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Abstract

The exact sequence of events in biosyntheses of natural products is essential not only to
understand and learn from nature's strategies and tricks to assemble complex natural products, but
also for yield optimization of desired natural products, and for pathway engineering and muta-
synthetic preparation of analogues of bioactive natural products. Biosyntheses of natural products
were classically studied applying /n vivo experiments, usually by combining incorporation
experiments with stable-isotope labeled precursors with cross-feeding experiments of putative
intermediates. Later genetic studies were dominant, which consist of gene cluster determination
and analysis of gene inactivation experiments. From such studies various biosynthetic pathways
were proposed, to a large extent just through in silico analyses of the biosynthetic gene clusters
after DNA sequencing. Investigations of the complex biosyntheses of the angucycline group
anticancer drugs landomycin, jadomycin and gilvocarcin revealed that /n vivo and in silico studies
were insufficient to delineate the true biosynthetic sequence of events. Neither was it possible to
unambiguously assign enzyme activities, especially where multiple functional enzymes were
involved. However, many of the intriguing ambiguities could be solved after /n vitro reconstitution
of major segments of these pathways, and subsequent systematic variations of the used enzyme
mixtures. This method has been recently termed ‘combinatorial biosynthetic enzymology’.

Introduction

Landomycins and gilvocarcins belong to the angucycline group of natural products, the
largest group of polyketide-derived natural products, rich in biological activities and
intriguing chemical scaffolds. The unusual repetitive saccharide decoration pattern and high
degree of deoxygenation in the aglycone moiety stimulated biosynthetic inquisitiveness for
the landomycins, while particularly the oxidative framework rearrangements by post-
polyketide synthase tailoring oxidoreductases triggered extensive biosynthetic studies of the
kinamycin, jadomycin and gilvocarcin biosyntheses [1°].

With so far 26 members, the landomycins [2-5], produced by Strepfomyces cyanogenus
S-136 and Streptomyces globisporus 1912, with the principal products landomycin A (1,
Figure 1) and landomycin E (2), respectively, are one of the largest and most studied
families among the typical angucyclines. Their structures differ from each other in their
saccharidal length and composition as well as oxygenation pattern of the aglycone moiety,
for example, landomycin Z (3) [1,6,7]. The landomycins have received much attention for
their structures [8-14,15"] and anticancer activities, partly because of the fact that they are
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not substrates of multi-drug resistance efflux pumps. They interfere with DNA synthesis, but
do not bind directly to DNA. Their exact cell target and mechanisms-of-action remain
elusive [16-21].

Although already discovered in the mid-1950s [22], the chemical structures of the
gilvocarcin group of potent anticancer agents remained elusive until 1981, when an X-ray
structure [23] revealed the relative configuration of gilvocarcin M (4), which in turn led to
the structure determination of various other members of this group of [24-26]. Gilvocarcin
V (5 = toromycin [27,28], anandimycin [24,29]), the major and most active metabolite of
Streptomyeces griseoflavus G6 3592 as well as of various other Strepfomyces species, is
usually produced along with the minor congeners gilvocarcin M (4) and E (6) that vary with
respect to their 8-substitution [24,27,30,31]. Several gilvocarcin analogues (e.g. 7-9, Figure
1), now collectively called the gilvocarcin group of natural products, have been isolated
from different Streptomyces species all containing the characteristic polyketide-derived
benzo[dlnaphtho[1,2- b]pyran-6-one chromophore and different C-glycosidically linked
sugar units [32-36]. The group is known for their strong antitumor activities, unique mode
of action and low toxicity [25,34,37]. The 8-vinyl side chain of the benzo[ d]naphtho[1,2-
blpyran-6-one moiety undergoes photoactivated [2+2]-cycloaddition with thymine residues
of DNA under irradiating conditions with low energy UV or visible light [29,38,39], and the
sugar moiety appears to be essential for the observed gilvocarcin-mediated cross-linking of
histone H3 or heat shock protein GRP78 with DNA resulting in the disruption of DNA
replication and transcription [40"°]. Gilvocarcins also exhibit strong antibacterial [22] and
antiviral properties [41]; however, the inherent poor solubility of these molecules appeared
to be a major obstacle toward their development as therapeutics [1,42—44].

