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The assembly of macrolides, ansamycins, and other polyketides
on type I modular polyketide synthases (PKSs) involves chain
extension of an acyl starter unit by sequential addition of malonyl-
CoA, methylmalonyl-CoA, or ethylmalonyl-CoA with simultaneous
decarboxylation in the carbon-carbon bond-forming step to add
“acetate”, “propionate”, or “butyrate” units, respectively.1 In rare
cases, isotopic tracer experiments have revealed the presence of
another extender unit, a “glycolate” unit, consisting of two carbons
in the chain which are not labeled by acetate but by glucose or
glycerol, with an oxygen substituent on theR-carbon.2-8 Such
“glycolate” units are seen at C9+10 of maytansinoids3 and C13+14
and C15+16 of FK506 and FK520 (Figure 1),5 as well as, for
example, in geldanamycin,2 leucomycin,4 and soraphen.6 In most
cases, theR-oxygen of these extender units is methylated,2-6

although there are exceptions to this rule, as in the aflastatins.7

Analogy to the other chain extension reactions would predict
that the substrate for the incorporation of these “glycolate” units
should be a thioester of 2-hydroxymalonate or 2-methoxymalonate.
Recently, similar sets of five genes,asm13-17 9 andfkbG-K, have
been identified in the biosynthetic gene clusters for ansamitocin
from Actinosynnema pretiosum10,11and FK520 fromStreptomyces
hygroscopicus,12 respectively. Inactivation ofasm15 led to the
formation of 10-desmethoxy-ansamitocin P-3 instead of ansamitocin
P-3 inA. pretiosum,11 implicating at least this gene in the formation
of the “glycolate” extender unit. The presence of genes encoding
an acyl carrier protein (ACP),asm14and fkbJ,and anO-methyl-
transferase,asm17and fkbG, suggests11,12 that this subcluster is
responsible for the synthesis of a 2-methoxymalonyl moiety on the
activated13 ACP, which then delivers the chain extension substrate
to the PKS. To examine the validity of this hypothesis we decided
to expressasm13-17 heterologously inStreptomycesand test for
the formation of methoxymalonyl- or hydroxymalonyl-ACP.

An expression plasmid, pHGF 9251, was constructed from the
Escherichia coli-Streptomycesshuttle vector pHGF750514 to
expressasm13-17, with asm14carrying a C-terminal His6-tag,
under the control of the pactI/pactIII promoter andactII -ORF4
regulator. The plasmid was passed through thedam- dcm- E. coli
strain, SCS-110, and introduced intoS. liVidansZX7 or S. coelicolor
Yu105 by PEG-mediated protoplast transformation.15 Although the
transformant strains were grown on several media (YEME, TSB,
R5, and MM) for incubation periods up to 14 days, no significant
band at about 10 kDa, corresponding to His-tagged methoxymal-
onyl- or hydroxymalonyl-ACP or uncharged ACP, was detected
by SDS-PAGE of their cell-free extracts.16 Apparently, the

Asm13-17 proteins were not expressed at levels high enough for
detection by the methods used.

In parallel, we tried to demonstrate the function ofasm13-17
by incorporating the produced extender unit into a polyketide, using
a modified PKS. The plasmid pHGF 9251 was introduced intoS.
liVidans K4.114 harboring the previously constructed17 plasmid
pKOS 38-187. This plasmid carries an altered version of theeryA
genes, encoding the 6-deoxyerythronolide B polyketide synthase
(DEBS) in which the AT6 domain was replaced by the presumably
hydroxymalonate-specifyingfkbA-AT8 domain.18 The original
transformantS. liVidansK4.114/pKOS 38-187 produced 1.5 mg/L
of 2-desmethyl-6-deoxyerythronolide B (2-nor 6-DEB) and 0.5
mg/L of 6-DEB itself (resulting from the incorporation of either
malonyl-CoA or methylmalonyl-CoA extender units by module 6
of DEBS20), whereas the co-transformantS. liVidansK4.114/pKOS
38-187/pHGF9251 produced neither compound, but showed 3 mg/L
of a new product of MW 402.21 This novel compound was purified22

and identified spectroscopically23 as 2-desmethyl-2-methoxy-6-DEB
(Figure 2), evidently resulting from the incorporation of 2-meth-
oxymalonate in the last chain elongation step on the modified
DEBS. The new compound has the same stereochemistry at C-2
as 6-DEB, clearly indicated by identical coupling constants between
2-H and 3-H (10.7 vs 10.5 Hz). Interestingly, no 2-desmethyl-2-
hydroxy-6-DEB was detected in the fermentation.

The above results demonstrate thatasm13-17 are sufficient to
allow the formation of the substrate for the hydroxy/methoxymal-
onate chain extension reaction, that the methoxymalonate AT8
domain of the FK520 cluster promotes the incorporation of this
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Figure 1. Structures of ansamitocin P-3 and FK 520. The locations of the
unusual “glycolate” extender units are indicated by boxes.

Figure 2. Structures of 6-deoxyerythronolide B (6-DEB) and analogues.
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substrate into a polyketide, and that the two systems can function
in heterologous environments. Theasm17gene product is identified
as the methyltransferase in theasmgene cluster, which catalyzes
the methylation of the oxygen at C-10 of ansamitocin. The result
does not clearly establish whether this methylation occurs before
or after polyketide assembly, although the former is more likely,
since it seems unlikely that the same methyltransferase can
methylate the OH-group in such different structural environments
as the 6-DEB and ansamitocin backbones. The notion that the
methylation catalyzed by Asm17 occurs prior to incorporation into
the polyketide was confirmed by observing the effect of deleting
asm17. The plasmid pHGF 9263 was derived by deleting from the
asm13-17 cassette a large part (314 bp) ofasm17using suitable
KpnI sites. The co-transformantS. liVidansK4.114/pKOS 38-187/
pHGF 9263 produced the same metabolites asS. liVidansK4.114/
pKOS 38-187, 2-nor-6-DEB, and 6-DEB, in similar amounts; no
2-desmethyl-2-hydroxy-6-DEB (Figure 2) or 2-desmethyl-2-meth-
oxy-6-DEB were detected. Earlier work11 had shown no utilization
of 2-hydroxy- or 2-methoxymalonylN-acetylcysteamine thioester
in ansamitocin biosynthesis and had demonstrated, by gene
inactivation, an essential role for the ACP, Asm14, in the process.
It is therefore suggested that the substrate for the “glycolate” unit
should be 2-methoxymalonyl-ACP and that the 2-hydroxymalonyl-
ACP (or a precursor of it) must be methylated by the product of
asm17before its incorporation into the polyketide chain. This
O-methylation may be a mechanistic requirement for the incorpora-
tion of the “glycolate” substrate into the polyketide.24 However, as
the normal polyketide assembly was not disturbed by the presence
of asm13-16 in S. liVidans K4.114/pKOS 38-187, a functional
interaction between the 2-hydroxymalonyl-ACP, if it is formed at
all, and the modified DEBS polyketide synthase is ruled out.

The results reported here identify a set of genes involved in the
biosynthesis of the novelR-methoxymalonate polyketide chain
extension unit, setting the stage for unraveling the pathway and
mechanism of its formation. Taking into consideration some
indications thatO-methylation may be an early step in the formation
of 2-methoxymalonyl-ACP,11 the pathway can be proposed as
shown in Figure 3. The work also provides a new building block
for the combinatorial biosynthesis of novel polyketides carrying a
methoxy substituent at theR-carbon.
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Figure 3. Possible biosynthesis of methoxymalonyl-ACP catalyzed by the
asm13-17 gene products.
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