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paraherquamide and malbrancheamide pathwaysT I
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The biosynthesis of fungal bicyclo[2.2.2]diazaoctane indole alkaloids with a wide spectrum of biological
activities have attracted increasing interest. Until recently, the details of these biosynthetic pathways
have remained largely unknown due to lack of information on the fungal derived biosynthetic gene
clusters. Herein, we report identification of three new fungal gene clusters responsible for biosynthesis
of a select group of bicyclo[2.2.2]diazaoctane indole alkaloids including (+)-notoamide,
paraherquamide and malbrancheamide by genome mining. In each gene cluster, we identified a non-
ribosomal peptide synthetase, a variant number of prenyltransferases, and a series of oxidases
responsible for the diverse tailoring modifications of the cyclodipeptide structural core. Based on the

comparative analysis of four natural product metabolic systems including (+)/(—)-notoamide,
paraherquamide and malbrancheamide, we were able to propose an enzyme for each step in the
respective biosynthetic pathways through deep gene annotation and on-going biochemical studies. We
proposed that two different types of intramolecular Diels-Alderases operate to generate the
monooxopiperazine and dioxopiperazine ring systems for this class of alkaloid natural products.

Introduction

Natural products continue to be a rich source of clinical drugs for
treatment of human and animal diseases.’* With respect to drug
development, advanced understanding of their biosynthesis is
significant for rational strain improvement efforts. This includes
genetic manipulation (e.g. gene knock-out, knock-in, and whole
gene cluster amplification) of the key biosynthetic and regulatory
genes in order to increase the yield of pharmaceuticals to
a desired level.>* Knowledge on biosynthesis is also valuable for
guiding generation of novel natural product analogs as new drug
candidates by metabolic engineering, mutasynthesis and allied
approaches.”*" In addition, biochemical characterization of
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diverse biosynthetic enzymes continues to reveal new catalytic
mechanisms that inspire inventions of novel chemical and bio-
logical catalysts in organic chemistry for production of fine-
chemicals and medicinal agents.'>!?

Elucidation of the biosynthetic pathway of a particular natural
product or a family of natural products first requires identifica-
tion of the gene cluster encoding its production.'**¢ Next, the
combined genetic (in vivo) and biochemical characterization (in
vitro) of each individual biosynthetic enzyme provides important
information, including enzyme substrate specificity, co-factor
requirements, and the precise order of multiple biosynthetic
steps.'”!® With this information available, it becomes possible to
reconstitute the entire biosynthetic pathway in a heterologous
host**! or in a multi-component in vitro reaction.?>

Across all microbes, plants and animals that generate natural
products, it is particularly challenging to elucidate a biosynthetic
pathway completely when unprecedented steps are involved, or
precedent knowledge of biosynthetic origin is limited or
non-existent. Conventionally, the hunting for such enzymes
catalyzing these unusual biotransformations via unexplored
mechanisms depends on implementing reasonable biosynthetic
principles, and the scanning of the activity of all possible
candidate enzymes against all hypothetical substrates.'®2*2
Thus, the entire process can require prolonged and intensive
efforts, especially for those complex natural products assembled
by a large number of biosynthetic enzymes.

This journal is © The Royal Society of Chemistry 2012
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Due to the discovery of natural products from different
microorganisms bearing the same unique structural core, but
varying from one another in their tailoring groups, opportuni-
ties for facile identification of unique enzymes arise. In this
scenario comparative bioinformatic analysis suggests that
homologous genes can be linked to formation of a common
structural core, whereas cluster-specific genes provide the basis
for structural differences.”*° Recent advances in whole genome
sequencing technology have made this approach rapid and cost-
effective.?’=** Thus, identification of biosynthetic gene clusters
for structurally related natural products from different micro-
organisms has become practical for comparative analysis of
these systems. Deep gene annotation provides adequate infor-
mation to develop hypotheses regarding key gene(s) and their
protein products. This in turn guides experimental strategies to
explore unusual biotransformation(s) of interest using genetic
and/or biochemical approaches. Although considerable infor-
mation can be gleaned from biosynthetic pathway mining and
annotation, putative biochemical function can only be verified
by analysis of the gene product in vitro using natural or suitable
model substrates.

