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Abstract Significant progress has recently been made
concerning the engineering of deoxysugar biosynthesis. The
biosynthetic gene clusters of several deoxysugars from various
polyketides and aminoglycosides-producing microorganisms
have been cloned and studied. This review introduces the
biosynthetic pathways of several deoxysugars and the generation
of novel hybrid macrolide antibiotics via the coexpression
of deoxysugar biosynthetic gene cassettes and the substrate-
flexible glycosyltransferases in a host organism as well as
the production of TDP-deoxysugar derivatives via one-pot
enzymatic reactions with the identified enzymes. These recent
developments in the engineering of deoxysugars biosynthesis
may pave the way to create novel secondary metabolites with
potential biological activities.
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biosynthesis,

Nature produces an amazing number of products that
have useful biological activities with clinical applications,
including antibiotics, and antitumor and immunosuppressive
agents {10]. Natural products remain a consistent source
of drug leads, with more than 49% of the new chemical
entities reported being from microbial secondary metabolites
between 1981 and 2002 [2, 52]. These bioactive secondary
metabolites are the end products of complex multistep
biosynthetic pathways, and approximately 75% of them
are produced by members of the actinomycetes primarily
belonging to the genus Streptomyces. There has been a great
expansion of our knowledge in the biosynthetic pathways
from which microorganisms produce bioactive secondary
metabolites during the past decade. This has allowed
researchers to explore the possibility of generating novel
natural product derivatives with potentially greater or
altered biological activities.
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Recently, much attention has been focused on the ability
of polyketide synthases (PKSs), which can be classified
into types 1, 11, or III enzymes according to their structural
and catalytic domain organizations, to synthesize complex
chemical scaffolds. These giant multifunctional enzyme
systems assemble a number of secondary metabolites mostly
from simple building blocks such as carboxylic acids. The
structural diversity of PKS products is further increased
by attaching of deoxygenated sugars at different positions.
In contrast to the complexity and diversity of PKSs,
the enzymatic mechanisms leading to the formation of
deoxygenated sugars are quite conserved. These deoxysugar
components have been recognized as an important class of
carbohydrates and have enjoyed increasingly widespread
appreciation as essential biological molecules exhibiting a
great range of activities including functions as a cellular
adhesive, in the immune response, fertilization, as well as
in the molecular recognition and affinity of its cellular
target [55]. These sugars are transferred to the aglycone by
glycosyltransferase (GT). Many efforts on creating novel
microbial natural products have been aimed at finding
approaches to incorporate different sugars into an aglycone
or to glycosylate a different position of the aglycone. Other
well-known sugar-containing microbial natural products
are aminoglycoside antibiotics. They are among the first
antibiotics to be used in a clinical setting, and are an
important class of antibiotics against Gram-negative bacteria
such as Mycobacterium tuberculosis and methicillin-resistant
Staphylococcus aureus (MRSA) [9, 71], and also show
potentially useful activity against human immunodeficiency
virus (HIV) [46, 69].

Recently, various polyketide biosynthetic gene clusters
have been reported, which include partially deoxygenated
sugar components such as 6-deoxysugar, dideoxysugar,
aminodeoxysugar, nitrodeoxysugar, and trideoxysugar [4,
48]. The key biosynthetic step in deoxysugar biosynthesis
is the conversion of glucose-1-phosphate to TDP-4-keto-6-
deoxy-p-glucose (TKDG) via TDP-D-glucose. When the
genes encoding NDP-glucose synthase and NDP-p-glucose
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Fig. 1. The chemical structures of polyketides (A) and aminoglycosides (B) including several kinds of deoxysugars.