Incorporation experiments with stable-isotope labeled precursors

The landomycin pathway was investigated by incorporation studies and genetic experiments.
The carbon backbone of landomycinone (10) is derived from 10 acetate and malonate units.
Experiments involving 180-labeled molecular oxygen (}80,) and CH3C18080H indicated
that only two of the six oxygen atoms of 1 (Figure 2), namely those 1-position and 8-
position, originate from the polyketide building blocks [3], however, the 180-incorporation
experiments failed to further solve the intriguing biosynthesis of the aglycone [45].

Incorporation studies with isotope-labeled precursors [46—49] suggested that the unique
benzo[dlnaphtho[1,2- 5]pyran-6-one chromophore of the gilvocarcins emerges from a
polyketide-derived angucyclinone intermediate through a complex oxidative rearrangement
process; however, the details and exact sequence of events and involvement of enzymes
remained elusive (Figure 2) [50].

Gene cluster analysis and conclusions from gene inactivation and gene complementation

experiments

Two gene clusters of landomycin producers (/an from the 1-producer S. cyanogenus, and Ind
from the 2-producer S. globisporus) were cloned (Figure 3) [51-55,56°,57°]. The clusters are
almost identically organized, with only three biosynthetic genes missing in the /nd cluster,
namely equivalents of /anK, lanGT3, and /anz2. Many of the functions of the gene-products
could be unambiguously assigned thorough gene inactivation/complementation studies. The
entire glycosylation sequence was solved, many of the regulatory aspects of the landomycin
bio-synthesis could be deduced [4,53-55,56°,57°,58°,59-67], and a couple of new
genetically engineered landomycins were generated [19,68-71]. However, the deduction of
the post-PKS tailoring oxidoreductase catalyzed reactions of the aglycone biosynthesis
remained ambiguous, although some information was gained from accumulated products
upon gene inactivation (see Figure 4 for examples) [69,72,73]. However, the exact
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substrates of the involved enzymes and the exact sequence of their actions remained
ambiguous.

The gilvocarcin biosynthetic gene cluster (g//) was cloned and heterologously expressed
[30], and the clusters of chrysomycin (cAry) and ravidomycin (rav) were cloned and
analyzed (Figure 3) [74°,75°,76,77°,78°]. The functions of the post-PKS gene products were
assigned after gene inactivation, complementation, cross-feeding experiments along with
few in vitro and in vivo studies of activity of individual enzymes or enzyme mixtures [75°,
79-82,83°]. However, many of the inactivation mutants accumulated biosynthetic shunt
products, and left ambiguity over post-PKS biosynthetic steps (for some examples, see
Figure 4) [49,80,82]. The exact sequence of events and the intriguing oxidative
rearrangement mechanism remained ambiguous. It was not even possible to assign the
enzyme responsible for the crucial C—C-bond cleavage. Instead, the production of the
angucyclinones 12/16, 17/18 and 20, respectively (Figure 4), by three different oxygenase-
deficient mutants led to the hypothesis that all three oxygenases (GilOl, GilOll and GilOIV)
might form a multi-enzyme complex that catalyzes a concerted pathway which includes a
C-C bond cleavage that eventually leads to the formation of the unique gilvocarcin scaffold
[80]. The inactivation of oxidoreductase gene gilR led to the accumulation of mainly the
intermediate pregilvocarcin V (19) [81,83], and GilR has been shown to catalyze the very
last step of the gilvocarcin biosynthesis by converting pregilvocarcin V (19) to the final
lactone containing product gilvocarcin V 5 (Figures 4 and 6).

