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The aminocyclitol family of natural products is a class of sugar-derived microbial secondary metabolites that demonstrate
significant biological activities. Within this class of natural products are the C7N-aminocyclitol-containing compounds,
which were originally associated with potent sugar-hydrolase inhibition. However, recent discoveries indicate a broader
array of chemical structures and biological activities of this class of compounds. Using both conventional feeding
experiments and contemporary molecular genetic approaches, some progress has been made in understanding the
biosynthesis of this class of natural products. Results ofin silico investigation also suggest a wide distribution of this
class of natural products or closely related compounds across different classes of microorganisms, including cyanobacteria
and fungi. This review describes our recent progress in the biosynthetic studies of a number of C7N-aminocyclitol-
containing compounds and the potential use of bioinformatic approaches to search for novel aminocyclitol-containing
natural products.

Introduction

Among the myriad of naturally occurring compounds are the
aminocyclitol-containing natural products, which represent a large
family of sugar-derived microbial secondary metabolites. These
include the clinically important aminoglycoside antibiotics, e.g.,
kanamycin (1), neomycin (2), and streptomycin (3), the C7N-
aminocyclitol-containing compounds, e.g., acarbose (4), validamy-
cin A (5), and pyralomicin (6), and the cyclopentitol-derived
antibiotics, e.g., pactamycin (7) and trehazolin (8) (Figure 1).1 Many
of these compounds are used widely for the treatment of diseases
in humans, animals, and plants. For example, streptomycin,
kanamycin, and neomycin have long been used in the clinic against
bacterial infections,2 whereas acarbose is a potentR-glucosidase
inhibitor used for the treatment of insulin-independent type-II
diabetes.3 On the other hand, validamycin A is an important crop
protectant, particularly against sheath blight disease of rice plants.4

On the basis of their origins, the aminocyclitols can be divided
into four classes:1 (1) themyo-inositol-derived aminocyclitols [e.g.,
streptomycin (3)], (2) the 2-deoxy-scyllo-inosose-derived aminocy-
clitols [e.g., kanamycin (1)], (3) the cyclopentitol-derived ami-
nocyclitols [e.g., pactamycin (7)], and (4) the 2-epi-5-epi-valiolone-
derived aminocyclitols [e.g., validamycin A (6)]. While the first
three classes of aminocyclitols have been found to be originated
from a hexose, i.e., glucose 6-phosphate, the fourth class is derived
from a C7-sugar phosphate, sedoheptulose 7-phosphate, which is
one of the key sugar phosphate intermediates in the pentose
phosphate pathway.

Over the past several years, our group has been studying the
biosynthesis of the C7N-aminocyclitol family of natural products.
Using both conventional feeding experiments and contemporary
molecular genetic approaches, progress has been made in under-
standing the formation of this class of natural products. In

collaboration with the Deng group, we have recently identified and
functionally analyzed the biosynthetic gene cluster of the antifungal
agent validamycin inStreptomyces hygroscopicusvar. jinggangen-
sis.5 Further studies have also been carried out in a number of
different C7N-aminocyclitol-containing natural products, such as
the antibacterial agents the pyralomicins (6) and the antitumor agent
cetoniacytone A (9), as well as in the human thioredoxin system
inhibitor BE-40644 (10). Although the latter compound does not
have nitrogen in its structure, the formation of the C7-cyclitol moiety
appears to resemble that of the C7N-aminocyclitols. This finding
is supported through the recent elucidation and characterization of
the BE40644 biosynthetic gene cluster.6,7 The present review
describes our recent progress in the biosynthetic studies of this class
of compounds. The potential use of bioinformatic approaches to
search for novel aminocyclitol-containing natural products is also
discussed.

