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Abstract

Filamentous fungi are prolific producers of secondary metabolites with drug-like properties, and
their genome sequences have revealed an untapped wealth of potential therapeutic leads. To better
access these secondary metabolites and characterize their biosynthetic gene clusters, we applied a
new platform for screening and heterologous expression of intact gene clusters that uses fungal
artificial chromosomes and metabolomic scoring (FAC-MS). We leverage FAC-MS technology to
identify the biosynthetic machinery responsible for production of acu-dioxomorpholine, a
metabolite produced by the fungus, Aspergilllus aculeatus. The acu-dioxomorpholine
nonribosomal peptide synthetase features a new type of condensation domain (designated Cg)
proposed to use a noncanonical arginine active site for ester bond formation. Using stable isotope
labeling and MS, we determine that a phenyllactate monomer deriving from phenylalanine is
incorporated into the diketomorpholine scaffold. Acu-dioxomorpholine is highly related to orphan
inhibitors of P-glycoprotein targets in multidrug-resistant cancers, and identification of the
biosynthetic pathway for this compound class enables genome mining for additional derivatives.
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Acu-dioxomorpholines

Fungal secondary metabolites have been a valuable source of therapeutics, including drugs
such as penicillin, lovastatin, and cyclosporine.> Over the past decade, it has become
apparent that fungal genomes represent an untapped wealth of novel secondary metabolites,
often containing >50 biosynthetic gene clusters (BGCs) per species.23 Associating these
BGCs to their secondary metabolites is a low-throughput and challenging task, requiring
labor-intensive heterologous expression approaches or genetic manipulations for fungal
species which often lack such tools.#

To address this challenge of associating BGCs with their secondary metabolites on a large
scale, we recently reported the development of a platform designed to systematically access
these fungal BGCs via heterologous expression in Aspergillus nidulans with detection and
scoring of data produced by mass spectrometry-based metabolomics (Figure 1).5:6 Here we
utilize FAC-MS technology for further dissection of one of these previously described FACs,
thus identifying the biosynthetic pathway for the known metabolite acu-dioxomorpholine
and a desmethyl intermediate, here designated acu-dioxomorpholine B and A, respectively.
7.8 Acu-dioxomorpholine is highly related to other indole alkaloids like javanicunine,
mollenine, and shornephine/PF1233 (Figure S1).9-12 Several of these metabolites inhibit P-
glycoprotein transporters, key mediators of chemotherapeutic drug efflux in cancer subtypes
that are resistant to first line chemotherapeutics.1:12 While therapeutic interest in these
compounds is growing, the biosynthesis of diketomorpholines is currently unknown.

In using the FAC-MS platform, we detected an unknown metabolite from heterologous
expression of one particular FAC (AaFAC30-6A16) with an /m/zvalue of 403.2020 and a
high FAC-Score of 10 (Figures 2A and 2B). Note that FAC-Scores for putative hits range
from 0 to 27.% The 403.2020 m/z compound was validated as shown in the bottom panel of
Figure 2A, was consistent with a molecular formula of Co5H27N>03 (+1.0 ppm error), and
was designated as compound FACMS0001. Comparison of metabolite extracts from A.
nidulans harboring AaFAC30-6A16 and the A. aculeatus parental strain revealed that the
same 403 m/z compound was present in both (Figure 2A). To visualize the relatedness of
metabolites in this two-strain data set, we turned to spectral networking (Figure 2C), which
clusters structurally and biosynthetically related metabolites using their mass spectrometric
fragmentation patterns.13 We observed that the MS/MS fragmentation pattern of the 403 /2
compound was highly similar to that of a known A. aculeatus metabolite, acu-
dioxomorpholine, dereplicated by accurate mass (417.2181 mlz, CogHogN2O3, +2.1 ppm
error) and by comparison to previously reported ion fragmentation data for acu-
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dioxomorpholine.8 Manual analysis of MS/MS spectra confirmed that these metabolites are
structurally related by a methyl group, with both the intact masses and the three major
fragment ions differing in mass consistent with a CH, moiety (Figure S2). On the basis of
high resolution MS and MS/MS data analysis, we have designated these compounds as acu-
dioxomorpholine A (Co5H27N>03) and B (CygH29N203), an update from previously used
acu-dioxomorpholine nomenclature.’:8