Studies of single enzymes

All enzymes postulated to be involved in the biosynthesis of the landomycin aglycone
(LanM2, LanE, LanV, and LanZ4/Z5) were interrogated with the available angucyclinones
12, 13, 17, 21, 2426 (for structures see Figures 4 and 5) [84,85°], many of which were
previously proposed to be intermediates of the landomycin pathway [77°]. Interrogating the
overexpressed enzymes LanM2 and LanV, respectively, with tetrangomycin (13),
tetrangulol (25), UWMG6 (24), rabelomycin (17), dehydrorabelomycin (21), 11-
deoxylandomycinone (26), and prejadomycin (12) showed no conversions whatsoever,
proving that neither of these angucyclinones was a substrate for either enzyme. When the
same group of angucyclinones was interrogated with the co-expressed enzyme pair LanzZ4/
Z5, only tetrangomycin (13) and 11-deoxylandomycinone (26) were converted, the former
into its 11-hydroxylated derivative 14, the latter into tetrangulol (25) as well as into 27.
However, landomycinone (10) was not formed, suggesting that 10 is not an intermediate of
the pathway. Nevertheless, the experiments suggested for the first time two different
functions of lanZ4/Z4, acting either (i) as 11-hydroxylase or (ii) as 5,6-dehydratase, or both.
Overexpressed LanE was able to convert prejadomycin (12) and UWMG6 (24) into
dehydrorabelomycin (21) and rabelomycin (17), respectively. However, the conversion of
24 into 17 was also known to occur non-enzymatically. Yet, the experiments showed LanE
to posses dual functionality, namely as (i) 4a,12b-dehydratase and (ii) as 12-oxygenase. The
experiments also determined the cofactors for each of these enzymes (Kharel MK, Pahari P,
Shaaban KA, Wang G, Morris C, Rohr J: Elucidation of post-PKS tailoring steps involved in
landomycin biosynthesis. Org Biomol Chemn, unpublished data) [85°].

Work with overexpressed oxidoreductase enzymes of the gilvocarcin pathway also revealed
little, since in most cases the substrates remained obscure. From all the oxygenases, only
GilOl reacted, and converted UWMG6 (24) into rabelomycin (17). This confirmed previous
genetic studies on the related jadomycin bio-synthetic pathway [86], in which it was found
that oxygenases JadH, the equivalent of GilOl, and JadF, the equivalent of GilOIV, both
seem to possess dual functionality (i.e. also catalyzed dehydration reactions in ring A of the
benz[a]anthracene derived tetracyclic angucyclinone — JadF/GilOIV a 2,3-dehydration;
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JadH/GilOl a 4a,12b-dehydration, Figure 6). Since rabelomycin (17) was not an
intermediate of the gilvocarcin biosynthesis, it was deduced that most, if not all, of the
observed reactions might also occur spontaneously.

Overexpressed oxidoreductase GilR was studied, and was shown to catalyze the very last
step of gilvocarcin biosynthesis, namely the conversion of pregilvocarcin to gilvocarcin
[81], showing that this enzyme establishes the central lactone moiety from a hemiacetal. The
latter was the first hint that the hypothetical 5,6-bond cleavage product of the (unknown)
proposed angucyclinone intermediate is an aldehyde-acid rather than the originally proposed
di-acid shown in Figure 2. The enzyme contains covalently bound FAD, which needs to be
regenerated by dissolved oxygen. The 1.65 A-resolution crystal structure of GilR showed
this enzyme as dimer with bi-covalently linked FAD at the 8a-position and 6-position
mediated through His-65 and Cys-125, respectively.

Combinatorial biosynthetic enzymology

It is necessary to have genes from several related pathways available to be able to overcome
problems with the overexpression of soluble enzymes. For the studies of angucycline
pathways, we had genes available from six different pathways: landomycin (/anand /nd),
urdamycin (urd), jadomycin (jad), gilvocarcin (gif), ravidomycin (rav) and chrysomycin
(chry). An angucyclinone expression system was constructed, which contained the minimal
PKS genes for the production of UWMS6 (24), an unstable angucyclinone that was believed
to be a key intermediate of many pathways, including the jadomycin, urdamycin,
landomycin and gilvocarcin pathways. UWMBG is unstable and converts non-enzymatically
into rabelomycin (17). This PKS cassette contained genes from the gilvocarcin, ravidomycin
and jadomycin pathways, and expressed the following enzymes: GilAB (co-expressed
ketosynthase/chain length factor), RavC (acyl carrier protein), GilF (PKS-associated
ketoreductase), JadD, RavG (cyclases) and GilP (MCAT) [75°]. For the characterization of
the oxidoreductases involved in the landomycinone biosyn-thesis, both, /in vivo experiments
utilizing minimal PKS enzymes and different combinations of post-PKS tailoring enzymes
in a heterologous host, and /n vitro studies utilizing individual isolated enzymes were
applied (Kharel MK, Pahari P, Shaaban KA, Wang G, Morris C, Rohr J: Elucidation of post-
PKS tailoring steps involved in landomycin biosynthesis. Org Biomol Chem, unpublished
data) [85°]. While the /n vivo studies (not described here) were complicated by secondary
catalytic events and therefore led to little new knowledge, the /n vitro experiments
delineated the sequence of events toward the four different angucyclinones used as agly-
cones in the landomycin group: landomycinone (10), 11-deoxy-landomycinone (26),
anhydro-landomycinone (27) and tetrangulol (25). With an aim to elucidate the functional
role of each of the Lan-post-PKS enzymes (LanM2, E, V, Z4 and Z5) and the timing of their
actions, various expression cassettes were constructed, in which individual genes encoding
these oxidoreductase enzymes were co-expressed with PKS genes alone, and then in groups.
A heterologous expression host, Streptomyces lividans TK64, was used for the co-
expression.

