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Abstract: The aminoshikimic acid (ASA) pathway comprises a series of reactions resulting in the synthesis of 3-amino-5-
hydroxybenzoic acid (AHBA), present in bacteria such as Amycolatopsis mediterranei and Streptomyces. AHBA is the precursor for synthe-
sizing the mC7N units, the characteristic structural component of ansamycins and mitomycins antibiotics, compounds with impor-
tant antimicrobial and anticancer activities. Furthermore, aminoshikimic acid, another relevant intermediate of the ASA pathway, is
an attractive candidate for a precursor for oseltamivir phosphate synthesis, the most potent anti-influenza neuraminidase inhibitor
treatment of both seasonal and pandemic influenza. This review discusses the relevance of the key intermediate AHBA as a scaffold
molecule to synthesize diverse ansamycins and mitomycins. We describe the structure and control of the expression of the model
biosynthetic cluster rif in A. mediterranei to synthesize ansamycins and review several current pharmaceutical applications of these
molecules. Additionally, we discuss some relevant strategies developed for overproducing these chemicals, focusing on the relevance
of the ASA pathway intermediates kanosamine, AHAB, and ASA.
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Introduction
The biosynthesis of aromatic compounds is an essential
metabolic trait present mainly in bacteria, yeasts, and plants.
These biosynthetic pathways are involved in synthesizing a high
diversity of primary and secondary metabolites with critical
cellular functions in prokaryotic and eukaryotic organisms. From
the biotechnological point of view, these aromatic metabolites are
highly valuable compounds involved in synthesizing structural
blocks of proteins and compounds with relevant antiviral, an-
timicrobial, and anticancer activities, representing a one billion
dollar market (Braga & Faria, 2020; Cao et al., 2020; Kallscheuer
et al., 2019; Lee et al., 2019; Li et al., 2020; Liu et al., 2020a;
Martínez et al., 2019; Shen et al., 2020). Aromatic metabolism
occurs mainly through the shikimic acid (SA) pathway present
in bacteria, fungi, higher plants, and certain other organisms,
but it is absent in mammals (Diaz Quiroz et al., 2014; Li et al.,
2020; Martínez et al., 2015). This pathway recruits the carbon
flux from the central carbon metabolism pathways through
phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E4P),
key intermediates from the glycolytic pathway and the pen-
tose phosphate pathway (PPP), respectively, to the synthesis of
3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP), the initial
substrate of the SA pathway (Fig. 1). The final product of the SA
pathway is the chorismate (CHA), which is, in turn, the common
intermediate for the biosynthesis of the three aromatic amino
acids (L-phenylalanine, L-tyrosine, and L-tryptophan). Other crit-
ical intermediates of the SA pathway, such as dehydroshikimic
acid (DHS), SA, and CHA, are key precursors for synthesizing

many high-value natural products, including phenylpropanoids
and flavonoids produced by plants (Cao et al., 2020; Estevez
& Estevez, 2012; Kallscheuer et al., 2019; Li et al., 2020; Shen
et al., 2020; Tohge & Fernie, 2017). The aminoshikimic acid (ASA)
pathway is present in microorganisms such as Amycolatopsis
mediterranei and Actinosynnema pretiosum as Streptomyces species
(Floss et al., 2011; Kang et al., 2012). This pathway was considered
initially as a variant of the SA pathway because the metabolic
intermediates SA, quinic acid (QA), and 3-dehydroquinic acid
(DHQ) were proposed as the source of 3-amino-5-hydroxybenzoic
acid (AHBA), the precursor for the synthesis of the meta-C-C6-
N (mC7N) units, the characteristic structural component of
ansamycins and mitomycins antibiotics (Floss, 1997; Hornemann
et al., 1974, 1980).

Ansamycin antibiotics are an abundant class of AHBA-derived
natural products with valuable pharmaceutical relevance, ex-
hibiting broad biological activities such as antibiotics, anticancer
agents, and enzyme inhibitors. Mitomycins are another impor-
tant class of natural products derived from AHBA and have
a relevant anticancer activity. Aminoshikimic acid (5-amino-5-
deoxyshikimic acid) is a highly valuable compound with great
potential biotechnological applications as with SA, is a precur-
sor in the chemical synthesis of viral neuraminidase inhibitors
such as oseltamivir phosphate (OSP) and other potential antiviral
inhibitors as 4,5-diamino shikimic acid derivatives (Diaz Quiroz
et al., 2014; Floss et al., 2011; Guo & Frost, 2004; Kang et al., 2012;
Karpf & Trussardi, 2009). In this review, we discuss the relevance
of the ASA pathway as a source of scaffold molecules for the
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Fig. 1 The shikimic and aminoshikimic acids pathway. SA pathway in Escherichia coli (upper section). DAHP,
3-deoxy-D-arabino-heptulosonate-7-phosphate; DHQ, 3-dehydroquinate; DHS, 3-dehydroshikimate; SA, shikimic acid; S3, SHK-3-phosphate; EPSP,
5-enolpyruvyl-shikimate 3-phosphate; CHA, chorismate. Enzymes and coding genes are indicated. (a) DAHP synthase (AroF, AroG, AroH isoenzymes,
aroF, aroG, aroH, respectively); (b) DHQ synthase (aroB); (c) DHQ dehydratase (aroD); (d) SA dehydrogenase (aroE); (e) SA kinase I, II isoenzymes (aroK, aroL,
respectively); (f) EPSP synthase (aroA); (g) CHA synthase (aroC); (h) SA dehydrogenase/quinate dehydrogenase (ydiB). The aminoshikimic acid (ASA)
pathway from aminoDAHP to 3-amino-5-hydroxybenzoic acid (AHBA) and ASA in Amycolatopsis mediterranei (lower section). (i) aminoDHPS (rifH); (j)
aminoDHQ synthase (rifG); (k) aminoDHS dehydratase (rifJ); (l) AHBA synthase (rifK); (m) aminoSHK dehydrogenase (rifI). E4P, erythrose-4-phosphate;
PEP, phosphoenolpyruvate. Adapted from Diaz Quiroz et al. (2014), Guo & Frost (2004), Kang et al. (2012), Martínez et al. (2015).

synthesis of various relevant pharmaceutical chemicals. Addi-
tionally, we describe the structure of the biosynthetic cluster rif
in A. mediterranei and the mechanisms involved in controlling
its expression as an example of the structure and function of
a biosynthetic cluster for the synthesis of ansamycins and mit-
omycins. Finally, we highlight their current and potential phar-
maceutical uses and reviews some examples of the application
of metabolic engineering strategies in diverse bacterial strains
to overproduce the critical intermediates kanosamine, AHBA,
and ASA.

Elucidation of the Aminoshikimic
Acid Pathway
Feeding experiments of the SA pathway intermediates SA,QA,and
DHQ to synthesize mC7N units of ansamycins and mitomycins
repeatedly failed in experiments with A. mediterranei. Addition-
ally, labeled [2–13C]-SA was not incorporated into the C7N units
to synthesize ansatrienin but efficiently labeled the cyclohexane
carboxylic acid moiety, leading to conclude that the biosynthesis
of the C7N units must branch off from the SA pathway before SA.
Further genetic experiments showed that the branching point for
the synthesis of C7N in the biosynthesis of rifamycin was before
DHQ (Haber et al., 2002; Hornemann et al., 1974, 1980; Karlsson
et al., 1974; White & Martinelli, 1974).

