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The emergence of pathogenic bacteria resistant to many
commonly used antibiotics poses a serious threat to human health
and has been the impetus of the present resurgent search for new
antimicrobial agents.1 Since the first report on using genetic
engineering techniques to create “hybrid” polyketides,2 the
potential of manipulating the genes governing the biosynthesis
of secondary metabolites to create new bioactive compounds,
especially macrolide antibiotics, has received much attention.3 This
class of clinically important drugs consists of two essential
structural components, a polyketide aglycone and the appended
deoxy sugars.4 The aglycone is synthesized via sequential
condensations of acyl thioesters catalyzed by a highly organized
multienzyme complex, polyketide synthase (PKS).5 Recent
advances in our understanding of polyketide biosynthesis have
allowed recombination of the PKS genes to construct an impres-
sive array of novel skeletons.3,5,6 Without the sugar components,
however, these new compounds are usually biologically impotent.
Hence, if one plans to make new macrolide antibiotics by a
combinatorial biosynthetic approach, two immediate challenges
must be overcome, assembling a repertoire of novel sugar
structures and then having the capacity to couple these sugars to
the structurally diverse macrolide aglycones.

Unfortunately, our knowledge of the formation of the unusual
sugars in these antibiotics remains limited.7 Part of the reason
for this comes from the fact that the sugar genes are generally
scattered at both ends of the PKS genes. Such an organization
within the macrolide biosynthetic gene cluster makes it difficult
to distinguish the sugar genes from those encoding regulatory

proteins or aglycone modification enzymes that are also inter-
spersed in the same regions. The task can be made even more
formidable if the macrolides contain multiple sugar components.
In view of the “scattered” nature of the sugar biosynthetic genes,
the antibiotic methymycin (1) and its cometabolite, neomethy-
mycin (2), of StreptomycesVenezuelaepresent themselves as an
attractive system to study the formation of deoxy sugars.8 First,
they carryD-desosamine (3), a prototypical aminodeoxy sugar
that also exists in erythromycin. Second, since desosamine is
the only sugar attached to the macrolactone of1 and 2,
identification of the sugar biosynthetic genes within the methy-
mycin/neomethymycin gene cluster should be possible with much
more certainty. Thus, we have cloned and sequenced the
methymycin/neomethymycin gene cluster, which is about 60 kb
in length.9 Interestingly, a 13 kb stretch of DNA downstream
from the PKS genes was found to harbor the entire desosamine
biosynthetic gene cluster. Among the nine open reading frames
(ORFs) mapped in this segment, eight are believed to be involved
in desosamine formation, while the remaining one,desR, encodes
a macrolideâ-glycosidase that may be involved in a glycosyla-
tion-deglycosylation self-protection mechanism.10 Their identi-
ties, shown in Scheme 1, are assigned on the basis of sequence
similarities to other sugar biosynthetic genes, especially those
derived from the erythromycin cluster.11 While part of the scheme
is still ambiguous because the function of several genes and part
of the reaction sequence cannot yet be clearly defined, the
incorporation of the initial and the final few steps in the proposed
pathway is well-founded on literature precedent and mechanistic
intuition for the construction of aminodeoxy sugars.7

With these genes in hand, we decided to explore whether new
methymycin/neomethymycin analogues carrying modified sugars
could be generated by altering the desosamine biosynthetic genes.
The desVI gene, which has been predicted to encode the
N-methyltransferase,11 was chosen as our initial target for two
reasons. First, deletion ofdesVIshould have little polar effect12

on the expression of other desosamine biosynthetic genes because
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the ORF (desR) lying immediately downstream fromdesVIis not
directly involved in desosamine formation,10a and those lying
further downstream are transcribed in the opposite direction.
Second, since N,N-dimethylation is almost certainly the last step
in the desosamine biosynthetic pathway,7,11 perturbing this step
may lead to the accumulation of4, which stands the best chance
among all of the other intermediates of being recognized by the
glycosyltransferase (DesVII) for successful linkage to the mac-
rolactone6.13 Thus, a plasmid pBL3001, in whichdesVIwas
replaced by the thiostrepton resistance gene (tsr),14 was con-
structed and introduced into wild typeS. Venezuelaeby conjugal
transfer usingEscherichia coliS17-1.15 Two identical double
crossover mutants, KdesVI-21 and KdesVI-22 with phenotypes
of thiostrepton resistance (ThioR) and apramycin sensitivity
(ApmS) were obtained. Southern blot hybridization usingtsr or
a 1.1 kbHincII fragment from thedesVIIregion further confirmed
that thedesVIgene was indeed replaced bytsr on the chromosome
of these mutants. The KdesVI-21 mutant was first grown at 29
°C in seed medium (100 mL) for 48 h and then inoculated and
grown in vegetative medium (3 L) for another 48 h.16 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 extraction with chloroform. No
methymycin or neomethymycin was found; instead, the 10-
deoxymethynolide6 (350 mg)17 and two new macrolides contain-
ing an N-acetylated amino sugar,7 (20 mg) and8 (15 mg), were
isolated. Their structures were determined by spectral analyses
and high-resolution MS.18

The fact that compounds7 and8 bearing modified desosamine
are produced by thedesVI-deletion mutant is an exciting
discovery.13 However, this result is also somewhat surprising since
the sugar component in the products is expected to be the
aminodeoxy hexose4. As illustrated in Scheme 2, it is possible
that7 and8 are derived from the predicted9 and10, respectively,
by a postsynthetic nonspecific acetylation of the attached amin-
odeoxy sugar. It is also conceivable that N-acetylation of4 occurs
first, followed by coupling of the resulting sugar11 to the 10-
deoxymethynolide6. Although the exact sequence of events
remains to be determined, the lack of N-methylation of the sugar
component in these new products provides convincing evidence,
sustaining the assignment ofdesVIas theN-methyltransferase
gene. Most significantly, the production of7 and8 by thedesVI-
deletion mutant attests to the fact that the glycosyltransferase
(DesVII) in methymycin/neomethymycin pathway is capable of
recognizing and processing sugar substrates other than TDP-
desosamine (5). Since both 7 and 8 are new compounds
synthesized in vivo by theS. Venezuelaemutant strain, the

observed N-acetylation might be a necessary step for self-
protection.19,20 Indeed, purified7 and 8 are inactive against
Streptococcus pyogenesgrown on Mueller-Hinton agar plates,21

while the controls (1 and2) show clearly visible inhibition zones.
It should be pointed out that a few glycosyltransferases involved

in the biosynthesis of antibiotics have been shown to have relaxed
specificity toward modified aglycones.6d,e,22 However, a similar
relaxed specificity toward sugar substrates has only been reported
for the glycosyltransferases in the daunorubicin23 and erythro-
mycin11c,24pathways, in which these enzymes are able to recognize
modified sugars and catalyze their coupling to the respective
aglycones. Thus, the fact that the methymycin/neomethymycin
glycosyltransferase can also tolerate structural variants of its sugar
substrate is an encouraging result. If such a property holds true
for glycosyltransferases from other antibiotic biosynthetic path-
ways, the promise of creating biologically active hybrid natural
products by genetic engineering may be one step closer to being
realized.25
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