Herein, we present an example of the comparative analysis of
biosynthetic gene clusters (mined from the whole genome) and
pathways for four structurally related fungal indole alkaloids
bearing the unusual bicyclo[2.2.2]diazaoctane core, including the
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(-)-notoamide A ((-)-1)
Aspergillus sp. MF297-2

anticancer agents (—)-notoamide A ((—)-1) and (+)-notoamide
A ((+)-1),3%37 the anthelmintic paraherquamide A (2),**° and
the calmodulin-inhibitor malbrancheamide*'—* 3)
(Fig. 1A) produced by Aspergillus sp. MF297-2.** Aspergillus
versicolor NRRL35600, Penicillium fellutanum ATCC20841, and
Malbranchea aurantiaca RRC1813, respectively. These fungal
natural products are assembled from an L-tryptophan, a second
cyclic amino acid residue, and one or two isoprene units through
biosynthetic pathways that are proposed to feature an intriguing
intramolecular Diels-Alderase (IMDAse), and a number of
unique enantiomerically selective enzymes.**>° The diverse
bioactivities of this natural product family suggests that eluci-
dation of their biosynthesis could direct future structural diver-
sification via biosynthetic engineering, thereby leading to
enhanced biological activities.

As expected, this comparative analysis provides significant
insights into a number of intriguing biosynthetic questions: (1)
which enzyme in each pathway is likely responsible for the
formation of the bicyclo[2.2.2]diazaoctane core via the proposed
intramolecular [4 + 2] Diels—Alder (IMDA) cyclization; (2)
which enzyme in the pathway of 1 and 2 installs the spiro-oxin-
dole functionality via a putative epoxide-initiated pinacol-type
rearrangement; and (3) what genetic difference controls forma-
tion of the dioxopiperazine in 1 versus the monooxopiperazine in
2 and 3.
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Fig.1 (A) Structures of (+)-notoamide A ((£)-1), paraherquamide A (2), and malbrancheamide (3). The unique structural features in 2 and 3 compared
to 1 are highlighted in dashed boxes. (B) Proposed formation of the antipodal bicyclo[2.2.2]diazaoctane ring systems.
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Results and discussion

Structural similarity between 1 and 3 and its biosynthetic
implications

The most significant structural similarity between 1 and 3 is the
bicyclo[2.2.2]diazaoctane core (Fig. 1A). Biosynthetically, this
unique structural moiety was proposed to arise from a [4 + 2]
IMDA reaction (Fig. 1B).**” This presumed cycloaddition
reaction is also believed to catalyze the first enantiodivergent step
in an otherwise common biosynthetic pathway from Aspergillus
sp. MF297-2 and A. versicolor NRRL35600, leading to forma-
tion of (—)-1 and (+)-1, respectively, together with several other
enantiomeric metabolites (Fig. 3).*® Currently, it remains
unknown whether a specific IMDAse indeed exists in these
biosynthetic pathways. However, if it does exist, one would
expect its encoding gene should be present in all four gene clus-
ters. Second, the spiro-oxindole is absent in 3, suggesting the
responsible enzyme is likely absent from the pathway for 3, and
present in those for 1 and 2. Third, a specific reductase respon-
sible for reducing the tryptophan carbonyl group would be
expected in the gene cluster of 2 and 3, but not 1. This genetic
difference would account for the lack of the second amide
carbonyl group in the piperazine ring of 2 and 3. Finally, the
different hydroxylation status of the indole amide, distinct
aromatic decoration among 1-3, together with other unique
structural features including the tailoring of the proline moiety
and N-methylation in 2, are also expected to be reflected at the
genetic level.

Localization and analysis of the gene clusters of (—)-notoamide
(not), (+)-notoamide (not'), paraherquamide (phq), and
malbrancheamide (mal) through genome mining

The genomes of A. versicolor NRRL35600, P. fellutanum
ATCC20841, and M. aurantiaca RRCI813A harboring not’
(Genbank accession number: JQ708194), phg (JQ708195), and
mal (JQ708193) gene clusters, respectively, were sequenced to
approximately 99, 84, and 181 times coverage of their estimated
genome size (35 Mb), using the Illumina Solexa technology
(Genome Analyzer I1x). The gene clusters were identified from
genomes using selected homologous gene sequences as in silico
probes. The boundaries of the individual clusters were defined
based on bioinformatic prediction of irrelevant genes at the 5’
and 3’ ends (see ESI}).

