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Enzymatic Total Synthesis of Defucogilvocarcin M and Its Implications

for Gilvocarcin Biosynthesis**
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Gilvocarcin V (GV, 4) is the major metabolite of Streptomy-
ces griseoflavus G0 3592 and various other Streptomyces
species. GV is usually produced along with its minor
congeners, gilvocarcin M (3) and gilvocarcin E (5), that vary
with respect to their side chain at the C8-position.l'! Several
analogues of GV (for example, 6-8, Scheme 1), which are
collectively called the gilvocarcin group of natural products,
have been isolated from different Streptomyces species. All of
these analogues contain the characteristic, polyketide-derived
benzo[d]naphtho[1,2-b]pyran-6-one chromophore, but differ-
ent C-glycosidically linked sugar units Scheme 1).)’ Members
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Scheme 1. Representative members of the gilvocarcin group of natural
products.
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of this group of natural products are well-known for strong
antitumor activities,”! a unique mode of action,™ and
remarkably low toxicities.’*) However, the inherent poor
solubility of these molecules appears to be a major obstacle in
their development as therapeutics. The chemical syntheses
that have been developed so far are unsuitable for generating
a library of analogues,® whereas combinatorial biosynthetic
efforts have shown more promise.” The continued advance-
ment and successful implementation of such combinatorial
biosynthetic and mutasynthetic approaches requires an in-
depth knowledge of the biosynthetic pathway. Incorporation
studies with isotope-labeled precursors® and genetic exper-
iments!'"*°l have revealed that the benzo[d]naphtho[1,2-
b]pyran-6-one chromophore of the gilvocarcins is produced
from a polyketide-derived angucyclinone intermediate
through a complex oxidative rearrangement process. How-
ever, the details of the exact sequence of biosynthetic events
and the enzymes that are involved have remained elusive. In
this context, we herein report a complete, one-pot, enzymatic
total synthesis of defucogilvocarcin M (1), a model compound
that contains the unique chromophore common to all
members of the gilvocarcin group of natural products.”
The reconstitution of this pathway then enabled further
investigation into the details of the oxidative rearrangement
process of GV biosynthesis by systematic variation of the
enzyme mixture used. For this approach we suggest the term
“combinatorial biosynthetic enzymology”.

The entire GV biosynthetic gene cluster was cloned and
heterologously expressed in Streptomyces lividans TK24 to
produce 4.1 The function of biosynthetic enzymes was then
confirmed by both in vitro and in vivo studies."**!""13] The
cluster encodes a set of typical type II polyketide synthase
(PKS) enzymes, which includes a ketosynthase (GilA), a
chain-length factor (GilB), an acyl carrier protein (GilC), two
malonyl-CoA:acyl carrier protein transacylase (MCAT)
homologues (GilP, GilQ), a PKS-associated keto reductase
(GilF), and two cyclases (GilK, GilG). Together, this group of
enzymes was able to catalyze the formation of the angucy-
clinone UWMBS (10).”! Compound 10 along with many other
angucyclines was proposed to be an intermediate in the
biosynthesis of 3.1 Several post-PKS tailoring enzymes,
which include four oxygenases (GilOI, GilOIIl, GilOIII,
GilOIV), a oxidoreductase (GilR), a methyltransferase
(GiIMT), a reductase (GilH), a C-glycosyltransferase
(GilGT), deoxysugar biosynthetic enzymes (GilD, GilE,
GilU), and a handful of enzymes with unknown functionality
(GilM, GilN, GilL, and GilV) were believed to complete the
remaining steps. Unfortunately, the reactions of most of the
inactivation mutants of these enzymes accumulated biosyn-
thetic shunt products, which leaves ambiguity over the post-
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PKS biosynthetic steps. For example, the inactivation of
GilOI produced prejadomycin (14) and homoprejadomycin
(15), and inactivation of GilOII produced dehydrorabelomy-
cin (16), dehydrorabelomycin E (17), and dehydrorabelomy-
cin V (18).5%° Rabelomycin (12) and homorabelomycin (13)
are the major metabolites of the GilOIV-deleted mutant,
whereas 5 is the major metabolite of the GilOIll-deleted
mutant.®® The production of angucyclinones 12-18 by these
oxygenase-deficient mutants led to the hypothesis that the
three oxygenases, GilOI, GilOII, and GilOIV, might form a
multienzyme complex that is responsible for a concerted
reaction pathway. This pathway includes the crucial C—C
bond cleavage that eventually leads to the formation of the
gilvocarcin scaffold.”’) Then, the methylation of the two
aromatic hydroxy groups, formation of a hemiacetal ring,
decarboxylation, and C-glycosyltransfer are still necessary to
generate pregilvocarcins 22 and 23, which are the substrates
of GilR.**< GilR has recently been shown to catalyze the
very last step in the biosynthesis of gilvocarcin by converting
22 and 23 into the final lactone-containing products
(Scheme 2).

