and in enterocins biosynthesis by Streptomyces maritimus (panel B). The names of the starter units, the
intermediates and the enzymes involved in every step are indicated. The genes encoding the enzymes
are shown in green. Note that benzoyl-CoA can be formed in S. maritimus either from endogenous
3-oxophenylpropionyl-CoA or from exogenous benzoic acid (see text).

Structurally related to caffeic acid is the ferulic acid (3-methoxy-coumaric acid) syn-
thesized by methylation of a hydroxyl group in the former compound (Figure 1). The gene
encoding the caffeic acid O-methyltransferase (O-MT) has been cloned from several plants,
including A. thaliana and M. sativa [77,78]; recently, the caffeic acid O-methyl transferase
from Azadirachta indica, an aromatic plant (Neem) that produces a variety of phenolic
compounds, has been characterized. The enzyme expressed heterologously in E. coli has
been identified as a S-adenosylmethionine (SAM)-dependent methyl transferase and has
been proposed to be used for the large-scale production of ferulic acid [79]. The A. thaliana
caffeoyl-O-MT has been found to methylate serotonin (5-hydroxytryptamine), which offers
new possibilities to methylate other molecules of pharmacological interest [76].

In contrast to the many reports on ferulic acid biosynthesis in plants, there is little
information on the molecular mechanisms of the enzymatic steps for the conversion of
cinnamic acid to caffeic acid or to ferulic acid in actinobacteria. Genes encoding caffeoyl
O-methyltransferases are present in the genomes of different Streptomyces. In Streptomyces
avermitilis, a SAM-dependent methyltransferase, encoded by SAV_OMT5, was found to
methylate caffeic acid and caffeoyl-CoA to ferulic acid and feruloyl-CoA, respectively.
Heterologous expression of the encoding gene and purification of the methyl transferase
indicate that this enzyme was also able to methylate other flavones such as 2,3 dioxyflavone,
3,4 dioxyflavone, 6,7 dioxyflavone and quercetin [80]. Zhang et al. [81] found nine O-MTs
in a bioinformatic study of Streptomyces virginiae genome, and later characterized three of
them, namely O-MT02, O-MT03 and O-MT06. Of these three methyltransferases, O-MT03
and O-MT06 are able to convert caffeic acid into ferulic acid. The amino acids of the
methyl transferase involved in the recognition of the substrates caffeic acid and SAM were
identified and a mechanism for the methyl group transfer was proposed [81]. In addition,
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the actinobacteria may obtain ferulic acid by degradation of plants lignin using different
types of enzymes, including feruloyl esterases.

5. Activation of p-Coumaric Acid and Related Chalcone Precursors by
aryl-CoA Ligases

The phenylpropanoid CHSs require the activation of trans-cinnamic acid, p-coumaric
acid, benzoic acid, caffeic acid, ferulic acid and sinapic acid (3,5 dimethoxy-coumaric acid,
Figure 1) to their corresponding CoA derivatives that are used as starter units. A putative
p-coumaroyl-CoA ligase was found in the genome of S. clavuligerus, corresponding to
the gene SCLAV_ 3408. This gene encodes a CoA ligase containing an ATP binding site
(386TGDIL390) that is used in a first activation of p-coumaric acid to form p-coumaroyl-AMP,
which is subsequently converted to p-coumaroyl-CoA (second half-reaction) by the same
enzyme (Figure 2). Enzymes similar to the S. clavuligerus p-coumaroyl-CoA ligase have
been found in the naringenin producer S. jumonjinensis (74% identity), in S. coelicolor (69%
identity) for p-coumaroyl activation, in Sac. espanaensis (54% identity) for the activation
of caffeic acid, and in Streptomyces maritimus (31% identity) for the activation of benzoic
acid. The different degree of conservation of the amino acid sequences in the p-coumaroyl
CoA ligase, caffeoyl-CoA ligase and benzoyl-CoA ligase indicates that these enzymes have
evolved to adapt to the distinct substrates, although there are no detailed studies of their
substrate specificity.

5.1. Substrate Specificity of p-Coumaroyl-CoA Ligases in Plants and Filamentous Fungi

Several p-coumaroyl-CoA ligases (4CL) isoforms have been found in plants with
slightly different substrate specificity [82]. In order to determine the substrate speci-
ficity of each isoform, Schneider et al. [83] isolated three of the four isoforms present in
A. thaliana. Isoforms At4CL1 and At4CL3 behave as typical p-coumaroyl-CoA ligases that
use p-coumaric acid efficiently and caffeic acid, ferulic acid and sinapic acid less effectively
as substrates. After purification, these isoforms utilize cinnamic acid very poorly, while
sinapic acid was not activated at all [84]. The isoform 4CL2 prefers caffeic acid as substrate
rather than p-coumaric acid and does not activate ferulic acid. Further studies on the amino
acid sequence of different 4CL proteins determined the presence of twelve, non-consecutive,
amino acid residues lining the substrate binding pocket of the p-coumaroyl-CoA ligases [83].
Mutation of some of these residues results in a gain-of-function and some of the mutant
enzymes efficiently recognize ferulic acid and sinapic acid as substrates, in contrast to the
wild-type parental strain. Similarly, deletion of one of these amino acids in the soybean
4CL4 p-coumaroyl-CoA ligase resulted in a mutant able to activate sinapic acid [85]. Align-
ment of the S. clavuligerus 4CL with the A. thaliana enzymes reveals that 5 of the 12 amino
acids lining the p-coumaric acid recognition pocket are identical, and some additional
amino acids are functionally conserved.

Several 4CL isoforms are encoded in ascomycetes and other filamentous fungi genomes.
Eight p-coumaroyl CoA ligase related enzymes have been found in Penicillium chrysogenum;
two of them, named PhlA and PhlB, have been characterized by in vivo molecular genetics
and by in vitro enzyme studies as phenylacetyl-CoA ligases for the formation of benzylpeni-
cillin [86,87], and a third, PhlC, activates adipic acid [88,89]; the remaining isoforms are
annotated as p-coumaroyl-CoA ligases [90].

5.2. Activation of Benzoic Acid, a Rare Aromatic Precursor in the Biosynthesis of the Polyketide
Enterocins in Streptomyces Maritimus

During a search in marine environments for novel antibiotics, a large gene cluster
(21.3 kb) was cloned from S. maritimus [91]. Heterologous expression in Streptomyces
lividans and HPLC-mass spectrometry studies of the transformant fermentation products
confirmed that this cluster encodes the biosynthesis of the polyketides enterocins and
wailupemycins [20]. The formation of these polyketides is performed by an atypical
chalcone synthase that uses benzoyl-CoA as starter unit and condenses it with seven
malonyl-CoA units, forming the octaketide intermediate. Moore et al. [31] proposed that
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the benzoyl-CoA is formed from phenylalanine by a PAL enzyme encoded by the encP
gene. This was confirmed by heterologous expression of encP in S. coelicolor, which resulted
in formation of cinnamic acid. In addition to the type III PKS, the enterocin cluster contains
the genes encC and encD for an ACP (acyl-carrier protein) and a ketoreductase, but in
contrast to type II polyketide synthases gene clusters, it lacks genes encoding cyclases
and aromatases.

The origin of the benzoic acid starter of enterocins and its activation to benzoyl-CoA
is intriguing. Labelled precursors studies showed that only the benzoic acid unit but not
the complete three carbon side chain is incorporated in enterocins; in other words, the side
chain of cinnamoyl-CoA is modified by an enoyl-CoA hydratase (EncI) and further cleaved
by β-oxidation reactions to form benzoyl-CoA (Figure 6B).

Inactivation of the phenylalanine ammonia lyase encP gene in S. maritimus resulted in
a lack of production of enterocins, which was reverted by supplementation with cinnamic
acid or benzoic acid, or by transformation with the encP gene. Complementation of
enterocins production with exogenous benzoic acid in the encP mutant requires a functional
benzoyl-CoA ligase (encN) gene. Knock-out of the encN gene does not prevent enterocin
formation, but results in lack of utilization of exogenous benzoic acid (Figure 6B).