Based on degradation experiments of mitomycins and gel-
danamycin labeled with various precursors, it was determined

that C-5-equivalents carry the nitrogen of AHBA. This result led to
the proposal of the existence of 3,4-dideoxy-4-amino-D-arabino-
heptulosonic acid 7-phosphate (aminoDAHP) as the specific pre-
cursor of AHBA (Floss et al., 2011; Hornemann et al., 1974, 1980).
Identification of glutamine as the nitrogen source for rifamycin
biosynthesis suggested that aminoDAHP was synthesized in a re-
action independent of E4P, with ammonia from the hydrolysis of
glutamine to result in an imine (iminoE4P). IminoE4P is condensed
with PEP in a parallel reaction to the synthesis of DAHP in the SA
pathway (Diaz Quiroz et al., 2014; Floss, 1997; Floss et al., 2011;
Kang et al., 2012). The aminoDAHP fuels the ASA pathway con-
sisting of four parallel reactions to the SA pathway: the synthe-
sis of aminoDAHP, its conversion to aminoDHQ, which is dehy-
drated to aminoDHS, and then aromatized to AHBA by an AHBA
synthase, in a reaction that has no analogous step in the SA path-
way (Fig. 1) (Diaz Quiroz et al., 2014; Floss et al., 2011; Kang et al.,
2012). Purification of the AHBA synthase enzyme, and cloning of
the encoding gene rifK, resulted in the further analysis of the en-
tire 95 kbp rifamycin (rif) biosynthetic gene cluster fromA.mediter-
ranei. The cluster contains the genes rifGHIKLMN and rifJ involved
in the biosynthesis of AHBA: aminoDAHP synthase (RifH), amin-
oDHQ synthase (RifG), aminoDHQ dehydratase (RifJ), AHBA syn-
thase (RifK); and those genes involved in the synthesis of the pre-
cursor iminoE4P for the synthesis of aminoDAHP: an oxidoreduc-
tase (RifL), a phosphatase (RifM), and a kinase (RifN) (Arakawa
et al., 2002; Diaz Quiroz et al., 2014; Floss et al., 2011; Guo & Frost,
2004; Kang et al., 2012).
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Fig. 2 Kanosamine biosynthesis pathway in Amycolatopsis mediterranei and several Bacillus species. (A) Kanosamine biosynthesis from UDP-glucose
in A. mediterranei as part of the rif cluster. RifL, UDP-3-keto-D-glucose dehydrogenase (rifL); RifK, UDP-3-keto-D-glucose transaminase (rifK); RifM,
UDP-kanosamine phosphatase (rifM); RifN, kanosamine kinase (rifN) (Arakawa et al., 2002; Guo & Frost, 2004; Kang et al., 2012). (B) Kanosamine
biosynthesis from glucose-6-P in Bacillus pumillus ATCC21143 (Guo & Frost, 2004), Bacillus subtilis (Vetter et al., 2013), and Bacillus cereus UW85
(Prasertanan & Palmer, 2019). kabCAB operon in B. cereus and the homologous ntdCAB operon in B. subtilis. KabC/NtdC, glucose-6-phosphate
3-dehydrogenase; KabA/NtdA, pyridoxal phosphate-dependent 3-oxo-glucose-6-phosphate:glutamate aminotransferase; KabB/NtdB,
kanosamine-6-phosphate phosphatase.

The ASA Pathway in Amycolatopsis mediterranei
The ASA pathway for the synthesis of AHBA and ASA inA.mediter-
ranei consists of two stages, the synthesis of imino-D-erythrose
4-phosphate (iminoE4P) (Fig. 2A) and the synthesis of AHBA and
ASA from aminoDAHP. The enzymes involved in the biosynthesis
of these metabolites are encoded as part of the rif cluster com-
prising rifGHIKLMN and the rifJ gene (Floss et al., 2011; Guo &
Frost, 2004; Kang et al., 2012). The synthesis of iminoE4P starts
from UDP-glucose as the substrate of RifL, an oxidoreductase
dependent of NAD(P)+ and a transamination catalyzed by RifK
(AHBA synthase) with glutamate as the amino donor, resulting
in the synthesis of 3-amino-3-deoxy-UDP-glucose. The other ac-
tivity of RifM (UDP-kanosamine phosphatase) yields kanosamine.
RifN (kanosamine kinase) phosphorylates kanosamine resulting
in kanosamine-6-phosphate (K6P), which is isomerized by the
phosphokanosamine isomerase to amino-D-fructose 6-phosphate
(aminoF6P). The aminoF6P and ribose-5-phosphate are converted
to iminoE4P and sedoheptulose-7-phosphate (S7P) by the enzyme
transketolase (orf15) (Arakawa et al., 2002; Floss et al., 2011; Guo
& Frost, 2002a,b; Kang et al., 2012) (Fig. 2A).

The iminoE4P and PEP are condensed to aminoDAHP by RifH.
This step is followed by three parallel reactions to the SA pathway
to yield aminoDHQ, aminoDHS, and AHBA catalyzed by RifG, RifJ,
and RifK, respectively. Remarkably, AHBA synthase (RifK) possess
two catalytic functions: As a homodimer, it catalyzes the last reac-
tion in the pathway to produce AHBA from aminoDHS, and in the
iminoE4P stage, in a complex with the oxidoreductase RifL, cat-
alyzes the transamination of UDP-3-keto-D-glucose to 3-amino-
3-deoxy-UDP-glucose (Fig. 2A) (Floss et al., 2011; Kang et al., 2012).
Finally, ASA is synthesized by reducing aminoDHS by the activity
of the aminoshikimate dehydrogenase encoded by the rifI gene in
A. mediterranei (Fig. 1) (Guo & Frost, 2004).

All ansamycin antibiotics are composed of a benzoic or
naphthalenic chromophore bridged by an aliphatic polyketide
chain that terminates at the chromophore with an amide link-
age (Watanabe et al., 2003). The aromatic moiety is derived
from an AHBA starter unit activated by a nonribosomal pep-
tide synthetase-like mechanism. The chain extension by subse-
quent additions of methylmalonyl and malonyl extender units
is performed by the activity of modular polyketide synthases

(PKSs) (Floss et al., 2011; Kang et al., 2012; Watanabe et al.,
2003). A comprehensive review of the biosynthesis of naph-
talenic ansamycins—including the rifamycins, streptovaricins,
rubradirins, naphthomycins, hygrocins, ansalactam A, chaxam-
ycins, and divergolides is reported by Kang et al. (2012). Mito-
mycins and the compound FR-900482 are compounds with simi-
lar structures produced by diverse Streptomyces species and rep-
resent a family of antitumor agents of extraordinary potency
(Kang et al., 2012). Based on the nature and stereochemistry of
the radical at C-9, mitomycins are classified in mitomycin A,
C, and F, whereas there are only two members of type FR, FR-
900482, and FR-66979. The aromatic rings of the mitomycins are
quinones, whereas in FR-900482 are phenols (Judd & Williams,
2004; Kang et al., 2012). FR-900482 was isolated from cultures of
S. sandansis no. 6897 and possess an azidine and a carbamoy-
lated hydroxymethyl moiety resembling the mitomycins’ struc-
ture and suggests a common biosynthetic pathway (Kang et al.,
2012). FR-900482 possesses an attractive antitumor activity, supe-
rior to mitomycin C (Hirai et al., 1987; Shimomura et al., 1987).
The structure of FR-900482—showing a unique hydroxylamine
hemiacetal—challenged its synthetic synthesis, resulting in its to-
tal chemical synthesis and the synthesis of several enantioselec-
tive synthesis analogs (Kambe et al., 2001). Fig. 3 shows represen-
tative chemical structures of ansamycins andmitomycins derived
from AHBA.

The Biosynthetic Clusters for Rifamycin
and Mitomycin Biosynthesis Are Examples
of the Genetic Organization of the Biosynthetic
Pathways of Ansamycins and Mitomycins
The ∼90-kb rifamycin biosynthetic gene cluster (rif cluster) from
several A. mediterranei and several Streptomyces species strains in-
cludes 43 genes organized in 10 operons and starts with rifS and
ends with rifZ (Fig. 4A). The cluster includes an operon comprising
five types of modular polyketide synthases (rifABCDE), associated
with the genes involved in the synthesis of AHBA (rifGHIKLMN)
and rifJ (in a separated operon). Additionally, it comprises genes
controlling the post-polyketide backbone modifications and con-
version of rifamycin and its export (Floss et al., 2011; Li et al.,
2017; Liu et al., 2020c). Furthermore, two regulator genes are
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Fig. 3 Diversity of derived natural products from 3-amino-5-hydroxybenzoic acid (AHBA). Chemical structure of AHBA shown as reference. Chemical
structures of ansamycin derivatives. Chemical structure of mitomycin derivatives. The AHBA moiety is highlighted in bold bonds and atoms in the
chemical structures shown. For rifamycin: R = CH2COOH for rifamycin B, R = H for rifamycin SV. For saliniketal: R = H for saliniketal A, R = OH for
saliniketal B. For mitomycin: R1 = OCH3 and R2 = H for mitomycin A, R1 = NH2 and R2 = H for mitomycin C, R1 = OCH3 and R2 = CH3 for mitomycin F.
Modified from Kang et al. (2012).