To gain a better understanding of the role of individual
gene products of GV biosynthesis, and to identify the actual
biosynthetic sequence of events, we focused on in vitro
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Scheme 2. Proposed gilvocarcin biosynthetic pathway.
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studies with select pathway enzymes. In this context, we
recently reported an enzymatic total synthesis of the pre-
sumed GV pathway intermediate 10 and its conversion into
the shunt product 12 by using a mixture of all of the necessary
PKS enzymes.'? In this study, we expanded the scope of the
earlier experiments that involved selected post-PKS enzymes.
Whereas the PKS enzymes were expressed and used as
reported earlier,"” the following enzymes were chosen to
perform the oxidative rearrangement and the follow-up
reaction cascade that is necessary to establish the defucogil-
vocarcin M scaffold: GilOI, GilOIl, GilOIV, GilM, GiIMT,
and GilR. The putative oxygenases and oxidoreductase GilR
were logical choices. GilMT, which was deduced to be O-
methyltransferase from its amino acid sequence,' was
believed to be involved in the necessary O-methyl-transfer
steps. Whereas the gilM gene was originally found to encode a
protein of unknown function,'¥ a recent search with the Basic
Local Alignment Search Tool (BLAST) revealed a remote
resemblance to thiopurine-S-methyltransferases. Thus, GilM
was believed to be a second O-methyltransferase. Further-
more, a gene inactivation experiment to pinpoint the role of
the product of GilM led to the complete loss of GV
production (data not shown), which suggests that GilM is an
essential enzyme. All of the chosen post-PKS enzymes could
be expressed in E. coli and purified as
Hiss-tagged proteins, except for
GilOIV. After several unsuccessful
attempts to express GilOIV in soluble
form, this enzyme was replaced with
its homologue JadF from the jadomy-
cin biosynthetic pathway, as JadF
could be overexpressed and purified
from E. coli. JadF has previously been
shown to complement the GilOIV-
minus mutant S. [lividans TK24
(cosG9B3-AO1V), which proves the
functional identity of the two
enzymes.!"!! Considering that GilOI
and GilOIV are oxygenases that con-
tain flavin adenine dinucleotide
(FAD, Figure S3 in the Supporting
Information) and require their cofac-
tor to be recycled, a reductase was
needed to generate FADH,. The
putative nicotinamide adenine dinu-
cleotide (phosphate) (NAD(P)H)
flavin reductase GilH™ showed only
very poor activity. Therefore, the
E. coli flavin reductase Fre, a readily
available homologue of GilH with
known functionality, was chosen and
purified from an E. coli overexpres-
sion construct.!"”

To test the activity of the PKS
enzymes, all seven PKS enzymes
(GilAB, RavC, GilF, GilP, JadD,
RavG)!'>1%! were incubated with one
equivalent of acetyl-CoA and nine
equivalents of malonyl-CoA in the

OH
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presence of the cofactor NADPH. To ensure a supply of
NADPH for the reaction, the established system for the
regeneration of NADPH that consists of glucose-6-phosphate
(G6P) and glucose-6-phosphate dehydrogenase (G6PDH)
from E. coli was used. As expected, the colorless reaction
mixture changed to yellow, and the formation of the expected
products 10 and 12 was confirmed by HPLC analysis
(Figure 1, trace B). With fully functional PKS enzymes in
hand, a mixture of 15 enzymes was produced that consisted of
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Figure 1. HPLC traces of the enzymatic reactions for the synthesis of
defucogilvocarcin M (1): A) Control reaction without acetyl-CoA and
malonyl-CoA. B) Acetyl-CoA + malonyl-CoA + PKS enzymes. C) Acetyl-
CoA + malonyl-CoA + PKS enzymes + post-PKS enzymes. D) Rabelomy-
cin (12) standard. E) Defucogilvocarcin M (1) standard.

