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Abstract

Introduction Fungi biosynthesize chemically diverse secondary metabolites with a wide range of biological activities. Natu-
ral product scientists have increasingly turned towards bioinformatics approaches, combining metabolomics and genomics to
target secondary metabolites and their biosynthetic machinery. We recently applied an integrated metabologenomics workflow
to 110 fungi and identified more than 230 high-confidence linkages between metabolites and their biosynthetic pathways.
Objectives To prioritize the discovery of bioactive natural products and their biosynthetic pathways from these hundreds of
high-confidence linkages, we developed a bioactivity-driven metabologenomics workflow combining quantitative chemical
information, antiproliferative bioactivity data, and genome sequences.

Methods The 110 fungi from our metabologenomics study were tested against multiple cancer cell lines to identify which
strains produced antiproliferative natural products. Three strains were selected for further study, fractionated using flash
chromatography, and subjected to an additional round of bioactivity testing and mass spectral analysis. Data were overlaid
using biochemometrics analysis to predict active constituents early in the fractionation process following which their bio-
synthetic pathways were identified using metabologenomics.

Results We isolated three new-to-nature stemphone analogs, 19-acetylstemphones G (1), B (2) and E (3), that demonstrated
antiproliferative activity ranging from 3 to 5 uM against human melanoma (MDA-MB-435) and ovarian cancer (OVACR3)
cells. We proposed a rational biosynthetic pathway for these compounds, highlighting the potential of using bioactivity as
a filter for the analysis of integrated—Omics datasets.

Conclusions This work demonstrates how the incorporation of biochemometrics as a third dimension into the metabolog-
enomics workflow can identify bioactive metabolites and link them to their biosynthetic machinery.
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1 Introduction

Secondary metabolites (natural products) from bacteria,
fungi, and plants have had major impacts on human soci-
ety, producing many commercially-used small molecule
pharmaceuticals and agrochemicals. Fungi biosynthesize
a plethora of chemically and structurally diverse secondary
metabolites (Macheleidt et al., 2016), many of which have
found use as drugs, pigments, dyes, antioxidants, agro-
chemicals, and other consumer products (Bills & Gloer,
2016). Despite the hundreds of fungal secondary metabo-
lites that have found use in human society, it is estimated
that less than 7% of the 5 million fungal species on the
planet have been studied for bioactivity (Blackwell, 2011;
Wu et al., 2019), highlighting the untapped nature of the
fungal kingdom for the discovery of new natural products.

Most biosynthetic pathways required for secondary
metabolite synthesis are organized in a contiguous fashion
as biosynthetic gene clusters (BGCs) (Keller, 2019) that
evolve by various genetic events including gene duplica-
tion, fusion, deletion, transposition, neofunctionalism,
functional divergence, horizontal or lateral gene transfer,
and de novo assembly (Rokas et al., 2018). Hence, study-
ing fungal biosynthesis can aid in understanding fungal
evolution, phylogeny, and ecological niche (Gupta et al.,
2022; Kohler et al., 2015; Miyauchi et al., 2020; Wang
et al., 2018). Moreover, knowledge of fungal biosynthetic
and transcriptional machinery can enable genetic manipu-
lation and enhanced production of secondary metabolites
(Bok et al., 2006; Fox & Howlett, 2008).

Despite the promise of fungal natural products and the
benefits of understanding their biosynthesis, the major-
ity of fungal metabolites have yet to be linked to their
biosynthetic pathways. In a prior study, we demonstrated
that roughly 37,000 BGCs identified from 1037 publicly

available fungal genomes have unknown metabolite
products (Robey et al., 2021). In recent years,—Omics
technologies (genomics, metabolomics, and integrated
analyses) have become popular tools to access unexplored
natural products space. The integrated ‘metabologenom-
ics’ approach enables the association of a metabolite to its
BGC by feature-based or correlation-based computation
and comparison of the metabolomic and genomic data (van
der Hooft et al., 2020). While numerous studies have made
use of paired metabolomics and genomics datasets for
discovery of bacterial natural products and their biosyn-
thetic pathways (Caesar et al., 2021), this strategy has only
recently been applied to higher organisms such as fungi.
In a previous study by our team, we correlated genomics
and metabolomics datasets from 110 fungi, delineating the
biosynthetic pathway for the pestalamides (Caesar et al.,
2023). This study also revealed 238 high-confidence natu-
ral product-BGC pairs for future study.

While metabologenomics has shown success for linking
metabolites to their biosynthetic machinery, it only allows
inferences about the biological activity of detected metab-
olites. A major bottleneck of natural products research is
metabolite purification, and methods to prioritize biologi-
cally active metabolites are needed. In recent years, a mul-
tivariate statistical approach termed ‘biochemometrics’ has
been used to integrate quantitative chemical information
such as liquid chromatography-mass spectrometry (LC-MS)
data and biological activity data into a statistical model to
help discover chemical patterns related to bioactivity (Kel-
logg et al., 2016). These features can be prioritized for tar-
geted study early in the fractionation process while also
avoiding re-discovery associated with traditional bioactivity-
guided fractionation.