located in the rif cluster, RifZ (rifZ), a LuxR family transcriptional
regulator activating the transcription of all the genes of the clus-
ter; and RifQ (rifQ), proposed as involved in the control of the re-
duction of the intracellular toxicity of rifamycin by regulating the
expression of the rifamycin exporter RifP (rifP) (Fig. 4A) (Li et al.,
2017; Liu et al., 2020c). Remarkably, besides RifZ, GlnR, a global

transcriptional regulator in actinomycetes involved in the modu-
lation of assimilation and utilization of diverse carbon sources;
nitrogen sources (ammonium, urea, or nitrate), as in antibiotic
biosynthesis, is also involved in the activation of the positive reg-
ulator of RifZ, promoting the indirect positive regulation of the
entire rif cluster. Additionally, GlnR was proposed to promote the
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Fig. 4 The organization of the rif cluster and proposed regulation mechanisms. (A) Schematic representation of the ∼90 kb rif cluster of Amycolatopsis
mediterranei U32 organized in 10 operons encoding for the synthesis of the precursor AHBA; assembly and modification of the polyketide backbone,
downstream, conversion, and export of rifamycin; and regulatory expression genes. (B) Schematic representation of the regulation of the rif cluster by
the global regulator RifZ and proposed indirect regulation of the rif cluster by GlnR. The role of GlnR in the direct regulation of the expression of the
AHBA synthase enzyme encoded by rifK, results in the increased biosynthesis of AHBA. The proposed role of RifQ on the expression of rifamycin
transporter (rifP). Genes in the rif cluster: S, rifS; T, rifT; 35, orf35; 0, orf0; A, rifA; B, rifB; C, rifC; D, rifD; E, rifE; F, rifF; 1, orf1; G, rifG; H, rifH; I, rifI; K, rifK; L,
rifL; M, rifM; N, rifN; O, rifO; 2, orf2; P, rifP; Q, rifQ; 3, orf3; 4, orf4; 5, orf5; 6, orf6; 7, orf7; 8, orf8; 9, orf9; 10, orf10; 11, orf11; 17, orf17; 18, orf18; 19, orf19;
20, orf20; R, rifR; 13, orf13; 14, orf14; 15A, orf15A; 15B, orf15B; 16, orf16; J, rifJ; Z, rifZ. ADAHP, aminoDAHP; ADHS, aminoDHS; AHBA,
3-amino-5-hydroxybenzoic acid. ;, : show the start of the 10 operons in the cluster. Red color arrows indicate positive transcription regulation
mechanisms. Black color arrows indicate transcription and translation of the corresponding encoding protein. Blue color dashed and continuous lines
indicate several and one enzymatic reaction, respectively, in the ASA pathway. Modified from Floss et al. (2011) Liu et al. (2020).

biosynthesis of AHBA directly by activating the transcription of
rifK coding for AHBA synthase (Liu et al., 2020c) (Fig. 4B).

As ansamycins, mitomycins are synthesized from AHBA by
the encoded genes in the ∼55-kb mitomycin biosynthetic clus-
ter, comprising 47 genes for the biosynthesis of mitomycin
C (MCC) in Streptomyces lavendulae, including homologous to
the genes involved in the synthesis of iminoE4P and AHBA in
A. mediterranei and Streptomyces coelicolor in the rif cluster, and
the genes involved in the synthesis of mitomycin from AHBA
and N-acetylglucosamine (GlcNAc) (Bass et al., 2013; Nguyen &
Yokoyama, 2019). Furthermore, the coupling mechanism of the
building blocks (AHBA and GlcNAc) for mitomycin biosynthesis
was recently elucidated. In the proposal mechanism, AHBA is first
loaded onto an MmcB acyl carrier protein (ACP) by the activity of
MitE (acyl ACP synthetase) followed by a transfer of GlcNAc from

UDP-GlcNAc by MitB, suggesting that metabolic intermediates in
the early stages in the biosynthesis of mitomycins are coupled to
MmcB (Nguyen & Yokoyama, 2019).

Relevant Biological Activities of Compounds
Derived from AHBA
Ansamycins produced by A. mediterranei include the rifamycins,
fromwhich derive a large number of chemically synthesized com-
pounds, including rifampicin, rifabutin, rifapentine, and rifaximin
(Kang et al., 2012; Liu et al., 2020c). These compounds are still
used as first-line antimycobacterial drugs against Mycobacterium
tuberculosis and Mycobacterium leprae by inhibiting their RNA poly-
merase activity (Liu et al., 2020c).
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Saliniketal A and B are interesting bicyclic polyketide com-
pounds because of their structural relationship to the ansa side
chain (C-1 through C-15) of the rifamycin antibiotics (Fig. 3). These
compounds were isolated from supernatant cultures of several
strains of the marine actinomycetes Salinispora arenicola. These
compounds possess anticancer activity associated with the possi-
ble inhibition of the induction of ornithine decarboxylase (ODC).
Inhibition of ODC activity is proposed to decrease polyamines’ cel-
lular concentration, considered as an effective strategy to prevent
carcinogenesis (Kang et al., 2012; Williams et al., 2007).

The ansamycin antibiotic rubradirin (Fig. 3) isolated from Strep-
tomyces achromogenes var. rubradirisNRRL3061 shows antimicrobial
activity against many Gram-positive bacteria, including multiple
antibiotic-resistant strains Staphylococcus aureus. The structures
of rubradirins consist of four covalently linked distinct moieties,
including rubransarol, 3-amino-4-hydroxy-7-methoxycoumarin,
3,4-dihydrodipicolinate, and D-rubranitrose (2,3,6-trideoxy-3-C-
4-O-dimethyl-3-C-nitro-D-xylo-hexose). These moieties are pro-
posed as critical for the antibacterial activity of these ansamycin
antibiotics (Kang et al., 2012). Rubradirin inhibits translation
chain initiation during protein synthesis at the bacterial ribosome,
and the derivative rubradirin aglycone shows inhibition against
bacterial RNA polymerase by a different mechanism from those
reported for other ansamycins. Additionally, rubradirin aglycone
acts as a potent inhibitor of the human immunodeficiency virus
(HIV) reverse transcriptase (Boll et al., 2011; Kim et al., 2008).

Naphthomycins have the longest aliphatic ansa carbon
chain (a C23 ansa chain includes actamycin, diastrovaricins,
naphthomycins, naphthoquinomycins, naphthostatin, and
naphthomycinol). The naphthomycin-type compounds are pro-
duced in most Streptomyces species with different substituents,
such as −Cl, −H, −OH, −NR, or −SR groups at position 30 (Kang
et al., 2012; Yang et al., 2012). These ansamycins display sig-
nificant antimicrobial and antineoplastic activity, nevertheless
showed weak antibiotic activities and cytotoxicities (Yang et al.,
2018). Other napthtalenic ansamycins with relevant biological
activities are described in Table 1.

Mitomycin C is the most important member of mitomycins,
with a relevant anticancer activity. Mitomycin C is used to treat
different cancers such as head andneck sarcoma, lung carcinoma,
bladder cancer, hepatic carcinoma, esophageal carcinoma, pan-
creatic, and colorectal or anal cancer (Baindara & Mandal, 2020;
Bass et al., 2013; Wolters et al., 2021; Zhang et al., 2020). Mito-
mycin C is a potent DNA cross-linking alkylating agent by two
postulated alkylating centers. The alkylation of DNA targets mul-
tiple guanine residues by reductive activation resulting in six co-
valent DNA adducts. DNA alkylation will block DNA synthesis, in-
hibiting cell proliferation, and several of the formed adducts are
reported to induce cancer cell death (Wolters et al., 2021; Zhang
et al., 2020). Mitomycin C possesses other relevant biological ac-
tivities such as an antibiotic, antifibrotic, and immunosuppressive
agent.However, severe adverse effects resulting from its high toxi-
city have limited its clinical application significantly (Zhang et al.,
2020).

ASA as the Precursor for Oseltamivir
Phosphate Synthesis
Oseltamivir phosphate (Tamiflu) is one of the most potent oral
anti-influenza neuraminidase inhibitors used to treat both sea-
sonal and pandemic influenza (Sagandira et al., 2020; Tompa et al.,
2021). Shikimic acid was initially used as the substrate for the
chemical synthesis of Tamiflu by Gilead Sciences in 1995, codevel-

oped and marketed with F. Hoffmann-La Roche Ltd., and released
commercially in 1999 (Sagandira et al., 2020). Although there are
more than 70 OSP synthesis processes nowadays, Roche’s indus-
trial synthesis process from shikimate is the route that currently
provides all OSP worldwide (Magano, 2009; Sagandira et al., 2020).
Roche’s industrial synthesis for OSP from SA utilizes the azide
chemistry to incorporate a 1,2,-diamine moiety, but this process
possesses critical steps, including the safety handle of the ther-
mally unstable azide reagents and intermediates at a large scale
(Sagandira et al., 2020)

As Roche’s chemosynthetic route for OSP synthesis from SA
involves the azide chemistry, the presence of an amino group at
C5 in the ASA’s molecule represents an advantage over SA as the
substrate for the chemical synthesis of OSP, avoiding the require-
ment of azide chemistry to incorporate the 1,2,-diamine moiety
in the aromatic ring, improving the synthesis of OSP and other os-
eltamivir carboxylates significantly (Diaz Quiroz et al., 2014; Frost
& Guo, 2011; Magano, 2009).