4,6-dehydratase are available, the gene clusters flanking
these genes could be cloned to identify the entire biosynthetic
gene cluster involved in the secondary metabolites associated
with deoxysugars [59, 61]. The gene probes related to
the deoxysugar (TDP-p-glucose synthase or/and TDP-p-
glucose 4,6-dehydratase) were used to clone several
secondary metabolite gene clusters [60] such as rubradirin

(rubranitrose), novobiocin (noviose), dihydrochalcomycin
(chalcose and mycinose), oleandomycin (desosamine and
oleandrose), and pradimicin (Fig. 1A) [11, 24, 33, 61, 63].
Moreover, the biosynthetic studies of aminoglycosides have
been carried out for compounds containing different sugars:
spectinomycin (spectinose), neomycin (neosamines and D-
ribose), butirosin {neosamines and p-ribose), ribostamycin



(neosamine C and p-ribose), gentamicin (garosamine and
purpurosamine), kanamycin (kanosamine and neosamine
C), and tobramycin (kanosamine and neosamine C) (Fig. 1B)
[22,28-31, 36, 59, 64].

It is now possible to introduce biosynthetic engineering
into a natural product by rational manipulation of the gene
cluster governing its biosynthesis. To identify and obtain
several hypothetical products and to use the enormous genetic
potential in an efficient way, combinatorial biosynthesis
and heterologous gene expression approaches are required.
The strategies developed thus far that are generally employed
to glycosylate natural products include total synthesis or
semisynthesis [12, 76, 78], glycorandomization [13, 39], and
in vivo pathway engineering (referred to as combinatorial
biosynthesis) [32, 40, 57], which relies upon the coexpression
of sugar biosynthetic gene cassettes and GT using an
endogenous or exogenously delivered aglycone. These
new technologies helped us to manipulate the genes of
natural product biosynthetic pathways in order to generate a
hybrid compound that may exhibit novel properties and
efficacies against problematic and resistant pathogens.
This review, therefore, attempts to highlight the general
aspects of the heterologous production of the novel derivatives
of previously mentioned polyketides and aminoglycosides,
as well as enhanced production of desired natural products
using S-adenosyl-L-methionine (SAM) synthetase and
regulatory genes, which were thus shown to be functional
in the closely related host organisms.

RECENT EXAMPLES OF THE BIOSYNTHETIC GENE
CLUSTER OF NATURAL PRODUCTS FROM
ACTINOMYCETES

Rubradirin belongs to the family of antibiotics known as
ansamycins [74]. Rubradirin from Streptomyces achromogenes
var. rubradiris NRRL 3061 is comprised of four distinct
moieties; rubransarol, 3-amino-4-hydroxy-7-methoxycoumarin
(AMQ), 3,4-dihydroxydipicolinate (DHDP), and an unusual
nitrosugar, 2,3,6-trideoxy-3-C-4-O-dimethyl-3-C-nitro-p-
xylo-hexose (D-rubranitrose) (Fig. 1A). The putative functions
of a total of 23 genes were determined via sequence
comparison [61]. Eight genes, rubK, L, M, N, G, H, J, and
L, were implicated in the biosynthesis of the common
ansamycin precursor; two PKS genes, rubA and B, which
consisted of 6 modules, were involved in rubransarol
biosynthesis; eight genes, rubNI to N8, were putatively
related to TDP-p-rubranitrose biosynthesis [38, 49]; and
five genes, rubCl to C5, were involved in AMC and
DHDP biosynthesis. It was demonstrated that the nitro
group in D-rubranitrose is an air-oxidation product of the
nitroso analog (9), and it has been predicted that the
nitrosugars in those antibiotics are also air-oxidation products
by analogy [3]. As shown in Fig. 2A, the p-rubranitrose

ENGINEERING OF NATURAL PRODUCT BIOSYNTHESIS 1911

biosynthetic pathway might require eight steps, which would
include TDP-p-glucose synthase (RubN1), 4,6-dehydratase
(RubN2), 2,3-dehydratase (RubN3), 3-aminotransferase
(RubN4), 3-C-methyltransferase (RubNS), 4-ketoreductase
(RubN®6), O-methyltransferase (RubN7), and amine oxidase
(RubNg). The conversion of TKDG (1) to TDP-2,3,6-
trideoxy-3-amino-3-methyl-np-glucose (8) by the consecutive
catalysis of 2,3-dehydratase, 3-aminotransferase, and 3-C-
methyltransferase was reported in the biosynthesis of L-
epivancosamine, which is a component of chloroeremomycin,
one of the vancomycin family glycopeptide antibiotics [6].