Biosynthesis of Pyralomicin inNonomuraea spiralis

The pyralomycins are a set of antibiotics isolated from the soil
bacteriumNonomuraea spiralisby Takeuchi and co-workers in
1996.8 Pyralomicin 1a (11), the major product, has a unique
structure: a benzopyranopyrrole chromophore connected to a
cyclitol, which is rarely seen in secondary metabolites (Figure 2).
The same bacterium also produces pyralomicins 2a (12) and its
analogues, containing glucose as the glycon. The core benzopyra-
nopyrrole unit in pyralomicin is similar to that of TAN-876A (13)
and TAN-876B (15) isolated from aStreptomycessp. by a group
at the Takeda Company. It is also similar to pyoluteorin (14) and
pyrrolomycin (16), which are produced byPseudomonasspp. and
Actinosporangium/Streptomycesspp., respectively.

The biosynthetic gene cluster of pyrrolomycin has been identified
recently from two different producing organisms,Actinosporangium
Vitaminophilum ATCC 31673 andStreptomycessp. strain UC
11065.9 Some of the genes were found to be similar to those of the
pyoluteorin cluster, which was identified earlier within a 24 kb
genomic region ofP. fluorescensPf-5 by Loper and co-workers,
revealing 10 genes involved in the formation of pyoluteorin.10 These
include genes that encode proteins homologous to type I polyketide
synthases (PltB, PltC), an acyl-CoA dehydrogenase (PltE), an acyl-
CoA synthase (PltF), a thioesterase (PltG), three halogenases (PltA,
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PltD, and PltM), and a peptidyl-carrier protein (PltL). More recently,
Walsh and co-workers have characterized a number of enzymes
involved in the biosynthesis of this compound, including PltE, PltF,
and PltL, and found that these three proteins are sufficient for the
conversion ofL-proline to pyrrolyl-2-carboxyl-S-PCP, a carrier
protein bound intermediate of pyoluteorin biosynthesis.11 Further
characterization revealed that this intermediate serves as the
substrate for the PltA halogenase.12

The biosynthetic origin of pyralomicin has been studied by
Takeuchi and co-workers through feeding experiments with a
number of isotopically labeled compounds.13 The results revealed
that the pyralomicin core structure is derived from proline, acetate,
and propionate, whereas the cyclitol moiety is derived from
D-glucose via the pentose phosphate pathway (Figure 3). Subse-
quently, in collaboration with the Naganawa group, we carried out
feeding experiments with a number of synthetically prepared
deuterium-labeled cyclitols, i.e., 2-epi-5-epi-[6-2H2]valiolone ([6-
2H2]-17), 5-epi-[6-2H2]valiolone ([6-2H2]-18), [6-2H2]valiolone ([6-
2H2]-19), [6-2H]valienone ([6-2H]-20), [6-2H]valienol ([6-2H]-21),
1-epi-[6-2H]valienol ([6-2H]-22), 5-epi-[6-2H2]valiolol ([6-2H2]-23),
and 1-epi-5-epi-[6-2H2]valiolol ([6-2H2]-24) (Figure 4). It was found
that only 2-epi-5-epi-valiolone (17) and 5-epi-valiolone (18) were
incorporated into the cyclitol moiety of pyralomicin 1a with specific
incorporation rates of 23% and 10%, respectively.14

2-epi-5-epi-Valiolone (17) is known to be a common intermediate
for many C7N-aminocyclitol-derived natural products.14-16 How-
ever, it appears that downstream of this initial step different
intermediates are utilized during the biosynthesis of various
aminocyclitols. For example, during acarbose biosynthesis, 2-epi-

5-epi-valiolone is activated by the kinase AcbM to give 2-epi-5-
epi-valiolone 7-phosphate.17 Phosphorylated intermediates are then
required for further processing. On the other hand, during valida-
mycin biosynthesis, 2-epi-5-epi-valiolone undergoes epimerization
and dehydration to yield the intermediate, valienone (20), prior to
phosphorylation. ValC, a homologue of the acarbose kinase, AcbM,
was found in the validamycin gene cluster; however, this enzyme
was not able to phosphorylate 2-epi-5-epi-valiolone (17). Instead,
it was shown to phosphorylate20 and its saturated form validone
to their corresponding 7-phosphate derivatives.18 It has been
proposed that the divergence of the two pathways is due to the
discrete substrate specificities of the kinases operating in the two
systems. The incorporation of 2-epi-5-epi-valiolone, but not va-
lienone, into pyralomicin suggests that the formation of its cyclitol
moiety more likely resembles that of the core moiety of acarbose
(Scheme 1). Biosynthetic feeding experiments in the pyralomicin
producer support a biosynthetic pathway that includes the phos-
phorylation of 2-epi-5-epi-valiolone to its 7-phosphate derivative
followed by epimerization at C-2 and dehydration at C-5/C-6 to
give valienone 7-phosphate (Scheme 1). The modest incorporation
of 5-epi-valiolone (only about 10%) into pyralomicin 1a could be
due to the phosphorylation of 5-epi-valiolone by the kinase, albeit
less efficiently than 2-epi-5-epi-valiolone, to generate the down-
stream intermediate 5-epi-valiolone 7-phosphate.