Its extraction has ensured the SA supply of the synthesis of OSP
from extensive plantations of Chinese star anise (mainly Illicium
religiosum) and its production through fermentative processes us-
ing mainly engineered overproducing strains of Escherichia coli
(Chandran et al., 2003; Diaz Quiroz et al., 2014; Martínez et al.,
2015; Rodriguez et al., 2013; Sagandira et al., 2020). However, sig-
nificant efforts are needed to produce ASA by biotechnological
processes as a possible substrate for the chemical synthesis of
OSF.

Metabolic Engineering Strategies for the
Microbial Production of ASA Pathway
Intermediates Kanosamine, ASA, and AHBA
Given the relevance of kanosamine, ASA, and AHBA, intuitive
metabolic engineering strategies to obtain native or heterologous
overproducing bacterial strains have been proposed to overpro-
duce these metabolites. Strategies for overproducing kanosamine
should consider an increased availability of kanosamine or
kanosamine-6-P by channeling glucose flux to their synthe-
sis without affecting the glucose flux to the central carbon
metabolism pathways (glycolysis and the PPP). As kanosamine
shows antibiotic activity (Janiak & Milewski, 2018), it is necessary
to avoid its intracellular accumulation through an efficient con-
version to iminoE4 (Frost & Guo, 2011). Remarkably, the metabolic
engineering strategies for the overproduction of ASA and AHBA
also should avoid the competence of the SA pathway reaction for
PEP (PEP + E4P → DAHP), and favoring its flow toward the synthe-
sis of aminoDAHP through the ASA pathway (PEP + imoniE4P →
aminoDAHP); otherwise, producing strains, particularly for over-
production of ASA purposes, should avoid SA contamination as
resulted previously (Guo & Frost, 2004).

Strategies for the Overproduction of Kanosamine
The kanosamine (3-amino-3-deoxy-D-glucopyranose) was first
isolated as a byproduct of the acid hydrolysis of kanamycin but
was further isolated from cultures of former Bacillus aminogly-
cosides (now Bacillus pumillus) (Umezawa, 1968; Umezawa et al.,
1967). InA.mediterranei, the kanosamine is synthesized fromUDP-
glucose by six enzymatic reactions (Fig. 2A). The synthesis of
kanosamine from glucose-6-P by three enzymatic reactions, was
present and characterized in Bacillus subtilis UW85 and is en-
coded by the genes kabABC, encoding for similar enzymes encoded
by the ntdABC operon in B. subtilis (Prasertanan & Palmer, 2019;
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Table 1. Relevant Traits of Diverse Napthalenic Ansamycins

Compound Relevant chemical properties Proposed mechanisms of action Biological source References

Streptovaricins Contains a naphthoquinone
nucleus and a macrolide
aliphatic ansa bridge. Show
identical structural skeleton
with protorifamycins with a
methyl group at the C-3 position
of the naphthoquinone
chromophore.

Inhibiting nucleoside incorporation
and anti-leukemia virus by
inhibiting ROSCHER leukemia
virus RNA-dependent
polymerase. Antibacterial
activity against Gram-positive
and Gram-negative bacteria,
especially against Mycobacterium
tuberculosis and
methicillin-resistant
Staphylococcus aureus.

Streptomyces sp. S012
Streptomyces sp. CS
Senna spectabilis
CCTCC M2017417

(Liu et al., 2017; Luo
et al., 2021; Zhang

et al., 2017)

Ansalactam A Possess a γ -lactam residue with an
aliphatic side chain, in which
AHBA-derived amino group is
spiro attached to the
naphthalenic backbone. The
C22–C27 aliphatic side chain of
the lactam represents a novel
polyketide biosynthetic building
block.

Antibiotics currently used to the
treatment of tuberculosis and
leprosy, anticancer drug
inhibiting heat-shock protein 90.

Streptomyces strain
CNH189

(Hager et al., 2014;
Kang et al., 2012;
Le et al., 2016;

Wilson et al., 2011)

Divergolides Naphthoquinone ansamycin
assembled via ring contraction
of a macrocyclic precursor
(proto-divergolide, both a
macrolactone and a
macrolactam). Divergolides
possess additional linkages and
highly strained ansa chains.

Displayed activity against Bacillus
subtilis and Mycobacterium vaccae.

Streptomyces sp.
HKIO576 and
SCSGAA 0027
strains

(Nong et al., 2020;
Terwilliger &
Trauner, 2018;

Wang et al., 2020)

Ansamitocins Is a maytansinoid with
19-membered polyketide
macrolide lactam.

Ansamitocin AP-3 is the most
potent antitumor agent used as
payload in many antibody
conjugates, such as trastuzumab
emtansine, FDA approved for
breast cancer treatment. AP-3
can strongly depolymerize
microtubule assembles in the
mitotic cell phase cycle.

Actinosynnema
pretiosum
ATCC31565

(Du et al., 2017; Li
et al., 2018; Liu
et al., 2020)

Ansatrienin Small molecules contain a
21-membered macrocyclic
lactam ring and a cyclohexanoyl
moiety attached via alanyl side
chain attached to the C-11
hydroxyl group of the ansa ring.

Exhibit potent activity against
fungi, yeasts, and cytotoxicity.
Limited antibacterial activity.

Streptomyces collinus,
Streptomyces sp.
XZQH13

(Shi et al., 2016;
Wang et al., 2018)

Vetter et al., 2013) (Fig. 2B). B. pumillus ATCC 21143 was reported
as a higher natural producer of kanosamine from D-glucose, re-
sulting in titers up to 20 g/l in 28% mol/mol yield from glucose
(Table 2) (Guo & Frost, 2004).

The heterologous expression of the kanosamine biosynthetic
pathway from A. mediterranei, B. subtilis, and B. pumillus in
E. coli was explored to determine if the heterologous system
could be manipulated to maximize kanosamine production. Re-
combinant E. coli PSNI.39 carrying the plasmid pSN1.292/ntdCAB
with the ntdABC genes from B. subtilis 168 produced 12.7 g/l
kanosamine in 6% mol/mol yield from glucose, showing a fur-
ther increment to 18 g/l by blocking the glycolytic pathway by
a mutation in the E. coli housekeeping pgi-encoded phosphoglu-
cose isomerase. Remarkably, the production of kanosamine re-
sulted in the accumulation of L-glutamic acid in supernatant cul-
tures of the pgi– mutant. This result suggested that increased
L-glutamate accumulation could have a beneficial effect on the

heterologous production of kanosamine in E. coli expressing the
Bacillus ntd biosynthetic genes, as L-glutamate is the cosub-
strate for NtdA (pyridoxal phosphate-dependent 3-oxo-glucose-
6-phosphate: glutamate aminotransferase) (Fig. 2B) (Miller, 2018).