In this work, we demonstrate integration of bioactiv-
ity into our metabologenomics workflow (Fig. 1). Using
our previously published dataset of 110 Ascomycetes,
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Fig. 1 Bioactivity-guided metabologenomics workflow for prioritizing bioactive natural product-BGC pairs for targeted downstream analyses
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combined with high-throughput antiproliferative bioac-
tivity data, we assessed the ability of bioactivity-driven
metabologenomics to prioritize biologically active metab-
olite-BGC pairs for downstream analyses. Using this
platform, we targeted and isolated three new endogenous
stemphone analogs, confirmed their antiproliferative activ-
ity against human melanoma and ovarian cancer cell lines,
and proposed a rational biosynthesis for their production.
This work highlights the promise of using biological activ-
ity as a filter for unwieldy integrated—Omics datasets,
enabling prioritized study of bioactive metabolites and
their biosynthetic machinery.

2 Materials and methods

The detailed protocols are described in Supplementary
Materials and Methods.

2.1 Fungal growth and metabolome extraction

Fungal collection, growth, and secondary metabolite extrac-
tion were conducted as previously described (Caesar et al.,
2023). Briefly, fungal strains were inoculated in Erlenmeyer
flasks containing autoclaved rice, oats, or Cheerios and incu-
bated for 2-5 weeks. Secondary metabolite extraction was
then completed using a 1:1 mixture of chloroform: methanol,
followed by filtration, liquid-liquid partitioning, and sample
preparation for LC-MS/MS analysis and bioactivity screen-
ing (Al Subeh et al., 2021; Graf et al., 2020).

2.2 Liquid chromatography tandem high-resolution
mass spectrometry (LC-HRMS/MS) analysis
for metabologenomics correlations

Dried fungal extracts at a concentration of 1 mg/mL were
subjected to positive mode LC-MS/MS untargeted metab-
olomics analysis using a Thermo Q Exactive mass spec-
trometer coupled with an Agilent 1290 Infinity II ultrahigh
performance liquid chromatograph. The chromatographic
conditions included a binary solvent system, and MS param-
eters were set with a resolution of 17,500 for the mass range
of 150-2000 m/z, utilizing data-dependent fragmentation
analysis for MS? data collection. Dereplication of known
metabolites was conducted as described previously using
extensive in-house dereplication databases (Caesar et al.,
2023; El-Elimat et al., 2013; Paguigan et al., 2017). Feature
detection and processing of LC—MS data were performed
using MZmine v. 2.53 (Pluskal et al., 2010) as previously
described (Caesar et al., 2023).

2.3 Metabologenomics analysis

BGCs and gene cluster families (GCFs) were identified
as previously described (Caesar et al., 2023). Binary cor-
relations between subsets of each GCF based on clustered
domain sequences present in each genome and the MS'
intact masses found in each extract were then calculated,
following which scoring was conducted using three corre-
lation-based metrics: pattern matching, correlation scor-
ing, and intensity ratio analysis. All analyses were imple-
mented in C#10 running on.NET 6 (Caesar et al., 2023).

2.4 Primary high throughput screening assay
for identifying bioactive fungal extracts

To prioritize from among over 200 significant natural
product-BGC pairs identified previously (Caesar et al.,
2023), fungal extracts were screened for bioactivity using
a CellTiter-Glo® (Promega) luminescence assay against
A549 (lung; XY genotype), HCT-116 (colon; XY geno-
type), LN-229 (brain/glioblastoma; XX genotype), and
MCFT7 (breast; XX genotype) cancer cell lines, and a nor-
mal cell line MCF-10A (breast; XX genotype). Extracts
were added to cells at a final concentration of 50 ug/mL
using an Echo 550 Acoustic liquid transfer system (Lab-
cyte Inc.). Extracts showing antiproliferative activity were
further tested at 25, 50 and 100 pg/mL to identify the most
potent bioactive strains. Doxorubicin was used as a posi-
tive control at concentrations of 12.5, 25, and 50 uM.

2.5 Fractionation and antiproliferative activity
screening of bioactive fungal extracts

Out of 110 strains tested, 12 showed potent antiprolifera-
tive activity against our cell panel. Among these, three
extracts (Aspergillus biplanus NRRL 5071, A. diversus
NRRL 5074, and A. conjunctus NRRL 5080) with similar
chemical and sensitivity profiles were selected and sepa-
rated using flash chromatography. Extracts (ranging from
200 mg to 4 g) underwent normal-phase flash chroma-
tography, and fractions were combined based on UV—-Vis
absorbance profiles for subsequent bioactivity testing and
metabolomics analysis.

For biochemometrics correlations, flash chromatogra-
phy fractions were tested against MCF7 cells with doxo-
rubicin as positive control. Cells were grown in 96-well
plates and incubated for 24 h before extracts were added
in triplicate at final concentrations of 50 and 16.5 pg/
mL. Following a 48-h treatment period, cell proliferation
was evaluated using a 3-[4,5-dimethylthiazol-2-yl]-2,5
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diphenyl tetrazolium bromide (MTT) assay, and absorb-
ance at 600 nm was measured to determine cell viability.

2.6 LC-HRMS/MS-based correlation
of metabolomics and bioactivity datasets

LC-MS/MS spectra of flash chromatography fractions were
acquired, and files were converted to .mzXML format using
ProteoWizard (Chambers et al., 2012). Feature detection and
processing of LC-MS data were performed using MZmine
v. 2.53 (Pluskal et al., 2010) using modified parameters
outlined in Table S1 to create a feature list table for bioch-
emometrics correlations. Additionally, . mzXML files were
uploaded to the Global Natural Products Social Molecular
Networking (GNPS) site (Wang et al., 2016) to visualize
molecular families based on specified criteria.