the PKS enzymes listed above and of all of the anticipated
post-PKS enzymes (GilOI, GilOII, JadF, GilM, GiIMT, GilR,
and Fre, see the Supporting Information for details). This
enzyme mixture was incubated with acetyl-CoA, malonyl-
CoA, the cofactors NADPH, FAD, and S-adenosyl methio-
nine (SAM), along with the NADPH regeneration system
G6P/G6PDH. After extraction with ethyl acetate, HPLC
analysis of the product mixture showed the presence of 1, 12,
and a small quantity of some hitherto unknown compounds
(Figure 1, trace C). The structures of the main products were
confirmed by the comparison of their physicochemical
characteristics (HPLC retention time and HRMS data) with
those of authentic standard compounds. An authentic sample
of 1 was isolated from the previously characterized GilGT-
minus mutant.'**! Control reactions without acetyl-CoA and
malonyl-CoA or without the PKS enzymes did not produce
any metabolite (Figure 1, trace A).

After the enzyme mixture that was capable of producing 1
was established, we focused on permutation experiments by
removing one or more of the enzymes to investigate the
complex oxidation cascade (see Table S2 in the Supporting
Information and the discussion below).

Two of the previously proposed pathway intermediates, 10
and 14, were used as substrates instead of acetyl-CoA and
malonyl-CoA in the multienzyme reaction described above.
Whereas 14 was completely converted into 1 in the presence
and in the absence of the PKS enzymes (Figure 2, trace A), 10
was not. Instead, 12 was exclusively produced in the reaction
with 10 (Figure 2, trace C). This confirmed that 14 is indeed a
true intermediate in the biosynthesis of 3, and that the
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Figure 2. HPLC traces of the enzymatic reactions with prejadomycin
(14) and UWM6 (10): A) Prejadomycin (14) + PKS-enzymes + post-PKS
enzymes. B) Prejadomycin (14) standard. C) UWM®6 (10) + PKS-enzy-
mes + post-PKS enzymes. D) UWM6 (10) standard. E) Defucogilvocar-
cin M (1) standard.

designated PKS enzymes have no role in converting 14 into 1.
The fact that the enzyme mixture failed to convert 10 into 1
was intriguing and contradicted our previously proposed
hypotheses."® This indicated that 10 might not be an
intermediate in the GV biosynthesis pathway at all and led
to the new hypothesis that one or more of the designated post-
PKS enzymes may only act on angucyclinone substrates that
are still tethered to the acyl carrier protein (ACP). This would
render 10 a shunt product that is formed by spontaneous
hydrolysis and decarboxylation of the ACP-tethered inter-
mediate 9. Shunt product 12 is in turn produced from 10 by
aerial oxidation and spontaneous dehydration, as previously
described™ (Scheme 2).

To further investigate this hypothesis it was necessary to
complement the PKS enzymes with one or more of the
designated post-PKS enzymes, thereby reducing the post-PKS
mix to the point at which a stable intermediate that is not
tethered to the ACP emerges from the mixture. A number of
such experiments were performed, which resulted in the
systematic removal of individual enzymes from the reaction
mixture (for details see Table S2 in the Supporting Informa-
tion). Removing GilOI, GilOll, or JadF from the enzyme
mixture resulted in the production of 14, 16, and 12,
respectively, whereas the removal of GilM/GiIMT led to
unidentified products. The addition of individual oxygenases
to the PKS enzyme mixture led to the discovery that only
JadF (the soluble replacement of GilOIV), was required in
the PKS-enzyme mixture to convert acetyl-CoA/malonyl-
CoA into 14 (Figure 3, trace A). GilOIV/JadF was previously
suggested to be a bifunctional enzyme that acts as an
oxygenase and a 2,3-dehydratase.'®™ The mixed enzyme
reactions that were performed confirmed that GilOIV/JadF
indeed catalyzes the 2,3-dehydration. Moreover, GilOIV/
JadF also serves as a key enzyme that bridges between the
PKS and post-PKS reactions, possibly by catalyzing the
hydrolysis and decarboxylation of the ACP-tethered 9 to
directly form 14 (Scheme 2). Thus, this enzyme should be
designated a PKS enzyme as it acts on an ACP-tethered
substrate.'®! Because of the lack of suitable reference
compounds, the structures of the two minor unknown peaks
could not be determined (Figure 3, trace A). These might be
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Figure 3. HPLC traces of the enzymatic reactions: A) Acetyl CoA+ ma-
lonyl-CoA+ PKS enzymes + JadF produce prejadomycin (14). B) Preja-
domycin (14) +GilOl. C) Dehydrorabelomycin (16) standard. D) Dehy-
drorabelomycin (16) + GilOll 4+ GilM + GilMT + GilR produce defucogil-
vocarcin M 1.

intermediates or shunt products of the reaction sequence
ACP-hydrolysis —2-decarboxylation —2,3-dehydration.
These products may be angucyclinones that are hydrolyzed
but still contain a 2-carboxy group.