Disruption of the fatty acid catabolism-like genes encH, I or J, revealed that these
three genes are involved in enterocin biosynthesis but they are not essential, indicating
that they may be replaced by other fatty acid catabolism genes present elsewhere in the
genome [32,92]. These authors propose that shortening of the three carbons side chain of
the cinnamic acid takes place by a process similar to that of the α-oxidation of fatty acids,
although the cluster lack an β-hydroxyacyl-CoA dehydrogenase gene required to complete
the shortening of the side chain; alternatively, the oxidation of the three carbons side chain
may be completed by a retro-aldol reaction leading to the formation of benzoyl-CoA. This
alternative proposal is supported by the observation that mutants disrupted in encN are still
able to produce enterocins, suggesting that the shortening of the three carbon side chain
proceeds by the alternative retro-aldol pathway. The moderate conservation of the amino
acid sequence (27% identity) of the S. maritimus benzoyl-CoA ligase and the S. clavuligerus p-
coumaroyl-CoA ligase indicates that these two enzymes belong to phylogenetically distant
branches of the aryl-CoA ligases family.

6. Biosynthesis of 4-Hydroxyphenylglycine and (S) 3,5 Dihydroxyphenylglycine,
Related to Aromatic Starter Units of Chalcones

Connected to the formation of the phenylpropanoid starter units in bacteria is the
biosynthesis of 4-hydroxyphenylglycine (HPG) and (S)3,5 dihydroxyphenylglycine (DPG),
two non-proteinogenic amino acid components of several non-ribosomal peptide antibiotics
including vancomycin, teicoplanin, chloroeremomycin, norcadicins, complestatin, and the
calcium-dependent antibiotic CDA, among others [93]. Both HPG and DPG play a key role
in the maintenance of the rigid structure of the heptapeptide chain of the vancomycin-like
antibiotics and are a site for late glycosylations. These two non-proteinogenic amino acids
occur together in some vancomycin-type antibiotics, but not in all of them, and are encoded
by two separated clusters containing four genes each; in the case of HPG, this compound is
synthesized from prephenate or tyrosine, while surprisingly, the DPG is formed by a type
III polyketide synthase.

6.1. Biosynthesis of 4-Hydroxyphenylglycine (HPG)

Studies on the eremomycin gene cluster revealed the enzymes for HPG biosynthe-
sis [93]. In Amycolatopsis orientalis, the first enzyme is the prephenate dehydrogenase
(PDH), that converts prephenate to 4-hydroxyphenylpyruvate. The second enzyme, en-
coded by hpgS, is a Fe2+-dependent decarboxylating oxygenase (so called hydroxymande-
late synthase, HMS) that converts 4-hydroxyphenylpyruvate to 4-hydroxymandelate [94].
The third enzyme, a hydroxymandelate oxidase (HMO) [95] encoded by hpgO, trans-
forms 4-hydroxymandelate to 4-hydroxyphenylformate, which is finally converted to
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4-hydroxyphenylglycine by a transaminase encoded by hpgT that uses L-tyrosine as an
amino group donor (Figure 7). In the transamination reaction, tyrosine is converted to
4-hydroxyphenylpyruvate that enters in a cycle forming 4-hydroxyphenylglycine again
using the three last enzymes of the pathway. This explains the early finding of incorporation
of labelled 13C-tyrosine into 4-hydroxyphenylglycine [96,97]. The initial enzymatic step
that converts prephenate to 4-hydroxyphenylpyruvate serves to prime the reaction cascade,
providing a basal level of p-hydroxyphenylpyruvate to initiate the three enzyme cycle. The
similarity of these enzymes with other enzymes of bacterial metabolism has been reviewed
by Toma et al. [98].
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4-hydroxyphenylpyruvate formed from the tyrosine amino donor is recycled as an intermediate of
the pathway.

6.2. Biosynthesis of 3,5-Dihydroxyphenylglycine (DPG)

Regarding the second non-proteinogenic amino acid 3,5-dihydroxyphenylglycine,
studies on the biosynthesis of the antibiotic balhymicin in Amycolatopsis mediterranei [99]
and on the related eremomycin gene cluster of Amycolatopsis orientalis show that DPG is
formed through a polyketide pathway [100] but not from a tyrosine precursor, in contrast
to what occurs in the biosynthesis of HPG. The DPG biosynthesis enzymes are encoded
by four genes named dpgABCD. Disruption of these genes prevented the formation of
the DPG moiety of these vancomycin-type antibiotics and the disrupted mutants can be
complemented with 3,5 dihydroxyphenyl acetic acid [99], suggesting that this compound
is an intermediate of the DPG biosynthesis. The dpgA gene encodes a type III PKS that
uses four units of malonyl-CoA (one starter and three elongation units); this enzyme is a
chalcone synthase that has only 22% identity to S. clavuligerus Ncs. The tetraketide formed
is cyclized/aromatized by the same enzyme, resulting in the formation of dihydroxypheny-
lacetic acid [101]. The efficiency of formation of dihydroxyphenylacetic acid is increased
35-fold by the action of the enzymes DpgB and DpgD; this intermediate is converted
to dihydroxyphenylglyoxilic acid by the enzyme encoded by dpgC [100,101] (Figure 8).
Heterologous expression of the dpgA in S. lividans led to the formation of dihydroxyphenyl-
glyoxylic acid; this compound is converted to dihydroxyphenylglycine by a transamination
reaction catalyzed by the transaminase HpgT described above [93]. Expression in E. coli of
the dpgABCD genes and purification of the encoded proteins confirmed the conversion of
dihydroxyphenylacetic acid to 3,5 dihydroxyphenylglyoxylic acid which is transformed
in dihydroxyphenylglycine by a transamination reaction. In summary, this information
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supports the proposed pathway for production of DPG using a type III PKS and a transam-
inase [100]. Noteworthy, this transaminase is shared in the pathway of both HPG and DPG.
A provocative result of this transamination is the formation of 4-hydroxyphenylpyruvate
from tyrosine in the DPG pathway that may serve to increase the production of HPG as
described above, supporting a positive cooperation of the biosynthesis of HPG and DPG in
those actinobacteria that contain both vancomycin-type antibiotic gene clusters.

Antibiotics 2022, 11, x FOR PEER REVIEW 15 of 21 
 

conversion of dihydroxyphenylacetic acid to 3,5 dihydroxyphenylglyoxylic acid which is 
transformed in dihydroxyphenylglycine by a transamination reaction. In summary, this 
information supports the proposed pathway for production of DPG using a type III PKS 
and a transaminase [100]. Noteworthy, this transaminase is shared in the pathway of both 
HPG and DPG. A provocative result of this transamination is the formation of 4-hydrox-
yphenylpyruvate from tyrosine in the DPG pathway that may serve to increase the pro-
duction of HPG as described above, supporting a positive cooperation of the biosynthesis 
of HPG and DPG in those actinobacteria that contain both vancomycin-type antibiotic 
gene clusters. 

HOOC
O

S-CoA

O

4x malonyl-CoA
O

O
O

O

COOH

SCoA

O

O

HO

OH

SCoA

HO

HO
HO

O

O
O

OH

OH
OH

OH
OHH2N

SCoA

    L-3,5,dihydroxy
 phenylglycine (DPG)

   3,5-Dihydroxy
 phenylglyoxylate

L-tyrosine

4-Hydroxyphenylpyruvate

   3,5 Dihydroxyphenyl
           acetyl-CoA

HpgT, aminotransferase

CoA-SH

O2H2O

DpgA, chalcone synthase DpgD
 dehydratases

DpgB,    DpgC,
oxygenase

 
Figure 8. Biosynthesis of L-3,5, dihydroxyphenylglycine. The name of the enzyme involved in every 
step is indicated in green letters. Some steps have been proposed to consist of more than one reaction 
[98]. Only the putative intermediate formed by DpgA is shown. 

7. Heterologous Production of Naringenin in Yeasts: Biotechnological Applications 
Heterologous expression of genes for naringenin biosynthesis has been achieved in 

Escherichia coli and more efficiently in yeasts. The use of yeasts as hosts has the advantage 
of efficient plant genes expression, adequate posttranslational modification of plant pro-
teins and the presence in yeast cells of intracellular compartments (e.g., peroxisomes, vac-
uoles and traffic vesicles) in the case that they are required for proper localization of the 
enzymes of the pathway. The naringenin biosynthesis genes of A. thaliana and other plants 
have been used in many yeast expression studies. These clusters require little modifica-
tions to be expressed in the yeasts Saccharomyces cerevisiae and Yarrowia lipolytica. The main 
problem for the production of naringenin in yeasts is the absence in these organisms of 
the p-coumaric acid biosynthetic step. The lack of formation of the naringenin precursor 
has been bypassed by feeding p-coumaric acid to the cultures. 