The mechanism required for the formation of the unique core
structure benzopyranopyrrole during pyralomicin biosynthesis is
unknown. The carbonyl group of the precursor proline was found
to migrate to theâ position of the pyrrole ring in pyralomicin 1a.
However, on the basis of the results of feeding experiments14 and

Figure 1. Chemical structures of selected aminocyclitol (or cyclitol)-containing natural products. Themyo-inositol-derived aminocyclitol
is highlighted in blue, the 2-deoxy-scyllo-inosose-derived aminocyclitols are highlighted in green, the cyclopentitol-derived aminocyclitols
are highlighted in pink, and the 2-epi-5-epi-valiolone-derived aminocyclitols are highlighted in gray.
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Walsh and co-workers’ study on the pyoluteorin enzymes,11 it is
predicted that the pyrrole ring is derived fromL-proline, which is
activated and loaded onto a peptidyl carrier protein. In the
pyoluteorin system, the halogenation of the pyrrole ring occurs on
the carrier protein bound substrate, yielding a dichloropyrrolyl
derivative.12 A similar biosynthetic route is predicted for pyralo-
micin biosynthesis where a enzyme-bound 5-chloropyrrolyl deriva-
tive will be transferred to a polyketide synthase and extended to
give a tetraketide intermediate (Scheme 2). Cyclization of the
tetraketide and its release from the polyketide synthase would give
compound28, which is almost identical to pyoluteorin (14).
However, in pyralomicin 1a biosynthesis, a second halogenation
is expected to occur on the aromatic ring. The product would then
be converted to the benzopyranopyrrole structure through an
unknown rearrangement mechanism. This would be followed by a
“cyclitolation” reaction, presumably by anN-glycosyltransferase
that can transfer an activated cyclitol unit to the aglycon.

Biosynthesis of Validamycin and Engineered Production
of Validoxylamine A

Validamycin A (5) is a fungistatic compound isolated from
Streptomyces hygroscopicusvar. jinggangensis5008 andS. hy-

groscopicusvar. limoneus19 and is used widely in certain countries
in Asia for the treatment of the sheath blight disease in rice plants
caused byRhizoctonia solani. This fungus also causes diseases in
potatoes, vegetable damping off, and brown patches on golf courses.
In fungi, trehalose is commonly used as a storage carbohydrate,
which can be hydrolyzed by the enzyme trehalase to glucose for
energy supply and other physiological purposes. Extensive studies
on the mechanism of action of validamycin A have revealed that
in fungal cells validamycin A is hydrolyzed to validoxylamine A,
and the latter compound strongly inhibits trehalase. Validoxylamine
mimics the oxocarbonium ion transition state of sugar hydrolysis
and binds strongly to the enzyme, while the nitrogen bridge of the
molecule is resistant to enzyme hydrolysis.