To confirm identification of acu-dioxomorpholine A and B and to probe their biosynthesis,
we utilized stable isotope feeding of biosynthetic precursors. Their structures contain an
indoline moiety expected to be derived from tryptophan and a benzyl group expected to be
derived from phenylalanine. Labeling with [Ds-indole]-Trp and [Ds-phenyl]-Phe resulted in
a shift of +5 Da in each case (Figure 3A and Figure S3), indicating that the acu-
dioxomorpholine scaffold results from condensation of tryptophan with a phenylalanine-
derived precursor. Additionally, full retention of all indole deuterons is consistent with
prenylation at the C3 position as previously reported for acu-dioxomorpholine B, as
prenylation at a different indole position would result in retention of only four deuterons.
MS/MS analysis of the Ds-indole-labeled acu-dioxomorpholine A and B species confirmed
that the difference between these two metabolites is A-methylation (Figure S4).

To further investigate the mechanism for phenylalanine incorporation into acu-
dioxomorpholine A and B, we also used 13Cg-Phe and Dg,1°N-Phe labeling. Feeding with
13C4-Phe resulted in a shift of +9 Da (Figure 3A), providing further evidence that this
portion of the diketomorpholine scaffold is phenylalanine-derived. Feeding with Dg,1°N-Phe
resulted in a shift corresponding to +7 deuterons, consistent with loss of a nitrogen and
deuteron prior to incorporation into acu-dioxomorpholine A and B. A major peak with a
mass shift of +6 Da was also observed for Dg, 1°N-Phe labeling (Figure 3A, fifth panel),
consistent with partial loss of deuterons at the S position of phenylpyruvate due to ketoenol
tautomerization. These data suggest that phenylalanine is transaminated to form
phenylpyruvate (a known reaction in phenylalanine catabolism resulting in loss of the
nitrogen and a-proton), and then phenylpyruvate is reduced to form the a-hydroxy acid,
phenyllactate (Figure 3C). This same pathway is known to occur in lactic acid bacteria and
the yeast Wickerhamia fluorescens but has not been observed in other fungi to our
knowledge.14.15

The gene cluster captured by AaFAC30-6A16 was predicted to contain eight genes by the
Secondary Metabolite Unique Regions Finder (SMURF) (Table S1).2 To determine which of
these genes are essential for acu-dioxomorpholine biosynthesis, we deleted seven predicted
genes individually using FAC recombineering in £. coli. After transformation, growth in A.
nidulans, and MS-based metabolomics of their extracts, acu-dioxomorpholine A production
was found to be completely abolished in AadxA, AadxB, and AadxC deletants,
corresponding to a predicted nonribosomal peptide synthetase (NRPS), NAD(P)H-
dependent reductase, and aromatic prenyltransferase, respectively (Figure S5). The other
four deletants had no significant effect on acu-dioxomorpholine A production.

Based on heterologous expression, high resolution mass spectrometry, stable isotope
metabolic feeding, and genetic deletion, we propose the biosynthesis of acu-
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dioxomorpholine A and B (Figure 4). In this scheme, phenyllactate is formed via reduction
of phenylpyruvate catalyzed by AdxB, which we designate a phenylpyruvate reductase.
AdxB is predicted to bind NAD(P)H and catalyze the carbonyl to alcohol reduction to afford
phenyllactate (Figure S6). It has 47% sequence identity to a predicted NADPH-dependent
aldehyde reductase (GenBank XP_001276060) and 30% sequence identity to an
experimentally characterized aldehyde reductase (UniProt QQUUN9) which catalyzes
NADPH-dependent reduction of alkyl and aryl aldehydes to their corresponding alcohols.16
Therefore, these findings are consistent with the phenylpyruvate reductase activity asserted
for AdxB in acu-dioxomorpholine biosynthesis.