Increased levels of naringenin production have been achieved in yeast by improving 
the formation of acetyl-CoA and malonyl-CoA [102–104], or enhancing the β-oxidation 
pathway for the production of polyketide intermediates [103–105]. Modification of the 
negative regulation of the shikimate pathway, e.g., by removal of the feedback regulation 
of tyrosine formation at the DAHP level and obtention of phenylpyruvate decarboxylase 
mutants, to save the phenylpropionate pools, also resulted in higher levels of naringenin 
production [104,105]. 

Other strategies have been used to improve steps which are bottlenecks in the path-
way, such as the reactions catalysed by the naringenin chalcone synthase, or by a cyto-
chrome P450 monooxygenase, which putatively enhances the cinnamoyl-4-hydroxylase 

Figure 8. Biosynthesis of L-3,5, dihydroxyphenylglycine. The name of the enzyme involved in
every step is indicated in green letters. Some steps have been proposed to consist of more than one
reaction [98]. Only the putative intermediate formed by DpgA is shown.

7. Heterologous Production of Naringenin in Yeasts: Biotechnological Applications

Heterologous expression of genes for naringenin biosynthesis has been achieved in
Escherichia coli and more efficiently in yeasts. The use of yeasts as hosts has the advantage of
efficient plant genes expression, adequate posttranslational modification of plant proteins
and the presence in yeast cells of intracellular compartments (e.g., peroxisomes, vacuoles
and traffic vesicles) in the case that they are required for proper localization of the enzymes
of the pathway. The naringenin biosynthesis genes of A. thaliana and other plants have
been used in many yeast expression studies. These clusters require little modifications to be
expressed in the yeasts Saccharomyces cerevisiae and Yarrowia lipolytica. The main problem for
the production of naringenin in yeasts is the absence in these organisms of the p-coumaric
acid biosynthetic step. The lack of formation of the naringenin precursor has been bypassed
by feeding p-coumaric acid to the cultures.

Increased levels of naringenin production have been achieved in yeast by improving
the formation of acetyl-CoA and malonyl-CoA [102–104], or enhancing the β-oxidation
pathway for the production of polyketide intermediates [103–105]. Modification of the
negative regulation of the shikimate pathway, e.g., by removal of the feedback regulation
of tyrosine formation at the DAHP level and obtention of phenylpyruvate decarboxylase
mutants, to save the phenylpropionate pools, also resulted in higher levels of naringenin
production [104,105].

Other strategies have been used to improve steps which are bottlenecks in the pathway,
such as the reactions catalysed by the naringenin chalcone synthase, or by a cytochrome P450
monooxygenase, which putatively enhances the cinnamoyl-4-hydroxylase activity [104].
This was achieved by modifying the promoters to enhance the induction by xylose of the
expression of the genes [106,107], or by increasing the genes copy number [108–110]. The
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best naringenin production reached 1210 mg/L in a bioreactor after supplementing the
cultures with p-coumaric acid [109].

The introduction of additional genes in yeasts together with those required for
naringenin biosynthesis results in the formation of compounds derived from naringenin
(Figure 9). These genes encode 3′-hydroxylases from plant origin to produce 2S-eriodictyol,
glycosyl transferases to form naringenin glycosides, plant prenyltransferases to produce
8-prenylnaringenin, or other enzymes to form dihydromyricetin or 6 and 8 hydroxynarin-
genin (Figure 9).
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8. Conclusions and Future Outlook

A significant amount of information has been accumulated in the last two decades
on the molecular mechanisms of naringenin and other phenylpropanoids biosynthesis in
actinobacteria. Comparative studies with the biosynthesis of naringenin in plants reveal
that S. clavuligerus is able to produce naringenin from tyrosine using a naringenin chalcone
synthase that utilizes p-coumaric acid as starter unit. Numerous secondary metabolites
including pigments, antibiotics or antitumor agents are synthesized by type III PKSs related
to the naringenin chalcone synthase; however, in contrast to the formation of naringenin
chalcone, many of these type III PKSs in actinobacteria are involved in the biosynthesis
of THM, flaviolins and bacterial melanin which derive from a pentaketide formed for a
malonyl-CoA starter. This opens the possibility to obtain novel molecules with different
biological activities by combining starters and elongation units from distinct actinobacterial
gene clusters. This strategy may be used to obtain novel antibiotics, e.g., antibacterials of
the vancomycin type or new antitumor agents of the enediyne class by modification of
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the aromatic pathway and/or the polyketide synthase. In the last few years, numerous
reports have been published on the production of naringenin and related compounds in
yeast taking advantage of the good efficiency to express plant genes in these eukaryotic
microorganisms. This has resulted in strains with a high capability to produce naringenin,
and the same may apply to the biosynthesis of naringenin-related flavonoids, a field that
will be industrially explored in the next few years. The knowledge gained on the heterolo-
gous expression of type III PKSs and other modifying enzymes in yeast such as polyketide
cyclases/aromatases and glycosyl transferases may be exploited in bioconversion pro-
cesses; this is the case with the production of vanillin from ferulic acid [111]. Particularly
important for the food industry is the debittering of the grape fruit juice by naringenase
complexes [112,113]. Finally, the recent availability of naringenin biosynthesis genes in
Streptomyces clavuligerus and other actinobacteria opens the possibility to construct highly
efficient expression systems of flavonoid genes in model actinobacteria with well-developed
genetic manipulation systems as platforms for their industrial exploitation.
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Abbreviations

CoA coenzyme A
4CL p-coumaroyl-CoA ligases
ACP acyl carrier protein
CHS chalcone synthase
DAHP 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase
DPG 3,5 dihydroxyphenylglycine
HPG 4-hydroxyphenylglycine
HPQ 1,4,6,7,9,12-hexahydroxyperylene-3,10-quinone
O-MT O-methyltransferase
PAL phenylalanine ammonia lyase
PKS polyketide synthase
TAL tyrosine ammonia lyase
THN 1,3,6,8-tetrahydroxynaphtalene
Sac genus Saccharothrix
Sac genus Saccharopolyspora

References
1. Forkmann, G.; Heller, W. Biosynthesis of flavonoids. In Comprehensive Natural Products Chemistry; Barton, D., Nakanishi, K., Eds.;

Elsevier Sci. Ltd.: Oxford, UK, 1999; pp. 713–748.
2. Dixon, R.A. Phytoestrogens. Annu. Rev. Plant Biol. 2004, 55, 225–261. [CrossRef]
3. Tanaka, Y.; Sasaki, N.; Ohmiya, A. Biosynthesis of plant pigments: Anthocyanins, betalains and carotenoids. Plant J. 2008, 54,

733–749. [CrossRef]
4. Tong, Y.; Lyu, Y.; Xu, S.; Zhang, L.; Zhou, J. Optimum chalcone synthase for flavonoid biosynthesis in microorganisms. Crit. Rev.

Biotechnol. 2021, 41, 1194–1208. [CrossRef] [PubMed]
5. Agati, G.; Azzarello, E.; Pollastri, S.; Tattini, M. Flavonoids as Antioxidants in Plants: Location and Functional Significance. Plant

Sci. Int. J. Exp. Plant Biol. 2012, 196, 67–76. [CrossRef] [PubMed]
6. Williams, C.A.; Grayer, R.J. Anthocyanins and other flavonoids. Nat. Prod. Rep. 2004, 21, 539–573. [CrossRef] [PubMed]
7. Fowler, Z.L.; Koffas, M.A.G. Biosynthesis and biotechnological production of flavanones: Current state and perspectives. Appl.