To determine the fate of 14, follow-up experiments were
performed in which one or more of the remaining post-PKS
enzymes were interrogated by using 14 as the substrate (for
details see Table S3 in the Supporting Information). These
studies identified GilOI as the enzyme that is responsible for
the oxidation of 14 to 16 (Figure 3, trace B), which suggests
that GilOl is a bifunctional enzyme and performs a 4a,12b-
dehydration as well as an oxidation at the C12-position.
Identical findings and conclusions were reported previously
for JadH, the homologous enzyme in the jadomycin biosyn-
thesis pathway.'*!"l Contrary to our previous findings in
in vivo experiments, an enzyme mixture that consists of the
enzymes GilOI, GilOIL, GilM, GilMT, GilR, and Fre™ was
able to completely convert 16 into 1 (see Table S4 in the
Supporting Information). This result confirms that 16 is a true
intermediate in the gilvocarcin biosynthesis pathway
(Figure 3, trace D). Further combinatorial biosynthetic enzy-
mology revealed that the remaining four enzymes, GilOlIlI,
GilM, GiIMT, and GilR, are sufficient to convert 16 into 1
(Figure 3, trace D). These experiments also showed that all of
the possible combinations of these remaining enzymes failed
to react with 16 in the absence of GilOIl. Moreover, GilOII in
combination with Fre degraded 16 into an unidentified
product (see Table S4 in the Supporting Information). These
results indicate that GilOII is the enzyme that is responsible
for the C—C bond-cleavage reaction, which is the key reaction
for establishing the characteristic dibenzochromen-6-one
backbone in the gilvocarcin group of natural products. At
this point, it remains ambiguous whether GilM, GiIMT, or
GilR may be involved in this cleavage reaction. Taken
together, these results suggest an alternative explanation of
GV biosynthesis to all of the earlier hypotheses that suggest
GilOI and/or GilOIV in complex with GilOII as a require-
ment for the C—C bond cleavage.”) Among the remaining
post-PKS enzymes in the gilvocarcin biosynthesis pathway,
GilM and GilMT likely catalyze the remaining two O-methyl-
transfer reactions. These reactions presumably occur imme-
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diately after the oxidative ring cleavage that is performed by
GilOII enroute to defucopregilvocarcin M (20). So far,
attempts to identify the intermediates in the remaining
pathway have been unsuccessful, possibly because of the
unstable nature of the proposed intermediate 19b. Com-
pound 19b needs to be generated in situ by reduction of the
immediate cleavage product, which is presumably quinone
19a. Currently we are exploring this issue through the
chemical synthesis of the proposed intermediates (19a, 19b,
and their decarboxylated counterparts), thereby seeking
clarification of the remaining ambiguous biosynthetic steps
in the GV pathway.

In conclusion, we found that 15 enzymes are necessary to
efficiently biosynthesize defucogilvocarcin M (1) and used
them in a one-pot enzymatic total synthesis of 1 that starts
from the natural building blocks acetyl-CoA and malonyl-
CoA. This is the longest reported sequence of an enzymatic
total synthesis that involves enzymes from various sources.
The enzymatic total syntheses of enterocins,'®! tetracenomy-
cins,"” 12,1 and vitamin B,,?" are previous representative
examples of such an approach. Combinatorial biosynthetic
enzymology also confirmed that 14 and 16 are intermediates
in the GV biosynthesis pathway, whereas 10 is a shunt
product. Furthermore, this study revealed that GilOIV/JadF
is an important enzyme that bridges between the PKS and
post-PKS reactions, but does not function as an oxygenase.
These results also show that GilOI is responsible for the 12-
hydroxylation of 14, and that GilOIl is likely to be the enzyme
that is responsible for the oxidative C—C bond-cleavage
reaction. To answer the remaining questions about the
gilvocarcin biosynthetic pathway, the extension of the one-
pot sequence towards the total synthesis of 4 is currently
under examination.
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