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Nature continues to be the inspiration for most pharmaceutical
drug leads, and given the synthetic challenge posed by many
complex secondary metabolites, the emerging field of combina-
torial biosynthesis has become a rich new source for modified
non-natural scaffolds.1 Yet, many naturally occurring bioactive
secondary metabolites possess unusual carbohydrate ligands,
which serve as molecular recognition elements critical for
biological activity.2 Without these essential sugar attachments,
the biological activities of most clinically important secondary
metabolites are either completely abolished or dramatically
decreased. We and others have demonstrated that glycosyltrans-
ferases, responsible for the final glycosylation of certain secondary
metabolites, show a high degree of promiscuity toward the
nucleotide sugar donor.3,4 These discoveries have opened the door
to the possibility of manipulating the corresponding biosynthetic
pathways for modifying the crucial glycosylation pattern of
natural, or non-natural, secondary metabolite scaffolds in a
combinatorial fashion. To date, the genetic manipulation of the
carbohydrate appendage for any given metabolite has been limited
to alterations and/or knock-outs of the small subset of genes
required to construct and attach each desired carbohydrate moiety.
However, a significant expansion of the saccharide structure
diversity obtained by these methods might be accomplished via
the recruitment and collaborative action of sugar genes from a
variety of biosynthetic pathways to construct composite clusters
with the potential to make and attach non-natural sugars.

To test this possibility, we selected theStreptomycesVenezuelae
methymycin/pikromycin gene cluster as the parent system and a
gene from the calicheamicin biosynthetic gene cluster (from

Micromonospora echinosporaspp. Calichensis) as the foreign
collaborator gene. The parent cluster encodes the biosynthetic
enzymes for methymycin (1), neomethymycin (2), pikromycin
(3), and narbomycin (4), all of which are macrolides containing
desosamine (5) as the sole sugar component crucial for antibiotic
activity.5 Eight open reading frames (desI-desVIII) in this cluster
have been assigned as genes involved in desosamine biosynthesis
(Scheme 1). The antitumor agent calicheamicin (6) contains four
unique sugars crucial to tight DNA binding (Ka ≈ 106-108), one
of which (9) is derived from 4-amino-4,6-dideoxyglucose (8) and
is part of the unusually restricted N-O connection between sugars
A and B (Scheme 2).6 Compound8 is anticipated to be derived
from the corresponding 4-ketosugar7 via a transamination
reaction, and recent work has led to the assignment of a gene
(calH) as encoding the desired C-4 aminotransferase (Scheme
2).7 Interestingly, the proposed substrate for CalH,7, is also an
intermediate in the desosamine pathway and is expected to exist
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in a tautomerase (DesVIII)-mediated equilibrium with10.8 Thus,
it is conceivable that7 might accumulate in adesI or desVIII
disruption/deletionS. Venezuelaemutant strain. Heterologous
expression ofcalH in this mutant may reconstitute a hybrid
pathway toward new methymycin/pikromycin derivatives which
carry the 4-amino-4,6-dideoxyglucose derived from6.

To test this idea, the 1.2 kbcalH gene was amplified by
polymerase chain reaction (PCR) from pJST1192Kpn7.0Kb, a
subclone containing a 7.0 kbKpnI fragment of cosmid 13a.9 The
amplified gene was cloned into theEcoRI/XbaI sites of the
expression vector pDHS617, which contains an apramycin
resistance marker.10 The resulting plasmid, pLZ-C242, was
introduced by conjugal transfer usingEscherichia coliS 17-111

into a previously constructedS.Venezuelaemutant (KdesI),3c in
which desI was replaced by the neomycin resistance gene that
also confers resistance to kanamycin. The pLZ-C242-containing
S.Venezuelae-KdesI colonies were identified on the basis of their
resistance to apramycin antibiotic (AprR). One of the engineered
strains, KdesI/calH-1, was first grown in 100 mL of seed medium
at 29 °C for 48 h and then inoculated and grown in vegetative
medium (5 L) for another 48 h.12 The fermentation broth was
centrifuged to remove the cellular debris and mycelia, and the
supernatant was adjusted to pH 9.5 with concentrated KOH,
followed by chloroform extraction. The crude products (700 mg)
were subjected to flash chromatography on silica gel using a
gradient of 0-20% methanol in chloroform. A major product,
10-deoxymethynolide (ca. 400 mg), and a mixture of two minor
macrolide compounds were obtained. The two macrolides were
further purified by HPLC on a C18 column using an isocratic
mobile phase of acetonitrile/H2O (1:1). They were later identified
as11 (11.0 mg) and12 (1.5 mg) by spectral analyses.13

The observed production of macrolides11and12by the KdesI/
calH-1 has vast implications. First, the appended hexose (13),
which indeed carries the predicted amino group at C-4, provides
indisputable support for thecalH gene assignment as encoding
the TDP-6-deoxy-D-glycero-L-threo-4-hexulose 4-aminotrans-
ferase of the calicheamicin pathway. Second, the successful
expression of the CalH protein inS. Venezuelaeby the newly
constructed expression vector highlights the potential of using
this system to express other foreign genes in this strain, a
prerequisite for developing more elaborate combinatorial biosyn-
thetic strategies. Moreover, this result also reveals that the
glycosyltransferase (DesVII) of this pathway can recognize
alternative sugar substrates (such as8) whose structures are
considerably different from the original amino sugar substrate,
TDP-D-desosamine (14).3 While the sugar component in the
products is expected to be the aminodeoxy hexose8, the 4-amino
group of the attached sugar component in11 and 12 is N-

acetylated. It is not clear at this point whether the acetylation
occurs on the free sugar or after it is appended to the aglycone.
Since both11 and12 are new compounds synthesized in vivo by
theS.Venezuelaemutant strain, the observedN-acetylation might
be a necessary step for self-protection.14 Indeed, purified11 and
12 are inactive againstStreptococcus pyogenesgrown on Muel-
ler-Hinton agar plates,15 while the controls (methymycin and
pikromycin) show clearly visible inhibition zones.

Another noteworthy, albeit unexpected result was the fact that
the aglycon of the isolated macrolide11 was 10-deoxymethyno-
lide instead of methymycin and neomethymycin analogues that
are hydroxylated. Interestingly, the aglycon of12 was the 14-
membered narbonolide that is also devoid of hydroxylation. It is
possible that the cytochrome P450 hydroxylase (PikC), which
catalyzes the hydroxylation of 10-deoxymethynolide and nar-
bonolide,16 is sensitive to structural variations on the appended
sugar. Indeed, no aglycon hydroxylation was discernible when
11 and12 were incubated with purified PikC in vitro. A similar
observation was also noted in the case where desosamine was
replaced by quinovose.3c It could be argued that the presence of
a substituent (either hydroxyl or amino group) at C-4 in the sugar
moiety is responsible, at least in part, for decreasing or preventing
hydroxylation of the macrolide.

In conclusion, the work presented is proof of principle that
non-natural secondary metabolite glycosylation patterns can be
engineered through a rational selection of heterologous gene
combinations. This demonstrated ability to engage foreign
enzymes in concert with the natural biosynthetic machinery offers
a tremendous potential to generate further structural diversity. By
extension of the present study, the construction of diverse
nucleotide sugar glycosylation precursor pools may soon sub-
stantially enhance current novel drug discovery through combi-
natorial biosynthesis efforts.
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