Microbiol. Biotechnol. 2009, 83, 799–808. [CrossRef] [PubMed]
8. Cavia-Saiz, M.; Busto, M.D.; Pilar-Izquierdo, M.C.; Ortega, N.; Pérez-Mateos, M. Muñiz properties, radical scavenging activity

and biomolecule protection capacity of flavonoid naringenin and its glycoside naringin: A comparative study. J. Sci. Food Agric.
2010, 90, 1238–1244. [CrossRef] [PubMed]

9. Jagetia, A.; Jagetia, G.C.; Jha, S. Naringenin, a grapefruit flavanone protects V79 cells agains the bleomycin-induced genotoxicity
and decline in survival. J. Appl. Toxicol. 2007, 27, 122–132. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev.arplant.55.031903.141729
http://doi.org/10.1111/j.1365-313X.2008.03447.x
http://doi.org/10.1080/07388551.2021.1922350
http://www.ncbi.nlm.nih.gov/pubmed/33980085
http://doi.org/10.1016/j.plantsci.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23017900
http://doi.org/10.1039/b311404j
http://www.ncbi.nlm.nih.gov/pubmed/15282635
http://doi.org/10.1007/s00253-009-2039-z
http://www.ncbi.nlm.nih.gov/pubmed/19475406
http://doi.org/10.1002/jsfa.3959
http://www.ncbi.nlm.nih.gov/pubmed/20394007
http://doi.org/10.1002/jat.1175
http://www.ncbi.nlm.nih.gov/pubmed/17177233


Antibiotics 2022, 11, 82 18 of 21

10. Wu, J.; Zhou, T.; Du, G.; Zhou, J.; Chen, J. Modular optimization of heterologous pathways for the novo synthesis of (2S)-
naringenin in Escherichia coli. PLoS ONE 2014, 9, e101492. [CrossRef]

11. D’Amore, A.; Gradogna, A.; Palombi, F.; Minicozzi, V.; Ceccarelli, M.; Carpaneto, A.; Filippini, A. The Discovery of Naringenin as
Endolysosomal Two-Pore Channel Inhibitor and Its Emerging Role in SARS-CoV-2 Infection. Cells 2021, 10, 1130. [CrossRef]

12. Salehi, B.; Fokou, P.V.T.; Sharifi-Rad, M.; Zucca, P.; Pezzani, R.; Martins, N.; Sharifi-Rad, J. The Therapeutic Potential of Naringenin:
A Review of Clinical Trials. Pharmaceuticals 2019, 12, 11. [CrossRef] [PubMed]

13. Heller, W.; Hahlbrock, K. Highly purified “flavanone synthase” from parsley catalyzes the formation of naringenin chalcone.
Arch. Biochem. Biophys. 1980, 200, 617–619. [CrossRef]

14. Burbulis, I.E.; Winkel-Shirley, B. Interactions among enzymes of the Arabidopsis flavonoid biosynthetic pathway. Proc. Natl. Acad.
Sci. USA 1999, 96, 12929–12934. [CrossRef] [PubMed]

15. Yun, C.S.; Yamamoto, T.; Nozawa, A.; Tozawa, Y. Expression of parsley flavone synthase I establishes the flavone biosynthetic
pathway in Arabidopsis thaliana. Biosci. Biotechnol. Biochem. 2008, 72, 968–973. [CrossRef] [PubMed]

16. Austin, M.B.; Noel, J.P. The chalcone synthase superfamily of type III polyketide synthases. Nat. Prod. Rep. 2003, 20, 79–110.
[CrossRef]

17. Imaizumi, R.; Mameda, R.; Takeshita, K.; Kubo, H.; Sakai, N.; Nakata, S.; Takahashi, S.; Kataoka, K.; Yamamoto, M.; Nakayama,
T.; et al. Crystal structure of chalcone synthase, a key enzyme for isoflavonoid biosynthesis in soybean. Proteins 2020, 89, 126–131.
[CrossRef]

18. Abe, I.; Morita, H. Structure and function of the chalcone synthase superfamily of plant type III polyketide synthases. Nat. Prod.
Rep. 2010, 27, 809–838. [CrossRef]

19. Schröder, J. Probing plant polyketide biosynthesis. J. Nat. Struct. Biol. 1999, 6, 714–716. [CrossRef]
20. Moore, B.S.; Hertweck, C. Biosynthesis and attachment of novel bacterial polyketide synthase starter units. Nat. Prod. Rep. 2002,

19, 70–99.
21. Álvarez-Álvarez, R.; Botas, A.; Albillos, S.M.; Rumbero, A.; Martín, J.F.; Liras, P. Molecular genetics of naringenin biosynthesis, a

typical plant secondary metabolite produced by Streptomyces clavuligerus. Microb. Cell Factories 2015, 14, 178. [CrossRef]
22. Liras, P.; Martín, J.F. Streptomyces clavuligerus: The Omics Era. J. Ind. Microbiol. Biotechnol. 2021, in press. [CrossRef]
23. Shaikh, A.A.; Nothias, L.-F.; Srivastava, S.K.; Dorrestein, P.C.; Tahlan, K. Specialized Metabolites from Ribosome Engineered

Strains of Streptomyces clavuligerus. Metabolites 2021, 11, 239. [CrossRef]
24. Wang, Y.C.; Chen, S.M.; Yu, O. Metabolic engineering of flavonoid in plants and microorganisms. Appl. Microbiol. Biotechnol. 2011,

91, 949–956. [CrossRef] [PubMed]
25. Pandith, S.A.; Ramazan, S.; Khan, M.I.; Reshi, Z.A.; Shah, M.A. Chalcone synthases (CHSs): The symbolic type III polyketide

synthases. Planta 2019, 251, 15. [CrossRef] [PubMed]
26. Waki, T.; Mameda, R.; Nakano, T.; Yamada, S.; Terashita, M.; Ito, K.; Tenma, N.; Li, Y.; Fujino, N.; Uno, K.; et al. A conserved

strategy of chalcone isomerase-like protein to rectify promiscuous chalcone synthase specificity. Nat. Commun. 2020, 11, 870.
[CrossRef]

27. Jez, J.M.; Bowman, M.E.; Noel, J.P. Role of hydrogen bonds in the reaction mechanism of chalcone isomerase. Biochemistry 2002,
41, 5168–5176. [CrossRef] [PubMed]

28. Ni, R.; Zhu, T.T.; Zhang, X.S.; Wang, P.Y.; Sun, C.J.; Qiao, Y.N.; Lou, H.X.; Cheng, A.X. Identification and evolutionary analysis of
chalcone isomerase-fold proteins in ferns. J. Exp. Bot. 2020, 71, 290–304. [CrossRef] [PubMed]

29. Sun, W.; Shen, H.; Xu, H.; Tang, X.; Tang, M.; Ju, Z.; Yi, Y. Chalcone isomerase a key enzyme for anthocyanin biosynthesis in
Ophiorrhiza japonica. Front. Plant Sci. 2019, 10, 865. [CrossRef]

30. Muir, S.R.; Collins, G.J.; Robinson, S.; Hughes, S.; Bovy, A.; de Vos, C.H.R.; van Tunen, A.J.; Verhoeyen, M.E. Overexpression of
petunia chalcone isomerase in tomato results in fruit containing increased levels offlavonols. Nat. Biotechnol. 2001, 19, 470–474.
[CrossRef]

31. Moore, B.S.; Hertweck, C.; Hopke, J.N.; Izumikawa, M.; Kalaizis, J.A.; Nilsen, G.; O’Hare, T.; Piel, J.; Shipley, P.R.; Xiang, L.; et al.
Plant-like biosynthetic pathways in bacteria: From benzoic acid to chalcone. J. Nat. Prod. 2002, 65, 1956–1962. [CrossRef]

32. Xiang, L.; Moore, B.S. Characterization of benzoyl coenzyme A biosynthesis genes in the enterocin-producing bacterium
Streptomyces maritimus. J. Bacteriol. 2003, 185, 399–404. [CrossRef] [PubMed]

33. Berner, M.; Krug, D.; Bihlmaier, C.; Vente, A.; Müller, R.; Bechthold, A. Genes and enzymes involved in caffeic acid biosynthesis
in the actinomycete Saccharothrix espanaensis. J. Bacteriol. 2006, 188, 2666–2673. [CrossRef] [PubMed]

34. Ueda, K.; Kim, K.M.; Beppu, T.M.; Horinoushi, S. Overexpression of a gene cluster encoding a chalcone synthase-like protein
confers red-brown pigment production in Streptomyces griseus. J. Antibiot. 1995, 48, 638–646. [CrossRef]

35. Funa, N.; Ohnishi, Y.; Ebizuka, Y.; Horinouchi, S. Properties and substrate specificity of RppA, a chalcone synthase-related
polyketide synthase in Streptomyces griseus. J. Biol. Chem. 2002, 277, 4628–4635. [CrossRef] [PubMed]

36. Cortés, J.; Velasco, J.; Foster, G.; Blackaby, A.P.; Rudd, B.A.M.; Wilkinson, B. Identification and cloning of a type III polyketide
synthase required for diffusible pigment biosynthesis in Saccharopolyspora erythraea. Mol. Microbiol. 2002, 44, 1213–1224. [CrossRef]
[PubMed]

