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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 tfi¢-&ninocyclitol-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. Resulis aflico 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 numbbi-ahi@ocyclitol-

containing compounds and the potential use of bioinformatic approaches to search for novel aminocyclitol-containing
natural products.

Introduction collaboration with the Deng group, we have recently identified and
functionally analyzed the biosynthetic gene cluster of the antifungal

Among .the myrqu of naturally occurring ;ompounds are the agent validamycin irStreptomyces hygroscopicuar. jinggangen-
aminocyclitol-containing natural products, which represent a large sis5 Further studies have also been carried out in a number of

family of sugar-derived microbial secondary metabolites. These different GN-aminocyclitol-containing natural products, such as

include the clinically Important amlnoglycosmg antibiotics, €.9.. yhe antibacterial agents the pyralomici6s&nd the antitumor agent
kar!amycw_l 0. neomycin g). and streptomycin3), th? GN- cetoniacytone A9), as well as in the human thioredoxin system
amlnocyclltol-contalnmg pqmpounds, €.9., acarbdse\_/(ahdamy- inhibitor BE-40644 10). Although the latter compound does not
C'“.A (5)’ and pyraloml_cm §), and the_ cyclo_pentnol-denved have nitrogen in its structure, the formation of theag@clitol moiety
antibiotics, .g., pactamyciaXand _trehazolln&) (Figure 1) Man_y appears to resemble that of theNzaminocyclitols. This finding

.Of these compognds are used widely for the treatment of dlseageqs supported through the recent elucidation and characterization of
in huma_ns, animals, qnd plants. - For example, strgp_tomyc_m, the BE40644 biosynthetic gene clustérThe present review
kanam_yqn, an(_j neomycin have long be(_en used in the cllryc a9ainstyescribes our recent progress in the biosynthetic studies of this class
bacterial infections,whereas acarbose is a potenglucosidase of compounds. The potential use of bioinformatic approaches to

|n_h|b|tor used for the treatmen_t of msulm-_mdependent type-Il search for novel aminocyclitol-containing natural products is also
diabetes. On the other hand, validamycin A is an important crop discussed

protectant, particularly against sheath blight disease of rice plants.
On the basis of their origins, the aminocyclitols can be divided Biosynthesis of Pyralomicin inNonomuraea spiralis
into four classe$:(1) themycinositol-derived aminocyclitols [e.g., The pyralomycins are a set of antibiotics isolated from the soil
streptomycin 8)], (2) the 2-deoxyscylloinosose-derived aminocy-  pacteriumNonomuraea spiralisly Takeuchi and co-workers in
clitols .[e.g., kanamycin 1()], (3) the cyclopen.titol-d.eriv.ed ami- 19968 Pyralomicin 1a {1), the major product, has a unique
nocyclitols [e.g., pactamycirv)], and (4) the 2epi-S-epi-valiolone- structure: a benzopyranopyrrole chromophore connected to a
derived aminocyclitols [e.g., validamycin ). While the first cyclitol, which is rarely seen in secondary metabolites (Figure 2).
three classes qf aminocyclitols have been found to be o.rlglna.ted-rhe same bacterium also produces pyralomicins12) &nd its
from a hexose, i.e., glucose 6-phosphate, the fourth class is d‘?“"‘?danalogues, containing glucose as the glycon. The core benzopyra-
from a G-sugar phosphate, sedoheptulose 7-phosphate, which iS5y rrole unit in pyralomicin is similar to that of TAN-876A.9)
one of the key sugar phosphate intermediates in the pentose,,q TAN-876B (5) isolated from aStreptomycesp. by a group
phosphate pathway. at the Takeda Company. It is also similar to pyoluteofid) @nd
Over the past several years, our group has been studying thepyrrolomycin (L6), which are produced bseudomonaspp. and
biosynthesis of the f-aminocyclitol family of natural products.  ActinosporangiurtStreptomycespp., respectively.
Using both conventional feeding experiments and contemporary  The biosynthetic gene cluster of pyrrolomycin has been identified
molecular genetic approaches, progress has been made in undefrecently from two different producing organisns;tinosporangium
standing the formation of this class of natural products. In itaminophilum ATCC 31673 andStreptomycesp. strain UC
11065? Some of the genes were found to be similar to those of the
#Based on a Matthew Suffness Award lecture presented at the 47th pyoluteorin cluster, which was identified earlier within a 24 kb
Annual Meeting of the American Society of Pharmacognosy, Arlington, genomic region of. fluorescend>f-5 by Loper and co-workers,