A 45 kb sequence of DNA fragment containing the biosynthetic
gene cluster of validamycin inS. hygroscopicusvar. jinggangensis
5008 revealed 16 structural genes, two regulatory genes, five genes
related to transport, transposition/integration, and tellurium resis-
tance, and another four genes with no obvious identity.5 However,
among the 16 structural genes, only eight were found to be essential
for the synthesis of validamycin A in a heterologous host,S. liVidans
1326. These include genes that encode a 2-epi-5-epi-valiolone
synthase (ValA), a nucleotidyltransferase (ValB), a cyclitol kinase
(ValC), a glycosyltransferase (ValG), an epimerase/dehydratase
(ValK), a validoxylamine A 7′-phosphate synthase (ValL), an
aminotransferase (ValM), and a cyclitol reductase (ValN). When the
glycosyltransferase gene (ValG) was excluded from the expression
system, only the intermediate validoxylamine A could be produced
by the heterologous host, which suggests that ValG is responsible
for the last step of the glycosylation process. This result is in good
agreement with that proposed previously by Kameda et al.,20 based
on their feeding experiments with [14C]validoxylamine A to the
culture of a validamycin-producingStreptomycessp. that demon-
strated the conversion of [14C]validoxylamine A into validamycin
A with a 14.25% incorporation rate. Inactivation ofValG in the
wild-type strain abolished the production of validamycin (5) and
resulted in the accumulation of validoxylamine A (29).5 In Vitro
experiments using recombinant ValG showed that this enzyme uses
UDP-glucose and to some extent GDP-glucose as sugar donors to
convert29 to 5 (Scheme 3). Interestingly, ValG also recognized
UDP-galactose as sugar donor, giving rise to a novel analogue of

Figure 2. Chemical structures of the pyralomicins and other related
compounds.

Figure 3. Biosynthetic origin of pyralomicin 1a.

Figure 4. Isotopically labeled compounds used in feeding experi-
ments with the pyralomicin producer.
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5, galactosylvalidoxylamine A (Minagawa, K.; Xu, H.; Mahmud,
T., unpublished data).

Biosynthesis of Cetoniacytone

Cetoniacytone A (9) is a moderate antitumor agent produced by
an endosymbioticActinomycessp. strain Lu9419, which was
isolated from the intestines of the insect rose chafer (Cetonia
aurata).21 It possesses an unusual C7N-aminocyclitol moiety in its
structure, in which the amino group is acetylated and located at
the C-2 position. The same core structure is found in the
antirheumatoid arthritis agents, the epoxyquinomicins (31), which
were isolated from the culture broth ofAmycolatopsissp. strain
MK 299-95 F4 (Figure 5).22

The biosynthetic origin of cetoniacytone A (9) has been studied
by feeding experiments using [U-13C]glycerol in the cetoniacytone
producer. The results showed labeling and coupling patterns similar
to those of the valienamine moiety of acarbose (4) and validamycin
A (5).21 Further experiments with isotopically labeled 2-epi-5-epi-
valiolone confirmed the involvement of this common precursor in
the biosynthesis of cetoniacytone A (9).7 However, the uniqueness
of the cetoniacytone core structure, which is in many aspects
different from the valienamine moiety, has encouraged us to study
their formation at the molecular level. A genomic library of
Actinomycessp. Lu 9419 has been constructed in theStreptomyces

shuttle vector pOJ44623 and was screened using the acarbose 2-epi-
5-epi-valiolone synthase geneacbCas a heterologous probe. Partial
sequencing of the positive fragments revealed the presence of a
2-epi-5-epi-valiolone synthase gene (cetA) and three additional
genes encoding a putative glyoxalase (cetB), a hypothetical protein
(cetC), and anN-acetyltransferase (cetD).7 Sequence comparisons
showed that CetA is highly similar to AcbC and ValA (the
validamycin 2-epi-5-epi-valiolone synthase) with 50% and 55%
identity, respectively. CetA is also similar (21% identity) with
3-dehydroquinate (DHQ) synthases, the shikimate pathway enzyme
involved in the biosynthesis of aromatic amino acids. The actual
function of CetA was confirmed by heterologous expression of the
recombinant protein inE. coli, which was shown to catalyze the
conversion of sedoheptulose 7-phosphate to 2-epi-5-epi-valiolone.7

This enzyme requires NAD+ and Co2+ for its activity, and the
reaction mechanism has been proposed to resemble that of 3-deoxy-
D-arabino-heptulosonate 7-phosphate (DAHP) to 3-dehydroquinic
acid (DHQ) by the DHQ synthase family of enzymes.24 While the
functions of CetB and CetC in the biosynthesis of cetoniacytone
are not clear, CetD is believed to catalyze the acetylation of
cetoniacytone B (30) to cetoniacytone A (9). This reaction most
likely takes place last in the biosynthesis. Feeding experiments with
sodium [1-13C]acetate showed the incorporation of the acetate only
into theN-acetyl moiety of cetoniacytone A. It has been reported