AdxA is a two-module NRPS proposed to assemble the diketomorpholine core from
tryptophan and phenyllactate (Figure 4B). The first adenylation domain of AdxA (AdxA-
Al) is predicted to recognize a hydrophobic amino acid such as tryptophan (Figure S7A).
However, the second adenylation domain (AdxA-A2) has an unusual glycine in place of the
typically conserved aspartate. This aspartate is usually responsible for helping to coordinate
the positively charged amino group of the loaded amino acid (Asp235 for the classic
example GrsA).1” Thus, AdxA-A2 is unlikely to load an amino acid; however, it would be
expected to be able to load phenyllactate. Consistent with this, the substrate binding residues
of AdxA-A2 bear similarity to those of other fungal adenylation domains which recognize
a-hydroxy acids, including PF1022 synthetase which recognizes phenyllactate (Figure
S7B).18 Collectively, this analysis of the adxA gene suggests that AdxA-A1l and AdxA-A2
are responsible for activating tryptophan and phenyllactate, respectively.

Loading of Trp followed by phenyllactate on AdxA suggests that the normal peptide
condensation reaction catalyzed by NRPSs cannot occur. This is entirely consistent with the
structure of acu-dioxomorpholine, which contains an ester bond within the diketomorpholine
ring. Notably, the first condensation domain (designated CR) in the center of AdxA has a
noncanonical arginine (R197) in place of the normal and highly conserved His, which
ordinarily functions as the catalytic base for peptide condensation (Figure S8A). This
suggests that R197 is involved in ester formation in one of two ways, as diagramed in Figure
S9. One possibility is that the dielectric constant of the local protein microenvironment
suppresses the pK; of the R197 guanidino group, so that it can function as a general base.
While arginine is not typically considered a good candidate for general base catalysis, a
handful of non-NRPS enzymes is known to utilize arginine in this role.1® Alternatively, it
has been proposed elsewhere that the canonical catalytic histidine of NRPS condensation
domains may serve to stabilize a tetrahedral oxyanion intermediate rather than direct
nucleophile activation for attack of the upstream thioester, since pK; estimations of TycC
His3256 suggest that it is protonated and thus unlikely to act as a catalytic base.2? Since
arginine is expected to be protonated at physiological pH, R197 of AdxA would be a good
candidate to serve this role.

To determine the prevalence of such atypical condensation domains containing an Arg vs a
His among fungi, we analyzed 240 condensation domains from experimentally validated
BGCs deposited in Minimum I nformation about a Biosynthetic Gene Cluster (MIBiG)
(Figure S8B).21 We found that only 8/240 condensation domains also contained a proposed
catalytic arginine in place of the expected His3256, corresponding to condensation domains
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within the lovastatin and D-lysergic acid peptide pathways with no apparent relation to ester
formation (Figure S8C). This data thus shows that the activity proposed for the AdxA Cgr
domain is unique. While the replacement of the canonical histidine with an arginine in the
condensation domains suggests a catalytic role for arginine, further experimental evidence
will be needed as validation.

The final steps in production of the acu-dioxomorpholine core invoke AdxC for reverse
prenylation of the diketomorpholine intermediate at the C3 position as well as ring closure
between C2 and the diketomorpholine nitrogen (Figure 4B). Such prenylation reactions are
commonly observed in fungal indole alkaloids and result from addition of a dimethylallyl
diphosphate (DMAPP) cofactor from the allylic position (termed “normal” prenylation) or
the vinylic position (termed “reverse” prenylation). AdxC has 53% sequence identity to the
roquefortine prenyltransferase RogD (UniProt B6HJUL), which also catalyzes indole reverse
prenylation at the C3 position.22 Interestingly, both AdxC and RogD lack a catalytic lysine
that has been proposed to abstract a proton from the C4 position, suggesting this lysine may
have future value in predicting the regiospecificity of aromatic prenyltransferases (Figure
$10).23 Alternatively, prenylation may occur at an earlier step in the pathway.