First, the key biosynthetic gene notE’ (Table 1) encoding
a non-ribosomal peptide synthetase (NRPS) was mined from the
genome sequences using the notE DNA sequence from the
reported not gene cluster** as a probe for homologous genes.
NotE', which shows 79% identity and 86% similarity to NotE at
the amino acid (AA) level, was predicted to be a bimodular
NRPS with the A-T-C-A-T-C (A: adenylation, T: thiolation,
C: condensation) domain organization using the PKS/NRPS
Analyzer (http://nrps.igs.umaryland.edu/nrps/). Genome
walking from notE' toward 5" and 3’ ends identified another nine
genes (notA’-J', Table 1 and Fig. 2) that display high AA
sequence similarity (>70%) with corresponding gene products of
the not gene cluster. Notably, the overall nucleotide identity
between notA’-J' (25440 bp) and notA-J (26 210 bp) is 71%,
which is not surprising since both metabolic pathways are

responsible for assembling “identical”’, yet antipodal
compounds. In addition to the high sequence similarity, the
genetic architecture (i.e. order and direction of genes) within this
region is identical in the two clusters (Fig. 2). The pattern of the
exon/intron arrangement in the corresponding genes is also
highly similar to each other (see ESI}). In contrast, the sequence
similarity is reduced drastically and the gene architecture differs
after notK'/notK (Table 1 and Fig. 2), strongly suggesting
the previously assigned not gene cluster (not4-R) probably ends
at notJ.

At the genetic level, it is not possible to glean the key differ-
ences that account for production of antipodal notoamide
metabolites, suggesting that subtle active site sequence variation
in those enantiomerically selective enzymes play a critical role in
the control of absolute chirality. This requires direct biochemical
analysis of the key notoamide biosynthetic enzymes, including
structural biology efforts, which is currently ongoing in our
laboratories.

Second, the paraherquamide (phq) gene cluster (47 884 bp) was
identified from the partially assembled P. fellutanum genome by
using a select group of not genes including the NRPS gene notE,
the prenyltransferase genes notC and notF, and the P450 mono-
oxygenase gene notG as in silico probes.** Fifteen genes were
identified that are likely involved in paraherquamide biosynthesis.
The largest number of biosynthetic genes among the four studied
metabolic pathways is consistent with 2 as the most complex
structure compared to 1 and 3. Comparative bioinformatic
analysis demonstrates that nine (phgA4, B, F, G, H, J, K, L, and M)
out of fifteen total phg genes are homologous to corresponding
not genes (Table 1), although their homology is significantly lower
than that between not and not' genes. Notably, the bimodular
phgB NRPS gene is different from notE in that a reductase (R)
domain is located at its carboxy terminus instead of a condensa-
tion (C) domain, which is found in notE and notE'. This difference
is significant because the reductase (vs. condensation) domain is
presumed to account for the presence of the monooxopiperazine
in 2 (vs. dioxopiperazine in 1) (see below).** Among the remaining
six cluster-specific genes, phqC shows high sequence similarity to
2-oxoglutarate (20G) and Fe(i1) dependent oxygenases.*** The
phgD and phgE genes, which putatively encoding a pyrroline-5-
carboxylate reductase and a short chain dehydrogenase, respec-
tively, might be involved in the formation of the B-methyl-proline
starter unit. The phgl gene that encodes the third prenyl-
transferase in phq is unique as it is free of introns, and therefore,
distinct from the single intron-containing prenyltransferase genes
phqAlnotC and phqJinotF. It is worth noting that the presence of
three prenyltransferase genes is inconsistent with the two isoprene
groups incorporated into the structure of 2. Thus, it is of special
interest to examine whether the third prenyltransferase gene is
redundant or plays an alternative, and as yet unknown function in
the biosynthesis of 2. Furthermore, phgN is predicted to function
as a methyltransferase, likely responsible for the N-methylation in
2. Finally, the phqO P450 gene with a unique exon/intron orga-
nization pattern is hypothesized to catalyze the C14 hydroxyl-
ation of the B-methyl-proline moiety.

