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The plant-derived maytansinoids' and their microbial counterparts,
the ansamitocins 1—3 (Figure 1),? are extraordinarily potent antitumor
agents in vitro and in tumor-bearing animals, blocking the assembly
of tubulin into functional microtubules.® Their biosynthesis in Acti-
nosynnema pretiosum involves the assembly of a polyketide by chain
extension of the starter unit 3-amino-5-hydroxybenzoic acid (AHBA,
4)* by three molecules each of malonyl-CoA and 2-methylmalonyl-
CoA and one molecule of 2-methoxymalonyl-acyl carrier protein
(ACP) on a type I modular polyketide synthase (asm PKS) (Scheme
1).% Its product proansamitocin is then converted by six tailoring steps
into the bioactive end product, ansamitocin P-3 2 (AP-3).°

In ansamitocin the position of the diene moiety at C-11 and C-13
is shifted by one carbon from the position where normal PKS
processing would place these double bonds, obliterating the stereocenter
at C-14. It has been proposed that migration of the double bonds
already occurs during processing on the PKS.°

Recently, we determined the cryptic configuration of the stereocenter
at C-14 by synthesizing the two enantiomers of the intermediate
diketide II as their N-acetylcysteamine (SNAC) thioesters and dem-
onstrating that only the (R)-enantiomer complements an AHBA-
nonproducing mutant A. pretiosum HGF073 to restore ansamitocin
formation.” Surprisingly, AP-3 production could not be restored by
supplementation with a racemic mixture of the triketide 5. We now
report the synthesis and feeding of the respective SNAC esters of the
enantiopure triketide (R)-5 and of the two isomeric tetraketides (R)-6
and 7 to gain insight into the biosynthetic logic of diene migration.

N-Acetylcysteamine ester 5 was synthesized by Evans alkylation®
of the protected benzyl iodide 87 (Scheme 2). After auxiliary removal,
aldehyde 10 was directly converted into the SNAC ester (R)-5 by a
Wittig olefination using ylide 11°'° followed by deprotection. Alde-
hyde 10 also served to prepare tetraketide 6. Wittig olefination using
ylide 12 resulted in aldehyde 13 after a short reduction/oxidation
sequence. This aldehyde was subjected to a second olefination protocol
using the new phosphonate 14, which already bears the methoxy group
in the right place as well as the SNAC moiety. Deprotection finally
yielded the target tetraketide (R)-6.

The isomeric tetraketide 7 was prepared from known vinyl iodide
16'" which was subjected to a Heck reaction with alkene 18 (Scheme
3). This butene derivative was prepared according to Trost’s palladium-
catalyzed kinetic resolution by ring opening of vinyl oxirane 15 in the
presence of ligand 17.'% The Heck reaction yielded the desired diene
19 which was further converted into the target SNAC ester 7 by
standard functional group transformations.

Compounds (R)-5 (15 umol) and (R)-6 and 7 (21 umol) were
then each fed to cultures of A. pretiosum mutant HGF073 (Figure
2).'3 AP-3 was detected in cultures supplemented with the (R)-
triketide SNAC 5 and with tetraketide SNAC 7. ESI-MS spectral
comparison of the biosynthetic samples with authentic AP-3 showed
them to be identical, with a parent ion at m/z 635 (M+H)* and
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Figure 1

Scheme 1. Biosynthesis of AP-3
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collision-induced fragmentation giving daughter ion spectra with
a base peak at m/z 547 (from m/z 635) due to loss of the ester function.
Based on quantitation by UV absorption, the relative amount of AP-3
formed from tetraketide 7 was 1.15% of that produced upon comple-
mentation with the same molar amount of AHBA. In contrast AP-3
formation was substantially lower after supplementation with triketide
5 so that MS signal intensities were used to quantify its formation.'?
Thus, incorporation of triketide 5 is very low and contrary to our recent
preliminary studies.” We could only detect AP-3 by using improved
MS-technology (ultra performance LC coupled ESI-MS). No AP-3
was detectible in the extract of the fermentation of HGF073 with
tetraketide SNAC 6, while formation of a new metabolite was
observed, identified as tetraketide derivative 20.'3

The results with tetraketides 6 and 7 lead us to conclude that
the unusually positioned diene system is generated during process-
ing of the polyketide on module 3 and that only a rearranged diene,
I'Vb, but not I'Va, can be passed on to the KS4 domain for further
processing. We propose that the final diene system is installed
during the dehydration step on the DH of module 3 by a vinylogous
syn-elimination (Scheme 4). However, sequence alignment of 856
bacterial PKS dehydratases showed that the asm DH3 seems to be
a functional domain capable of catalyzing a,S-syn-dehydration
(motifs: PWLADH, DXXXXXQ)."*~!° In the absence of a crystal
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Scheme 2. Synthesis of Triketide 5 and Tetraketide 6
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Scheme 3. Synthesis of Tetraketide 7
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Scheme 4. Proposed Mechanism for Diene Formation via Vinyl-
ogous syn-Dehydration (DH Amino Acid Residues Shown in Gray).
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Figure 2. Feeding experiments with triketide 5 and tetraketides 6 and 7.

structure of a PKS DH domain and due to the relatively low level
of conservation between DHs, the reasons for its apparent ability
to additionally or alternatively catalyze a vinylogous dehydration
can only be speculated upon. The configuration at C-2'® and C-6
of the presumed intermediate 21 has been determined by our feeding
studies. The cryptic stereochemistry of the alcohol at C-3 is deduced
from the KR3 sequence (motifs: LDD, AXXXN = B-type KR).'>'®
Thus restricted by the three stereocenters, vinylogous dehydration
and formation of the final diene system can only occur when the

tetraketide intermediate is fixed in conformation 21. This could be
achieved by coordination of the aromatic moiety via F/Y residues
and additionally by H-bonding of the catalytic histidine residue with
the oxygen of the methoxy group, thereby preventing a possible
o, S3-syn-dehydration.'>2° Another histidine residue, possibly situated
in the second subunit of the presumably dimeric DH domain,'® would
be required to carry out deprotonation at C-6. Since an A. pretiosum
mutant incorporating malonyl-CoA instead of 2-methoxymalonyl-ACP
was able to produce 10-desmethoxy-AP-3 in low yields,>' the methoxy
substituent is no prerequisite for vinylogous elimination but may
increase its efficiency. Similar to tetraketide 6, any products of an a,3-
dehydration would not be further processed by the downstream
enzymes. The low yield of 10-desmethoxy-AP-3 formation is probably
due to poor transfer of the abnormal substrate analogue to module 4.
The poor incorporation of SNAC derivatives S and 7 (relative to
AHBA), due to inefficient loading of such polyketides onto the cognate
PKS modules, appears to be a rather general phenomenon.”

In conclusion, our results lead us to conclude that the unusually
positioned A;,A;; diene system in AP-3 is installed during processing
of the nascent polyketide on module 3 of the asmPKS, with KS4 acting
as a gatekeeper which accepts only the rearranged IVb, but not the
unrearranged tetraketide I'Va for further processing.
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