The resulting metabolite feature table was merged with
the bioactivity data (% inhibition) from tested fungal extracts
to form the final input data for biochemometrics analysis.
Internally cross-validated partial least squares (PLS) mod-
els were produced for each fungus using 100 iterations and
a significance level of 0.05 with Sirius v.10.0 (Kvalheim
etal., 2011). Built-in statistical models were used to produce
S-plots identifying ions likely to be associated with antipro-
liferative activity in the fungal samples for targeted analysis.

2.7 Scaled-up fermentation and metabolite
isolation

The bioactive fraction from NRRL 5071 exhibited the high-
est production and relative purity of target metabolites (Fig-
ure S1) and was selected for scale-up fermentation and com-
pound purification. Large-scale fermentation was conducted
by inoculating an agar plug onto malt extract agar, followed
by cultivation on autoclaved oats using previously described
methods (Al Subeh et al., 2020). High-performance liquid
chromatography (HPLC) experiments were conducted using
a Varian Prostar HPLC system with a photodiode array
detector and Gemini-NX C;4 columns (Phenomenex), and
data analysis was performed using Galaxie Chromatography
Workstation. Normal-phase flash chromatography was per-
formed on a CombiFlash Rf 200 using a Silica Gold column
(Teledyne ISCO) and monitored by ultra-violet (UV) and
evaporative light-scattering detectors. Electronic circular
dichroism (ECD) spectra were acquired on an Olis DSM 17
CD spectrophotometer.

Three solid-state cultures of NRRL 5071 were chopped
and extracted (~ 330 mg) following previous methods (Van-
dermolen et al., 2013). The defatted organic extract was
reconstituted in chloroform, absorbed onto Celite 545, and
purified via flash chromatography using a hexane: chloro-
form: methanol gradient. Fraction 4 (~ 104 mg) was further
separated into six subfractions using preparative HPLC,
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yielding compounds 2 and 3 (0.4 mg) from subfraction 2
and compound 1 (3.7 mg) from subfraction 3. For addi-
tional compound yield, flash chromatography fractions from
NRRL 5074, 5080, and 5071 were further purified using
reversed-phase preparative HPLC. The bioactive fraction
from NRRL 5074 (~ 30 mg) was separated into five subfrac-
tions yielding compound 2 (6.5 mg), compound 3 (16.2 mg),
and compound 1 (1.2 mg). Bioactive fractions from NRRL
5080 (10 mg) and 5071 (7 mg), were each separated into
three subfractions, yielding an additional 4.8 mg of com-
pound 1.

2.8 Structure elucidation of acetylstemphones

Compound elucidation employed nuclear magnetic reso-
nance (NMR) spectroscopy, LC-HRMS/MS, ECD, encapsu-
lated nanodroplet crystallization (ENaCt) and X-ray crystal-
lography. LC-HRMS/MS data were obtained using an LTQ
Orbitrap XL or a Q Exactive Plus mass spectrometer con-
nected to a Waters Acquity UPLC system. NMR data were
collected in CDCl; on JEOL (400 or 500 MHz) and Agilent
(700 MHz) NMR spectrometers.

19-acetylstemphone G (1): pale yellow solid (9.7 mg);
[a]D22=4+10.4 (c 0.96, MeCN) UV (MeCN) A, (log €)
380 (2.38) nm, 283 (2.99) nm, 241 (2.76) nm, 211 (3.16)
nm, 193 (3.35) nm; 'H (CDCl,, 700 MHz) and '3C NMR
(CDCl;, 175 MHz), Table 1 and Figure S2; HRESIMS m/z
606.3286 [M + NH,]* (calc for C;,H,gNO, o, m/z 606.3278).
ECD (MeCN) nm (A,): 210 (+17.0), 277 (-4.1). 386 (+0.3).
COSY, HSQC, HMBC, and NOESY data are provided in
Figures S3-S7.

19-acetylstemphone B (2): yellow solid (6.9 mg); 'H
NMR (CDCl;, 400 MHz), Figure S8; HRESMIS m/z
589.3018 [M+H]* (calc for C;,H,50,, m/z 589.3013).

19-acetylstemphone E (3): yellow solid (16.6 mg);
"H NMR (CDCl,, 400 MHz), Figure S9; HRESMIS m/z
608.3442 [M + NH,]* (calc for C;,HsoNO, o, m/z 608.3435).

