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The ansamitocinsgxemplified by ansamitocin P-3 (Figure4),
are members of the maytansinoids, a family of extraordinarily potent
antitumor agents isolated from higher plants as well as microorgan- CH
isms2 The biosynthesis of the ansamitocins in the producing
microorganism, the actinomycet&ctinosynnema pretiosynin-
volves the assembly of a macrocyclic lactam from an aromatic
starter unit, 3-amino-5-hydroxybenzoic acid (AHBARy seven
chain extension steps on a type | modular polyketide synthase R
(PKS). Three of the chain extension reactions incorporate propi- Figure 1. Structures of ansamitocins.
onate, and three incorporate acetate units, that is, two use methyl-

) _ . Scheme 1 . Synthesis of 1-13C-Labeled 2-Hydroxymalonyl- and
malonyl-CoA and malonyl-CoA, respectively, as substrate and the 2-Methoxymalonyi-N-acetylcysteamine (SNAC) Thioester.
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Analogy with the other chain extension reactions suggests that
the substrate for the incorporation of a “glycolate” unit should be
2-hydroxymalonyl-CoA or 2-methoxymalonyl-CoA. To test this
notion we synthesizedC-labeled 2-hydroxy- and 2-methoxy- R o n o o
malonyl-N-acetylcysteamine (SNAC) thioester as cell-permeable — N%S/VH — o 13'(5\5/\}1
analogues of the corresponding CoA thioesters acceptable to type "~~~ dehs \H/ duant. Hs \g/
| PKSs in vivd?® and in vitrd* (Scheme 1). Feeding of 2-meth- CHyCl2
oxymalonyl-SNAC ¢ 98%13C, 150 mg/L) to eight 100-mL cultures 80%
of A. pretiosumATCC 31565 in the presence of the side-chain
precursor isobutyrate gave 9 mg of purified ansamitocin P-3 which Comparison with the sequences of putative or proven biosynthetic
by NMR and mass spectrometry showed no isotope enrichmentdene clusters of three other antibiotics containing “glycolate”
over natural abundance. In a second experiment, 2-hydroxymalonyl-€xtender unit$-*1revealed sets of homologous genes (Figure 2).
SNAC (89%3C, 50 mg/L) and 2-methoxymalonyl-SNAC (50 mg/ Notably, each contained a small open reading frame (ORF)
L) were each fed to two 50-mL cultures. ES-MS analysis of the Predicted to encode an acyl or peptidyl carrier protein (ACP) which
resulting ansamitocin P-3 again showed no enrichment. We could serve as an alternate carrier of the hydroxy- or methoxy-
therefore conclude that the third chain extension step in ansamitocinMalonate moiety after activation by transfer of the pantetheinyl
biosynthesis does not use the CoA thioester of hydroxymalonate Moiety of CoAl” To determine whether this ACP is involved in
or methoxymalonate as substrate, although it may involve a different @nsamitocin formation, we constructed a mutanfoforetiosum
thioester of one of these acyl groups. in which theasml4gene was inactivated by inserting a 100-bp

Recently, we have cloned and sequenced a gene cluste’from DNA fragment into the central coding region. The mutant failed
pretiosumwhich encodes all the biosynthetic machinery necessary t0 produce ansamitocin or accumulate any new compounds. This
for the formation of ansamitocitf. A set of five genesasm13- demonstrates thaasml14 is indeed essential for ansamitocin
17, which appear to form a transcription operon, were considered formation.
to be involved in the formation of either the ansamitocin ester side ~ Theasm13-17 subcluster and a related subclustebG-K from
chain or the substrate for the unusual chain extension step.the FK520 biosynthetic gene cluster 8freptomyces hygroscopi-
cug® both contain two dehydrogenase genes, amml3fkbK)

* To whom correspondence may be sent. E-mail: floss@chem.washington.edu. homologous tg-hydroxyacyl-CoA dehydrogenases and the other

2-Methoxymalonyl-SNAC
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Figure 2. Organization of genes putatively involved in the formation of
the novel hydroxylated 2-carbon extender unit in four biosynthetic gene
clusters:asm(AF453501), ansamitocin from. pretiosumfkb (AF235504),
FK520 fromS. hygroscopicyssor (U24241), soraphen frorRolyangium
cellulosum zma (AF155831), zwittermicin fromBacillus cereus The
abbreviations of gene or domain homologues are as follows: BADH,
3-hydroxyacyl-CoA dehydrogenase; ACP, acyl or peptidyl carrier protein;
ADH, acyl-CoA dehydrogenase; MTO-methyltransferase; AT, acyltrans-
ferase. Note that themacluster has only been partially sequenced.