Strategies for the Overproduction of AHBA
for the Biosynthesis of Ansamycins
The biosynthesis of the naphtalenic ansamycins is a complex
biosynthetic process starting with the synthesis of the precursor
AHBA in the ASA pathway, and it is further loaded onto a type
I PKS, where several rounds of elongation occur, and the final
polyketide cycling and modification of the chain yield a macro-
cyclic lactam (Kang et al., 2012; Wang et al., 2017). The impor-
tance of the intracellular availability of AHBA in the production
of ansamycin polyketides such as rifamycin and geldanamycin
was demonstrated in engineered derivatives of Streptomyces
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Table 2. Natural and Engineered Derivative Bacterial Strains for the Overproduction of Kanosamine, ASA, and ADHA

Naturally
producing or
derivative strains

Target ASA
pathway

intermediate Phenotypic traits Culture conditions

Titer and yield
(mol/mol from

glucose) References

Bacillus pumillus
ATCC 21143

Kanosamine Wild-type strain Glucose as the carbon
source, soybean or peanut
meal as the nitrogen
source, in
fermentor-controlled
conditions

25 g/l, 28% (Guo & Frost, 2004)

Escherichia coli
RB791serA

Kanosamine pSN1.139/ptrc ndcA ntdB
ntdC serA

Glucose-rich and
glucose-limited fed-batch
fermentation

12.7–18 g/l, 6% (Miller, 2018)

Streptomyces
coelicolor
YU105/pHGF7612

AHBA pHGF7612/actII-orf4
rifJNMLKGHI

R5 medium (without
sucrose)

0.35–0.5 g/l (Yu et al., 2001)

E. coli
BL21/pKW256

AHBA pKW256/pT7rifH rifM
asm23 asm24, fifL firm
rifK pccB accAI

M9 medium containing
kanamycin 50 μg/ml,
1 mM IPTG, shake flask
cultures

3.1 mg/l (Watanabe et al., 2003)

E. coli
BAPI/pKW255

AHBA pKW255 LB supplemented with IPTG 10 mg/ml (Rude & Khosla, 2006)

Amycolatopsis
mediterranei
ATCC
21789/pJG8.219A

ASA pJG8.219A/pamy rifI amy
ermE KamR/NeoR

1.5% soybean meal as the
nitrogen source, 1.0%
glucose as the carbon
source, 0.3 Nacl, 20°C,
Shake flask cultures

0.2 g/l (Guo & Frost, 2004)

E. coli
SPI.1/pJG5.166A

ASA pJGJ5.166A/ptac rifHa

ptac aroEbtktAbserAb

AmpR

1.5% soybean meal, 1.0%
glucose as the carbon
source, 0.3 Nacl, 20ºC,
Flask shake cultures

0.81 g/l
ASA + 3.7 g/l
SA

(Guo & Frost, 2004)

Coculture of
Bacillus pumillus
ATCC 21143
with E. coli
SPI.1/pJG5.166A

Kanosamine (B.
pumillus) ASA
(E. coli)

pJGJ5.166A/ptac rifHa

ptac aroEbtktAbserAb

AmpR

Glucose as the carbon
source, soybean or peanut
meal as the nitrogen
source, and
fermentor-controlled
conditions

Up to 25 g/l of
kanosamine (B.
pumillus);
1.1 g/l
ASA + 3.4 g/l
SA (E. coli)

(Guo & Frost, 2004)

arifH locus from Amycolatopsis mediterranei; baroE and tktA genes from Escherichia coli.

hygroscopicusXM201. The transcriptomic analysis of the producing
mutant led to identifying that PKS genes gdmA1-A3were downreg-
ulated compared to that involved in AHBA biosynthesis and post-
modifications.Upregulation of PKS genes under a strong promoter
(5063p) increased its expression significantly and resulted in a 39%
increment in geldanamycin yield. Nevertheless, exogenous feed
of AHBA showed that this precursor was now the rate-limiting
step in the biosynthetic process. Overexpression of the AHBA
biosynthetic cluster (orf990-orf995) assembled under the strong
promoter 5063p increased geldanamycin yield both in the wild-
type and derivative strains. The combined expression of PKS and
AHBA biosynthetic cassettes increased the yield of geldanamycin
by 88% in the producing strains compared to the wild-type strain,
highlighting the relevance in the availability of AHBA in the engi-
neered strains (Wang et al., 2017).

The elucidation of the transcriptional control mechanisms of
the rif cluster for the synthesis of rifamycin in A. mediterranei by
GlnR, the global nitrogen regulator in this bacterium, showed that
GlnR binds specifically to the upstream region of rifZ, encoding for
the RifZ specific activator of the rif cluster, acting as an indirect
regulator of the entire biosynthetic cluster. Furthermore,GlnRwas
also determined to bind to the upstream region of rifK, coding for
the AHBA synthase, acting as a direct activator of the supply of
AHBA for the synthesis of rifamycin (Liu et al., 2020c) (Fig. 4B).

The heterologous expression of AHBA biosynthetic genes in
E. coli resulted in the successful production of this precursor unit
for the potential synthesis of diverse ansamycins and remarkably
as a source of amine-substituted SA derivatives. A heterologous
hybrid AHBA biosynthetic pathway expressed in E. coli BAP1 in-
cludes rifF, rifH, rifK, rifL, rifM, and rifN genes; the bicistronic RifA
construct and the pccB and accA1 genes from S. coelicolor. Cultures
of this derivative strain produced 2,6-dimethyl-3,5,7-trihydroxy-7-
(3´-amino-5´-hydroxyphenyl)-2,4-heptadienoic acid (P8/1–09), an
intermediate of the rifamycin biosynthetic pathway, AHBA; and
the amine-derivatives aminoDAHP and aminoDHS. These results
provided a relevant basis for further heterologous production and
manipulation of AHBA-derived polyketides and intermediates of
the aminoSA pathway in E. coli (Watanabe et al., 2003).

Strategies for the Overproduction of ASA
Guo and Frost (2004) reported the first microbial production of
ASA from glucose as the carbon source in cultures of A. mediter-
ranei ATCC 21789 as in E. coli SP1.1. Cloning of the rifI gene from
A. mediterranei in the plasmid PJG8.219A/pamy rifI amy ermE kan
neo (Table 2) and transformation into this bacterium resulted in
the production of 0.2 g/l of ASA in 0.4 mol/mol yield from glu-
cose and 1.4 g/l of rifamycin B under controlled culture conditions.
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Further derivatives of E. coli SP1.1 aroKL– (previously used as the
genetic host for the production of SA [Chandran et al., 2003]) were
transformed with plasmid pJG5.166A/rifI aroE tktA (Table 2) and
cultures of this derivative strain under controlled fermentation
conditions with the external addition of kanosamine resulted in
the production of 0.81 g/l ASA and 3.7 g/l SA. Finally, these au-
thors explored a coculture with B. pumillus ATCC 21143 and E. coli
SP1.1 aroKL–/pJG6.181B rifI aroE tktA glk (Table 2). In this system,
B. pumillus produced kanosamine from glucose-6-P to the culture
medium and internalized by E. coli SP1.1 to produce ASA by the se-
quential intracellular phosphorylation of kanosamine isomeriza-
tion kanosamine 6-phosphate and fragmentation of aminoF6P to
form iminoE4P. Further condensation of PEP with iminoE4P by the
native DAHP synthase isoenzymes of E. coli (aroF, aroG, aroH) results
in aminoDAHP, which was sequentially converted to ASA by the
enzymes of the SA pathway of E. coli AroB (3-dehydroquinate syn-
thase, aroB), AroD (DHAQ dehydratase, aroD), and AroE (shikimate
dehydrogenase, aroE) resulting in the production of 1.1 g/l of ASA
and 3.4 g/l of SA (Guo & Frost, 2004). Given the relevance of ASA
as a possible starting material in the synthesis of OSF antiviral
for the treatment of seasonal and pandemic influenza, the op-
timization of the synthesis process in E. coli or some other host
(e.g., Corynebacterium glutamicum [Kogure et al., 2016]) is of great
relevance.

The Impact of the Heterologous Expression
of Non-ASA Pathway Genes in the Synthesis
of Rifamycins
When the liquid cultures of A. mediterranei produce rifamycins
reach the stationary phase, it exhibits a high viscosity asso-
ciated with filamentous bacteria growth. This behavior results
in the accumulation of unwanted rifamycins such as rifamycin
W in supernatant cultures. The heterologous expression of the
hemoglobin encoding gene vhb from Vitreoscilla stercoraria under
the control of the PermE promoter in the A. lactamdurans plasmid
pULVK2 in A. mediterranei resulted in the enrichment in the pro-
duction of rifamycin B instead of the unwanted rifamycin W un-
der low aeration conditions by increasing the oxygen-dependent
production of rifamycin B. Addition of barbital to cultures of
A.mediterranei promotes the production of rifamycin B exclusively.
The expression of the hemoglobin vhb gene under low aeration
cultures of A. mediterranei resulted in a 13.9% higher production
of rifamycin B in cultures with barbital compared to the parental
strain and increased to 29.5% without barbital (Priscila et al.,
2008).

Further inclusion of the vhb gene bounded to cytochrome P450
(rif-orf5) gene from rifamycin biosynthetic cluster of A. mediter-
ranei increased 1.5-fold higher rifamycin B production than the
transformant with only the vhb gene and 2.2-fold higher than
the parental strain. The expression of fused genes vhb-orf5 facili-
tated oxygen availability for the limiting steps for the synthesis of
rifamycin B (Mejía et al., 2018).

