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The benzaflnaphtho[1,2b]pyran-6-oneC-glycoside antibiotics, Scheme 1. The Complete Gilvocarcin Gene Cluster and the

often referred to as gilvocarcin-type a@tglycosides, were  Postulated Biosynthetic Sequence of Events
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discovered in Japan in the early 1980s. This distinct family of < ¥ (omamm @amaek | oamem

antitumor antibiotics shows excellent antitumor activity andremark-  , o, ¢ A & cr k ov P o T u _
ably low toxicity, and therefore has proven attractive for synthetic _m-D- gil 1.
organic chemistry as well as for biological activity studies. The cosacP CH,
group consists of the gilvocarcins (syn. toromycins, anandimycins), o ot ‘
ravidomycins, the ravidomycin analogues FE35A and B, the  jpgpignate, ouece HO ’

chrysomycins (syn. virenomycin, albacarcins; including recent — Maenate "—=- e C @
derivatives possessing branched ketofuranose and ketopyranose rrr e on oH on O

sugar moieties), and BE-12406 A and'B. X
Gilvocarcin V 1 (GV), the principal product oSStreptomyces / l -
griseoflavus Go 3592 and of various otheStreptomycestrains, o CH,

is the most studied member of the gilvocarcin-type &yl-
glycosides, because of its potent bactericidal, virucidal, cytotoxic,
and antitumor activities. GV1j is one of the strongest antitumor
compounds among these drugs, requiring only low concentrations
and maintaining a low in vivo toxicity. The exact molecular
mechanisms responsible for the in vivo mode of action of GV are
still unclear. However, it was found thaexhibits a strong tendency

to intercalate with DNA. Both equilibrium DNA binding and UV
light-induced DNA adduct formation were found. GV also causes
topoisomerase |l inhibitiof The vinyl group is essential for the
antitumor activity, since the minor congeners gilvocarcins M and

E, in which the vinyl group is replaced by a methyl group and an aBlack genes code for the PKS and associated enzymes, gray genes for

ethyl group, respectively, are significantly less effecti¥e>ho- post-PKS tailoring steps, and white genes for regulation, transport, resistance,
tobiological studies showed that the vinyl group undergoes a and enzymes of unknown function.

[2 + 2] cycloaddition with DNA thymine residues under photo-
irradiation. Moreover, it was shown recently that GV promotes was achieved by generating % griseoflaus genomic cosmid
protein-DNA cross-linking when photoactivated by near-UV light, library using theStreptomycesE.coli shuttle vector pOJ446. DNA
and histone H3, which plays an important role in DNA replication fragments of the NDP-glucose-4,6-dehydrattiséan enzyme
and transcription, was identified as one of the selectively cross- catalyzing a key step in 6-deoxysugar biosynthesis) and also the
linked proteins. This cross-linking with histone H3 was discussed acti PKS!!? genes were used to probe the cosmid library. Cosmid
as part of the unique molecular mechanisms of the potent antitumorDNA isolated from clones hybridizing with both probes was
activity of GV and might contribute to the better and more specific analyzed by restriction mapping and Southern blot experiments.
activity of GV compared to other intercalating antitumor dréfgs.  One of the cosmids, cos-G9B3, was transformed Bitdividans
GV’s unprecedented molecular architecture in conjunction with TK24, where it stimulated the production of gilvocarcins V and M
its unique biological activity make$ an excellent target for the  in the same quantities as the wild-type strain{30 mg/L of 1),
study of its biosynthesis and the development of novel, improved proving that it most likely contains the entire gene cluster of
anticancer drugs through combinatorial biosynthesis. The structural gilvocarcin biosynthesis.
features and knowledge gained from biosynthetic incorporation  Subcloning of cosG9B3-DNA fragments into pUC19 or pBlue-
studie§ imply the participation of unique post-polyketide synthase script 1l SK(#) followed by sequencing revealed the entire
(PKS) tailoring enzymé8promoting (i) an oxidative rearrangement  gilvocarcin gene cluster (Scheme 1). The cluster spans a 32.9 kB
of an angucyclinone intermediate, (ii)ppOH-activatedC-glyco- region and consists of 26 open reading frames (ORFs). The database
sylation, and (iii) the formation of the vinyl group side chain. None analysis (see Supporting Information) yielded expected genes
of these steps, which all provide structural elements essential forencoding the PKS and associated enzymes (Scheme 1, black),
the biological activity of the drug, is fully understood, or has been several genes encoding post-PKS tailoring steps (gray), and genes
studied in detail. of regulation and self-resistance enzymes (white, this group also
The identification of thegil gene cluster is the first step to study includes three genes coding for proteins of unknown function,
the intriguing mechanisms associated with GV-biosynthesis. This namelygilLMN).%?