2.9 Encapsulated nanodroplet crystallization
(ENaCt) and crystallographic details
for 19-acetylstemphone G

The crystallization of 19-acetylstemphone G (1) was carried
out using ENaCt protocols (Tyler et al., 2020) using 12 dif-
ferent solvents (Table S2). The stock solutions of 1 (50 nL)
were dispensed into 96-well glass plates containing either an
appropriate crystallization oil (200 nL) or no oil (Table S3,
Figure S10) and sealed with a glass cover slip. After 14
days, plates were assessed visually and by cross-polarized
light microscopy for crystal growth. From 288 individual
ENaCt experiments, 43 wells (15%) contained small single
crystals suitable for X-ray diffraction analysis. A crystal of
1 grown from DMF (50 nL, ca. 28 mg/mL) encased in a
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Table1 'H and *C NMR data for compound 1 (CDCl;, 700 and
175 MHz, Respectively)

19-acetylstemphone G (1)

Position oc Type Oy (Jin Hz)
1 13.3 CH, 1.61, buried
2 125.5 CH 5.61, q (6.5)
3 132.2 C -

4 81.9 CH 5.43,d (9.6)
5 37.2 CH 3.35,m

6 140.4 C -

7 135.5 C -

7-OH - - 5.08, s

8 143.8 C -

9 106.6 C -

10 153.7 C -

10-OH - - 10.69, s

11 108.0 CH 6.32, s

12 197.9 C -

13 53.4 CH 3.19,s

14 83.7 C -

15 37.2 CH, 2.05, m

16 247 CH, 1.65,1.87, m
17 76.4 CH 3.69, dd (12.1, 4.0)
18 38.6 C -

19 73.1 CH 5.74,t(2.7)
20 259 CH, 1.71,1.98, m
21 80.0 C 3.46,dd (12.5,2.8)
22 71.7 C -

22-OH - - 2.40, br s

23 23.5 CH; 1.14, s

24 26.1 CH, 1.17, s

25 12.7 CH, 1.16, s

26 22.1 CH, 1.46,s

27 16.4 CH, 1.10,d (7.0)
28 11.5 CH, 1.62,s

29 169.9 C -

30 21.3 CH, 1.82,s

31 169.7 C -

32 21.0 CH; 2.03,s

droplet of mineral oil (Plate 1, D11) was analyzed by single
crystal X-ray diffraction (Figure S11). Diffraction data were
collected on a Rigaku XtalLAB Synergy diffractometer, and
the structure of 1 was solved using SHELXT (Sheldrick,
2015) and refined with SHELXL (Sheldrick, 2008) through
the Olex?2 interface (Dolomanov et al., 2009) (Figure S12).
Details regarding the data collection, solution, and refine-
ment of 1 can be found in CIF format with the Cambridge
Crystallographic Data Centre under CCDC 2303613. Crys-
tallographic information for compound 1 is provided in
Table S4.

2.10 Cytotoxicity assays for confirmation
of bioactivity of isolated compounds

Compounds 1 and 2 were tested against human melanoma
(MDA-MB435) and human ovarian cancer cells (OVCAR3),
both grown in RMPI 1640 (Thermo Fisher, #11875085) sup-
plemented with 10% FBS (GeminiBio, #100-106) and 1%
penicillin/streptomycin (P/S) (Thermo Fisher, #15070063).
Compound 3 could not be tested due to its rapid interconver-
sion to other analogs. Cells were seeded in 96-well, clear,
flat-bottomed plates at 5000 cells per well and allowed to
attach overnight. Compounds, dissolved in DMSO, were
added to the cells for 72 h. The final DMSO concentration
was 0.1%. Cellular protein content was measured using Cell
Titer-Blue (Promega, #G8082) reagent for 3 h with 18 pL of
reagent per well, as a measure of survival. Treatment meas-
urements were normalized to vehicle. The analysis included
three biological replicates with three technical replicates
each, covering concentrations from 8 nM to 25 pM. Taxol
was used as positive control (10 nM).

2.11 Confirmation of endogenous metabolites
using microextraction-enabled droplet probe
mass spectrometry

Droplet probe studies were conducted with Petri dishes of
the three Aspergillus strains used in this study. Mycelia
were removed, and the agar surrounding them was analyzed
(Figures S13-15) using a converted CTC/LEAP HTC PAL
autosampler (LEAP Technologies, Inc.) (Cank et al., 2021;
Sica et al., 2015). Briefly, microextractions were performed
with 50:50 methanol: water, and the process repeated in
triplicate per location before injection into the UPLC-MS.
Standards were produced by depositing isolated compounds
onto glass microscope slides and performing a microextrac-
tion to obtain compound retention times (Figure S16). All
three compounds were observed in the agar, confirming their
endogenous production.

3 Results

3.1 Metabologenomics analysis reveals hundreds
of high-confidence hits

To link fungal secondary metabolites to their biosynthetic
pathways, we analyzed the genomic content and metabolite
profiles of 110 Ascomycetes from both public and private
strain collections. Each strain underwent genome sequenc-
ing using Illumina technology, and BGCs were categorized
into gene cluster families (GCFs) as previously described
(Caesar et al., 2023). In this initial report, 7020 natural prod-
uct BGCs were predicted across ten biosynthetic categories
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(NRPS, DMAT, PKS-like, HRPKS, NRPKS, PRPKS, ter-
pene, NRPS-like, RiPP, and hybrid NRPS-PKS). Second-
ary metabolites were extracted from each strain grown
under three different conditions and evaluated by quantita-
tive LC-MS/MS, detecting 9301 individual ions from our
110-strain dataset. Correlations between GCF and metabo-
lite datasets were conducted using three correlation-based
integration strategies: pattern-matching, correlation scoring,
and intensity ratio analysis, identifying 238 high-confidence
metabolite-GCF associations. To prioritize from among
these high-confidence associations, we incorporated bioac-
tivity screening into our pipeline to focus targeted discovery
efforts on bioactive metabolites.