VA*(_'I_NJQUhSt 5-9, 2006)-d hould be add A Tel: (541) 737.9679 revealing 10 genes involved in the formation of pyoluteétifihese

Fax: (()5‘2’1;) %%?g;gg_og_;gﬁ? STa(;‘Lé.Ma?wgudrgcpsosrig'on;ét(e. ed)u. ) “include genes that encode proteins homologous to type | polyketide
T Department of Pharmaceutical Sciences. synthases (PItB, PItC), an acyl-CoA dehydrogenase (PItE), an acyl-
* Genetics Program. CoA synthase (PItF), a thioesterase (PItG), three halogenases (PItA,
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Figure 1. Chemical structures of selected aminocyclitol (or cyclitol)-containing natural productanybositol-derived aminocyclitol

is highlighted in blue, the 2-deoxseyllo-inosose-derived aminocyclitols are highlighted in green, the cyclopentitol-derived aminocyclitols
are highlighted in pink, and the &i-5-epi-valiolone-derived aminocyclitols are highlighted in gray.

cetoniacytone A (9)

PItD, and PItM), and a peptidyl-carrier protein (PItL). More recently, 5-epivaliolone is activated by the kinase AcbM to giveefi5-
Walsh and co-workers have characterized a number of enzymesepivaliolone 7-phosphat€.Phosphorylated intermediates are then

involved in the biosynthesis of this compound, including PItE, PItF,

required for further processing. On the other hand, during valida-

and PItL, and found that these three proteins are sufficient for the mycin biosynthesis, 2pi-5-epivaliolone undergoes epimerization

conversion oft-proline to pyrrolyl-2-carboxylS-PCP, a carrier
protein bound intermediate of pyoluteorin biosynthésigurther

and dehydration to yield the intermediate, valieno2@,(prior to
phosphorylation. ValC, a homologue of the acarbose kinase, AcbM,

characterization revealed that this intermediate serves as thewas found in the validamycin gene cluster; however, this enzyme

substrate for the PItA halogenae.
The biosynthetic origin of pyralomicin has been studied by

was not able to phosphorylateep5-epivaliolone (7). Instead,
it was shown to phosphoryla9 and its saturated form validone

Takeuchi and co-workers through feeding experiments with a to their corresponding 7-phosphate derivatitedt has been

number of isotopically labeled compoun@sThe results revealed

that the pyralomicin core structure is derived from proline, acetate,

and propionate, whereas the cyclitol moiety is derived from

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 épi-5-epivaliolone, but not va-

D-glucose via the pentose phosphate pathway (Figure 3). Subsedienone, into pyralomicin suggests that the formation of its cyclitol

quently, in collaboration with the Naganawa group, we carried out
feeding experiments with a number of synthetically prepared
deuterium-labeled cyclitols, i.e., &i5-epi-[6-2H;]valiolone ([6-
2H,]-17), 5-epi[6-2Hy]valiolone ([64H,]-18), [6-2H,]valiolone ([6-
2H,]-19), [6-2H]valienone ([62H]-20), [6-?H]valienol ([6°H]-21),
1-epk[6-2H]valienol ([62H]-22), 5-epi[6-2H;]valiolol ([6-2H,]-23),
and lepi5-epi[6-2H,]valiolol ([6-2H,]-24) (Figure 4). It was found
that only 2epi-5-epivaliolone (L7) and 5epivaliolone (L8) were
incorporated into the cyclitol moiety of pyralomicin 1a with specific
incorporation rates of 23% and 10%, respectivély.
2-epi5-epiValiolone (17) is known to be a common intermediate
for many GN-aminocyclitol-derived natural products: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 biosynthesépi2-

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 2epi5-epivaliolone 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-epivaliolone (only about 10%) into pyralomicin 1la could be
due to the phosphorylation of &si-valiolone by the kinase, albeit
less efficiently than 2pi-5-epivaliolone, to generate the down-
stream intermediate &pivaliolone 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 the3 position of the pyrrole ring in pyralomicin 1a.
However, on the basis of the results of feeding experiniéatsd
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Figure 2. Chemical structures of the pyralomicins and other related

compounds.
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Figure 4. Isotopically labeled compounds used in feeding experi-
ments with the pyralomicin producer.