Heide and coworkers isolated a novobiocin biosynthetic
gene cluster from Streptomyces spheroides NCIB 11891,
including the presence of 23 open reading frames (ORFs)
with a possible role in noviose biosynthesis [63]. Noviose
attaches to the 7' position of the coumarin core via a
glycosidic linkage (Fig. 1A), and it represents an essential
component that confers the biological activity of this
compound [21]. Five ORFs (nov¥, novT, novW, novU, and
novS) have been predicted as the noviose biosynthetic
genes. The novW, novU, and novS gene products represent
TDP-4-keto-6-deoxy-D-glucose 3,5-epimerase (NovW), C-
methyltransferase (NovU), and TDP-p-glucose-4-ketoreductase
(NovS). Several reactions were carried out, alone or
coupled, involving these three enzymes, NovS, NovU, and
NovW, in order to envisage their possible biosynthetic
roles in noviose formation. The formation of 3 only from
the reaction mixture containing TKDG, NovU, and NovW
out of a number of various mixtures indicates that NovU
acts only on the reaction product 2 from NovW catalysis
to give 3, as shown in Fig. 2A. Compound 3 probably
undergoes reduction by NovS to generate TDP-D-noviose.
The accumulated formation of TDP-L-thamnose in the
mixture indicates that 2 is reduced by NovS at a much
higher rate than the methylation by NovU, thus suggesting
the substrate flexibility of NovS [27]. These results are in
agreement with the previous reports that some of the 4-
ketoreductases in deoxysugar biosynthetic pathways are
flexible to their substrates and reduce the C-4-carbonyl carbon
of both methylated and unmethylated sugar intermediates
[57). Compound 2 is needed as a precursor in the
biosynthesis of TDP-L-thamnose [14]. The formation of
TDP-L-rhamnose in the coupled enzymes of NovW and
NovsS clearly indicated that NovW acts as a TDP-4-keto-6-
deoxy-p-glucose 3,5-epimerase in the noviose biosynthetic
pathway [67] (Fig. 2A).

Dihydrochalcomycin, a 16-membered macrolide
antibiotic produced by Streptomyces sp. KCTC 0041BP,
contains chalcose and mycinose (Fig. 1A), and it also
exhibits antimicrobial activity against Gram-positive bacteria.
The genes required for the synthesis of these two deoxysugar
moieties, p-chalcose and pD-mycinose, were found in the
cluster. TKDG is produced from glucose-1-phosphate
through the action of the gene products of gerE and
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Fig. 2. The proposed biosynthetic pathway of deoxysugar derivatives from various natural products.

A. Rubradirin, novobiocin, dihydrochalcomycin, oleandomycin, and spectinomycin. B. Streptamine-containing aminoglycoside-spectinomycin. C. 2-DOS-
containing 4,5-disubstituted aminoglycoside-neomycin, butirosin, and ribostamycin, and 2-DOS-containing 4,6-disubstituted aminoglycoside-gentamicin,
kanamycin, and tobramycin.
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gerD [41, 42], which is very similar to SchS6, a probable
glucose-1-phosphate thymidylyltransferase involved in the
conversion of dTTP and glucose-1-phosphate to TDP-p-
glucose and pyrophosphate from Streptomyces sp. SCC2136
[15). As shown in Fig. 2A, the synthesis of TDP-b-
chalcose involves deoxygenation at C-4, which requires
the reduction of the radical formed after the removal of the
oxygen atom. GerB and GerN, which are homologs of the
desosamine enzymes Desl and Desll, respectively, carry
out these reactions in a similar way to the pikromycin
pathway to produce the C-4 deoxygenated sugar (10) [8,
75]. The next step after deoxygenation is the reduction of
the 3-keto group of the pathway intermediate (11). The 3-
O-methylation of TDP-4,6-dideoxy-p-glucose to produce
TDP-p-chalcose is carried out by GerM1, which is very
similar to SpnH, a probable methyltransferase involved in
the O-methylation of the rhamnose precursor [72]. The
synthesis of mycinose requires two enzymes, a 3-epimerase
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and a 4-ketoreductase, which are encoded by GerF and
GerK1 [58, 68]. The conversion of the 6-deoxy-p-allose
residue to D-mycinose after attachment to the macrolactone
requires the action of two O-methyltransferases that are
encoded by GerM2 and GerM3, each ca. 73% identical to
their respective counterparts in the tylosin biosynthetic
cluster, TylE and TylF. They are also proposed to act after
the sugar has been attached to the backbone.