Conclusion
As many metabolic aromatic intermediates and final compounds
produced by biosynthetic processes show broad biological activ-
ity of pharmaceutical relevance such as antibiotics, anticancer
agents, and enzyme inhibitors, it is relevant to understand the
biosynthetic and control mechanisms involved in its produc-
tion, particularly in microbial strains with prospects for indus-
trial production. The ASA pathway has been extensively studied

because AHBA is the key precursor for synthesizing a great di-
versity of secondary metabolites such as ansamycins and mit-
omycins. The relevance of the availability of AHBA as a key
structural unit for the synthesis of ansamycins and mitomycins
has been demonstrated by applying different omics such as ge-
nomics, transcriptomics, metabolomics, and fluxomics (Kogure
et al., 2016; Liu et al., 2020b; Wang et al., 2017; Zhang et al.,
2017). Several metabolic engineering strategies have been devel-
oped to increase the availability of AHBA in several species of
Streptomyces andA.mediterranei, resulting in the efficient optimiza-
tion in the production of target compounds such as ansamycins,
geldanamycin, and rifamycins. Remarkably, the successful het-
erologous expression of AHBA biosynthetic genes in E. coli has
provided the basis for further genetic and metabolic manipu-
lations of AHBA-derived polyketides. Additionally, the construc-
tion of genome-scale models resulting from omic studies, its val-
idation by predicting microbial growth under controlled condi-
tions, and evaluating the role of critical genes in the synthesis of
compounds such as ansamitocins (T. Liu et al., 2020b) could pro-
vide a valuable basis for the rational modification of the biosyn-
thetic metabolism of AHBA and further elongation and modifi-
cation steps in the biosynthesis of ansamycins and mitomycins
antibiotics.

Another highly relevant intermediate of the ASA pathway is
aminoshikimate. The relevance of this compound, particularly
as a chemical precursor for the synthesis of OSP, the potent
neuraminidase inhibitor of seasonal and pandemic influenza
viruses, over SA, and its use in the synthesis of other oseltamivir
carboxylates. Its production is particularly relevant because in-
fluenza viruses are the third most studied viruses after SARS and
HIV ones, for the relevant implications in public health (Tompa
et al., 2021). The application of metabolic engineering strate-
gies for its production should consider the efficient production
of the key precursor kanosamine and its efficient conversion to
aminoDAHP instead of DAHP to avoid SA contamination. Possi-
ble strategies of cocultures with kanosamine producing Bacillus
strains and selecting proper engineered E. coli hosts to produce
ASA (avoiding the production of SA) could improve the valuable
aromatic compound as the substrate for the chemical synthesis
of OSP.

Funding
This work was supported by Dirección General de Asuntos del Per-
sonal Académico-Programa de Apoyo a Proyectos de Investigación
e Innovación Tecnológica (DGAPA-PAPIIT), Universidad Nacional
Autónoma de México, grant IN209618.

Conflict of Interest
The authors declare no conflict of interest.

References
Arakawa, K., Müller, R., Mahmud, T., Yu, T. W., & Floss, H. G. (2002).

Characterization of the early stage aminoshikimate pathway
in the formation of 3-amino-5-hydroxybenzoic acid: the RifN
protein specifically converts kanosamine into kanosamine 6-
Phosphate. Journal of the American Chemical Society, 124(36), 10644–
10645.

Baindara, P. & Mandal, S. M. (2020). Bacteria and bacterial anti-
cancer agents as a promising alternative for cancer therapeutics.
Biochimie, 177, 164–189.



10 | Journal of Industrial Microbiology and Biotechnology, 2021, Vol. 48, kuab053

Bass, P. D., Gubler, D. A., Judd, T. C., & Williams, R. M. (2013). Mito-
mycinoid alkaloids: mechanism of action, biosynthesis, total syn-
theses, and synthetic approaches. Chemical Reviews, 113(8), 6816–
6863.

Boll, B., Hennig, S., Xie, C., Kyong Sohng, J., & Heide, L. (2011).
Adenylate-forming enzymes of rubradirin biosynthesis: RubC1
is a bifunctional enzyme with aminocoumarin acyl ligase and
tyrosine-activating domains. Chembiochem, 12(7), 1105–1114.

Braga, A. & Faria, N. (2020). Bioprocess optimization for the pro-
duction of aromatic compounds with metabolically engineered
hosts: recent developments and future challenges. Frontiers in Bio-
engineering and Biotechnology, 8, 96. https://doi.org/10.3389/fbioe.
2020.00096.

Cao, M., Gao, M., Suástegui, M., Mei, Y., & Shao, Z. (2020). Building mi-
crobial factories for the production of aromatic amino acid path-
way derivatives: from commodity chemicals to plant-sourced
natural products.Metabolic Engineering, 58, 94–132.

Chandran, S. S., Yi, J., Draths, K. M., von Daeniken, R., Weber, W.,
& Frost, J. W. (2003). Phosphoenolpyruvate availability and the
biosynthesis of shikimic acid. Biotechnology Progress, 19(3), 808–
814.

Diaz Quiroz, D. C., Carmona, S., Bolivar, F., & Escalante, A. (2014). Cur-
rent perspectives on applications of shikimic and aminoshikimic
acids in pharmaceutical chemistry. Research and Reports in Medici-
nal Chemistry, 4, 35–46.

Du, Z. Q., Zhang, Y., Qian, Z. G., Xiao, H., & Zhong, J. J. (2017). Com-
bination of traditional mutation and metabolic engineering to
enhance ansamitocin P-3 production in Actinosynnema pretiosum.
Biotechnology and Bioengineering, 114(12), 2794–2806.

Estevez, A. & Estevez, R. (2012). A short overview on the medicinal
chemistry of (-)-shikimic acid.Mini Reviews in Medicinal Chemistry,
12(14), 1443–1454.

Floss, H. G. (1997). Natural products derived from unusual variants
of the shikimate pathway. Natural Product Reports, 14(5), 433–452.

Floss, H. G., Yu, T. W., & Arakawa, K. (2011). The biosynthesis of
3-amino-5-hydroxybenzoic acid (AHBA), the precursor of mC7N
units in ansamycin and mitomycin antibiotics: a review. The Jour-
nal of Antibiotics, 64(1), 35–44.

Frost, J. W. & Guo, J. (2011). United States Patent: 7977077 - Synthesis
of intermediates of oseltamivir carboxylates (Patent No. 7977077).
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=
HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=
2&f=G&l=50&co1=AND&d=PTXT&s1=aminoshikimic&OS=
aminoshikimic&RS=aminoshikimic.

Guo, J. & Frost, J. W. (2002a). Biosynthesis of 1-deoxy-1-imino-D-
erythrose 4-phosphate: a defining metabolite in the aminoshiki-
mate pathway. Journal of the American Chemical Society, 124(4), 528–
529.

Guo, J. & Frost, J.W. (2002b). Kanosamine biosynthesis: A likely source
of the aminoshikimate pathway’s nitrogen atom. Journal of the
American Chemical Society, 124(36), 10642–10643.

Guo, J. & Frost, J. W. (2004). Synthesis of aminoshikimic acid. Organic
Letters, 6(10), 1585–1588.

Haber, A., Johnson, R. D., & Rinehart, K. L., Jr. (2002). Geldanamycin.
3. Biosynthetic origin of the C2 units of geldanamycin and distribution
of label from D-[6-13C]glucose (world). ACS Publications; American
Chemical Society. https://doi.org/10.1021/ja00452a079.

Hager, A., Kuttruff, C. A., Herrero-Gómez, E., & Trauner, D. (2014). To-
ward the total synthesis of ansalactamA.Tetrahedron Letters, 55(1),
59–62.

Hirai, O., Shimomura, K., Mizota, T., Matsumoto, S., Mori, J., & Kikuchi,
H. (1987).A new antitumor antibiotic, FR-900482 iv. hematological
toxicity in mice. The Journal of Antibiotics, 40(5), 607–611.

Hornemann, U., Eggert, J. H., & Honor, D. P. (1980). Role of D- [4-
14C]erythrose and [3-14C] pyruvate in the biosynthesis of the
meta-C-C6-N unit of themitomycin antibiotics in Streptomyces ver-
ticillutus. Journal of the Chemical Society, Chemical Communications,
11–13.

Hornemann, U., Kehrer, J. P., Nunez, C. S., & Ranieri, R. L. (1974). D-
glucosamine and L-citrulline, precursors in mitomycin biosyn-
thesis by Streptomyces verticillatus. Journal of American Chemical So-
ciety, 96, 320–322.