3.2 Bioactivity screening analysis

Many fungal natural products have demonstrated promising
anticancer activity in human cancer cell lines and in mouse
models with potential to enter into human clinical trials
(Evidente et al., 2014). We utilized a high-throughput anti-
proliferative screening assay (Ayon, 2023; Ayon & Gutheil,
2019) against A549 (lung), HCT-116 (colon), LN-229
(brain/glioblastoma), and MCF7 (breast; XX genotype)
cancer cell lines, and a normal cell line MCF-10A (breast;
XX genotype) to identify potential anti-cancer agents using
a high concentration of fungal extract (50 pg/mL) to reduce
the possibility of overlooking bioactive molecules present
in the extract at low abundance (Plate layout is provided in
Online Resource 1, and heat maps of antiproliferative activ-
ity in Figure S17). We shortlisted the top 35 fungal extracts
that showed the highest antiproliferative activity.

To further shortlist the bioactive strains, we performed
a dose-dependent assay against MCF7 breast cancer cells
in triplicate using doxorubicin as a positive control. From
these data, we identified a subset of three bioactive strains
that had similar metabolite profiles for follow up testing:
Aspergillus diversus NRRL 5074, A. biplanus NRRL 5071,
and A. conjunctus NRRL 5080. The ICs, of extracts against
MCF7 cells for NRRL 5080, 5074, and 5071 were 14, 15,
and 17 pg/mL, respectively (Figure S18).

To prioritize purification efforts towards metabolites
most likely to be contributing to antiproliferative activity,
the three strains were fractionated using flash chromatog-
raphy, and the resulting fractions were again evaluated for
antiproliferative activity at two concentrations (50 pg/mL
and 16.5 pg/mL) against MCF7 cells using the MTT assay.
Doxorubicin was used as positive control. From the bioac-
tivity screening of the collected fractions, it was observed
that most of the fungal extracts had one fraction that dem-
onstrated the most potent bioactivity (~90% antiprolifera-
tive activity) indicating the localization of the bioactive
molecule(s) in that fraction (Figure S19).

@ Springer

3.3 Biochemometrics analysis

Chemometric profiling was conducted on extracts from each
of the three bioactive fungi (NRRL 5080, NRRL 5071, and
NRRL 5074) as well as their fractions. Untargeted metabo-
lomics analyses of these fractions using LC-MS yielded
7549, 5852, and 6499 total marker ions (unique retention
time-m/z pairs) for NRRL 5080, NRRL 5071, and NRRL
5074, respectively. Individual biochemometrics analyses
were completed for each strain with antiproliferative data
collected at two concentrations (50 pg/mL and 16.5 ug/mL)
by pairing bioactivity screening results (Figure S18) with
high-resolution mass spectral data using internally cross-val-
idated PLS analysis. The resulting biochemometrics matri-
ces identified differences between the fungal fractions based
on their antiproliferative activity. To tentatively identify the
bioactive molecules responsible for this activity, S-plots
(Fig. 2A—C) were generated that display the covariance and
correlation of metabolite peak areas to bioactivity data. Ions
located in the upper righthand quadrant of the S-plot have
both high correlation and covariance and contribute most
to the differentiation of bioactive and inactive fractions.
Notably, S-plot analyses of the three bioactive fungi identi-
fied similar marker ions, with compound 1 ([M + NH,]")
identified among the top 4 bioactive compounds in all three
fungi. In each S-plot, additional marker ions were identified
as putatively bioactive that clustered together in the same
molecular family using classical molecular networking anal-
ysis (Fig. 2D), suggesting that these metabolites are related
and share a biosynthetic pathway. Notably, none of the target
metabolites were identified using our in-house dereplication
libraries nor through the GNPS platform, emphasizing their
potential novelty. These marker ions were targeted for puri-
fication, structure elucidation, and downstream biosynthetic
analyses.

3.4 Identification of marker compounds
from bioactive Aspergillus spp.

Additional purification of target analytes from NRRL 5080,
NRRL 5071, and NRRL 5074 was completed to evaluate the
accuracy of our biochemometrics predictions. Compound
1 was isolated as a pale-yellow solid. Positive ion HRMS
analysis enabled assignment of the molecular formula as
C3,Hy40,0 IM+NH,]* at m/z 606.3286 (calc. m/z 606.3278).
Analysis of NMR data (Table 1 and Figures S2-S6) revealed
that compound 1 contained three carbonyls (two esters and
an «, B-unsaturated ketone), eight other sp® hybridized car-
bons, four oxymethines, two oxygenated quaternary carbons,
three aliphatic methylenes, two aliphatic methines, nine
methyl groups, one aliphatic quaternary carbon and three
hydroxys (Fig. 3).
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Fig. 3 Structures of 19-acetylstemphone G (1), 19-acetylstemphone B (2), and 19-acetylstemphone E (3)

A search of the Dictionary of Natural Products (2021)
indicated that these data were nearly identical to those for
the meroterpenoid stemphone G (Koyama et al., 2005;

Yamazaki et al., 2008), but with an additional acetyl group
present in compound 1. This was supported by HMBC cor-
relations between H-19 and the ester carbon C-31 (6,169.7)
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and between H;-32 and C-31. The skeleton of the rest of the
compound was confirmed by HMBC. Additional structure
elucidation data are presented in the SI (Figure S7).

