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GeldanamycinX) and its closely related analogues, herbimycin
B (6) and macbecin, are naturally occurring antitumor antibidtics.
Geldanamycin binds to the N-terminal ATP binding site of heat-
shock protein (Hsp) 90, inhibiting its chaperone activigecause
Hsp90 client proteins are important in signal transduction and
transcription, geldanamycin and its derivatives have the potential
of serving as chemotherapeutic agents in a number of diséases.
One semisynthetic analogue of these compounds, 17-allylamino-
17-demethoxygeldanamycin, demonstrated antitumor activity in
vivo and was subjected to Phase | clinical trials.
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Geldanamycin biosynthesis is of interest as a means of introduc-
ing structural diversity by reprogramming biosynthetic assembly
lines to create novel antibiotics with optimal properties. Geldana-
mycin is a 19-membered macrocyclic lactam and is related to
ansamycin antibiotics, such as rifamycins and ansamitSciie
biosynthesis of this class of compounds involves the assembly of
3-amino-5-hydroxybenzoic acid (AHBA) as a starter unit, followed
by the sequential addition of extender units such as acetate,
propionate, and glycolate to form a polyketide backbone, which

then undergoes further downstream processing. The genes require

for geldanamycin biosynthesis, including a set of type-I polyketide
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(identical to gdmN) encodes a protein highly homologous to
carbamoyltransferases, which carry out @earbamoylation step

in the biosynthesis of novobiocin, ansamitocin, and cephamycin.
Therefore, the putative function afel8 could be to encode
carbamoyltransferase.

To verify the assumption that thgel8 gene is responsible for
the carbamoylation step in the geldanamycin biosynthesis, we
inactivated thegel8 gene inStreptomyces hygroscopicssbsp.
duamyceticusICM4427, a geldanamycin producer. The mutated
gene with an insertion of a kanamycin resistance gene was
introduced intoS. hygroscopicudCM4427 to replace the wild-
type gene by a sequential homologous recombination (see Sup-
porting Information). Thegel8 gene-inactivated mutant grew
normally in YEME medium containing kanamycin and was
comparable to the wild-type strain, but completely lost its ability
to produce geldanamycii)and 170-demethylgeldanamycirg),
which are the two major metabolites of the wild-type strain. Instead,
two major metabolites3 and4 (m/z 519 and 505, respectively),
were detected and isolated from the gene-inactivated mutant.
Compounds3 and 4 displayed ESIMS patterns resembling those
of compoundd and2. An analysis of the 1D and 2D NMR spectra
of 3 suggested that it is a derivative &f From the'H and13C
NMR spectra of3, the upfield shift of C-7 signals at, 3.86 (1H,

d, J = 6.0 Hz) anddc 78.23 indicated thaB has a free hydroxy
group at C-7 rather than a carbamoyl group, as expected. Further-
more, two olefinic methine signals (C-4 and C-5) bivere not
detected, suggesting that its cis double bond had been hydrogenated.
This was consistent with the molecular formulgl@;;OgN obtained

by positive HRFABMS. A combination of COSY, HMQC, and
§IMBC NMR data were used to assign theé and 1°C NMR data
unambiguously. Therefore, the structure of this new metabolite was

synthase (PKS) gene, have been cloned, sequenced, and analyzeﬂUCidated as 4,5-dihydro-0-descarbamoyl-7-hydroxygeldanamy-

from several streptomycetes independefhflyOn the basis of
predictions from sequence homology and the results of feeding
experiment with'“C-labeled precursdrjt was proposed that the
successful production of geldanamycin requires the modification
of several steps, which include tlecarbamoylation, hydroxylation,
O-methylation, and oxidation of the initial polyketide synthase

cin (3). The'H and*3C NMR spectra o4 were almost superim-
posable with those 08, except for the absence of one phenolic
methoxy signal in the later compound, and were consistent with
the molecular formula &H39OgN obtained by positive HRFABMS.
Accordingly, the structure of this new metabolite was determined
as 4,5-dihydro-1-descarbamoyl-7-hydroxy-1@-demethylgeldan-

product. However, beyond determining sequences and deducing@MYcin @). _ _
putative functions from sequence homologies, little had been learned 1 1€ accumulation of descarbamoylated compounds in the mutant

about the post-PKS modification genes and the tailoring processes

leading from initial polyketide to geldanamycin.
Analysis of the geldanamycin biosynthetic gene cluster revealed
a series of putative post-PKS modifying gefé<f these,gel8
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lacking a functional Gel8 confirmed that thgel8 encodes a
carbamoyltransferase. Identification 8falso confirmed that the
gdmH gene-inactivated mutant produced a compound with high-
resolution mass spectral data similar to that of compdidde to

a partial gdmN (identical to gel8 gene read-through mistaRe.
Interestingly,3 and4 do not contain the cis double bond between
C-4 and C-5. This result suggests that module 6 of geldanamycin
PKS contains a functional enoylreductase (ER) domain that reduces

10.1021/ja047769m CCC: $27.50 © 2004 American Chemical Society
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the double bond during polyketide assembly, as could be expected The above results open a way for the selective derivatization of
by sequence comparison of the ER domain in module 6 with other geldanamycin with a mutant, in which the post-polyketide synthase
functional ER domains. Putative NADPH binding sites, GxGxx- modification step is selectively inactivated.

AxxxA, of the ER domains in animal fatty acid synthase and ) S )
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oxidation.

To determine whetheB is a direct intermediate in the biosyn-
thesis of1, a bioconversion experiment was performed using a
geldanamycin PKS gene-inactivated mutaithis mutant cannot
producel and2 because of the inactivation of the loading domain

Supporting Information Available: Experimental methods for the

construction ofgel8 mutant and geldanamycin PKS mutant and
spectroscopic data f@&and4 (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

in the PKS gene by the insertion of the kanamycin resistance gene
however, this mutant has a full complement of post-PKS processing
genes. The mutant convertddo 1 effectively, confirming not only
that3 is an intermediate in the main pathway, but also that C-4,5
oxidation is a post-PKS maodification step. In addition, a prospective
intermediate, 4,5-dihydrogeldanamycif),(was detected in the
bioconversion experiment (see Supporting Information). The ES-
IMS/MS profile of 5 was comparable to that df (559 [M — H]~

— 516 [M — CONH,]7), which included the UV and the
fragmentation pattern of its molecular ion (561 fMH]~ — 518

[M — CONH,]"). The presence 05, but no detection of -
descarbamoyl-7-hydroxygeldanamycin, indicates that C-4,5 oxida-
tion is likely to be the final post-PKS modification step in the
biosynthesis of geldanamycin.

Many steps in the biosynthesis of geldanamycin are still unclear;
however, on the basis of the present results, we were able to refine
the post-modification steps in the biosynthesis of geldanamycin,
such as that C-17 hydroxylation, TO-methylation, and C-21
oxidation precedeO-carbamoylation and that the hypothetical
progeldanamycin does not carry a double bond at the C-4 and C-5
positions. Moreover, our results revealed tBaand5 are newly
confirmed biosynthetic intermediates on the main pathway, indicat-
ing thatO-carbamoylation occurs prior to the C-4,5 cis double bond
formation in geldanamycin biosynthesis (Scheme 1).
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