Using the above-mentioned PKS-cassette mixture of enzymes along with a mixture of 5
presumed post-PKS enzymes LanM2, LanE, LanV and LanZ4/Z5 led to the production of
tetrangulol (25). An interrogation of just these 5 post-PKS enzymes with potential
angucyclinone intermediates showed a conversion of prejadomycin (12) to tetrangulol (25)
via 11-deoxylandomycinone (26). However, the same mixture of enzymes was unable to
convert UWMBG (24) into any of the aglycones of the landomycin group, and led to the
production of 17 (as with LanE alone, see above), which proved that neither 24 nor 17 is an
intermediate of the landomycin pathway. This enzyme mixture was then systematically
varied and reduced, which revealed the following results: prejadomycin (12) was converted
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by the mixture of LanE and LanV (and necessary cofactors) into 26. This confirmed LanE's
role as 4a,12b-dehydratase/12-oxygenase, and also confirmed LanV's suggested role as 6-
ketoreductase [87]. Adding LanZ4/Z5 to this mixture resulted in the formation of tetrangulol
(25), while the addition of LanM2 did not lead to any change in the product profile. The
experiments clearly proved that neither UWMBG6 (24), nor tetrangomycin (13) nor
rabelomycin (17) are true intermediates of the landomycin pathway as suggested earlier after
cross-feeding experiments with whole organisms, which apparently possess secondary
enzymatic activities to ‘recycle’ these shunt products. Prejadomycin (12) is the first verified
angucyclinone intermediate, and is converted into 11-deoxylandomyci-none (26) through
the activities of two enzymes, LanE and LanV. Exclusive production of prejadomycin (12)
instead of UWMG6 (24, the product of the PKS enzymes alone) through co-expression of
LanM2 with the PKS enzymes indicated that LanM2 is the first tailoring enzyme,
responsible for catalyzing the 2,3-dehydration step — the same reaction found for JadF in
jadomycin biosynthesis [86,88].

Furthermore, it was concluded that this elimination happens simultaneously with the
cleavage of the thereby generated angucyclinone 12 from the ACP. This parallels the
findings we recently established for GilOIV and JadF, respectively, in the gilvocarcin and
jadomycin biosyntheses, respectively [89°°], and is corroborated by the fact that LanM2
cannot convert 24 into 12 /n vitro. Overall, this thorough study of function and substrates
specifici-ties of landomycin post-PKS tailoring enzymes led to a revised pathway for
landomycin biosynthesis, shown in Figure 5.

To gain a better understanding of the role of individual enzymes involved in the gilvocarcin
biosynthesis and to identify the actual biosynthetic sequence of events, the focus of the
studies was also shifted toward /n vitro studies with enzymes mixtures. The first step was to
establish the above mentioned PKS-enzyme cassette that enabled the production of UWM6
(24), also believed to be a gilvocarcin pathway intermediate. Then the scope of the
investigations was expanded involving selected post-PKS enzymes. It was assumed that the
minimal set of the enzymes GilOl, GilOll, GilOIV (oxygenases), GilM, GIIMT (methyl
transferases), and oxidoreductase GilR was necessary to establish both the oxidative
rearrangement and follow-up reactions toward the simplest gilvocarcin skeleton, the defuco-
gilvocarcin scaffold. Like many PKS enzymes, one of the gi/ post-PKS enzymes, GilOlV,
resisted all efforts to express in soluble form, and was replaced by its homologue JadF from
the jadomycin biosynthetic pathway [80]. Also, instead of the using the slowly acting
enzyme GilH for the reductase necessary to regenerate cofactor FADH,, Escherichia coli
flavin reductase Fre was used [90].