Janiak, A. M. & Milewski, S. (2018). Mechanism of antifungal action
of kanosamine.Medical Mycology, 39, 401–408.

Judd, T. C. & Williams, R. M. (2004). A concise total synthesis of (+)-
FR900482 and (+)-FR66979. The Journal of Organic Chemistry, 69(8),
2825–2830.

Kallscheuer, N., Classen, T., Drepper, T., & Marienhagen, J. (2019). Pro-
duction of plant metabolites with applications in the food indus-
try using engineered microorganisms. Current Opinion in Biotech-
nology, 56, 7–17.

Kambe, M., Arai, E., Suzuki, M., Tokuyama, H., & Fukuyama, T. (2001).
Intramolecular 1,3-dipolar cycloaddition strategy for enantios-
elective synthesis of FR-900482 analogues. Organic Letters, 3(16),
2575–2578.

Kang, Q., Shen, Y., & Bai, L. (2012). Biosynthesis of 3,5-AHBA-derived
natural products. Natural Product Reports, 29(2), 243–263.

Karlsson, A., Sartori, G., & White, R. J. (1974). Rifamycin biosynthe-
sis: further studies on origin of the ansa chain and chromophore.
European Journal of Biochemistry, 47(2), 251–256.

Karpf, M. & Trussardi, R. (2009). Efficient access to oseltamivir
phosphate (Tamiflu) via the O-trimesylate of shikimic acid
ethyl ester. Angewandte Chemie International Edition, 48(31), 5760–
5762.

Kim, C. G., Lamichhane, J., Song, K. I., Nguyen, V. D., Kim, D. H., Jeong,
T. S., Kang, S. H., Kim, K.W.,Maharjan, J., Hong, Y. S., Kang, J. S., Yoo,
J. C., Lee, J. J., Oh, T. J., Liou, K., & Sohng, J. K. (2008). Biosynthesis
of rubradirin as an ansamycin antibiotic from Streptomyces achro-
mogenes var. Rubradiris NRRL3061. Archives of Microbiology, 189(5),
463–473.

Kogure, T., Kubota, T., Suda,M., Hiraga, K., & Inui,M. (2016).Metabolic
engineering of Corynebacterium glutamicum for shikimate over-
production by growth-arrested cell reaction.Metabolic Engineering,
38, 204–216.

Le, T. C., Yang, I., Yoon, Y. J., Nam, S. J., & Fenical, W. (2016). Ansalac-
tams B–D illustrate further biosynthetic plasticity within the
ansamycin pathway. Organic Letters, 18(9), 2256–2259.

Lee, S. Y., Kim,H.U., Chae, T.U., Cho, J. S., Kim, J.W., Shin, J. H., Kim,D. I.,
Ko,Y. S., Jang,W.D.,& Jang,Y. S. (2019).A comprehensivemetabolic
map for production of bio-based chemicals.Nature Catalysis, 2(1),
18–33.

Li, C., Liu, X., Lei, C., Yan, H., Shao, Z., Wang, Y., Zhao, G., Wang, J.,
& Ding, X. (2017). RifZ (AMED_0655) is a pathway-specific reg-
ulator for rifamycin biosynthesis in Amycolatopsis mediterranei.
Applied and Environmental Microbiology, 83(8), e03201–16.

Li, J., Sun, R., Ning, X., Wang, X., & Wang, Z. (2018). Genome-scale
metabolic model of Actinosynnema pretiosum ATCC 31280 and its
application for ansamitocin p-3 production improvement. Genes,
9(7), 364. https://doi.org/10.3390/genes9070364.

Li, Z.,Wang, H., Ding, D., Liu, Y., Fang, H., Chang, Z., Chen, T., & Zhang,
D. (2020). Metabolic engineering of Escherichia coli for production
of chemicals derived from the shikimate pathway. Journal of In-
dustrial Microbiology & Biotechnology, 47(6–7), 525–535.

Liu, Q., Liu, Y., Chen, Y., & Nielsen, J. (2020a). Current state of aromat-
ics production using yeast: Achievements and challenges.Current
Opinion in Biotechnology, 65, 65–74.

https://doi.org/10.3389/fbioe.2020.00096
Patent No. 7977077
http://patft.uspto.gov/netacgi/nph-Parser?Sect111PTO2&Sect211HITOFF&p111&u11112Fnetahtml112FPTO112Fsearch-bool.html&r112&f11G&l1150&co111AND&d11PTXT&s111aminoshikimic&OS11aminoshikimic&RS11aminoshikimic
https://doi.org/10.1021/ja00452a079
https://doi.org/10.3390/genes9070364


Escalante et al. | 11

Liu, T., Yang, L., Chen, J., Hu, F., Wei, L. J., & Hua, Q. (2020b).
Metabolomic change and pathway profiling reveal enhanced
ansamitocin P-3 production in Actinosynnema pretiosum with low
organic nitrogen availability in culture medium. Applied Microbi-
ology and Biotechnology, 104(8), 3555–3568.

Liu, X., Liu, Y., Lei, C., Zhao, G., & Wang, J. (2020c). GlnR dominates
rifamycin biosynthesis by activating the rif Cluster genes tran-
scription both directly and indirectly inAmycolatopsis mediterranei.
Frontiers in Microbiology, 11, 319.

Liu, Y., Chen, X., Li, Z., Xu,W., Tao,W.,Wu, J., Yang, J., Deng, Z.,& Sun,Y.
(2017). Functional analysis of cytochrome P450s involved in strep-
tovaricin biosynthesis and generation of anti-MRSA analogues.
ACS Chemical Biology, 12(10), 2589–2597.

Luo, M., Dong, Y., Tang, L., Chen, X., Hu, Z., Xie, W., Deng, Z., & Sun, Y.
(2021). Two new streptovaricin derivatives frommutants of Strep-
tomyces spectabilis CCTCC M2017417.Natural Product Research, 0(0),
1–6. https://doi.org/10.1080/14786419.2021.1881517.

Magano, J. (2009). Synthetic approaches to the neuraminidase in-
hibitors zanamivir (relenza) and oseltamivir phosphate (Tamiflu)
for the treatment of influenza. Chemical Reviews, 109(9), 4398–
4438.

Martínez, J. A., Bolívar, F., & Escalante, A. (2015). Shikimic acid pro-
duction in Escherichia coli: from classical metabolic engineering
strategies to omics applied to improve its production. Frontiers in
Biotechnology and Bioengineering, 3(145), 1–16.

Martínez, L. M., Martinez, A., & Gosset, G. (2019). Production of
melanins with recombinant microorganisms. Frontiers in Bio-
engineering and Biotechnology, 7, 285. https://doi.org/10.3389/fbioe.
2019.00285.

Mejía, A., Luna, D., Fernández, F. J., Barrios-González, J., Gutierrez,
L. H., Reyes, A. G., Absalón, A. E., & Kelly, S. (2018). Improving ri-
famycin production in Amycolatopsis mediterranei by expressing
a Vitreoscilla hemoglobin (vhb) gene fused to a cytochrome P450
monooxygenase domain. 3 Biotech, 8(11), 456. https://doi.org/10.
1007/s13205-018-1472-z.

Miller, K. (2018). Semi-synthesis of aromatic diacids and biosynthesis
of kanosamine in Escherichia coli [PhD, Michigan State Univer-
sty]. https://d.lib.msu.edu/islandora/search/name_primary%
3A%22Miller%2C%5C%20Kelly%5C%20%5C%28Kelly%5C%
20Knight%5C%29%22.

Nguyen, H. P. & Yokoyama, K. (2019). Characterization of acyl carrier
protein-dependent glycosyltransferase in mitomycin C biosyn-
thesis. Biochemistry, 58(25), 2804–2808.

Nong, X. H., Tu, Z. C., & Qi, S. H. (2020). Ansamycin derivatives from
the marine-derived Streptomyces sp. SCSGAA 0027 and their cyto-
toxic and antiviral activities. Bioorganic & Medicinal Chemistry Let-
ters, 30(11), 127168. https://doi.org/10.1016/j.bmcl.2020.127168.

Prasertanan, T. & Palmer, D. R. J. (2019). The kanosamine biosynthetic
pathway in Bacillus cereus UW85: functional and kinetic charac-
terization of KabA, KabB, and KabC. Archives of Biochemistry and
Biophysics, 676, 108139. https://doi.org/10.1016/j.abb.2019.108139.