The geometry of the olefin between C-2 and C-3 was
shown to be E by a NOESY correlation between H-2 and
H-4 (Figure S6). NOESY correlations between H-4 and
H;-27 set them on the same face. Cross peaks between H-19
and H;-23 established that they were on the same side of
the molecule. Correlations from H-13 to H-17 and H-17 to
H-21 established that these protons were on the same side
of the molecule and opposite from H-19 and H;-23. Unfor-
tunately, NOESY correlations were not observed for H;-25,
and as such, that methyl could not be used to set the relative
configuration at C-14. Using a recently described protocol
(Encapsulated Nanodroplet Crystallization of organic-solu-
ble small molecules; ENaCt) (Metherall et al., 2023; Tyler
et al., 2020), which has recently found application in the
crystallization of several natural products (Al Subeh et al.,
2022; Straker et al., 2023), nanoscale high-throughput crys-
tallization experiments were conducted on~4.0 mg of com-
pound 1, resulting in crystalline material. Suitable single
crystals were selected for X-ray diffraction analysis, showing
that compound 1 had crystallized as a solvate with two mol-
ecules of DMF. Compound 1 crystallized in the monoclinic
space group P2, with two formula units per unit cell and
one per asymmetric unit. While the absolute configuration
could not be determined based on anomalous scattering
(Flack parameter 0.3(3)), the X-ray structure did confirm
the molecular connectivity and allowed assignment of the
relative configuration, allowing the relative stereochemistry
of position C-14 to be determined (Figure S12). This also
confirmed that the relative configuration of compound 1 was
identical to the reported configuration of stemphone G, by
comparison with the known crystal structure of stemphone
(Huber et al., 1974; Yamazaki et al., 2008). ECD data were
collected, and the predicted spectra were calculated based
on the two possible absolute configurations. The meas-
ured ECD spectrum matched the calculated one, where the
configurations were 4S5, 55, 13R, 14R, 17R, 18R, 19§, 21R
(Figure S20); compound 1 was ascribed the name 19-ace-
tylstemphone G. Although this compound has been previ-
ously synthesized (Aurora Fine Chemicals, Product Num-
ber 185.827.908), this represents its first discovery from a
natural source.

Two other major peaks were observed during prepara-
tive HPLC separation, which upon MS analysis revealed
their molecular formulas and m/z values to be C;,H,50,
as [M+H]* (calc. m/z 589.3013) and C5,Hs,NO,, as
[M +NH,]* (calc. m/z 608.3435). Comparison of the 'H
NMR spectra for compounds 2 and 3 (Figures S8-S9) to
published data confirmed (2) and (3) as 19-acetylstemphones
B and E, respectively (Fig. 3). These three stemphone ana-
logs were observed in the extracts of all three fungal strains
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used in this study (Figure S1). Interestingly, conversion of
these analogs was observed when the extracts were left in
methanol for a period of 2 days, as observed by the presence
of a peak for only compound 1 during HPLC analysis, which
indicates conversion of 19-acetylstemphone E (3) to 19-ace-
tylstemphone B (2), and finally to 19-acetylstemphone G
(1). This indicates that compound 1 (19-acetylstemphone G)
is the most stable of the three acetylstemphone analogues.

To ascertain the presence of acetyl moiety on the stem-
phone analogs as endogenous fungal metabolites and not an
artefact of the extraction and purification process (Capon,
2020) and also to confirm the presence of all three acetyl-
stemphones in fungi as a proof of their interconversion,
droplet probe mass spectrometry analysis (Oberlies et al.,
2019; Sica et al., 2015) was conducted. This technique
makes a microextraction of the fungal culture, directly from
the petri dish, and then analyzes it by LC-MS. Acetylstem-
phones G (1), B (2) and E (3) were all observed during the
analysis, indicating that they are endogenous fungal metabo-
lites (Figures S13-S16).

3.5 Confirmation of bioactivity of the isolated
stemphone analogs

The antiproliferative activities of compounds 1 and 2
were tested against human melanoma cancer cells (MDA-
MB-435) and human ovarian cancer cells (OVCAR3) using
previously described protocols (Gurgul et al., 2024). 1
and 2 were approximately equipotent, with ICy, values of
4.5+0.1 uM and 3.6 +0.2 uM against OVCAR3 and IC,,
values of 4.4+0.1 uM and 4.20 +0.02 uM against MDA-
MB-435 for compounds 1 and 2, respectively (Table S5).

3.6 Binary correlation to identify stemphone
biosynthetic pathway

To identify the stemphone gene cluster family (GCF) the
pattern-matching and correlation scores for each ion were
analyzed (Table S6, Figure S21). GCFs are named by the
type of biosynthetic pathway followed by an underscore
and the in-house GCF identifier described in our previous
publication (Caesar et al., 2023). Eighteen PKS-containing
GCFs had high correlation scores (> 100) to the 19-acetyl-
stemphones, likely because the three producing strains share
many BGCs and metabolite products. The stemphone GCF
was identified by examining predicted GCFs for 19-ace-
tylstemphones G, B, and E (compounds 1-3). Analysis of
the three stemphone-producing strains revealed four PKS-
containing GCFs that were common to all three produc-
ing strains (PRPKS_244, HRPKS_363, NRPKS_110, and
NRPKS_208; Table 2).

