COMMUNICATION

JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Cloning and Characterization of an Environmental DNA-Derived
Gene Cluster That Encodes the Biosynthesis of the

Antitumor Substance BE-54017
Fang-Yuan Chang and Sean F. Brady*

Laboratory of Genetically Encoded Small Molecules, The Rockefeller University, Howard Hughes Medical Institute,

1230 York Avenue, New York, New York 10065, United States

eSupporting Information

ABSTRACT: Soil is predicted to contain thousands of
unique bacterial species per gram. Soil DNA libraries
represent large reservoirs of biosynthetic diversity from
which diverse secondary metabolite gene clusters can be
recovered and studied. The screening of an archived soil
DNA library using primers designed to target oxytrypto-
phan dimerization genes allowed us to identify and func-
tionally characterize the first indolotryptoline biosynthetic
gene cluster. The recovery and heterologous expression of
an environmental DNA-derived gene cluster encoding the
biosynthesis of the antitumor substance BE-54017 is re-
ported here. Transposon mutagenesis identified two mono-
oxygenases, AbeX1 and AbeX2, as being responsible for the
transformation of an indolocarbazole precursor into the
indolotryptoline core of BE-54017.

number of structurally diverse and pharmacologically inter-
Aestmg natural products are thought to arise from the
dimerization of tryptophan (Figure 1A,B)."* Biosynthetic gene
clusters for violacein® as well as representative bisindolylqui-
nones (e.g., terre u1none A, Flgure 1A) and indolocarbazole-
based metabolites® (Flgure 1B) have been cloned and exten-
sively characterized. However, most members of this diverse class
of metabolites have not been investigated biosynthetically. Soil
contains an extraordinarily diverse collection of both cultured
and as yet uncultured bacteria.”'® DNA isolated from natural
populations of soil bacteria [environmental DNA (eDNA)]
should therefore represent a reservoir from which additional
tryptophan dimer biosynthetic gene clusters can be cloned and
characterized. Here we report the cloning and heterologous
expression of an eDNA-derived gene cluster that encodes the
biosynthesis of the antitumor substance BE-54017 (1)
(Figure 2)."" BE-54017 is part of a small family of indolotrypto-
line (indolotetrahydro-/3-carboline)-based natural products that
show potent activity against tumor cell lines."”"" Transposon
mutagenesis of the antitumor substance BE-54017 (abe) gene
cluster revealed that the indolotryptoline core of BE-54017 arises
from two successive oxidations of an indolocarbazole precursor.
To recover tryptophan dimer biosynthetic gene clusters from
the environment, we screened a previously archived soil eDNA
cosmid library by polymerase chain reaction (PCR) using degen-
erate primers designed to recognize conserved regions in known
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Figure 1. (A) Structurally diverse natural products predicted to arise
from the dimerization of tryptophan. (B) Overview of indolocarbazole
(staurosporine/rebeccamycin) and violacein biosynthesis. In these
pathways, homologous enzymes (StaD/RebD/VioB) are responsible

for the dimerization of oxytryptophan.

oxytryptophan dimerization genes (StaD, RebD, VioB, etc).'>'?
Oxytryptophan dimerization enzymes were chosen as our targets
because this enzyme family is used in the biosynthesis of struc-
turally diverse tryptophan dimers. Both indolocarbazole (e.g,
staurosporine, rebeccamycin, K-252a, and AT2433) biosynthetic
gene clusters and violacein biosynthetic gene clusters contain
homologous enzymes that carry out the oxidation (StaO/RebO/
VioA) and subsequent dimerization (StaD/RebD/VioB) of
tryptophan (Figure 1B). Cosmid clones containing unique
eDNA-derived StaD-like homologues were recovered from the
eDNA library using whole-cell PCR on serially diluted library
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Figure 2. The eDNA-derived abe gene cluster encodes the biosynthesis
of BE-54017 (1). BE-54017 and the cladoniamides share an indolo-
tryptoline core. Here we show that indolotryptolines arise from indo-
locarbazole precursors.

aliquots. Each recovered cosmid was then de novo sequenced
and annotated.