groscopicusvar. limoneud® and is used widely in certain countries
in Asia for the treatment of the sheath blight disease in rice plants
caused byRhizoctonia solaniThis 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 i8. hygroscopicusar. 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 ideftitpwever,
Walsh and co-workers’ study on the pyoluteorin enzydtdsjs among the 16 structural genes, only eight were found to be essential
predicted that the pyrrole ring is derived framproline, which is for the synthesis of validamycin A in a heterologous h8stividans
activated and loaded onto a peptidyl carrier protein. In the 1326. These include genes that encode epi-epivaliolone
pyoluteorin system, the halogenation of the pyrrole ring occurs on synthase falA), a nucleotidyltransferasedIB), a cyclitol kinase
the carrier protein bound substrate, yielding a dichloropyrrolyl (yalC), a glycosyltransferaseslG), an epimerase/dehydratase
derivative? A similar biosynthetic route is predicted for pyralo-  (yalK), a validoxylamine A 7-phosphate synthasesglL), an
micin biosynthesis where a enzyme-bound 5-chloropyrrolyl deriva- aminotransferase/4IM), and a cyclitol reductaseIN). When the
tive will be transferred to a polyketide synthase and extended to glycosyltransferase genealG) was excluded from the expression
give a tetraketide intermediate (Scheme 2). Cyclization of the system, only the intermediate validoxylamine A could be produced
tetraketide and its release from the polyketide synthase would give by the heterologous host, which suggests that ValG is responsible
compound 28, which is almost identical to pyoluteorinl4). for the last step of the glycosylation process. This result is in good
However, in pyralomicin 1a biosynthesis, a second halogenation agreement with that proposed previously by Kameda é¢ based
is expected to occur on the aromatic ring. The product would then on their feeding experiments witB4C]validoxylamine A to the
be converted to the benzopyranopyrrole structure through an culture of a validamycin-producingtreptomycesp. that demon-
unknown rearrangement mechanism. This would be followed by a strated the conversion ofC]validoxylamine A into validamycin
“cyclitolation” reaction, presumably by aN-glycosyltransferase A with a 14.25% incorporation rate. Inactivation g&lG in the
that can transfer an activated cyclitol unit to the aglycon. wild-type strain abolished the production of validamyc#) &nd
. . . . . . resulted in the accumulation of validoxylamine 29(.5 In vitro
Blosyr_ItheS|s Of Validamycin and Engineered Production experiments using recombinant ValG showed that this enzyme uses
of Validoxylamine A UDP-glucose and to some extent GDP-glucose as sugar donors to
Validamycin A () is a fungistatic compound isolated from convert29 to 5 (Scheme 3). Interestingly, ValG also recognized
Streptomyces hygroscopicuar. jinggangensis5008 andS. hy- UDP-galactose as sugar donor, giving rise to a novel analogue of

Figure 3. Biosynthetic origin of pyralomicin 1a.
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Scheme 1.Distinct Biosynthetic Pathways to Validamycin and Acarbose/Pyralomicin
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5, galactosylvalidoxylamine A (Minagawa, K.; Xu, H.; Mahmud, shuttle vector pOJ448and was screened using the acarbospi2-
T., unpublished data). 5-epivaliolone synthase geraebCas a heterologous probe. Partial
) ) ) sequencing of the positive fragments revealed the presence of a
Biosynthesis of Cetoniacytone 2-epi5-epivaliolone synthase genedt”) and three additional

Cetoniacytone Ag) is a moderate antitumor agent produced by 9€nes encoding a putative glyoxalaset®), a hypothetical protein
an endosymbioticActinomycessp. strain Lu9419, which was  (CetQ, and anN-acetyltransferase¢tD).” Sequence comparisons
isolated from the intestines of the insect rose chaf@etgnia ~ Showed that CetA is highly similar to AcbC and ValA (the
auratd).2! It possesses an unusuaiNeaminocyclitol moiety in its validamycin 2epi5-epivaliolone synthase) with 50% and 55%
structure, in which the amino group is acetylated and located at identity, respectively. CetA is also similar (21% identity) with
the C-2 position. The same core structure is found in the 3-dehydroguinate (DHQ) synthases, the shikimate pathway enzyme

antirheumatoid arthritis agents, the epoxyquinomicB®,(which involved in the biosynthesis of aromatic amino acids. The actual
were isolated from the culture broth éimycolatopsisp. strain ~ function of CetA was confirmed by heterologous expression of the
MK 299-95 F4 (Figure 5¥? recombinant protein irE. coli, which was shown to catalyze the