Structurally, stemphones are related to the meroterpe-
noids arthripenoids A-F (Figure S22), compounds previously
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Table 2 Aspergillus strains that produce the 19-acetylstemphones (compounds 1-3) and their potential PKS-containing biosynthetic gene clus-

ters

HRMS Intensity? .
PKS Gene Cluster Family®
gt'?RL (Average of n=3) v
dain
ID |compound |compound|compound| PRPKS Gene HRPKS Gene Cluster Families NRPKS Gene Cluster
1 2 3 Cluster Families Families
5080 | 3.04E+09 | 8.48E+08 | 1.81E+08 363|365 208

5071| 7.47E+08 | 2.12E+08 | 1.40E+08 363|365 (471|472 Y6 476 208 (272|274 [276
5074 | 2.89E+09 | 1.01E+09 | 6.25E+08 363 471|472 475 X9 208 (272|274 [276

“HRMS =high resolution mass spectrometry. Compound 1=19-acetylstemphone G, compound 2=19-acetylstemphone B, compound

3=19-acetylstemphone E

Gene cluster families are named by BiosyntheticType_IdentifyingNumber (e.g., PRPKS_244). The numbers indicated here refer to the identify-
ing number for PKS-containing GCFs. All GCFs were grouped as part of a previous project (Caesar et al., 2023)

isolated from Arthrinium sp. NF2194 and which have a
published biosynthetic pathway (Zhang et al., 2018). The
meroterpenoid scaffold of arthripenoids A-F results from the
biosynthesis of 2,4,-dihydroxy-5-alkylbenzoic acid, which
undergoes oxidative decarboxylation, farnesyl transfer, and
terpene cyclization. Because compounds 1-3 share these
structural features with the arthripenoids, we expected the
BGC responsible for their production to encode highly simi-
lar enzymes. Comparison of our top-ranked GCF candidates
to the arthripenoid pathway revealed PRPKS_244 as the best
candidate GCF for the stemphones, with all BGCs belong-
ing to the PRPKS_244 GCF including partially-reducing
polyketide synthases (PR-PKS), non-reducing polyketide
synthases (NR-PKS), polyprenyl transferases, and a terpene
cyclases that were found to have moderate sequence simi-
larity to their arthripenoid counterparts (Table S7, Figure
S23). Accessory enzymes, including two monooxygenases,
a P450, and an acetyltransferase were also identified in the
stemphone BGC with a high degree of similarity to those
found in the arthripenoid cluster (Tables S7-S8).

Based on our data and the published arthripenoid path-
way, we propose the biosynthetic scheme in Fig. 4. We sug-
gest stemphone biosynthesis begins with the PR-PKS StmL,
which catalyzes the biosynthesis of a partially reduced trike-
tide which is further extended by the NR-PKS StmF. Unlike
its arthripenoid NR-PKS counterpart AtnG, StmF does not
have a thioesterase domain. We hypothesized instead that
StmM acts as a freestanding thioesterase allowing the prod-
uct to be released from the PKS enzymes. The polyketide
product then undergoes an oxidative decarboxylation step
catalyzed by oxidoreductase StmO and/or StmG. Follow-
ing decarboxylation, StmA provides a farnesyl group to the
polyprenyl transferase StmB to be incorporated at the C-9
position. Prior to cyclization the product undergoes two suc-
cessive epoxidation reactions carried out by FAD-dependent
monooxygenases StmD and StmK. The tricyclic ring forma-
tion is then initiated by StmT, a terpene cyclase, following

which the cytochrome P450s StmC and/or StmE hydroxylate
C-12 and C-19. Finally, the acetyltransferase Stml acetylates
oxygens at the C-4 and C-19 positions.

4 Discussion

Metabologenomics workflows often yield hundreds or thou-
sands of correlated metabolite-BGC pairs (Navarro-Mufioz
et al., 2020; Ren et al., 2020; van der Hooft et al., 2020),
and prioritizing these for follow up studies can be a daunt-
ing task. Several approaches to ameliorate this challenge
have been explored, including those based on dereplication,
microbial taxonomy, coevolutionary principles, molecu-
lar networking, chemical class matching, and/or paired
genome-metabolite databases, and new computational tools
to improve efficiency are under continual development (Ava-
lon et al., 2022; Louwen et al., 2023). This work serves as a
proof-of-concept for the viability of using bioactivity-driven
metabologenomics for prioritizing metabolites for targeted
analysis. Through this work, we identified three novel stem-
phone analogs, 19-acetylstemphones G (1), B (2) and E (3),
confirmed their antiproliferative activity against human
melanoma and ovarian cancer cell lines, and delineated a
likely biosynthetic pathway for their production.

In order for paired -Omics strategies to identify a metabo-
lite’s biosynthetic pathway, the genes involved in biosynthe-
sis must be expressed (Kjerbglling et al., 2019). It is well
documented that many BGCs in fungi are silent under stand-
ard laboratory conditions (Gilchrist et al., 2018) and that
manipulation of culture conditions can activate fungal BGCs
(Mézsik et al., 2022). Indeed, during our scale up effort to
isolate compounds 1-3, we witnessed a pronounced effect
of growth condition on metabolite production. When media
were prepared with nano-pure water, the fungi yielded an
increased amount of stemphone analogs compared to when
the media was prepared with deionized water (Figure S24).

@ Springer



90 Page 100of 14

N.J. Ayon et al.