Third, the seven-gene containing mal gene cluster (20 179 bp)
was mined from the genome of Malbranchea aurantiaca
RRCI1813A using phgB as an in silico probe to identify the
metabolic system for 3. It has the smallest size among gene

This journal is © The Royal Society of Chemistry 2012
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Table 1 Comparative analysis® of gene clusters of not, not', phq, and mal®

Not Not’ Function (%identity to ~ Phq Function (%identity to Mal Function (% identity to
proteins proteins  corresponding Not proteins corresponding Not proteins corresponding Not/Phq
(AA) Function (AA) protein) (AA) protein) (AA) protein)

NotA  Negative regulator NotA’ Negative regulator PhqA Prenyltransferase (22%  MalA Halogenase (-/-)

(339) (334) (70% NotA) (405) NotC) (667)

NotB  FAD monooxygenase NotB’ FAD monooxygenase PhqgB NRPS [A-T-C-A-T-R] MalB Prenyltransferase (28%
(456) (455) (88% NotB) (2449)  (26% NotE) (369) NotC/34% PhqA)

NotC  Prenyltransferase NotC’ Prenyltransferase PhqC 20G-Fe(Il)-oxygenase (-) MalC Short chain dehydrogenase
(427) (426) (87% NotC) (353) (264) (-/52% PhqE)

NotD  Oxidoreductase NotD’  Oxidoreductase (80% PhgD Pyrroline-5-carboxylate ~ MalD Negative regulator (36%
(621) (612) NotD) (322) reductase (-) (336) NotA/55% PhqG)
NotE  NRPS [A-T-C-A-T-C] NotE’ NRPS [A-T-C-A-T-C] PhqE Short chain MalE Prenyltransferase (36%
(2241) (2225) (79% NotE) (265) dehydrogenase (-) (438) NotF/34% Phql)

NotF  Prenyltransferase NotF’ Prenyltransferase (79%  PhqF Efflux pump (18% NotK) MalF Oxidoreductase (37% NotD/
(453) (435) NotF) (411) (590) 39% PhqH)

NotG  P450 monooxygenase NotG’  P450 monooxygenase PhqG Negative regulator (34% MalG NRPS [A-T-C-A-T-R]
(544) (544) (87% NotG) (338) NotA) (2345)  (27% NotE/37% PhqB)
NotH  P450 monooxygenase NotH'  P450 monooxygenase PhqH Oxidoreductase (34%

(502) (499) (84% NotH) (602) NotD)

Notl FAD monooxygenase Notl’ FAD monooxygenase Phql Prenyltransferase (-)

(434) (433) (85% Notl) (462)

NotJ Unknown NotJ' Unknown (80% NotJ) PhqlJ Prenyltransferase (32%

(371) (362) (406) NotF)

NotK  Efflux pump NotK’  Efflux pump (14% PhqK FAD monooxygenase

(564) (577) NotK) (459) (32% Notl)

NotL  Transcriptional NotL/ Transcriptional factor PhqL P450 monooxygenase

(484) activator (620) (15% NotL) (563) (29% NotG)

NotM  Unknown NotM’  Unknown (-) PhgM  P450 monooxygenase

(402) (454) (536) (15% NotH)

NotN  Dehydrogenase NotN’ Unknown (-) PhgN Methyltransferase

(340) (416) (326)

NotO  Short-chain NotO' Unknown (-) PhqO P450 monooxygenase (-)

(331) dehydrogenase (462) (451)

NotP  Unknown NotP’ Unknown (-)

(322) (292)

NotQ  Unknown NotQ’ Transcription factor

(152) (506)

NotR  Transcriptional NotR’ Unknown

(461) coactivator (172)

¢ Genes were predicted using the FGENESH-M tool from http://www.softberry.com; functions of gene products were predicted using BLAST search.
b _: Homology cannot be calculated due to unrelatedness.

clusters of 1-3, which is consistent with the simplest structure and responsible for installing the shared structural features of 1-3.
corresponding biosynthetic pathway. The genes malB, malD, This strongly suggests that the hypothetical Diels-Alderase (if
malE, malF, and malG are common to the four gene clusters. extant) should be represented by one of these four gene products
Thus, except for the regulatory gene of malD (homologous to (see below). Interestingly, the mal genes show greater sequence
notA, notA' and phqG), the remaining four biosynthetic genes similarity to phg genes than not (or not') genes, perhaps indi-
(and their homologues in not, not' and phq) are possibly cating their closer evolutionary relationship. Similar to PhgB, the