One eDNA-derived cosmid, AB1650, was found to contain a
complete set of conserved indolocarbazole biosynthetic genes
(abeO, D, C, P) as well as two monooxygenases (abeX1, X2),
three methyltransferases (abeMI, M2, M3), and a halogenase
(abeH) (Figure 3). The presence of the two predicted mono-
oxygenases was unprecedented in known indolocarbazole bio-
synthetic pathways, suggesting that this gene cluster likely
encodes the biosynthesis of an oxidized or rearranged indolo-
carbazole-based metabolite. To investigate this possibility, cos-
mid AB1650 was retrofitted with the genetic elements required
for conjugation, selection, and stable integration into Strepto-
myces and then conjugated into Streptomyces albus for hetero-
logous expression studies.

Cultures of S. albus transformed with AB1650 produced one
major clone-specific metabohte as well as four minor clone-
specific metabolites. The '"H and "*C NMR, UV, and high-
resolution electrospray ionization mass spectrometry (HR-ESI-MS) "
data for the major metabolite (1) were identical to data reported
for the antitumor substance BE-34017 (Figure 2).'" Minor
metabolites 3 and 4 each differ from 1 by the loss of 28 mass
units, corresponding to “CO”."* Recently reported derivatives of
the structurally related metabolite cladoniamide A (2), in which
the N-methylsuccinimide substructure has been hydrolyzed,
show a similar loss of “CO”."> As would be expected for
correspondingly hydrolyzed BE-54017 derivatives, compounds
3 and 4 both contain a new correlation spectroscopy (COSY)
spin system between an amide nitrogen and a methyl singlet that
now shows a heteronuclear multiple bond coherence (HMBC)
correlation to only one of the two carbonyl carbons in the
structure. HMBC correlations from the C4c hydroxyl proton to
C7a, CS, C4c, and C4b in compound 3 and from the C7a
hydroxyl proton to C7, C7a, and C4c in compound 4 allowed us
to define the position of the N-methylamide in both structures.
On the basis of comparisons of HR-ESI-MS'* and 2D NMR data,
compounds S5 and 6 were determined to be the deschloro
analogues of compounds 1 and 4, respectively. Compounds
3—6 are novel secondary metabolites (Figure 4).

It has been suggested that the indolotryptoline core seen in
BE-54017 and the cladoniamides might arise either from the
oxidation of an indolocarbazole le precursor or from an indolocar-
bazole-independent pathway."'” To elucidate the origin of the
indolotryptoline substructure and assign specific functions to the
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Figure 3. The BE-54017 biosynthetic gene cluster (abe) (GenBank

accession code JF439215) was recovered from an eDNA library using
primers that recognize StaD-like oxytryptophan dimerization genes.
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Figure 4. Minor compounds isolated from the culture broth of S. albus
transformed with the abe gene cluster.

individual genes found in the abe gene cluster, we carried out a
transposon mutagenesis study on cosmid AB1650. Individual
transposon mutants were sequenced to identify clones with
insertions in key biosynthetic genes (Figure S). This collection
of transposon mutants was then conjugated back into S. albus,
and the major clone-specific metabolites found in the culture
broth extracts of each mutant were structurally characterized.

Consistent with what is known about the biosynthesis of
indolocarbazoles (Figure 1B), transposon insertions in predicted
indolocarbazole biosynthetic genes resulted in either the absence of
organic-extractable clone-specific metabolites (abeO, D) or the
production of the known indolocarbazole intermediate 3-chloro-
chromopyrrolic acid (abeC, P) (Figure S). Homologues of the two
predicted oxidoreductases, abeX1 and abeX2, do not appear in any
known bisindole biosynthetic gene clusters. Dlsruptlon of abeX2
results in the accumulation of compound 8,'° and disruption of
abeX1 leads to the accumulation of the simple indolocarbazole
3-chloroarcyriaflavin (7)."” The isolation of compound 7 confirmed
the indolocarbazole origin of BE-54017.

Compound 8 contains the C4c/C7a diol seen in BE-54017
but has not undergone a rearrangement of the indolocarbazole
core, while compound 7 contains neither the diol nor the flipped
indole. AbeX1 and AbeX2 show homology to class-A flavopro-
tein monooxygenases, and therefore the oxidation reactions they
carry out are predicted to proceed through epoxides (Figure 6)."*
The mutagenesis results coupled with homology arguments
allowed us to construct a biosynthetic scheme for the formation
of the indolotryptoline core in BE-54017 from indolocarbazole 7
(Figure 6). Our scheme is consistent with the proposed biogen-
esis of the cladoniamides outlined by Williams et al."> In this
scheme, the diol is introduced by AbeX1 through the epoxidation
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Figure 5. Major metabolites produced by select transposon mutants.
Sites on BE-54017 where key biosynthetic enzymes are predicted to act
are indicated in the inset.
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Figure 6. Two monooxygenases, AbeX1 and AbeX2, are responsible for
the conversion of an indolocarbazole precursor into the indolotryptoline
core of BE-54017. BE-54017 requires three methylations; the exact
timing of these transformations is not known.