37. Li, S.; Grüschov, S.; Dordik, J.; Sherman, D.H. Molecular analysis of the role of tyrosine 224 in the active site of Streptomyces
coelicolor RppA, a bacterial type III polyketide synthase. J. Biol. Chem. 2007, 282, 12765–12772. [CrossRef]

http://doi.org/10.1371/journal.pone.0101492
http://doi.org/10.3390/cells10051130
http://doi.org/10.3390/ph12010011
http://www.ncbi.nlm.nih.gov/pubmed/30634637
http://doi.org/10.1016/0003-9861(80)90395-1
http://doi.org/10.1073/pnas.96.22.12929
http://www.ncbi.nlm.nih.gov/pubmed/10536025
http://doi.org/10.1271/bbb.70692
http://www.ncbi.nlm.nih.gov/pubmed/18391443
http://doi.org/10.1039/b100917f
http://doi.org/10.1002/prot.25988
http://doi.org/10.1039/b909988n
http://doi.org/10.1038/11472
http://doi.org/10.1186/s12934-015-0373-7
http://doi.org/10.1093/jimb/kuab072
http://doi.org/10.3390/metabo11040239
http://doi.org/10.1007/s00253-011-3449-2
http://www.ncbi.nlm.nih.gov/pubmed/21732240
http://doi.org/10.1007/s00425-019-03307-y
http://www.ncbi.nlm.nih.gov/pubmed/31776718
http://doi.org/10.1038/s41467-020-14558-9
http://doi.org/10.1021/bi0255266
http://www.ncbi.nlm.nih.gov/pubmed/11955065
http://doi.org/10.1093/jxb/erz425
http://www.ncbi.nlm.nih.gov/pubmed/31557291
http://doi.org/10.3389/fpls.2019.00865
http://doi.org/10.1038/88150
http://doi.org/10.1021/np020230m
http://doi.org/10.1128/JB.185.2.399-404.2003
http://www.ncbi.nlm.nih.gov/pubmed/12511484
http://doi.org/10.1128/JB.188.7.2666-2673.2006
http://www.ncbi.nlm.nih.gov/pubmed/16547054
http://doi.org/10.7164/antibiotics.48.638
http://doi.org/10.1074/jbc.M110357200
http://www.ncbi.nlm.nih.gov/pubmed/11723138
http://doi.org/10.1046/j.1365-2958.2002.02975.x
http://www.ncbi.nlm.nih.gov/pubmed/12028378
http://doi.org/10.1074/jbc.M700393200


Antibiotics 2022, 11, 82 19 of 21

38. Funa, N.; Funabashi, M.; Ohnishi, Y.; Horinouchi, S. Biosynthesis of hexahydroxyperylene quinone melanin via oxidative aryl
coupling by cytochrome P450 in Streptomyces griseus. J. Bacteriol. 2005, 187, 8149–8155. [CrossRef]

39. Zeng, J.; Decker, R.; Zhan, J. Biochemical characterization of a type III polyketide biosynthetic gene cluster from Streptomyces
toxytricini. Appl. Biochem. Biotechnol. 2012, 166, 1020–1033. [CrossRef]

40. AbuSara, N.F.; Piercey, B.M.; Moore, M.A.; Shaikh, A.A.; Nothias, L.F.; Srivastava, S.K.; Cruz-Morales, P.; Dorrestein, P.C.;
Barona-Gómez, F.; Tahlan, K. Comparative Genomics and Metabolomics Analyses of Clavulanic Acid-Producing Streptomyces
Species Provides Insight into Specialized Metabolism. Front. Microbiol. 2019, 10, 2550. [CrossRef]

41. Funa, N.; Ohnishi, Y.; Ebizuka, Y.; Horinouchi, S. Alteration of reaction and substrate specificity of a bacterial type III polyketide
synthase by site-directed mutagenesis. Biochem. J. 2002, 367, 781–789. [CrossRef]

42. Ferrer, J.-L.; Jez, J.M.; Bowman, M.E.; Dixon, R.A.; Noel, J.P. Structure of chalcone synthase and the molecular basis of plant
polyketide biosynthesis. Nat. Struct. Biol. 1999, 6, 775–784. [PubMed]

43. Jez, J.M.; Noel, J.P. Mechanism of chalcone synthase: pKa of the catalytic cysteine and the role of the conserved histidine in a
plant polyketide synthase. J. Biol. Chem. 2000, 275, 39640–39646. [CrossRef] [PubMed]

44. Louie, G.V.; Bowman, M.E.; Moffitt, M.C.; Baiga, T.J.; Moore, B.S.; Noel, J.P. Structural determinants and modulation of substrate
specificity in phenylalanine-tyrosine ammonia-lyases. Chem. Biol. 2006, 13, 1327–1338. [CrossRef]

45. Rosler, J.; Krekel, F.; Amrhein, N.; Schmid, J. Maize phenylalanine ammonia-lyases has tyrosine ammonia lyase activity. Plant
Physiol. 1997, 113, 175–179. [CrossRef]

46. Calabrese, J.C.; Jordan, D.B.; Boodhoo, A.; Sariaslani, S.; Vannelli, T. Crystal structure of phenylalanine ammonia lyase: Multiple
helix dipoles implicated in catalysis. Biochemistry 2004, 43, 11403–11416. [CrossRef] [PubMed]

47. Hyun, M.W.; Yun, Y.H.; Kim, J.Y.; Kim, S.H. Fungal and plant phenylalanine ammonia-lyase. Microbiology 2011, 39, 257–265.
[CrossRef]

48. Cochrane, F.C.; Davin, L.B.; Lewis, N.G. The Arabidopsis phenylalanine ammonia lyase gene family; kinetics characterization of
the four PAL isoforms. Phytochemistry 2004, 65, 1557–1564. [CrossRef]

49. Hsieh, L.S.; Hsieh, Y.L.; Yeh, C.S.; Cheng, C.Y.; Yang, C.C.; Lee, P.D. Molecular characterization of a phenylalanine ammonia lyase
gene (BoPAL1) from Bambuse oldhamii. Mol. Biol. Rep. 2011, 38, 283–290. [CrossRef]

50. Li, C.L.; Bai, Y.C.; Chen, H.; Zhao, H.X.; Shao, J.R.; Wu, Q. Cloning, characterization and functional analysis of a phenylalanine
ammonia-lyase gene (FtPAL) from Fagopyrum tataricum Gaertn. Plant Mol. Biol. Report. 2012, 30, 1172–1182. [CrossRef]

51. Zang, Y.; Jiang, T.; Cong, Y.; Zheng, Z.; Ouyang, J. Molecular characterization of a recombinant Zea mays phenylalanine ammonia-
lyase (ZmPAL2) and its application in trans-cinnamic acid production from L-phenylalanine. Appl. Biochem. Biotechnol. 2015, 176,
923–937. [CrossRef]

52. Jun, S.-Y.; Sattler, S.A.; Cortez, G.S.; Vermerris, W.; Sattler, S.E.; Kang, C. Biochemical and structural analysis of substrate specificity
of a phenylalanine ammonia-lyase. Plant Physiol. 2018, 176, 1452–1468. [CrossRef] [PubMed]

53. Jiang, H.; Woods, K.V.; Morgan, J.A. Metabolic engineering of the phenylpopanoid pathway in Saccharomyces cerevisiae. Appl.
Environ. Microbiol. 2005, 71, 2962–2969. [CrossRef] [PubMed]

54. Poppe, L.; Rétey, J. Friedel-Crafts-type mechanism for the enzymatic elimination of ammonia from histidine and phenylalanine.
Angew. Chem. Int. Ed. 2005, 44, 3668–3688. [CrossRef] [PubMed]

55. Röther, D.; Poppe, L.; Viergutz, S.; Langer, B.; Rétey, J. Characterization of the active site of histidine ammonia-lyase from
Pseudomonas putida. Eur. J. Biochem. 2001, 268, 6011–6019. [CrossRef]

56. Xiang, L.; Moore, B.S. Biochemical characterization of a prokaryotic phenylalanine ammonia lyase. J. Bacteriol. 2005, 187,
4286–4289. [CrossRef]

57. Williams, J.S.; Tomas, M.; Clarke, D.J. The gene stlA encodes a phenylalanine ammonia-lyase that is involved in the production of
a stilbene antibioti in Photorhabdus luminiscens TT01. Microbiology 2005, 151, 2543–2550. [CrossRef]