L 15000 110000 115000 120000 125000 130000 135000 140000 145000

Fig. 2 The (—)-notoamide A (nof), (+)-notoamide A (not’), paraherquamide (phq), and malbrancheamide (mal) biosynthetic gene clusters identified
from genome sequencing and bioinformatic mining of Aspergillus sp. MF297-2, Aspergillus versicolor NRRL35600, P. fellutanum ATCC20841, and M.
aurantiaca RRC1813, respectively. Homology of open reading frames across gene clusters is shown by same colored arrows. The not and not’ genes in the
red box are unlikely involved in notoamide biosynthesis.
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NRPS MalG harbors a reductase domain at its carboxy
terminus, which is consistent with the monooxopiperazine
moiety in 3. Again, the apparent redundancy of the second
prenyltransferase (3 only contains one isoprene group) is difficult
to rationalize, but genetic disruption or RNA silencing (malB or
malFE) efforts are likely to shed light on the individual role of
these enzymes. Finally, it is evident that the flavin-dependent
halogenase MalA is likely involved in the introduction of one or
both chlorine atoms in the biosynthesis of 3.

Biosynthetic pathway of notoamide A ((—)-1 and (+)-1)

Since the discovery of the biosynthetic gene cluster of (—)-1 from
marine Aspergillus sp. MF297-2, in vitro biochemical character-
ization of the reverse prenyltransferase NotF using the NRPS
(NotE) product brevianamide F5* (4) as substrate and the normal
prenyltransferase NotC using 6-hydroxy-deoxybrevianamide E
(6) as substrate has partially established the early steps of the
notoamide pathway leading to notoamide S (7) (Fig. 3).** The

@@@H@@@
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52: .
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or OH
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(+)-Notoamide B ((+)-14)

P450 monooxygenase NotG is likely catalyzing the C6 indole
hydroxylation since its close homologue FtmC (59%/72% iden-
tity/similarity) in fumitremorgin biosynthesis had been charac-
terized to hydroxylate the analogous aromatic C—-H bond in the
indole ring of tryprostatin B,3-*¢ which is structurally similar to
deoxybrevianamide E (5).5

As the proposed pivotal branching point in notoamide
biosynthesis,****% 7 can be diverted to notoamide E (8) through
an oxidative pyran ring closure putatively catalyzed by either
NotH P450 monooxygenase (based on precedented examples of
pyran ring formation from the epoxide intermediate generated
by P450 enzymes®), or the NotD oxidoreductase. This step
would be followed by an indole 2,3-epoxidation-initiated pina-
col-like rearrangement catalyzed by NotB FAD monooxygenase
(FMO) leading to the formation of notoamide C (9) and
notoamide D (10).5° Notably, notB (or notB') is only observed in
the not (or not’) gene cluster, consistent with the fact that this
branching pathway leading to natural products 9 and 10 is only
observed in notoamide biosynthesis.
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Fig. 3 Proposed biosynthetic pathway for antipodal notoamide metabolites.
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On the other hand, extensive precursor feeding and incorpo-
ration studies using stable isotopically labeled intermediates have
implicated 7 as the substrate for the hypothetical IMDA.*® As
a working hypothesis, a two-electron oxidation catalyzed by an
oxidase would give rise to the achiral azadiene intermediate (11),
which may immediately undergo a spontaneous stereoselective [4
+ 2] IMDA cyclization in the active site of the same oxidase,
yielding either (+)-notoamide T ((+)-12) in Aspergillus sp.
MF297-2 or (—)-notoamide T ((—)-12) in A. versicolor. The
opposing conformation (endolexo) assumed by achiral 11
presumably determined by the scaffolding of each putative Diels-
Alderase might account for the enantio-divergence at this key
step. The five oxidases encoded by the not gene cluster, include
FMO NotB and Notl, P450 enzymes NotG and NotH, and the
FAD-dependent oxidoreductase NotD. NotB was recently iden-
tified as the notoamide E oxidase.*® Notl is highly similar to NotB
with 42% protein sequence identity and 59% similarity, and is
predicted to catalyze a similar conversion from (+)-stephacidin
A% ((+)-13) to (—)-notoamide B ((—)-14) via the 2,3-epoxidation
of (+)-13 followed by a pinacol-type rearrangement. Thus, if the
putative function of NotG (see above) is correct, NotH (or NotD)
is likely the bifunctional oxidase that also functions as the
IMDAse responsible for generation of (+)-12. To generate
antipodal (—)-12, NotH' (or NotD’) is expected to catalyze
a Diels—Alder reaction leading to the opposite stereochemistry.
Currently, this hypothesis is being tested in our laboratories
through in vitro characterization of NotH/NotH’ (or NotD/
NotD’). With comparative analysis of four gene clusters (Table 1),
it appears that NotD/NotD' is more likely to serve as the IMDAse
since its homologs (PhqH and MalF) are present in all clusters.
This hypothesis is based on the assumption that these four
biosynthetic pathways use the same type of protein scaffolding
enzyme to catalyze the [4 + 2] cycloaddition. However, we have
recently begun to challenge this assumption (see below). Pres-
ently, the possibility that NotH/NotH’ functions as the IMDAse
in notoamide biosynthesis cannot be excluded. Once its identity is
determined, the final oxidase NotD (or NotH) will likely be found
to catalyze the oxidative pyran ring formation (Fig. 3).