of the C4c/C7a double bond. AbeX2 is then responsible for
promoting the rearrangement of the indole via the introduction
of a second epoxide at C7b/C12a. The opening of this epoxide is
accompanied by fragmentation of the C7a/C7b bond followed
by rotation of the indole around C12a/C12b and finally the
formation of the C7a/N7b bond.

Whether the proposed epoxide hydrolysis and indole rear-
angement reactions occur spontaneously, are catalyzed by the
monooxygenases themselves, or are catalyzed by other enzymes
is not clear. While AbeY shares the same o/(-hydrolase fold
superfamily as most epoxide hydrolases,' our studies suggest
that it is dispensable in the biosynthesis of compounds 1 and
3—6, as all five compounds are produced by the abeY knockout
mutant. The appearance of small quantities of low-molecular-
weight clone-specific metabolites in extracts from cultures of the
abeY mutant suggests that while AbeY is not required, it may be
involved in enhancing the efficiency of one or more biosynthetic
transformations, similar to the reported function of StaC in

staurosporine biosynthesis.*® Alternatively, the role of AbeY may
be complemented by the host’s endogenous biosynthetic
machinery.

A detailed accounting of the functionality that appears on the
compounds produced in our transposon mutagenesis experi-
ments allowed us to assign functions to the three methyltrans-
ferases and the predicted halogenase found in the abe gene
cluster (Figure S). Disruption of abeH, a homologue of the
tryptophan halogenase found in the rebeccamycin pathway, led
to the accumulation of deschloro derivative 5, thereby confirming
its role as a halogenase. The absence of the chloride substituent on
compound 8 suggested that the transposon insertion in abeX2
disrupts the expression of downstream genes in the same operon.
AbeM3 is positioned between abeX2 and abeH and is therefore
predicted to be transcriptionally silenced in this transposon mutant.
Since both the N6 and N13 methylations appear on 8, abeM3 is
predicted to be responsible for the methylation of the C12 hydroxyl
in BE-54017. The regiospecificity of the two remaining N-methyl-
transferases, abeM1 and abeM2, was inferred from the accumulation
of the O12,N6-dimethylated derivative 2 (cladoniamide A) in the
abeM2 transposon mutant. AbeM1, AbeM2, and AbeM3 are there-
fore N6-, N13-, and O12-specific methyltransferases, respectively
(Figure S inset).

No gene in the abe cluster could be linked to the hydrolysis of
the N-methylsuccinimide, suggesting that this reaction is either
carried out by the host or occurs spontaneously during the fer-
mentation process.

Compounds 1—8 were assayed for antiproliferative activity
against human colon cancer HCT116 cells. While 3—8 were not
active below 8 tg/mL, 1 and 2 exhibited potent antiproliferative
activities [ICso (ug/mL): 0.079 for 1, 0.0088 for 2]. Crystal-
lographic studies have shown that the planar structure of indolo-
carbazoles is important for topoisomerase/DNA (rebeccamycin)
and kinase (staurosporine) binding.u’22 The C4c/C7a diol seen in
indolotryptolines causes the N-methylsuccinimide to bend out of
the bisindole plane, which may afford these compounds the ability
to bind different cellular targets for their antitumor activity. Con-
siderable progress in generating novel indolocarbazole analogues by
combinatorial biosynthesis has been made, and the identification of
AbeX1 and AbeX2 provides new tools for producing structurally
and functionally diverse bisindole metabolites.”*

The cloning of DNA extracted directly from environmental
samples provides a means of exploring the biosynthetic capacity
of thousands of bacterial genomes simultaneously. Archived
eDNA libraries represent permanent resources from which
diverse gene clusters can be recovered and studied. In this study,
the screening of an archived eDNA library using primers de-
signed to recognize oxytryptophan dimerization genes allowed
us to clone and characterize the first indolotryptoline biosyn-
thetic gene cluster.
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