Priscila, G., Fernández, F. J., Absalón,A. E., Suarez,Ma.D. R., Sainoz,M.,
Barrios-González, J., & Mejía, A. (2008). Expression of the bacterial
hemoglobin gene from Vitreoscilla stercoraria increases rifamycin
B production in Amycolatopsis mediterranei. Journal of Bioscience and
Bioengineering, 106(5), 493–497.

Rodriguez, A.,Martínez, J. A., Báez-Viveros, J. L., Flores, N., Hernández-
Chávez, G., Ramírez, O. T., Gosset, G., & Bolivar, F. (2013). Consti-
tutive expression of selected genes from the pentose phosphate
and aromatic pathways increases the shikimic acid yield in high-
glucose batch cultures of an Escherichia coli strain lacking PTS
and pykF.Microbial Cell Factories, 12(86), 17.https://doi.org/10.1186/
1475-2859-12-86.

Rude, M. A. & Khosla, C. (2006). Production of Ansamycin polyketide
precursors in Escherichia coli. The Journal of Antibiotics, 59(8), 464–
470.

Sagandira, C. R., Mathe, F. M., Guyo, U., & Watts, P. (2020). The evolu-
tion of Tamiflu synthesis, 20 years on: advent of enabling tech-
nologies the last piece of the puzzle? Tetrahedron, 76(37), 131440.
https://doi.org/10.1016/j.tet.2020.131440.

Shen, Y. P., Niu, F. X., Yan, Z. B., Fong, L. S., Huang, Y. B., & Liu, J. Z.
(2020). Recent advances inmetabolically engineeredmicroorgan-
isms for the production of aromatic chemicals derived from aro-
matic amino acids. Frontiers in Bioengineering and Biotechnology, 8,
407. https://doi.org/10.3389/fbioe.2020.00407.

Shi, G., Shi, N., Li, Y., Chen, W., Deng, J., Liu, C., Zhu, J., Wang, H., &
Shen, Y. (2016). d-alanylation in the assembly of ansatrienin side
chain is catalyzed by a modular NRPS.ACS Chemical Biology, 11(4),
876–881.

Shimomura, K., Hirai, O., Mizota, T., Matsumoto, S., Mori, J.,
Shibayama, F., & Kikuchi, H. (1987). A new antitumor antibiotic,
FR-900482 III. Antitumor activity in transplantable experimental
tumors. The Journal of Antibiotics, 40(5), 600–606.

Terwilliger, D. W. & Trauner, D. (2018). Selective synthesis of diver-
golide I. Journal of the American Chemical Society, 140(8), 2748–2751.

Tohge, T. & Fernie, A. R. (2017). An overview of compounds derived
from the shikimate and phenylpropanoid pathways and their
medicinal importance.Mini-Reviews in Medicinal Chemistry, 17(12),
1013–1027.

Tompa, D. R., Immanuel, A., Srikanth, S., & Kadhirvel, S. (2021).
Trends and strategies to combat viral infections: a review on FDA
approved antiviral drugs. International Journal of Biological Macro-
molecules, 172, 524–541.

Umezawa, S. (1968). Studies on biosynthesis of 3-amino-3-deoxy-D-
glucose. The Journal of Antibiotics, 8, 7.

Umezawa, S., Umno, K., Shibahara, S., & Omoto, S. (1967). Fermenta-
tion of 3-amino-3-deoxy-D-glucose.The Journal of Antibiotics, 20(6),
355–360.

Vetter, N. D., Langill, D. M., Anjum, S., Boisvert-Martel, J., Jagdhane,
R. C., Omene, E., Zheng, H., van Straaten, K. E., Asiamah, I., Krol,
E. S., Sanders, D. A. R., & Palmer, D. R. J. (2013). A previously un-
recognized kanosamine biosynthesis pathway in Bacillus subtilis.
Journal of the American Chemical Society, 135(16), 5970–5973.

Wang, C., Lu, Y., & Cao, S. (2020). Antimicrobial compounds fromma-
rine actinomycetes.Archives of Pharmacal Research, 43(7), 677–704.

Wang, X., Borges, C. A., Ning, X., Rafi, M., Zhang, J., Park, B., Takemiya,
K., Lo Sterzo, C., Taylor, W. R., Riley, L., & Murthy, N. (2018). A
trimethoprim conjugate of thiomaltose has enhanced antibac-
terial efficacy in vivo. Bioconjugate Chemistry, 29(5), 1729–1735.

Wang, X., Ning, X., Zhao, Q., Kang, Q., & Bai, L. (2017). Improved
PKS gene expression with strong endogenous promoter resulted
in geldanamycin yield increase. Biotechnology Journal, 12(11),
1700321.

Watanabe,K., Rude,M.A.,Walsh,C.T.,& Khosla,C. (2003). Engineered
biosynthesis of an ansamycin polyketide precursor in Escherichia
coli.Proceedings of the National Academy of Sciences of the United States
of America, 100(17), 9774–9778.

White, R. J. & Martinelli, E. (1974). Ansamycin biogenesis: incorpora-
tion of [1-13C] glucose and [1-13C] glycerate into the chromophore
of rifamycin S. FEBS Letters, 49(2), 233–236.

Williams, P. G., Asolkar, R. N., Kondratyuk, T., Pezzuto, J. M., Jensen,
P. R., & Fenical, W. (2007). Saliniketals A and B, bicyclic polyke-
tides from the marine actinomycete Salinispora arenicola. Journal
of Natural Products, 70(1), 83–88.

Wilson, M. C., Nam, S. J., Gulder, T. A. M., Kauffman, C. A., Jensen,
P. R., Fenical, W., & Moore, B. S. (2011). Structure and

https://doi.org/10.1080/14786419.2021.1881517
https://doi.org/10.3389/fbioe.2019.00285
https://doi.org/10.1007/s13205-018-1472-z
https://d.lib.msu.edu/islandora/search/name11primary113A1122Miller112C115C1120Kelly115C1120115C1128Kelly115C1120Knight115C11291122
https://doi.org/10.1016/j.bmcl.2020.127168
https://doi.org/10.1016/j.abb.2019.108139
https://doi.org/10.1186/1475-2859-12-86
https://doi.org/10.1016/j.tet.2020.131440
https://doi.org/10.3389/fbioe.2020.00407


12 | Journal of Industrial Microbiology and Biotechnology, 2021, Vol. 48, kuab053

biosynthesis of the marine streptomycete ansamycin ansalac-
tam A and its distinctive branched chain polyketide extender
unit. Journal of the American Chemical Society, 133(6), 1971–1977.

Wolters, J. E. J., vanMechelen, R. J. S.,Majidi, Al, R., Pinchuk, L.,Webers,
C., A. B., Beckers, H. J. M., & Gorgels, T. G.M. F. (2021). History, pres-
ence, and future of mitomycin C in glaucoma filtration surgery.
Current Opinion in Ophthalmology, 32(2), 148–159.

Yang, Y. H., Fu, X. L., Li, L. Q., Zeng, Y., Li, C. Y., He, Y. N., & Zhao, P. J.
(2012). Naphthomycins L–N, ansamycin antibiotics from Strepto-
myces sp. CS. Journal of Natural Products, 75(7), 1409–1413.

Yang, Y. H., Yang, D. S., Li, G. H., Liu, R., Huang, X. W., Zhang, K. Q., &
Zhao, P. J. (2018). New secondarymetabolites from an engineering
mutant of endophytic Streptomyces sp. CS. Fitoterapia, 130, 17–25.

Yu, T. W., Müller, R., Müller, M., Zhang, X., Draeger, G., Kim, C. G.,
Leistner, E., & Floss, H. G. (2001). Mutational analysis and recon-
stituted expression of the biosynthetic genes involved in the for-
mation of 3-amino-5-hydroxybenzoic acid, the starter unit of ri-
famycin biosynthesis in Amycolatopsis mediterranei S699. Journal of
Biological Chemistry, 276(16), 12546–12555.

Zhang, Y., Sun, Y., Ren, W., Zhao, Q., Lv, K., Tang, H., Gao, X., Yang,
F., Wang, F., & Liu, J. (2020). Synthesis of mitomycin analogs cat-
alyzed by coupling of laccase with lipase and the kinetic model.
Journal of Chemical Technology & Biotechnology, 95(5), 1421–1430.

Zhang,Z., Zhang, J., Song,R.,Guo,Z.,Wang,H., Zhu, J., Lu,C.,& Shen,Y.
(2017). Ansavaricins A–E: five new streptovaricin derivatives from
Streptomyces sp. S012. RSC Advances, 7(10), 5684–5693.