Another important fact of these two related notoamide path-
ways is that enzymes catalyzing the biosynthetic steps after
formation of 12 must also be enantiomerically and diaster-
eochemically selective. Specifically, in previous precursor incor-
poration studies of racemic *C-labeled (4)-13 with Aspergillus
sp. MF297-2 and A. versicolor,®* it was ascertained that only one
enantiomer of 13 can be processed (currently presumed by Notl
and Notl’) to form downstream products. Understanding the
subtle differences between these two enzymes will likely provide
significant insights into how related enzymes have evolved to
adopt opposing enantiomeric selectivity.

Finally, it remains unclear which enzyme could be responsible
for the final hydroxylation steps leading to notoamide A (1) and
sclerotiamide®® (15) since all five oxidative enzymes in the not(’)
gene cluster has been assigned a putative function. It is possible
that 1 and 15 are opportunistically produced upon the activity of
unknown oxidases whose genes reside outside of the defined
notoamide gene cluster. Alternatively, the possibility that a not
oxidase (e.g. a P450 enzyme) may possess multi-functionality
cannot be excluded because it is not uncommon that some
biosynthetic P450 enzymes are multifunctional. 8256467

Biosynthetic pathway of paraherquamide A (2)

Previous feeding studies demonstrated that r-isoleucine is the
precursor to the B-methyl-B-hydroxy proline moiety in 2.%-%8
Identification of the pyrroline-5-carboxylate reductase PhgD and
the short chain dehydrogenase PhqE from phg cluster suggests
a reasonable pathway from r-isoleucine to B-methyl proline
(Fig. 4). Similar to the partially identified biosynthesis of 4-
methyl proline in cyanobacterial Nostoc sp.,* PhqE presumably
oxidizes the terminally hydroxylated t-isoleucine (by an
unknown enzyme) to the corresponding aldehyde. Spontaneous
cyclization and dehydration would yield the 4-methyl pyrolline-
5-carboxylic acid, which is then reduced by PhqD leading to the
B-methyl proline precursor.

The presence of a C-terminal NAD(P)-dependent reductase
domain in the bimodular paraherquamide NRPS (A-T-C-A-T-
R) clearly indicates that the mechanism for dipeptide release by
PhgB must be different from the final condensation domain of
NotE (Fig. 3).5* What likely occurs is that the PhqB R domain
utilizes NADPH for hydride transfer to reduce the thioester bond
of the T domain-tethered linear dipeptide to a hemithioaminal
intermediate, which spontaneously cleaves the C-S bond to
release the aldehyde product. Subsequently, the acid-activated
aldehyde is intramolecularly trapped by the nucleophilic amine
from the adjacent amino acid to form a hemiaminal intermediate,
which then undergoes a spontaneous dehydration and double
bond rearrangement leading to formation of the mono-
oxopiperazine intermediate 16 (likely existing as the enol form)
prior to all other biosynthetic steps. This hypothesis is in good
agreement with previous observations’®”! that the dioxopiper-
azine analog of preparaherquamide (17) cannot be incorporated
into 2 by P. fellutanum since all substrates for downstream
enzymes should bear the monooxopiperazine ring system. In this
scheme (Fig. 4), formation of the diene in 16 is achieved by
a reductive process, as opposed to the 2e~ oxidation step
proposed in the notoamide biosynthetic pathway (Fig. 3). If this
is correct, in contrast to an oxidase (NotH/NotH' or NotD/
NotD') proposed to be the Diels-Alderase in notoamide biosyn-
thesis, the reverse prenyltransferase (proposed to be PhqJ) might
act as the scaffold for an IMDA reaction after introduction of the
reverse prenyl group to 16. In this proposed route, the terminal
double bond of the isoprene group would become the dienophile
to react with the azadiene in the prenyltransferase active site, thus
resulting in formation of the [2.2.2] diazaoctane intermediate 17.