The final step of the biosynthetic pathway involves methylation to form acu-
dioxomorpholine B. Interestingly, no predicted methyltransferase was found on
AaFAC30-6A16 nor in the genomic vicinity in the A. aculeatus genome, suggesting that a
background, promiscuous methyltransferase activity is involved. Consistent with this
observation, only the desmethyl acu-dioxomorpholine A was detected in AaFAC30-6A16
extracts. This suggests that the major biosynthetic product of this BGC is acu-
dioxomorpholine A not B.

In addition to diketomorpholines, depsipeptides containing a-hydroxy acids have a wide
variety of biological activities, including the enniatin family.2# The identification of the acu-
dioxomorpholine BGC enables the targeted discovery of additional diketomorpholine and
depsipeptide metabolites with therapeutic potential. To test this possibility, we searched for
NRPS BGCs containing AdxB homologues and identified putative diketomorpholine
clusters in A. udagawae and A. clavatus (Figure S11). Notably, each of these clusters
contains an NRPS adenylation domain with substrate binding residues similar to those of
AdxA-A2, suggesting that these NRPSs activate phenyllactate or another a-hydroxy acid.

In conclusion, we have utilized the FAC-MS platform to identify the first BGC for
diketomorpholine alkaloids, a scaffold with therapeutic potential as P-glycoprotein inhibitors
for multidrug-resistant cancers. This work also identified an unusual ester bond formation on
an NRPS assembly line and biosynthetic signatures related to the biogenesis of this class of
compounds. Assignment of this BGC will advance their translational development by
enabling the search for related compounds and facilitating their larger-scale production.
Though fungal genomes represent an untapped wealth of novel secondary metabolites, the
ability to prioritize BGCs based on potential for bioactivity is lacking. By providing a
systematic and large-scale way of accessing and prioritizing these fungal BGCs, FAC-MS
technology can reinvigorate early discovery pipelines.
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METHODS

Gene Cluster Editing via FAC Recombineering

Predicted biosynthetic genes on AaFAC30-6A16 were deleted using Red/ET tools as
mentioned.’ FAC transformation into A. nidulans and culture conditions were performed as
mentioned.”

A. aculeatus Growth and Isotope Labeling

A. aculeatus was inoculated from a concentrated spore stock in solid GMM supplemented
with 1 mM 13Cg-Phe; Dg,15N-Phe; [Ds-indole]-Trp; or [Ds-phenyl]-Phe. Cultures were
incubated at 30 °C for 3 days and extracted with 20 mL hexanes. Extracts were dried /n
vacuo, reconstituted at 2 mg mL1 in 50% acetonitrile, and analyzed by LC-MS.

LC-MS Analysis

Metabolite extracts were analyzed by LC-MS using a Thermo Q Exactive mass spectrometer
in line with an Agilent 1200 HPLC as described.” Mass spectral networking was performed
using in-house software as mentioned.2

Bioinformatics Analyses

Minimum Information about a Biosynthetic Gene Cluster (MIBiG) sequences were filtered
for ascomycete NRPS gene clusters.2! Excised condensation domain sequences (Pfam
00668, 1= 240) were aligned using MUSCLE.28 Profile Hidden Markov Models were
created using HMMER3.27 Other sequence alignments were also performed using
MUSCLE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Platform for discovery of fungal secondary metabolites and their biosynthetic pathways

using fungal artificial chromosomes and mass spectrometry-based metabolomic scoring
(FAC-MS). Fungal genomes are randomly sheared, and ~100 kb fragments with BGCs are
inserted into FACs (top), which are A. nidulans E. coli shuttle vectors. This enables facile
deletion of biosynthetic genes (top, right). FACs are transformed into A. nidulans, a model
fungus which serves as a heterologous host (bottom, at left). MS-based metabolomics is
utilized to detect secondary metabolites associated with each FAC and to determine the
effect of BGC mutants (bottom, at right).

ACS Chem Biol. Author manuscript; available in PMC 2019 May 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Robey et al.