The biosynthetic origin of cetoniacytone 8)(has been studied ~ conversion of sedoheptulose 7-phosphate épi5-epivaliolone’
by feeding experiments using [€]glycerol in the cetoniacytone ~ This enzyme requires NADand CG@* for its activity, and the
producer. The results showed labeling and coupling patterns similarreaction mechanism has been proposed to resemble that of 3-deoxy-
to those of the valienamine moiety of acarbo$eand validamycin ~ D-arabino-heptulosonate 7-phosphate (DAHP) to 3-dehydroquinic
A (5).21 Further experiments with isotopically labeledpi-5-epi- acid (DHQ) by the DHQ synthase family of enzyntésVhile the
valiolone confirmed the involvement of this common precursor in functions of CetB and CetC in the biosynthesis of cetoniacytone
the biosynthesis of cetoniacytone 8) However, the uniqueness are not clear, CetD is believed to catalyze the acetylation of
of the cetoniacytone core structure, which is in many aspects cetoniacytone B30) to cetoniacytone AY). This reaction most
different from the valienamine moiety, has encouraged us to study likely takes place last in the biosynthesis. Feeding experiments with
their formation at the molecular level. A genomic library of sodium [13*C]acetate showed the incorporation of the acetate only
Actinomycesp. Lu 9419 has been constructed in 8teeptomyces into the N-acetyl moiety of cetoniacytone A. It has been reported
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Scheme 3.Heterologous Expression of Seven Genes from the Validamycin Clusgrliridans Resulted in the Production of
Validoxylamine A (A); Addition of the valG Gene into the Mutant Gave Rise to Validamycin A (B)
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that cultures oActinomycesp. strain Lu9419 without the addition
of sodium acetate produced more unacetyl@@d!

Biosynthesis of BE-40466

BE-40644 (0) is a hybrid isoprenoid-cyclitol-derived inhibitor
of the human thioredoxin system produced Agtinoplanessp.
A4064425 Feeding experiments with [BClacetate and [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 somi-C
aminocyclitol-containing natural produc.

The gene cluster of BE-40466 has been isolated fAmtino-
planessp. A40644 by Dairi and co-workefsincluded in this
pathway are a set of genesrig—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),orfl and orfl4 encoding a polyprenyl

diphosphate synthase and prenyltransferase, respectively, and

hypothetical and regulatory proteiner{15—orf18). BE-orf9 en-
codes a putative pi-5-epivaliolone 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. colirevealed that the enzyme selectively converts sedoheptulose

7-phosphate to 2pi5-epivaliolone, confirming its function as
2-epi5-epivaliolone synthaséWhile no further biochemical data

were available for the functions of the downstream enzymes, the

lack of a cyclitol kinase in the cluster suggested thap25-epi-

cetoniacytone A (9): R = COCHj3
cetoniacytone B (30): R=H
epoxyquinomicin C (31)

Figure 5. Chemical structures of the cetoniacytones and epoxyqui-
nomycin C.
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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 efiB-epk
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§7 The latter compound is the precursor
of many bioactive natural products, such as rifamycin, maytansine,
and mitomycin. These enzymes all utilize-€ugar phosphates as
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Figure 6. Partial biosynthetic gene cluster of BE-40644.
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signature of altered binding-pocket residues when compared with
DHQ synthases, which are the most well-studied subclass of SPC
enzymed. 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). All of these novel homologues have been identified from
genome sequencing projects. Recently, the identification of the
scytonemin biosynthetic gene clusteMNostoc punctiform@&TCC
29133 identified Nos3 as a dedicated DHQS utilized in the
biosynthesis of this UV-protective natural prodétEurthermore,