(asm1%fkbl) to acyl-CoA dehydrogenases, as well as a methyl-
transferase geneagml17fkbG) and an ORF gsmléfkbH) of
unknown function (Figure 2). This led to the suggestion that these
five genes control the formation of 2-methoxymalonyl-ACP, the
proposed substrate for the “glycolate” extender unit, from glycolytic
intermediates via an ACP-bound glycer&td.o probe the role of
these genes, we inactivatadm15in the A. pretiosumgenome by
inserting an apramycin resistance gea&c(3)I\V. The mutant did

not produce any ansamitocin P-3, even when supplemented with
isobutyrate, indicating thasm15is required for formation of the

ansamitocin backbone rather than the ester side chain. Feeding with

2-hydroxymalonyl-SNAC or 2-methoxymalonyl-SNAC did not
restore ansamitocin formation. Analysis of the fermentation of the
asml5mutant revealed the presence of a small amount of a new
compound, not detected in the wild-type fermentation, which was
shown to have the structure of 10-desmethoxy-ansamitocin P-3
(Figure 1)!819 Evidently, this compound results from the, albeit
inefficient, incorporation of a malonate unit in the absence of the
substrate for the “glycolate”extender unit. This clearly demonstrates
thatasm15 and probably others of thesm13-17 genes, must be
involved in the synthesis of the unusual “glycolate” unit and its
delivery to the PKS. Interestingly, no 10-desmethoxy-ansamitocin
P-3 was detected in the fermentation of #gmml4mutant. This
suggests that the ACP encodeddsyn14is required for the aberrant
incorporation of a malonate unit in the third chain extension step,
for example, to maintain the PKS in a functionally competent
conformation or to actually deliver the malonate to the AT3 on the
PKS.

The above results indicate that the substrate for the unusual chain

extension reaction incorporating a “glycolate” unit into ansamitocin
and other antibiotics is most likely either 2-hydroxy- or 2-meth-
oxymalonyl-ACP rather than the corresponding CoA thioester. The
asm13-17 operon is probably responsible for the formation of this
substrate from an unidentified intermediate of carbohydrate me-
tabolism. It is noteworthy that the homologues a¥m16fkbH
(unknown) ancasm17tkbG (methyltransferase) are not present in
the putative hydroxy/methoxymalonate subcluster of the soraphen
biosynthetic gene cluster. Instead, a ges@C, encoding a three-

domain protein encompassing an acyltransferase, an ACP, and a(19)

methyltransferase, has been identified immediately upstreaorDf
(Figure 2). Such AT/ACP pairs combined with other genes have
recently been shown to be involved in the activation and modifica-
tion of amino acid$%2* suggesting thasorC may be involved in
activating and methylating a precursor of the hydroxy/methoxy-
malonate moiety, which is then converted into methoxymalonyl-
ACP by the action of thesorDEX gene products. This suggests

thatasml6may play a role in activating a precursor molecule,
perhaps loading an acyl compound onto the ACP encoded o4

for ansamitocin biosynthesis. It also raises the possibility that
O-methylation catalyzed by Asml17 may occur early in the
elaboration of this unusual chain extension substrate.
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An unusual feature of the ansamitocin structure is the location of the double
bonds atA11, 12, andA13, 14 instead oA10, 11, andA12, 14 where
normal PKS processing would place them. This implies that a double
bond shift must occur during the biosynthesis. The structure of the product
from the asm15mutant indicates that this double bond shift is not
dependent on the presence of the 10-methoxy group
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