ABCD E F G H

stm» _>. .{.

Polyprenyl synthetase
B. Prenyl transferase I

D. FAD biding domain K

r

G. Dioxygenase
StmL

StmM OH
AT
Q) — KS g DH — o
0 @ o
o S

Ot

MNO P Q R S T

O. Oxidoreductase

acyltransferase

FAD binding domain
PRPKS (KS-AT-DH-MT-KR-ACP) S.
M. Thioesterase

ABC transporter
T. Terpene cyclase

StmG/O StmB

OH —_

compm?nd 2

Fig.4 Proposed biosynthesis of 19-acetylstemphones. In final structures, R=H for stemphones and R=COCHj; for acetylstemphones

The appearance and the color of the fungal culture and the
extracts were different to the naked eye as well. This dif-
ference in the metabolite profile emphasizes the impact of
even seemingly minor changes to media conditions on the
expression of BGCs encoding bioactive metabolites.
Solvents used during extraction and purification of
metabolites play an important role in natural product chem-
istry, often leading to the formation of “artifacts” through
chemical reactions of naturally occurring metabolites and
the solvent (Maltese et al., 2009). The presence of acetyl
group on the purified stemphone analogs was confound-
ing, and it was important to determine if it was part of the
endogenous fungal secondary metabolite profile or caused
during the extraction or purification process, particularly
due to our observation that compound 3 converted to 2 and
then to 1 in methanol. Addition of acetyl groups (i.e., esteri-
fication of a hydroxy group) can occur in the presence of
acetic acid (Anbu et al., 2019) or by external stimuli includ-
ing changes in pH, temperature, or exposure to light, air,
common organic solvents, and even chromatography media
(Capon, 2020). Conversely, acetyltransferase enzymes are
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present in many fungi that can also acetylate fungal metabo-
lites (Sharma et al., 2020), including the acetyltransferase
Stml in our proposed biosynthetic pathway (Fig. 4). In order
to determine if the acetylation of compounds 1-3 resulted
from our extraction/purification procedures or was natu-
rally occurring, we used droplet probe LC-MS (Oberlies
et al., 2019), an in situ analytical technique that allows direct
analysis of constituents from the sample without requiring
lengthy extraction procedures that may introduce artifacts.
This analysis revealed the presence of all three stemphone
analogs in the sample, confirming their identity as endog-
enous fungal secondary metabolites (Figures S13-15).
While most fungal GCFs contain BGCs from fungi
belonging to a single species or genus, BGCs encoding
stemphones and the highly related arthripenoids and nec-
tripenoids (Table S7) have a remarkably extensive phylo-
genetic distribution, with highly similar metabolites and
BGC:s identified in two Leotiomyceta classes: Eurotiomy-
cetes and Sordariomycetes (Zhang et al., 2018). Moreo-
ver, the first stemphone was isolated from a Stemphylium
sp. (class Dothidiomycetes), and Zhang et al. have also
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identified highly related putative meroterpenoid BGCs in
three Bipolaris spp. (class Dothidiomycetes) (Zhang et al.,
2018). More recently, Han and coworkers (Han et al., 2020)
have isolated both arthripenoids and cochlioquinones from
Bipolaris sorokiniana and have identified several similar
biosynthetic pathways across the Bipolaris genus. These
results suggest that BGCs encoding bioactive stemphones
and related metabolites span at least three fungal classes.
The presence of highly similar biosynthetic pathways across
such broad phylogenetic distances is extremely rare (~0.75%
of total fungal GCFs) (Robey et al., 2021) and suggests that
meroterpenoid BGCs in taxonomically distant fungi may
be acquired through horizontal gene transfer or convergent
evolution (Zhang et al., 2018). Other metabolites that have
been purified from multiple taxonomic classes encode the
bioactive equisetins, PR-toxins, cytochalasins, and chae-
toglobosins, and the associated biosynthetic pathways con-
tain significant variation in tailoring enzyme composition
resulting in scaffold diversification (Robey et al., 2021). The
discovery of the stemphone biosynthetic pathway provides
growing evidence for the biosynthetic diversity represented
within “multi-class” GCFs, and emphasizes the promise of
exploring cross-class GCF-metabolite pairs to discover new
analogs of bioactive metabolites.

5 Conclusion

This study highlights the potential of integrated -Omics
approaches for identifying biologically active fungal second-
ary metabolites and their biosynthetic pathways. We demon-
strated the effectiveness of a bioactivity-driven metabolog-
enomics workflow for prioritizing bioactive metabolite-BGC
pairs for targeted study, leading to the discovery of three new
antiproliferative stemphone analogs. Using our metabolog-
enomics database, we identified the BGC likely for their pro-
duction and proposed a biosynthetic pathway for these com-
pounds, shedding light on the biosynthesis of this intriguing
class of natural products whose distribution across vast
taxonomic distances raises questions about the evolution of
these metabolites in the fungal kingdom. These findings also
underscore the importance of growth conditions and extrac-
tion procedures in natural products studies, as these factors
can significantly impact metabolite production and chemical
modifications. Overall, this work serves as a proof-of-con-
cept for the bioactivity-driven metabologenomics workflow
as a valuable framework for the targeted discovery of bioac-
tive compounds and their biosynthetic machinery from the
largely unexplored world of fungal secondary metabolism.
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