In general, aminoglycosides are classified into two major
groups, the streptamine-containing aminoglycosides and
2-deoxystreptamine (2-DOS)-containing aminoglycosides,
depending upon their structural components. Spectinomycin
is the streptamine-containing aminoglycoside antibiotic
produced by Streptomyces spectabilis [50). This antibiotic
has a unique tricyclic structure in which a single sugar
component, TDP-D-spectinose, is linked to the diaminocyclitol
moiety (spectinamine) by B-glycosidic and hemiketal bonds
(Fig. 1B) [17]. The gene cluster related to spectinomycin
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was cloned from S. spectabilis [59]. Six steps were proposed
for the biosynthetic pathway to TDP-n-spectinose. TDP-p-
glucose synthase (spcD) and 4,6-dehydratase (spcE) were
involved in the biosynthesis of spectinose (13). The C-4
deoxygenation of spectinose can be proposed to be the
same as the C-4 deoxygenation in the desosamine and
chalcose biosynthetic pathways. These reactions are carried
out by SpcS1 and SpeH, which are homologs of the
desosamine enzymes Desl and DeslI, or the chalcose enzymes
GerF and GerK1 [58, 68], respectively. The oxidation
of the 2-keto group by Spel (dehydrogenase) and the
hydration of the 3-keto group by SpcF (dehydratase) are
expected to follow the deoxygenation (Fig. 2B). For the
biosynthesis of spectinamine, there are four related genes
including sped, speB, spcS2, and spcM. The sped gene,
which functions as a myo-inositol-1-monophosphatase, is a
key enzyme required for the conversion of myo-inositol
(14) to myo-inositol-1-monophosphate (15). The speB
gene is 73% identical to the myo-inositol dehydrogenase of
Streptomyces flavosporius, which is also a key enzyme
required for the conversion to scyllo-inosose (16) [25]. The
spcS2 gene, which encodes r-glutamine: scyllo-inosose
aminotransferase, catalyzes a transamination reaction at the
carbonyl carbon of scyflo-inosose to form scyllo-inosamine
(17) in the streptamine biosynthetic pathway [64, 65]. Finally,
the spcM gene, which encodes the N-methyltransferase
involved in the conversion of streptamine to spectinamine,
is 31% identical to the 3-N-methyltransferase of Streptomyces
hygroscopicus, a hygromycin B producer.

Structurally, the majority of the aminoglycosides share
a common aglycon, 2-DOS, which is linked with other
sugar subunits via O-glycosidic linkages. Neomycin (Neo)
and butirosin (Btr) are close structural relatives that both
contain the ribostamycin (Rbm) substructure, and they belong
to the same class of 2-DOS-containing 4,5-disubstituted
aminoglycosides that share two common subunits including
neosamine and p-ribose. Moreover, a second class of 2-
DOS-containing 4,6-disubstituted aminoglycosides includes
kanamycin (Kan), tobramycin (Tbm), and gentamicin (Gtm).
The biosynthesis of these antibiotics had been studied a
few decades ago, and the studies of biosynthetic pathway
addressing the formation of these antibiotics have recently
been proposed with the isolation of all biosynthetic gene
cluster [22, 28-31, 36, 59, 64]. As shown in Fig. 2C, the
biosynthesis of 2-DOS from glucose-6-phosphate has been
extensively characterized by expressing each gene that
encodes 2-deoxy-scyllo-inosose synthase, 1-glutamine: 2-
deoxy-scyllo-inosose aminotransferase, and dehydrogenase
responsible for the products 2-deoxy-scyllo-inosose (19),
2-deoxy-scyllo-inosamine (20), and 3-amino-2,3-dideoxy-
scyllo-inosose (21), respectively (Fig. 2C) [23, 37, 66].
The 2-DOS is proposed to be converted to neamine by the
addition of the primary metabolite UDP-N-acetylglucosamine
at C-4 to give 2'-N-acetylparomamine (22), which is