Following formation of 17, pyran ring formation is proposed
to be installed by PhqA prenyltransferase (22% identical to
NotC), PhqL (29% identical to NotG) and PhqH oxidoreductase
(34% identical to NotD) (or PhgM P450 enzymes (15% identical
to NotH)). The FMO PhqK (32% identical to Notl) is likely
responsible for generation of the spiro-oxindole, and the
N-methylation is likely mediated by the PhqN methyltransferase
leading to the isolable natural product paraherquamide F3%7
(18). However, the order of these biosynthetic steps cannot be
predicted without further in vivo genetic studies and/or in vitro
biochemical analysis.

In late-stage paraherquamide biosynthesis, the third P450
monooxygenase PhqO is probably responsible for the Cl4
hydroxylation, transforming 18 to paraherquamide G*-7* (19),
and paraherquamide E3*72 (20) to the final product 2. However,
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expansion from the 6-membered ring pyran (in 18 and 19) to the
7-membered dioxepin ring (in 2 and 20) represents a poorly
understood but intriguing process. Possibly, phgC that encodes
a 20G-Fe(i)-oxygenase is involved in this ring expansion, which
is consistent with previous reports showing this class of enzyme
functioning as an expandase.”

Finally, the biosynthetic genes, including phql as well as phqgM
(or phqH, the one uninvolved in the pyran ring formation), do
not have a clearly prescribed role and appear to be redundant.
This redundancy is currently being tested by gene knock-out
studies in our laboratories.

Biosynthetic pathway of malbrancheamide (3)

Except for using rL-proline instead of B-methyl proline as the
starter unit, the biosynthetic route through premalbrancheamide
(21) (Fig. 5) is proposed to parallel that of paraherquamide
biosynthesis through 17 (Fig. 4). Mediated by NRPS MalG (A-T—
C-A-T-R, 37% identical to PhqB) and prenyltransferase MalE
(36%/34% identical to NotF/PhqJ), 21 is produced with its
structure slightly different from 17 in lacking the C1 methyl group.

Subsequently, the halogenase MalA presumably chlorinates
the C9 position (malbrancheamide numbering) first to afford the
isolable natural product malbrancheamide B (22), which could
be further chlorinated by MalA at C8 leading to the final product
malbrancheamide (3). This putative pathway is partially sup-
ported by the previous feeding study showing that the '*C labeled
21 can be incorporated into 22 by M. aurantiaca.™ Lack of
observed "*C labeled 3 from the fermentation broth was

interpreted to suggest that the second chlorination might be too
slow to incorporate detectable levels of '*C material from 22 to 3.
Notably, the order of these two chlorinations seems unex-
changeable since the C8-monochloro regioisomer of 22 (C9-
monochlorinated) was not detected as a natural product despite
considerable effort.*® It is also possible that the dichloro species,
malbrancheamide, arises from a pre-halogenated tryptophan-
based assembly.

Blast  (http://blast.ncbi.nlm.nih.gov/) sequence analysis
revealed significant homology of MalA to the family of flavin-
dependent tryptophan halogenases.”>”® This may suggest two
alternative malbrancheamide biosynthetic pathways. First,
MalA could chlorinate tryptophan at C4 and C5 (tryptophan
numbering) sequentially prior to being loaded onto the second T
domain of MalG. Then, both monochlorinated and dichlori-
nated tryptophan could be processed by subsequent assembly
enzymes, thereby respectively leading to 22 and 3 in parallel.
Second, MalA might only monochlorinate the C4 position of
tryptophan, resulting in 22. Then, 22 is converted into 3 by either
MalA or another unidentified halogenase that resides outside
mal. To test these hypotheses, it would be best to conduct in vitro
functional analysis of purified MalA against selected substrates
such as L-tryptophan and 22. Alternatively, whether or not the
13C labeled 22 can be incorporated into 3 in an in vivo precursor
feeding study would also provide useful information about the
timing of the two chlorination steps in malbrancheamide
biosynthesis.