Page 10

A 100] Acu-dioxomorpholine A B . . 1
403.202 m/z Acu-dioxomorpholine A—/#10
lon Intensity: 8E7 (FACMS0001) 8

A. aculeatus

Parent Strain Acu-dioxomorpholine B

417.217 m/z
lon Intensity: 4E7

Relative
Abundance

3

Se

oON MO
FAC Score

Acu-dioxomorpholine A
403.202 m/z
lon Intensity: 6E7

AaFAC30-6A16

ive

Abundance

FAC Strain & 10000 1000 100 10 1
« LC-MS Feature
100 C Acu.B @ @
Acu. A
Negative @
Control

Relative
Abundance

<)

e @ @uunno
N I I @ @ @
2 26 28 30 In-Source Fragments

Time (min) Acu-dioxomorpholine Species

Figure 2.
FAC-MS data enabling the identification of the acu-dioxomorpholine biosynthetic gene

cluster. (A) Both acu-dioxomorpholine A and B were detected in the A. aculeatus parent
strain; however, only acu-dioxomorpholine A was detected in AaFAC30-6A16. Neither
metabolites were detected in a negative control FAC (no insert). (B) A metabolite feature
corresponding to acu-dioxomorpholine A was detected in the FAC strain AaFAC30-6A16.
This feature was the highest scoring ion for this strain using a FAC Score which ranks
features based on their uniqueness within the entire FAC library. (C) Mass spectral
networking of A. aculeatus metabolomics data reveals structurally related features
corresponding to the reported structure of acu-dioxomorpholine B, a desmethyl variant, acu-
dioxomorpholine A, a hydrolyzed version of acu-dioxomorpholine A, and several fragment
ions produced in the electrospray source of the mass spectrometer. Acu-dioxomorpholine A
and B are abbreviated as Acu. A and Acu. B, respectively.
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Atom tracking in acu-dioxomorpholine A biosynthesis using stable isotope labeling and MS.
(A) Feeding with (Ds-indole)-Trp resulted in a shift of +5 Da (408.2325 m/z -1.2 ppm
error), confirming Trp is a precursor. A + 4 labeled species was also detected, likely
corresponding to loss of the C2 deuteron during prenylation and ring closure. Feeding with
(Ds-phenyl)-Phe resulted in a shift of +5 Da (408.2331 m/z, 0.2 ppm error), consistent with
Phe being the source of the phenyl ring in acu-dioxomorpholine. Feeding with 13Cq-Phe
resulted in a shift of +9 Da (412.2319 mi/z, 0.3 ppm error), providing further support for
phenylalanine incorporation. Feeding with Dg, 1°N-Phe resulted in a shift of +7 Da
(410.2465 mlz, 2.3 ppm error), indicating that phenylalanine is incorporated into acu-
dioxomorpholine with loss of the nitrogen and a single deuteron. A +6 Da species was also
detected from Dg, 1°N-Phe labeling, likely resulting from phenylpyruvate tautomerization.
(B) Structure of acu-dioxomorpholine A and B showing the positions labeled with stable
isotopes. (C) Summary of the phenylalanine to phenyllactate transformation supported by
stable isotope labeling. Phenylalanine is converted to phenylpyruvate as a step in
phenylalanine catabolism. AdxB reduces phenylpyruvate to form phenyllactate.
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Proposed biosynthetic pathway for acu-dioxomorpholine A and B production. (A) The acu-
dioxomorpholine gene cluster contains a nonribosomal peptide synthetase gene (aaxA), an
NAD(P)-dependent reductase gene (adxB), and a prenyltransferase gene (adxC). (B) AdxB
catalyzes reduction of phenylpyruvate to form phenyllactate. AdxA dimerizes tryptophan
and phenyllactate via an ester bond-forming condensation domain containing an unusual
arginine active site (Cr). The depsipeptide intermediate is released by cyclization catalyzed
by AdxA-Cr, resulting in the diketomorpholine. Reverse prenylation catalyzed by AdxC
results in acu-dioxomorpholine A. An unidentified methyltransferase (proposed to not be in

the BGC) affords acu-dioxomorpholine B.
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