deacetylated by a N-acetyltransferase, BtrD [70]. Paromamine
(23) is converted to 6'-dehydro-6'oxoparomamine (24) and
neamine through sequential dehydrogenation and pyridoxal
phosphate {PLP)-dependent transamination [16] at C-6' by
hitherto-unidentified enzymes (Fig. 2C). The remainder of
the pathway leading from neamine to the 4,5-disubstituted
aminoglycosides (ribostamycin, butirosin, and neomycin)
and the 4,6-disubstituted aminoglycosides (kanamycin,
tobramycin, and gentamicin) still awaits experimental
elucidation.

COMBINATORIAL BIOSYNTHETIC STRAGEGIES
USING THE HETEROLOGOUS EXPRESSION

Structural Diversification of Polyketide by Substrate-
flexible GT and Its Auxiliary Protein

More than 50 genes encoding GT are being reported from
the gene clusters of antibiotic-producing Actinomycetes.
The process of generating glycosylated derivatives via
combinatorial biosynthesis relies upon the access to an
array of flexible GTs. It was recently discovered that
the macrolide GT DesVII required an auxiliary protein,
DesVIII, for its in vitro and in vivo activities [5, 19, 20], as
is the case of AknS/AkaT (aclacinomycin) [47], TyIM2/
TyIM3 (tylosin) [51], and MycB/MydC (mycinamycin)
[51]. In these DesVII/DesVIIl systems, when the native
auxiliary protein was replaced with a heterologous activator
protein, the efficiency of glycosylation was affected. They
have been shown to be especially “flexible” in accepting
different deoxysugars, which leads to further structural
variations |18, 43]. These unique features in generating
structural variability can be applied to the design of
strategies that can be used to accomplish the combinatorial
biosynthesis of novel hybrid macrolides.

In Vive Pathway Engineering: New Deoxysugar-
glycosylated Derivatives of Methymycin/Pikromycin
Solenberg et al. [62] were the first to describe the use
of heterologous GT genes for the production of hybrid
glycopeptide antibiotics. This landmark experiment takes
advantage of the existence of an intracellular pool of
nucleotide-activated sugars in microorganisms by several
approaches that are shown in Fig. 3.

The gene clusters of the deoxysugar could be used to
construct the cassettes containing the genes that code for
the two enzymes, TDP-p-glucose synthase (des/Il) and
TKDG (deslV), which catalyze the two common steps in
the biosynthesis of a key intermediate of the deoxysugar.
This plasmid was integrated into the genomic DNA of
Streptomyces venezuelae, engineered by the deletion of
the entire gene cluster related to the biosynthesis of the
endogenous deoxysugar (TDP-p-desosamine) in order to
obtain a mutant strain [18]. This strain could be used as a
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A. Formation of derivative in a GT-deficient mutant by expression of the
flexible GT. B. Formation of derivative in a sugar- and GT-deficient mutant
by expression of the other sugar cassette genes and flexible GT,
respectively. C. Formation of derivative in an aglycone- and GT-deficient
mutant by expression of the flexible GT. The aglycone is endogenously
synthesized (A and B) or exogenously supplied by feeding (C).