To test the activity of the PKS enzymes, all seven PKS enzymes (GilAB, RavC, GilF, GilP,
JadD, RavG) were incubated with one equivalent of acetyl-CoA and nine equivalents of
malonyl-CoA in the presence of cofactor NADPH. To ensure enough supply of NADPH for
the reaction, the well established NADPH-regeneration system consisting of glucose-6-
phosphate (G6P) and glucose-6-phosphate dehydrogenase (G6PDH) from £. coliwas used.
As expected, the products UWM6 (24) and rabelomycin (17) were formed. With fully
functional PKS-enzymes in hand, a cocktail of 15 enzymes was mixed, consisting of the
above listed PKS enzymes and of all of the anticipated post-PKS enzymes (GilOl, GilOll,
JadF, GilM, GilMT, GilR, and E. coli Fre). This enzyme mixture was incubated with acetyl-
CoA, malonyl-CoA, cofactors NADPH, FAD, SAM (S-adenosyl methionine) along with the
NADPH regeneration system G6P and G6PDH, and was shown to produce
defucogilvocarcin M (32, identical with the isolated 32 from the previously characterized
GilGT-minus mutant [82]) along with shunt product rabelomycin (17, Figure 6).
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Once the enzymes required for the production of 32 were established, the enzyme mixture
was systematically reduced to deduce the events of the complex oxidative rearrangement
cascade. Two of the previously proposed pathway intermediates UWMG6 (24) and
prejadomycin (12) were used as substrates instead of acetyl-CoA and malonyl-CoA in the
multi-enzyme reaction described above. Prejadomycin 12 was completely converted into 32
both in the presence and absence of the PKS-enzymes. This confirmed that 12 is indeed a
true intermediate of the gilvocarcin M (4) pathway, and that the designated PKS enzymes
have no role in converting 12 to 32, while the same enzyme mixture failed to convert 24 to
32, in contradiction to previously proposed hypotheses [86,91]. Instead, rabelomycin (17)
was exclusively produced. This led to the new hypothesis that one or more of the designated
post-PKS enzymes may only act on angucyclinone substrates still tethered to the acyl carrier
protein, and that UWMG6 (24) is a shunt product formed by spontaneous hydrolysis and
decarboxylation of the ACP-tethered intermediate 22 (Figure 6). Shunt product rabelomycin
(17) in turn is produced spontaneously from 24 by aerial oxidation and spontaneous
dehydration, like observed before [75°].

Further reducing the enzyme mixture eventually revealed the point at which a stable, non-
ACP-tethered pathway intermediate emerges from the mixture. Removal of GilOl, GilOll,
or JadF, respectively, from the enzyme cocktail produced prejadomycin (12),
dehydrorabelomycin (21) and rabelomycin (17), respectively, whereas removal of GilM/
GilMT led to unidentified products. Finally, addition of individual oxygenases to the PKS
enzyme mixture showed that only one additional enzyme, namely JadF (soluble replacement
of GilOlV), needed to be added to the PKS-enzymes to convert acetyl-CoA/malonyl-CoA to
the pathway intermediate prejadomycin (12). GilOIV/JadF was previously suggested to be a
bifunctional enzyme with an (unclear) oxygenase and a 2,3-dehydratase activity [86]. The
enzyme mix reactions performed here confirmed that GilOIV/JadF indeed catalyzes the 2,3-
dehydration, but moreover also serves as key enzyme bridging PKS and post-PKS reactions
by catalyzing the hydrolysis and decarboxylation of the ACP-tethered angucycline 22 to 12
(Figure 6).

To determine the fate of prejadomycin (12), the study was reduced to experiments
interrogating single or more of the remaining post-PKS enzymes, using 12 as the substrate.
These studies identified GilOl as the enzyme responsible for the next reaction, the oxidation
of 12 to dehydrorabelomycin (21), proving that GilOl is a bifunctional enzyme which
performs a 4a,12b-dehydration and C-12 oxygenation. Identical observations and
conclusions were reported previously for JadH, the homologous enzyme of the jadomycin
pathway [86,91,92], and now also for LanE (see above).