CH,
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Scheme 2. Proposed Involvement of Enzymes of the Gilvocarcin
le} Ring Contraction

Pathway in the Biosynthesis of GV's pb-Fucofuranose Moiety
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Not surprisingly, the genes encoding the PKS and associated
enzymes are in a typical type Il PKS arrangem@éri, which the
“minimal PKS” genesgilABC encoding K, KS;, and the acyl
carrier protein ACP, respectively, are flanked by genes encoding
the PKS-associated ketoreductase (i) and two cyclaseg{|G
andgilK). More unusual are the gengtP andgilQ, located further
downstream ofgilABC, which encode a malonyl CoA:ACP
transacylase (MAT) and an acyl transferase (AT), respectively.
Although essential for polyketide biosynthesis, MATs are usually
not found in type-ll PKS gene clusters and are often “recruited”
from the fatty acid synthasé.The gil gene cluster is the third
example in which such a gene was located, but the first one where
the cluster is associated with a known struc&iréilQ resembles

AT proteins found in producers of aromatic polyketides with starter
units other than acetate, such as doxorubicin, enterocint® etc.
Therefore, GilQ might play a role in the choice of the starter unit
(propionate vs acetate for the production of gilvocarcin V and
gilvocarcin M, respectively).

The following genes are suspected to be responsible for the post-
PKS tailoring steps including the above-mentioned intriguing
biosynthetic steps toward the key structural features of GV. Four
oxygenase-encoding genes were found. Gegik&dl and gilOIV

encode FAD-dependent oxygenases assumed to catalyze the oxida-

tive rearrangement of a putative angucyclinone-precursor to the
unique coumarin-based aromatic core of the gilvocarcins. The
corresponding enzymes GilOl and GilOIV are closely related to

JadF and Jadf which probably catalyze a similar rearrangement

in the jadomycin pathway (see also phylogenetic tree in the
Supporting Information). As one of the interesting aspects of the
GV-biosynthesis, we will address in future studies whether this
oxidative rearrangement occurs prior to or after@aglycosylation

step (Scheme 1, dotted or solid arrows). The other two oxygenases

are most likely responsible for the anthrone oxidation leading to
the angucyclinone intermediake (GilOll) and for the generation

of the 8-vinyl group. For the latter, we assume a hydroxylation in
the 1"-position through GilOlll followed by dehydration, since
GilOlll is a P-450 hydroxylase predestined for such a reaction.
Other oxidoreductase encoding genes gitel (encoding a KR
presumably involved in the hydroquinone generation) gil
(encoding an oxidoreductase of unclear function).

The C-glycosidically linkedp-fucofuranose is a unique deoxy-
sugar not found in any other polyketi#feand whose biosynthesis
requires only a few enzymes (Scheme 2). This is confirmed by the
presence of only a few typical deoxysugar biosynthesis genes in
the gil cluster. Two of these crucial genaslD andgilE, encode
NDP-glucose synthase and 4,6-dehydratase, respectively. A third
gene possibly involved in the-fucose biosynthesis mlU located
at the end of thegil cluster. GilU, apparently an epimerase/
dehydratase, or oxidoreductase GilR, might function as 4-KR, while
it is unclear how the contraction from the pyranose to the furanose
is catalyzed (GilM?). FinallygilGT encodes the glycosyl transferase
(GT) responsible for the unusugdOH activatedC-glycosylation.
Synthetic model studies suggest that the favored mechanism for
C-glycosyltransfer is an initiaD-glycosylation followed by a Fries-

like rearrangemertt® Although principally possible, it is difficult

to imagine in an enzymatic environment that such a rearrangement
to the p-position occurs. GilGT resembles most closely LanGT2
and UrdGT20 both of which transfep-olivoses to angucyclinone
acceptor molecules, the latter being als&C45T. However, in
contrast to GIlGT, UrdGT2 places its sugar moietstho to a
phenolic OH group. An interesting novelty of GIlGT is its unusual
size, due to its N-terminal part being approximately 120 amino acids
longer than any other polyketide GT found so far.

In summary, thegil gene cluster revealed all the genes whose
corresponding enzymes are likely to be involved in the intriguing
steps ofl biosynthesis (Scheme 1) and which are crucial for
establishing structural moieties important for its unique biological
activities. Thus, the work presented here lays the foundation for
the further study of these steps, and possibly for the generation of
improved gilvocarcin-type anticancer drugs through combinatorial
biosynthesis.
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