starting point for the biosynthesis of various deoxysugars.
Another plasmid was constructed to contain the gene
encoding a GT for the attachment of the intermediate sugar
to the aglycone and four more genes (desVIII, oleV, oleW,
and urdR) that are involved in the biosynthesis of TDP-p-
olivose from TKDG. This plasmid was transformed to the
mutated S. venezuelae to produce olivosyl-methymycin
and olivosyl-pikromycin [18] (Fig. 4A). In addition, the
heterologous sugar genes encoding 3,5-epimerase (orf9)
and TDP-4-keto-6-deoxy-glucose 4-aminotransferase (gerB)
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[24] were also introduced into the same mutant in order
to accomplish the biosynthesis of novel derivatives that
contained the deoxyaminosugar TDP-4-amino-4,6-dideoxy-
L-glucose [unpublished]. Our results demonstrate that
this mutant generates new hybrid macrolide derivatives,
including TDP-4-amino-4,6-dideoxy-L-glycosylated YC-
17, methymycin, novamethymycin, and pikromycin, from
a 12-membered ring aglycone (10-deoxymethynolide) and
a 14-membered ring aglycone (narbonolide) (Fig. 4B).
These results demonstrate a successful attempt to engineer
the deoxysugar pathway to generate novel hybrid secondary
metabolites.

In Vitro Pathway Engineering: Syntheses of TDP-
Deoxysugar Derivatives via a One-Pot Enzymatic
Reaction
TKDG is a key intermediate for the other TDP-p- and
TDP-1-deoxysugar derivatives. A typical synthetic method
for TKDG is using a two-enzyme system; i.e., TDP-D-
glucose synthase and TDP-p-glucose 4,6-dehydratase with
glucose-1-phosphate and TTP as substrates. The high cost
of the TTP required for this process limits the large-scale
production of TKDG. We devised an economical enzymatic
production method of TKDG starting from TMP, which is
a much cheaper substrate than TTP. The enzymatic production
methods for TKDG were developed to start from TMP,
acetyl phosphate, and glucose-1-phosphate [53]. The four
enzymes required for this process are TMP kinase, acetate
kinase, TDP-pD-glucose synthase, and TDP-p-glucose 4,6-
dehydratase (Fig. 5). In this reaction, TMP-kinase converts
TMP to TDP, and acetate kinase regenerates the ATP and
converts TDP to TTP. TDP-p-glucose synthase is responsible
for the conversion of TTP and glucose-1-phosphate to
TDP-p-glucose, and finally TDP-pD-glucose 4,6-dehydratase
converts TDP-p-glucose to TKDG. TKDG could be
conveniently synthesized using the enzymatic extracts
in a one-pot batch system with four enzymes that are
overexpressed using the T7 promoter system in E. coli
BL21. A TKDG conversion yield of approximately 95%
was obtained based on an initial TMP concentration of
20 mM, 20 mM MgCl,, 60 mM acetyl phosphate, 80 mM
glucose-1-phosphate, and 1 mM ATP [53].
TDP-L-thamnose was also prepared on a large scale
from TKDG by executing a reaction involving two enzymes.
TDP-4-keto-6-deoxy-D-glucose 3,5-epimerase (OleL) and
TDP-4-keto-hexose reductase (OleU), which are responsible
for the conversion of TKDG to TDP-L-rhamnose, were
obtained from Streptomyces antibioticus Tii99, an
oleandomycin producer, and were functionally expressed
in E. coli using the pET and pRSET expression systems,
respectively [1]. The two enzymes were combined with an
enzymatic process for the regeneration of NADH using
gluconate dehydrogenase (GDH) and glucose. A TDP-L-
rhamnose conversion yield of approximately 91% was
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Fig. 4. Formation of novel glycosylated natural products in a sugar biosynthetic gene cluster-deficient mutant of Streptomyces

venezuelae by expression of the sugar gene cassette.

A. Olivosyl-pikromycin and olivosyl-methymycin. B. TDP-4-amino-4,6-dideoxy-L-glycosylated YC-17, methymycin, novamethymycin, and pikromycin.

obtained based on initial concentrations of 20 mM TKDG
and 10mM NADH (Fig. 6) {27]. In addition, TDP-L-
rhamnose can be prepared from TMP and glucose-1-
phosphate in a one-pot reaction that includes six enzymes.
Three of the six enzymes, TMP kinase, acetate kinase, and
TDP-p-glucose synthase, were related to the enzymatic
process of TKDG biosynthesis. This system allowed us to
achieve the preparative scale synthesis of TDP-L-thamnose
using TMP and glucose-1-phosphate as starting materials.