According to the proposed malbrancheamide biosynthetic
pathway (Fig. 5), only three enzymes are required to assemble the
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final product 3. Inactivation of these seemingly redundant genes
including malB, malC, and malF (Table 1) is currently underway.
Interestingly, the MalC short chain dehydrogenase related
to PhqE, which is presumed to participate in preparation of
B-methyl proline starter unit in paraherquamide biosynthesis (see
above), is present in the mal gene cluster although apparently
unnecessary for malbrancheamide biosynthesis. This implies that
malC, together with other redundant genes, might be residuals
from ancestral or a horizontally transferred gene cluster (e.g. one
analogous to phq). The evolving biosynthetic gene cluster not
only recruits new genes, but also eliminates or retains unused
genes when facing a diverse living environment and selection
pressure during its evolutionary history.*

Recently, a novel malbrancheamide-type natural product
named spiromalbramide (23) (Fig. 5) was isolated from a marine
invertebrate-derived Malbranchea graminicola fungal strain.”
This new derivative contains the spiro-oxindole moiety that is
found in notoamides and paraherquamides, but is absent from
malbrancheamides. Based on the comparative analysis of not,
not', phq, and mal gene cluster, we are now capable of predicting
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that an FMO gene homologous to notl, notl' or phgK might
reside in the uncharacterized biosynthetic gene cluster of 23. So
far, the Solexa genome sequencing of M. graminicola has been
completed. This prediction will be tested in the near future as
soon as the biosynthetic gene cluster is mined and annotated
from genome sequences.

Conclusion

The increasing pace of whole genome sequencing projects sup-
ported by a new generation of high throughput technologies have
led to exponentially increased number of natural product
biosynthetic gene clusters identified in silico. The accumulated
knowledge based on previously characterized pathways and
functionally defined biosynthetic enzymes, is allowing meaning-
ful comparative analyses of new biosynthetic gene clusters. In
turn, this is enabling an efficient approach to predict new
biosynthetic pathways, propose enzyme candidates for unknown
biosynthetic transformations, and to prioritize targets for
focused genetic and biochemical research.

Y
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Fig. 6 Summary of divergent NRPS strategies that culminate in the formation of structurally related bicyclo[2.2.2]diazaoctane ring systems in distinct

oxidation states.
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In principle, the related gene products from different clusters
are responsible for assembling the common structural core
among similar natural products. The cluster-specific gene prod-
ucts are presumed to modify these structures by a series of
variant tailoring steps, thereby leading to structural diversifica-
tion. However, it is noteworthy that the redundant genes and
multifunctional genes could complicate comparative analysis of
gene clusters. Therefore, conclusions can only be unambiguously
drawn after genetic and/or biochemical confirmation of enzy-
matic activities.

Following these simple but logical principles, we performed
a comparative analysis for four related gene clusters including
not, not', phq, and mal, based on the proposed complete
biosynthetic =~ pathways for  (+)/(—)-notoamides, para-
herquamides, and malbrancheamides with a biosynthetic enzyme
assigned for each individual step (Fig. 3-5). For example, the
function of the not-specific gene notB can be readily connected to
the pathway specific transformation from notoamide E (8) to
notoamide C (9) and D (10). This was recently confirmed by in
vitro characterization of the NotB FMO enzyme.>

Furthermore, detailed comparative analysis resulted in nomi-
nation of the oxidases NotH and NotH’ (or NotD and NotD'),
and the prenyltransferases PhqJ and MalE as putative Diels-
Alderases to catalyze the distinctive IMDA reactions for these
pathways. Next, comparative functional analysis of these
enzymes in vitro will enable us to test this long standing
hypothesis regarding the existence of a Diels-Alderase in the
biosynthesis of fungal indole alkaloids with the bicyclo[2.2.2]
diazaoctane core. It is striking that nature has conscripted two
evolutionarily related gene cluster paradigms, to construct the
novel bicyclo[2.2.2]diazaoctane ring system by vastly different
mechanistic protocols (Fig. 6). In one instance, for the notoa-
mides, the net transformation from the NRPS-loaded dipeptide
to the bicyclo[2.2.2]diazaoctane core, a net two-electron oxida-
tion is required to reach the key, putative azadiene species
required for the proposed IMDA construction. In the other, the
paraherquamide and malbrancheamide systems, the NRPS-
loaded dipeptide substrate is cleaved in a net two-electron
reduction, that we speculate cyclizes and dehydrates to the
related (reduced) azadiene species for the homologous IMDA
construction. This insight was most readily presented to us, by
the analysis of the respective gene cluster annotations, and has
provided a very satisfying level of corroboration with labeled
precursor incorporation experiments that at first, seemed
incongruous. We expect that the tremendous insights that the
bioinformatics analyses have provided in these systems, will
render understanding the possible biogenesis of these and related
natural products more efficient, congruent and intellectually
satisfying.
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