Furthermore, an enzyme mixture consisting of the remaining enzymes GilOll, GilM, GilMT,
GilR along with E£. coliflavin reductase Fre [90] was able to convert 21 completely into 32
confirming 21 as a true intermediate of the gilvocarcin pathway. Since GilOll was the only
oxygenase present in this reaction mixture, it also was concluded that GilOll is the enzyme
responsible for the C—C bond cleavage reaction, which is a key reaction for the
establishment of the unique dibenzochromen-6-one backbone of the gilvocarcin group of
natural products. However, it still remains ambiguous whether GilM, GiIMT or GilR may
partake in this cleavage reaction. Overall, these results led to a major revision of gilvocarcin
biosynthesis overwriting all earlier proposed hypotheses that suggested GilOl and/or GilOIV
or both in complex with GilOll to be required for the C—C-bond cleavage [80]. Since earlier
cross-complementation results have shown that GilOIV and GilOl are functionally
equivalent to JadF and JadH of the jadomycin pathway, respectively, and that both pathways
may share an identical mechanism for the C5-C6 bond cleavage of an angucyclinone
intermediate, it is now evident the GilOll-equivalent of the jad pathway, JadG [80], is likely
responsible for the C6-C6-bond cleavage in the jadomycin pathway. Replacing GilOll with
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JadG in the post-PKS enzyme cocktail and incubation of this enzyme mixture with substrate
21 confirmed this conclusion, since the substrate was converted into 34 demonstrating the
functional equivalence of GilOll and JadG. Currently, investigations are in progress to seek
clarification of the remaining ambiguous biosynthetic steps of the gilvocarcin pathway,
beyond the C—C-bond cleavage. It also remains to be shown whether the reaction
mechanism of the cofactor free oxygenase GilOll [30] involves sequential monooxygenase
reactions (e.g. 5-hydroxylation followed by Baeyer—Villiger reaction [80]), or rather a
dioxygenase mechanism, similar to the recently discussed mechanism discussed for the
cofactor independent dioxygenase DpgC [93,94,95] involved in the biosynthesis of the
dihydroxyphenylglyoxylate building block of glycoprotein antibiotics. It also remains
unclear how GilOll is regenerated, and which of the remaining enzymes performs the
reduction of 31ato 31b. Possible candidates are GilR, GilM, or GilOll, some of these may
act co-dependently.

Conclusions

After all classical /n vivo methods failed to reveal unambiguous results, in vitro pathway
reconstitution and systematic recombination of its enzyme components (combinatorial
biosynthetic enzymology) was critical to delineating the complex post-polyketide tailoring
steps toward the landomycin aglycone mixture and the oxidative rearrangement cascade of
the gilvocarcin and jadomycin biosyntheses. The studies also allowed for the first time to
unambiguously assign many of the involved enzymes, which contradicted many of the
earlier drawn hypotheses and conclusions. Although pathway reconstitution had been used
before to understand the biosyn-thesis of vitamin B4, [96°°], tetracenomycin C [97°], and
enterocin [98], the highlighted examples here were the first, in which a systematic enzyme
mix and match approach was used to delineate the sequence of biosynthetic events.
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Figure 1.

Representative chemical structures of the landomycin and gilvocarcin groups of anticancer

drugs.
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Figure2.

Incorporation experiments with stable-isotope labeled precursors.
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Figure 3.

Gene clusters of the landomycin and gilvocarcin groups: (a,b): landomycin E (/n4) and
landomycin A (/an) gene clusters in comparison. (c—€) Gilvocarcin (gif), ravidomycin (rav)
and chrysomycin (¢hry) gene clusters in comparison. PKS and other genes encoding the
polyketide frame = black, sugar biosynthesis and glycosyltransfer = green, methyltransfer =
cyan, regulatory and resistance = gray, oxygenases/oxidoreductases = red, unknown = white.
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Figure4.
Inactivation of genes of the landomycin (above) and gilvocarcin (below) biosynthesis. The
major accumulation product/s of the corresponding mutant strains is/are shown.
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Figureb5.
Landomycin biosynthesis. The pathway leading to the three different series of landomycins,
with different aglycones, is depicted in black, while shunt pathways are shown in blue.
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Figure6.
Gilvocarcin biosynthesis. The pathway leading to the different gilvocarcins is depicted in
black, while a shunt pathway branch is shown in blue.
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