Various deoxysugars, such as TDP-6-deoxy-p-allose,
TDP-p-frucosamine, and TDP-4-amino-4,6-dideoxy-p-glucose,
were prepared from TKDG following the synthesis of
TDP-L-thamnose (Fig. 6). TDP-6-deoxy-p-allose was
synthesized with 3,5-epimerase (GerF) and TDP-4-
ketoreductase (GerK1) using an enzymatic process for the
regeneration of NADH [58, 68]. TDP-p-frucosamine and
TDP-4-amino-4,6-dideoxy-pD-glucose were also prepared
by aminotransferases (WecE and GerN). Their amine source
is a glutamic acid, and a PLP is involved as a cofactor.

APPROACHES FOR THE ENHANCED PRODUCTIVITY
OF SECONDARY METABOLITES

Although many of the biochemical studies of natural product
biosynthetic enzymes have been extremely successful in
the generation of novel natural product derivatives and
unusual chemical conversions, our ability to rationally redesign
biosynthetic pathways using combinatorial biosynthesis is
often limited by our lack of understanding of the interplay
between the many enzymes in the organisms. Despite this,
recent approaches should allow an improvement in productivity
of secondary metabolites with some tailoring enzymes such
as the substrate-flexible GTs [26] and cytochrome P450
[44, 54,73]. Some genes involved in the regulation of
secondary metabolism, such as SAM synthetase [7, 35, 45,
77] and the global antibiotics-stimulating regulatory gene
[34, 56], are also useful for the productivity improvement.
We noted above that the biosynthetic gene clusters for
glycosylated polyketides and aminoglycosides that have
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Fig. 5. Schematic diagram of the production system for TKDG from glucose-1-phosphate and TMP,

been sequenced contain the particular deoxysugars as
activated NDP deoxysugars. The genes encoding the GT
are also generally found in the same gene clusters. The
promiscuity of DesVII/DesVIII to the pikromycin aglycone
clearly showed higher production of new hybrid macrolide
derivatives including 12-, 14-, and 16-membered ring
aglycones by heterologous expression (Fig. 4) [26] than
other GTs. The cytochrome P450 monooxygenase PikC,
from the pikromycin producer S. venezuelae, was also
observed to hydroxylate the unnatural substrate indole to
indigo. From enzyme kinetic studies, the mutant enzyme
F171Q of PikC showed an approximately five-fold higher
catalytic efficiency. Therefore, these results demonstrate
the promising application of P450 to generate a range of
novel natural products with enhanced productivity [44].

It is known that overexpression of SAM synthetase or
exogenous addition of SAM enhances the production of
secondary metabolites, actinorhodin and oleandomycin from
Streptomyces coelicolor [35] and Streptomyces antibioticus
[77], respectively. In order to discover a novel compound
as a signal molecule to produce actinorhodin instead of
SAM, several compounds were synthesized and tested,
and their actinorhodin production was analyzed. Of these,
the molecules containing both bulky substituents at the
C-6 position of adenine and the long 5'-alkyl chain of
adenosine showed better productivities of actinorhodin
than SAM [7, 45]. The 63 amino-acid-encoding afsR2 is a
relatively new global antibiotics-stimulating regulatory
gene identified from Streptomyces lividans. The site-
directed mutagenesis in the conserved area among known
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Fig. 6. The production scheme of TDP-deoxysugars from TKDG.
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Sigma 70 family proteins changed the AfsR2’s activity.
These results showed that the C-terminal region of AfsR2
is functionally important for its antibiotics-stimulating
capability [34].

CONCLUSION

These recent progresses opened the possibility of generating
novel glycosylated compounds using in vivo and in vitro
pathway engineering techniques. An efficient GT toolbox
must be generated to attach unnatural deoxysugars to the
diverse aglycones. All deoxysugar genes, including GT,
may be attractive targets for use in the generation of
novel natural products in the near future, and it will also
contribute to the possible enzymatic synthesis of a wide
variety of glycosylated derivatives. Thus, the programmed
manipulation of the genes that encode the enzymes in the
deoxysugar biosynthetic pathways shows great potential
for use in the redesign of natural products to create new
activities.
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