58. Hill, A.M.; Thompson, B.L.; Harris, J.O.; Segret, R. Investigation of the early stages in soraphen A biosynthesis. ChemBioChem
2003, 4, 1358–1359. [CrossRef]

59. Emes, A.V.; Vining, L.C. Partial purification and properties of 1-phenylalanine ammonia lyase from Streptomyces verticillatus. Can.
J. Biochem. 1970, 48, 613–6122. [CrossRef]

60. Kyndt, J.A.; Meyer, T.E.; Cusanovich, M.A.; van Beeumen, J.J. Characterization of a bacterial tyrosine ammonia lyase, a biosynthetic
enzyme for the photoactive yellow protein. FEBS Lett. 2002, 512, 240–244. [CrossRef]

61. Watts, K.T.; Mijts, B.N.; Lee, P.C.; Manning, A.J.; Schmidt-Dannert, C. Discovery of a substrate selectivity switch in tyrosine
ammonia-lyase, a member of the aromatic amino acid lyase family. Chem. Biol. 2006, 13, 1317–1326. [CrossRef]

62. Nishiyama, Y.; Yun, C.-S.; Matsuda, F.; Sasaki, T.; Saito, K.; Tozawa, Y. Expression of bacterial tyrosine ammonia-lyase creates a
novel p-coumaric acid pathway in the biosynthesis of phenylpropanoids in Arabidopsis. Planta 2010, 232, 20–218. [CrossRef]

63. Christenson, S.D.; Liu, W.; Toney, M.D.; Shen, B. A novel 4-methylideneimidazole-5-one-containing tyrosine aminomutase in
enediyne antitumor antibiotic C-1027 biosynthesis. J. Am. Chem. Soc. 2003, 125, 6062–6063. [CrossRef] [PubMed]

64. Baedeker, M.; Schulz, G.E. Autocatalytic peptide cyclization during chain folding of histidine ammonia-lyase. Structure 2002, 10,
61–67. [CrossRef]

65. Retey, J. Discovery and role of methylidene imidazolone, a highly electrophilic prostetic group. Biochim. Biophys. Acta 2003, 1647,
179–184. [CrossRef]

http://doi.org/10.1128/JB.187.23.8149-8155.2005
http://doi.org/10.1007/s12010-011-9490-x
http://doi.org/10.3389/fmicb.2019.02550
http://doi.org/10.1042/bj20020953
http://www.ncbi.nlm.nih.gov/pubmed/10426957
http://doi.org/10.1074/jbc.M008569200
http://www.ncbi.nlm.nih.gov/pubmed/11006298
http://doi.org/10.1016/j.chembiol.2006.11.011
http://doi.org/10.1104/pp.113.1.175
http://doi.org/10.1021/bi049053+
http://www.ncbi.nlm.nih.gov/pubmed/15350127
http://doi.org/10.5941/MYCO.2011.39.4.257
http://doi.org/10.1016/j.phytochem.2004.05.006
http://doi.org/10.1007/s11033-010-0106-2
http://doi.org/10.1007/s11105-012-0431-9
http://doi.org/10.1007/s12010-015-1620-4
http://doi.org/10.1104/pp.17.01608
http://www.ncbi.nlm.nih.gov/pubmed/29196539
http://doi.org/10.1128/AEM.71.6.2962-2969.2005
http://www.ncbi.nlm.nih.gov/pubmed/15932991
http://doi.org/10.1002/anie.200461377
http://www.ncbi.nlm.nih.gov/pubmed/15906398
http://doi.org/10.1046/j.0014-2956.2001.02298.x
http://doi.org/10.1128/JB.187.12.4286-4289.2005
http://doi.org/10.1099/mic.0.28136-0
http://doi.org/10.1039/b303542p
http://doi.org/10.1139/o70-099
http://doi.org/10.1016/S0014-5793(02)02272-X
http://doi.org/10.1016/j.chembiol.2006.10.008
http://doi.org/10.1007/s00425-010-1166-1
http://doi.org/10.1021/ja034609m
http://www.ncbi.nlm.nih.gov/pubmed/12785829
http://doi.org/10.1016/S0969-2126(01)00692-X
http://doi.org/10.1016/S1570-9639(03)00091-8


Antibiotics 2022, 11, 82 20 of 21

66. Walker, K.D.; Klettke, K.; Akiyama, T.; Croteau, R. Cloning, heterologous expression and characterization of a phenylalanine
aminomutase involved in taxol biosynthesis. J. Biol. Chem. 2004, 279, 56854–63947. [CrossRef] [PubMed]

67. Steele, C.L.; Chen, Y.; Dougherty, B.A.; Li, W.; Hofstead, S.; Lam, K.S.; Xing, Z.; Chiang, S.J. Purification, cloning and functional
expression of phenylalanine aminomutase: The first committed step in Taxol side-chain biosynthesis. Arch. Biochem. Biophys.
2005, 438, 1–10. [CrossRef]

68. Boniwell, J.M.; Butt, V.S. Flavin Nucleotide-dependent 3-hydroxylation of 4-hydroxyphenylpropanoid carboxylic acids by
particulate preparations from potato-tubers. Z. Nat. C 1986, 41, 56–60. [CrossRef]

69. Kneusel, R.E.; Matern, U.; Nicolay, K. Formation of trans-caffeoyl-CoA from trans-4-coumaroyl-CoA by Zn2+-dependent enzymes
in cultured plant cells and its activation by an elicitor induced pH shift. Arch. Biochem. Biophys. 1989, 269, 455–462. [CrossRef]

70. Kojima, M.; Takeuchi, W. Detection and characterization of p-coumaric acid hydroxylase in mung bean, Vigna mungo, seedlings. J.
Biochem. 1989, 105, 265–270. [CrossRef]

71. Heller, W.; Kühnl, T. Elicitor induction of a microsomal 5-O-(4-coumaroyl) shikimate 3-hydroxylase in parsley cell suspension
cultures. Arch. Biochem. Biophys. 1985, 241, 453–460. [CrossRef]

72. Humphreys, J.M.; Chapple, C. Rewriting the lignin roadmap. Curr. Opin. Plant Biol. 2002, 5, 224–229. [CrossRef]
73. Kühnl, T.; Koch, U.; Heller, W.; Wellmann, E. Chlorogenic acid biosynthesis- characterization of a light induced microsomal

5-O-(4-coumaroyl-D-quinate/shikimate) 3´hydroxylase from carrot (Daucus carota L.) cell suspension cultures. Arch. Biochem.
Biophys. 1987, 258, 226–232. [CrossRef]

74. Franke, R.; Humphreys, J.M.; Hemm, M.R.; Denult, J.W.; Ruegger, M.O.; Cusumano, J.C.; Chapple, C. The Arabidopsis ref8 gene
encodes the 3-hydroxylase of phenylpropanoid metabolism. Plant J. 2002, 30, 33–45. [CrossRef] [PubMed]

75. Schoch, G.; Goepfert, S.; Morant, M.; Hehn, A.; Meyer, D.; Ullmann, P.; Werck-Reichhart, D. CYP98A3 from Arabidosis thaliana
is a 3´hydroxylase of phenolic esters, a missing link in the phenylpropanoid pathway. J. Biol. Chem. 2001, 276, 36566–36574.
[CrossRef] [PubMed]

76. Lee, H.Y.; Byeon, Y.; Lee, H.J.; Back, K. Cloning of Arabidopsis serotonin N acetyl transferase and its role with caffeic acid
O-methyltransferase in the biosynthesis of melatonin in vitro despite their different subcellular localizations. J. Pineal Res. 2014,
57, 418–426. [CrossRef] [PubMed]

77. Kumar, N.; Pruthi, V. Potential application of ferulic acid from natural sources. Biotechnol. Rep. 2014, 4, 86–93. [CrossRef]
78. Li, J.J.; Zhang, G.; Yu, J.-H.; Li, Y.-Y.; Huang, X.-H.; Wang, W.-J.; Tan, R.; Zhou, J.-Y.; Liao, H. Molecular cloning and characterization

of caffeic acid 3-O-methyltransferase from the rhizome of Ligusticum chuanxiong. Biotechnol. Lett. 2015, 37, 2295–2302. [CrossRef]
79. Narnoliya, L.K.; Sangwan, N.; Jadaum, J.S.; Bansai, S.; Sangwan, R.S. Defining the role of a caffeic acid 3-O-methyltransferase

from Azadirachta indica fruits in the biosynthesis of ferulic acid through heterologous over-expression in Ocimum species and
Withania somnifera. Planta 2021, 253, 20. [CrossRef]

80. Youngdae, Y.; Park, Y.; Yi, Y.S.; Lee, Y.; Jo, G.; Park, J.C.; Ahn, J.-H.; Lim, Y. Characterization of an O-Methyltransferase from
Streptomyces avermitilis MA-4680. J. Microbiol. Biotechnol. 2010, 20, 1359–1366.