Scheme 1.Distinct Biosynthetic Pathways to Validamycin and Acarbose/Pyralomicin

Scheme 2.Proposed Formation of the Aglycon Unit of Pyralomicin Involving the NRPS and the PKS Machineries
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that cultures ofActinomycessp. strain Lu9419 without the addition
of sodium acetate produced more unacetylated30.21

Biosynthesis of BE-40466

BE-40644 (10) is a hybrid isoprenoid-cyclitol-derived inhibitor
of the human thioredoxin system produced byActinoplanessp.
A40644.25 Feeding experiments with [1-13C]acetate and [1-13C]-
glucose revealed that the isoprenoid portion of the compound is
derived from the mevalonate pathway, whereas the cyclitol is
derived from a pathway similar to those reported for some C7N-
aminocyclitol-containing natural products.26

The gene cluster of BE-40466 has been isolated fromActino-
planes sp. A40644 by Dairi and co-workers.6 Included in this
pathway are a set of genes (orf2-orf7) homologous to those of
the mevalonate pathway. These are believed to be responsible for
the biosynthesis of the isoprene units found in BE40644. Additional
genes includeorf9-orf13 responsible for the formation of the
cyclitol unit (Figure 6),orf1 and orf14 encoding a polyprenyl
diphosphate synthase and prenyltransferase, respectively, and
hypothetical and regulatory proteins (orf15-orf18). BE-orf9 en-
codes a putative 2-epi-5-epi-valiolone synthase that shares homol-
ogy with ValA (56% identity/68% similarity), CetA (54% identity/
65% similarity), and AcbC (57% identity/70% similarity) from the
validamycin, cetoniacytone, and acarbose pathways, respectively.
Biochemical characterization of recombinant BE-Orf9 produced in
E. coli revealed that the enzyme selectively converts sedoheptulose
7-phosphate to 2-epi-5-epi-valiolone, confirming its function as
2-epi-5-epi-valiolone synthase.7 While no further biochemical data
were available for the functions of the downstream enzymes, the
lack of a cyclitol kinase in the cluster suggested that 2-epi-5-epi- valiolone may be transferred to the core cyclitol moiety without a

phosphorylation step (Scheme 4).

Bioinformatic Analysis of the 2-epi-5-epi-Valiolone
Synthases within the Sugar Phosphate Cyclase (SPC)
Superfamily

As described above, the amino acid sequences of 2-epi-5-epi-
valiolone synthases are similar to those of the DHQ synthases of
the shikimate pathway, as well as with the aminoDHQ synthases,
which are involved in the biosynthesis of 3-amino-5-hydroxybenzoic
acid (AHBA) (Scheme 5).27 The latter compound is the precursor
of many bioactive natural products, such as rifamycin, maytansine,
and mitomycin. These enzymes all utilize C7-sugar phosphates as

Scheme 3.Heterologous Expression of Seven Genes from the Validamycin Cluster inS. liVidansResulted in the Production of
Validoxylamine A (A); Addition of the valG Gene into the Mutant Gave Rise to Validamycin A (B)

Figure 5. Chemical structures of the cetoniacytones and epoxyqui-
nomycin C.

Scheme 4.Proposed Biosynthetic Pathway to BE-40644
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substrates. Alignment of the amino acid sequences of those different
groups of enzymes revealed that they share a number of highly
conserved motifs with the 2-epi-5-epi-valiolone synthases. The
fourth class of sugar phosphate cyclases (SPCs) that are phyloge-
netically related to the DHQ synthases is the 2-deoxy-scyllo-inosose
synthases. These enzymes are involved in the cyclization of glucose
6-phosphate to 2-deoxy-scyllo-inosose, the precursor of 2-deoxy-
streptamine-containing aminoglycosides, e.g., kanamycin, neomy-
cin, and butirosin.1