our additional analysis of the genes neighboriog4revealed their
possible involvement in ubiquinone biosynthesis, suggesting that
ubiquinone biosynthesis iN. 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

substrates. Alignment of the amino acid sequences of those d'ﬁeremcyanobactena are currently being pursued in our laboratory.
groups of enzymes revealed that they share a number of highly

conserved motifs with the 2pi5-epivaliolone synthases. The
fourth class of sugar phosphate cyclases (SPCs) that are phyloge-
netically related to the DHQ synthases is the 2-desogloinosose
synthases. These enzymes are involved in the cyclization of glucose
6-phosphate to 2-deoxseylloinosose, the precursor of 2-deoxy-
streptamine-containing aminoglycosides, e.g., kanamycin, neomy-

cin, and butirosir.

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-

Phylogenetic analysis of sugar phosphate cyclases, the sequencethesis. Using these approaches, hundreds of structurally altered
of which were selected from the database, showed high correlationsantibiotics have recently been generated, ranging from analogues
between protein similarities with the predicted enzyme function of the antibacterial agent erythromyéirto the athelmintic aver-
(Figure 7). It also revealed that each subclass of SPC has a uniquanecting® and the antitumor indolocarbazofsThe same ap-

Scheme 5. Biosynthetic Pathways That Parallel the Initial Steps in Shikimate Biosynthesis
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a0 ValA (validamycin - S. hygroscopicus ABA41506)
- PrlA (pyralomicin - Nonomuraea spiralis ABLT4380) 2-epi-5-epi-valiolone
AcbC (Acarbose - Actinoplanes sp. Q9ZAE9) synthases
49
CetA (cetoniacytone - Actinomycetes sp. ABL74381)
BE-Orf9 (BE-40644 - Actinoplanes sp. BAD07382)
76 19 putative DHQS (Gibberella zeae PH1 XP_387754)
100 — putative DHQS (Aspergillus nidulans XP_664007)
59 95 putative DHQS (Magnaporthe grisea XP_369228) Unknown?
93 putative DHQS #2 (Nostoc punctiforme ZP_00106687) (Nos2)
_: putative DHQS #2 (Anabaena variabilis YP_32458) (Anb2)
i'—_— putative DHQS #4 (Nostoc punctiforme ZP_00112070) (Nos4) dedicated DHQ
putative DHQS #3 (Nostoc punctiforme ZP_00110121) (Nos3) synthases?
95 DHQS (Ralstonia eutropha AAZE2489)
100 DHQS (Burkholderia cenocepacia ZP_00460587)
48 DHQS (Rubrivivax gelatinosus ZP_00241998)

DHQS (Magnetospirillum magnetotacticum ZP_00054968)

DHQS (Clostridium thermocellum ZP_00510500) DHQ synthases
E: putative DHQS#1 (Nostoc punctiforme ZP_00109636) (Nos1)
putative DHQS#1 (Anabaena variabilis ABA23984) (Anb1)
DHQS (Emericella nidulans CAA28836)

DHQS (Symbiobacterium thermophilum Q67N10)

DHQS (Moorella thermoacetica YP_430407)
74 Asmd4T7 (ansamytocin - Actinosynnema pretiosum AAC14006)
A‘_—': GdmO (geldanamycin - S. hygroscopicus AAO06928) AminoDHQ
1 MitP (mitomycin C - Streptomyces lavendulae AAD28456) synthases
S8 L RIfG (rifamycin - Amycolatopsis mediterranei AAC01717)
100 RbmA (ribostamycin - S. ribosidificus CAG34718)
69 _:NemA (neomycin - S. fradiae CAH05101)
80 E KanA (kanamycin - S. kanamyceticus CAE46939) 2-deoxy-scyllo-
77 TbmA (tobramycin - S. tenebracius CAE22471) inosose synthases

GntB (gentamycin - Micromonospora echinospora AAR98548)

BtrC (butirosin - Bacillus circulans BAEOT067)
glycerol dehydrogenase (E. coli AALG1899)

Figure 7. Phylogenetic analysis of the sugar phosphate cyclase superfamily involved in primary and secondary metabolism. The Phylip
software package was used to generate an unrooted maximum likelihoo# tiegdi glycerol dehydrogenase was used as an out group.
Species information and GenBank accession numbers are identified for each protein.
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