81. Zhang, Y.; Han, M.-Z.; Zhu, S.-L.; Li, M.; Luo, Z.-C.; Kong, Z.; Lu, Y.-X.; Wang, S.-Y.; Tong, W.-Y. Studies on the function and
catalytic mechanism of O-methyltransferases SviOMT02, SviOMT03 and SviOMT06 from Streptomyces virginiae IBL14. Enzym.
Microb. Technol. 2015, 73–74, 72–79. [CrossRef]

82. Pietrowska-Borek, M.; Stuible, H.-P.; Kombrink, E.; Guranowski, A. 4-coumarate: Coenzyme A ligase has the catalytic capacity to
synthesize and reuse various (di)adenosine polyphosphates. Plant Physiol. 2003, 131, 1401–1410. [CrossRef] [PubMed]

83. Schneider, K.; Hövel, K.; Witzel, K.; Hamberger, B.; Schomburg, D.; Kombrink, E.; Stuible, H.-P. The substrate specificity-
determining amino acid code of 4-coumarate: CoA ligase. Proc. Nat. Acad. Sci. USA 2003, 100, 8601–8606. [CrossRef] [PubMed]

84. Ehlting, J.; Büttner, D.; Wang, Q.; Douglas, C.J.; Somssich, I.E.; Kombrink, E. Three 4-coumarate: Coenzyme A ligases in Arabidopsis
thaliana represent two evolutionarily divergent classes in angiosperms. Plant J. 1999, 19, 9–20. [CrossRef] [PubMed]

85. Lindermayr, C.; Fliegmann, J.; Ebel, J. Deletion of a single amino acid residue from different 4-coumarate:CoA ligases from
soybean results in the generation of new substrate specificities. J. Biol. Chem. 2003, 278, 2781–2786. [CrossRef] [PubMed]

86. Lamas-Maceiras, M.; Vaca, I.; Rodríguez, E.; Casqueiro, J.; Martín, J.F. Amplification and disruption of the phenylacetyl-CoA
ligase gene of Penicillium chrysogenum encoding an aryl-capping enzyme that supplies phenylacetic acid to the isopenicillin N
acyltransferase. Biochem. J. 2006, 395, 147–155. [CrossRef] [PubMed]

87. Wang, F.Q.; Liu, J.; Dai, M.; Ren, Z.H.; Su, C.-Y.; He, J.G. Molecular cloning and functional identification of a novel pheny-
lacetyl.CoA ligase gene from Penicillium chrysogenum. Biochem. Biophys. Res. Commun. 2007, 360, 453–458. [CrossRef]

88. Koetsier, M.J.; Gombert, A.K.; Fekken, S.; Bovenberg, R.A.; Van den Berg, M.A.; Kiel, J.A.; Jekel, P.A.; Janssen, D.B.; Pronk, J.T.; Van
der Klei, I.J.; et al. The Penicillium chrysogenum aclA gene encodes a broad-substrate-specificity acyl-coenzyme A ligase involved
in activation of adipic acid, a side-chain precursor for cephem antibiotics. Fungal Genet. Biol. 2010, 47, 33–42. [CrossRef]

89. Koetsier, M.J.; Jekel, P.A.; van den Berg, M.A.; Bovenberg, R.A.; Jansen, D.B. Characterization of a phenylacetate-CoA ligase from
Penicillium chrysogenum. Biochem. J. 2009, 417, 467–476. [CrossRef]

90. Martín, J.F.; Ullán, R.V.; García-Estrada, C. Role of peroxisomes in the biosynthesis and secretion of b-lactams and other secondary
metabolites. J. Ind. Microbiol. Biotechnol. 2012, 39, 367–382. [CrossRef]

91. Piel, J.; Hertweck, C.; Shipley, P.R.; Hunt, D.M.; Newman, M.S.; Moore, B.S. Cloning, sequencing and analysis of the enterocin
biosynthesis gene cluster from the marine isolate Streptomyces maritimus: Evidence for the derailment of an aromatic polyketide
synthase. Chem. Biol. 2000, 7, 943–955. [CrossRef]

http://doi.org/10.1074/jbc.M411215200
http://www.ncbi.nlm.nih.gov/pubmed/15494399
http://doi.org/10.1016/j.abb.2005.04.012
http://doi.org/10.1515/znc-1986-1-210
http://doi.org/10.1016/0003-9861(89)90129-X
http://doi.org/10.1093/oxfordjournals.jbchem.a122651
http://doi.org/10.1016/0003-9861(85)90570-3
http://doi.org/10.1016/S1369-5266(02)00257-1
http://doi.org/10.1016/0003-9861(87)90339-0
http://doi.org/10.1046/j.1365-313X.2002.01266.x
http://www.ncbi.nlm.nih.gov/pubmed/11967091
http://doi.org/10.1074/jbc.M104047200
http://www.ncbi.nlm.nih.gov/pubmed/11429408
http://doi.org/10.1111/jpi.12181
http://www.ncbi.nlm.nih.gov/pubmed/25250906
http://doi.org/10.1016/j.btre.2014.09.002
http://doi.org/10.1007/s10529-015-1917-y
http://doi.org/10.1007/s00425-020-03514-y
http://doi.org/10.1016/j.enzmictec.2015.03.006
http://doi.org/10.1104/pp.011684
http://www.ncbi.nlm.nih.gov/pubmed/12644689
http://doi.org/10.1073/pnas.1430550100
http://www.ncbi.nlm.nih.gov/pubmed/12819348
http://doi.org/10.1046/j.1365-313X.1999.00491.x
http://www.ncbi.nlm.nih.gov/pubmed/10417722
http://doi.org/10.1074/jbc.M202632200
http://www.ncbi.nlm.nih.gov/pubmed/12421821
http://doi.org/10.1042/BJ20051599
http://www.ncbi.nlm.nih.gov/pubmed/16321143
http://doi.org/10.1016/j.bbrc.2007.06.074
http://doi.org/10.1016/j.fgb.2009.10.003
http://doi.org/10.1042/BJ20081257
http://doi.org/10.1007/s10295-011-1063-z
http://doi.org/10.1016/S1074-5521(00)00044-2


Antibiotics 2022, 11, 82 21 of 21

92. Xiang, L.; Moore, B.S. Inactivation, complementation and heterologous expression of encP, a novel bacterial phenylalanine
ammonia-lyase gene. J. Biol. Chem. 2002, 277, 32505–32509. [CrossRef]

93. Hubbard, B.K.; Thomas, M.G.; Walsh, C.T. Biosynthesis of L-p-hydroxyphenylglycine, a non-proteinogenic amino acid constituent
of peptide antibiotics. Chem. Biol. 2000, 7, 931–942. [CrossRef]

94. Choroba, O.W.; Williams, D.H.; Spencer, J.B. Biosynthesis of the vancomycin group of antibiotics: Involvement of an unusual
dioxygenase in the pathway to (S)-4-hydroxyphenylglycine. J. Am. Chem. Soc. 2000, 122, 5389–5390. [CrossRef]

95. Sandercock, A.M.; Charles, E.H.; Scaife, W.; Kirkpatrick, P.N.; O’Brien, S.W.; Papageorgiou, E.A.; Spencer, J.B.; Williams, D.H.
Characterisation of a hydroxymandelate oxidase involved in the biosynthesis of two unusual amino acids occurring in the
vancomycin group of antibiotics. Chem. Commun. 2001, 18, 1252–1253. [CrossRef]

96. Chung, S.K.; Taylor, P.; Oh, Y.K.; DeBrosse, C.; Jeffs, P.W. Biosynthetic studies of aridicin antibiotics. I. Labeling patterns and
overall pathways. J. Antibiot. 1986, 39, 642–651. [CrossRef] [PubMed]

97. Nicas, T.I.; Cooper, R.D.G. Vancomycin and other glycopeptides. In Biotechnology of Antibiotics; Strohl, W.R., Ed.; Marcel Dekker:
New York, NY, USA, 1997; pp. 363–392.