Phylogenetic analysis of sugar phosphate cyclases, the sequences
of which were selected from the database, showed high correlations
between protein similarities with the predicted enzyme function
(Figure 7). It also revealed that each subclass of SPC has a unique

signature of altered binding-pocket residues when compared with
DHQ synthases, which are the most well-studied subclass of SPC
enzymes.7 This information can be used as a tool for screening
novel aminocyclitol-containing natural products from other micro-
organisms. Interestingly, results from the phylogenetic analysis have
also revealed a number of hypothetical proteins and putative DHQS,
mostly of cyanobacterial and fungal origin, that form two separate
clades that are distinct from the other families of SPCs (Figure
7).7 All of these novel homologues have been identified from
genome sequencing projects. Recently, the identification of the
scytonemin biosynthetic gene cluster inNostoc punctiformeATCC
29133 identified Nos3 as a dedicated DHQS utilized in the
biosynthesis of this UV-protective natural product.28 Furthermore,
our additional analysis of the genes neighboringnos4revealed their
possible involvement in ubiquinone biosynthesis, suggesting that
ubiquinone biosynthesis inN. punctiformemay also harness the
activity of a dedicated DHQS during product formation. The
function of the remaining homologues in the other clade is currently
unknown, but may be involved in the formation of novel cyclitol-
containing natural products in cyanobacteria and fungi. Efforts
toward the identification and isolation of such molecules in
cyanobacteria are currently being pursued in our laboratory.

Summary and Perspectives

The wealth of knowledge obtained from studies on natural
products biosynthesis has provided new opportunities to produce
novel analogues of natural products via biosynthetic approaches.
These include genetic manipulations of the biosynthetic gene
clusters, application of recombinant proteins for chemoenzymatic
synthesis, and incorporation of alternate precursors for mutasyn-
thesis. Using these approaches, hundreds of structurally altered
antibiotics have recently been generated, ranging from analogues
of the antibacterial agent erythromycin29 to the athelmintic aver-
mectins30 and the antitumor indolocarbazoles.31 The same ap-

Scheme 5.Biosynthetic Pathways That Parallel the Initial Steps in Shikimate Biosynthesisa

a DOS ) 2-deoxy-scyllo-inosose synthase, EVS) 2-epi-5-epi-valiolone synthase, DHQS) dehydroquinate synthase, aDHQS) aminodehydroquinate synthase.

Figure 6. Partial biosynthetic gene cluster of BE-40644.6
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proaches may be employed for the production of novel analogues
of aminocyclitol-containing compounds. Our recent work on
validamycin biosynthesis has provided evidence that such ap-
proaches are feasible. The identification of the gene cluster inS.
hygroscopicusvar. jinggangensis5 has provided tools not only to
study the biosynthesis of validamycin at the molecular level but
also to produce the compound in a heterologous host and to generate
novel analogues of validamycin using recombinant proteins. It may
also be possible to engineer rice plants and other susceptible crops
to produce validamycin A, which can protect them from the sheath
blight disease directly.32

Through our studies on the biosynthesis of the C7N-aminocy-
clitols, we recognized that 2-epi-5-epi-valiolone synthase genes
appear to be a predominant hallmark of the biosynthetic gene
clusters of this class of natural products. The enzymes represent a
subclass of the sugar phosphate cyclase superfamily, which catalyze
the cyclization of sugar phosphates to produce a variety of cyclitol
intermediates that serve as the building blocks of many primary
and secondary metabolites. A comparative analysis of the amino
acid sequences of the sugar phosphate cyclase superfamily revealed
that the 2-epi-5-epi-valiolone synthase genes are distinctive enough
so that class-specific degenerate PCR primers can be used to
selectively amplify gene homologues from metabolically and
genetically untapped organisms. This approach can potentially lead
to the isolation of novel aminocyclitol-containing natural products,
as well as the identification of their genetic codes.In silico studies
of the sugar phosphate cyclase enzymes have also revealed a
potentially new type(s) of enzymes distributed in fungi and
cyanobacteria, which are subject to our current investigations.
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