98. Toma, A.R.S.; Brieke, C.; Cryle, M.J.; Süssmuth, R.D. Structural aspects of phenylglycines, their biosynthesis and occurrence in
peptide natural products. Nat. Prod. Rep. 2015, 32, 1207–1235. [CrossRef] [PubMed]

99. Pfeifer, V.; Nicholson, G.J.; Ries, J.; Recktenwald, J.; Schefer, A.B.; Shawky, R.M.; Schöder, J.; Wohlleben, W.; Pelzer, S. A polyketide
synthase in glycopeptide biosynthesis: The biosynthesis of the non-proteinogenic amino acid (S)-3,5-dihydroxyphenylglycine. J.
Biol. Chem. 2001, 276, 38370–38377. [CrossRef]

100. Chen, H.; Tseng, C.C.; Hubbard, B.K.; Walsh, C.T. Glycopeptide antibiotic biosynthesis: Enzymatic assembly of the dedicated
amino acid monomer (S9-3,5-dihydroxyphenylglicine. Proc. Nat. Acad. Sci. USA 2001, 98, 14901–14906. [CrossRef]

101. Tseng, C.C.; McLoughlin, S.M.; Kelleher, N.L.; Walsh, C.T. Role of the active site cysteine of DpgA, a bacterial type III polyketide
synthase. Biochemistry 2004, 43, 970–980. [CrossRef]

102. Liu, W.; Zhang, B.; Jiang, R. Improving acetyl-CoA biosynthesis in Saccharomyces cerevisiae via the overexpression of pantothenate
kinase and PDH bypass. Biotechnol. Biofuels 2017, 10, 41–49. [CrossRef]

103. Palmer, C.M.; Miller, K.K.; Nguyen, A.; Alper, H.S. Engineering 4-coumaroyl-CoA derived polyketide production in Yarrowia
lipolytica through a β-oxidation mediated strategy. Metab. Eng. 2020, 57, 174–181. [CrossRef]

104. Koopman, F.; Beekwilder, J.; Crimi, B.; van Houwelingen, A.; Hall, R.D.; Bosch, D.; van Maris, A.J.; Pronk, J.T.; Daran, J.M. De novo
production of the flavonoid naringenin in engineered Saccharomyces cerevisiae. Microb. Cell Factories 2012, 11, 155–169. [CrossRef]

105. Lyu, X.; Ng, K.R.; Lee, J.L.; Mark, R.; Chen, W.N. Enhancement of Naringenin Biosynthesis from Tyrosine by Metabolic
Engineering of Saccharomyces cerevisiae. J. Agric. Food Chem. 2017, 65, 6638–6646. [CrossRef]

106. Wei, W.; Zhang, P.; Shang, Y.; Zhou, Y.; Ye, B.C. Metabolically engineering of Yarrowia lipolytica for the biosynthesis of naringenin
from a mixture of glucose and xylose. Bioresour. Technol. 2020, 314, 123726. [CrossRef]

107. Zhang, W.; Liu, H.; Li, X.; Liu, D.; Dong, X.T.; Li, F.F.; Wang, E.X.; Li, B.Z.; Yuan, Y.J. Production of naringenin from D-xylose with
co-culture of E. coli and Saccharomyces cerevisiae. Eng. Life Sci. 2017, 17, 1021–1029. [CrossRef]

108. Li, H.; Gao, S.; Zhang, S.; Zeng, W.; Zhou, J. Effects of metabolic pathway gene copy numbers on the biosynthesis of naringenin in
Saccharomyces cerevisiae. J. Biotechnol. 2021, 325, 119–127. [CrossRef]

109. Gao, S.; Lyu, Y.; Zeng, W.; Du, G.; Zhou, J.; Chen, J. Efficient Biosynthesis of (2S)-Naringenin from p-Coumaric Acid in
Saccharomyces cerevisiae. J. Agric. Food Chem. 2020, 68, 1015–1021. [CrossRef] [PubMed]

110. Lv, Y.; Marsafari, M.; Koffas, M.; Zhou, J.; Xu, P. Optimizing Oleaginous Yeast Cell Factories for Flavonoids and Hydroxylated
Flavonoids Biosynthesis. ACS Synth. Biol. 2019, 8, 2514–2523. [CrossRef] [PubMed]

111. Yang, W.; Tang, H.; Ni, J.; Wu, Q.; Hua, D.; Tao, F.; Xu, P. Characterization of two Streptomyces enzymes that convert ferulic acid to
vanillin. PLoS ONE 2013, 8, e67339.

112. Schmidt, S.; Rainieri, S.; Witte, S.; Matern, U.; Martens, S. Identification of a Saccharomyces cerevisiae glucosidase that hydrolyzes
flavonoid glucosides. Appl. Environ. Microbiol. 2011, 77, 1751–1757. [CrossRef]

113. Ohashi, T.; Hasegawa, Y.; Misaki, R.; Fujiyama, K. Substrate preference of citrus naringenin rhamnosyltransferases and their
application to flavonoid glycoside production in fission yeast. Appl. Microbiol. Biotechnol. 2016, 100, 687–696. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M204171200
http://doi.org/10.1016/S1074-5521(00)00043-0
http://doi.org/10.1021/ja000076v
http://doi.org/10.1039/b103668h
http://doi.org/10.7164/antibiotics.39.642
http://www.ncbi.nlm.nih.gov/pubmed/3733513
http://doi.org/10.1039/C5NP00025D
http://www.ncbi.nlm.nih.gov/pubmed/25940955
http://doi.org/10.1074/jbc.M106580200
http://doi.org/10.1073/pnas.221582098
http://doi.org/10.1021/bi035714b
http://doi.org/10.1186/s13068-017-0726-z
http://doi.org/10.1016/j.ymben.2019.11.006
http://doi.org/10.1186/1475-2859-11-155
http://doi.org/10.1021/acs.jafc.7b02507
http://doi.org/10.1016/j.biortech.2020.123726
http://doi.org/10.1002/elsc.201700039
http://doi.org/10.1016/j.jbiotec.2020.11.009
http://doi.org/10.1021/acs.jafc.9b05218
http://www.ncbi.nlm.nih.gov/pubmed/31690080
http://doi.org/10.1021/acssynbio.9b00193
http://www.ncbi.nlm.nih.gov/pubmed/31622552
http://doi.org/10.1128/AEM.01125-10
http://doi.org/10.1007/s00253-015-6982-6
http://www.ncbi.nlm.nih.gov/pubmed/26433966

	Introduction: Flavonoids and Chalcones, Naringenin and Related Compounds in Nature 
	Biosynthesis of (2S)-Naringenin in Plants 
	The Naringenin Chalcone Synthase of S. clavuligerus: Comparison with Other Bacterial Chalcone Synthases 
	Bacterial Chalcone Synthases That Use Aromatic or Aliphatic Starter Units 
	Role of the P450 Monooxygenase (NcyP) Encoded by a Gene Linked to ncs 

	Biosynthesis of p-Coumaric Acid and Other Related Starter Molecules: Role of Ammonia Lyases 
	Biosynthesis of p-Coumaric Acid in Plants and Yeasts 
	Bacterial Amino Acid Ammonia Lyases 
	The Aromatic Ammonia Lyases and the Aminomutases Contain a Methylidene Imidazol-5-one (MIO) Prostetic Group 
	Enzymes for the Conversion of Trans-Cinnamic Acid and p-Coumaric Acid into Caffeic Acid and Ferulic Acid 

	Activation of p-Coumaric Acid and Related Chalcone Precursors by aryl-CoA Ligases 
	Substrate Specificity of p-Coumaroyl-CoA Ligases in Plants and Filamentous Fungi 
	Activation of Benzoic Acid, a Rare Aromatic Precursor in the Biosynthesis of the Polyketide Enterocins in Streptomyces Maritimus 

	Biosynthesis of 4-Hydroxyphenylglycine and (S) 3,5 Dihydroxyphenylglycine, Related to Aromatic Starter Units of Chalcones 
	Biosynthesis of 4-Hydroxyphenylglycine (HPG) 
	Biosynthesis of 3,5-Dihydroxyphenylglycine (DPG) 

	Heterologous Production of Naringenin in Yeasts: Biotechnological Applications 
	Conclusions and Future Outlook 
	References

