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Abstract

The microbial world offers a rich source of bioactive compounds for those able to sift through it.
Technologies capable of quantitatively detecting natural products while simultaneously identifying
known compounds would expedite the search for new pharmaceutical leads. Prior efforts have
targeted histone deacetylases in fungi to globally activate the production of new secondary
metabolites, yet no study has directly assessed its effects with minimal bias at the metabolomic
level. Using untargeted metabolomics, we monitored changes in >1000 small molecules secreted
from the model fungus, Aspergillus nidulans, following genetic or chemical reductions in histone
deacetylase activity (HDACI). Through quantitative, differential analyses, we found nearly equal
numbers of compounds were up- and down-regulated by >100 fold. We detected products from
both known and unknown biosynthetic pathways and discovered that A. nidulans is capable of
producing fellutamides, proteasome inhibitors whose expression was induced by ~100 fold or
greater upon HDACI. This work adds momentum to an ‘omics’-driven resurgence in natural
products research, where direct detection replaces bioactivity as the primary screen for new
pharmacophores.
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INTRODUCTION

Fungal secondary metabolites are a valuable source of bioactive and medically useful
compounds. From penicillin to the anti-cholesterol agent lovastatin, fungi have provided
high-value lead compounds for the development of pharmaceuticals. Indeed, nearly half of
fungal natural products found to date have antibacterial, antifungal, or anti-proliferative
activity.> As more genomic data becomes available for fungi, it is increasingly apparent that
we have mined only a fraction of the vast number of secondary metabolites that are
genetically encoded.?

A general challenge in the field is to induce expression of new secondary metabolites, many
of which are encoded by gene clusters not expressed under typical laboratory conditions.34
This severely impairs discovery efforts for natural products. However, unlike bacteria, fungi
utilize chromatin to regulate gene expression, a general feature common to eukaryotic
organisms.>’ Enzymes, such as the histone deacetylases (HDACs), are responsible for
establishing, maintaining and removing local chromatin modifications that either promote or
repress gene transcription. By inhibiting the activity of HDACS, it is believed that large parts
of the genome can be converted to a more transcriptionally active state because acetylation
is generally associated with pro-transcriptional programs. Several groups have successfully
adopted this approach to access cryptic secondary metabolites.8-10 However, only a few
global studies of gene expression using RNA profiling!1:12 have been performed, and none
that use MS-based metabolomics.11:13-15

We used untargeted metabolomics to assess the ability of HDAC inhibition to aid in
discovery of secondary metabolites from the model fungus, Aspergillus nidulans.18 Like
prior reports12:17-20 we have used broad-spectrum chemical HDAC inhibitors; however, we
have also reduced levels of a single HDAC, RpdA (AN4493)7:21 and quantified the changes
in expression of secondary metabolomes (Figure 1). Upon rpdA knockdown, we found that
61 compounds have >100 fold increases in their relative levels and 47 have >100 fold
decreases. This suggests that though HDAC inhibition generally leads to up-regulation of
biosynthetic machinery, as evidenced by transcriptomics, the response at the level of the
secondary metabolome is more complex than global increase in abundance of secondary
metabolites. We also report a high degree of agreement between chemical HDAC inhibition
and RpdA knockdown strategies in the overall response for expression of extracellular
metabolites. Finally, we report for the first time that A. nidulans is capable of producing
several of the fellutamides, lipopeptide aldehydes that inhibit proteasome activity.22:23

RESULTS

Controllable repression of an HDAC

We first wanted to test the effects on the exported metabolome when the activity of the
HDAC RpdA was reduced. Since the complete deletion of rpdA is lethal,24 we utilized a
strain with the rpdA gene (AN4493) under the control of the xylose-inducible promoter from
Penicillium chrysogenum (xylP(p)).2* In this way, we generated a strain, RAAS58.4, where
the expression of RpdA could be induced with the addition of xylose. Phenotypically, the
uninduced xylP(p)::rpdA strain (grown without xylose) showed decreased radial growth,
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sparse hyphal structures, poor conidiation, and had increased pigment production (Figure 2,
insets at bottom). However, in the presence of xylose, this strain appeared nearly identical to
the wildtype strain (Supplementary Figure 1a). Analysis of Northern blots of the
xylP(p)::rpdA strain grown without xylose showed that the levels of the rpdA transcript were
reduced 14-fold relative to wildtype A. nidulans (Supplementary Figure 1b). Such growths
where rpdA is knocked down in expression are referred to as rpdAKP. The impact of altered
RpdA levels on the relative levels of >1,100 molecular species in the exported metabolome
were determined (Figure 2).

Global monitoring of the exported metabolome

Combining all strains analyzed, 1,268 unique molecular species were detected by LC-MS.
Mass spectrometric signals from different isotope and adduct peaks were combined such
that the great majority of these species represent individual compounds produced by the
fungus. The intact masses for these compounds were used to search against a database
containing the theoretical masses of 104 metabolites known to be produced by A. nidulans.
When searching against this targeted database with a mass tolerance of 2 part-per-million
(ppm), we putatively identified 49 compounds. In order to verify all annotations based on
intact accurate mass, tandem mass spectra were manually interrogated; 45 annotations were
validated and are shown in Table 1. The ability of LC-MS/MS with accurate mass (i.e., use
of Fourier-transform mass spectrometry) to dereplicate fungal secondary metabolites has
recently been demonstrated.2>28 However, annotated MS? spectra (Supplementary Figures
2 — 8) are included to further validate the ability of tandem MS with manual interpretation to
confidently identify known compounds.

Having dereplicated 45 known A. nidulans metabolites, we next turned to quantitative
analysis of these and other metabolites in response to knockdown of rpdA. The results from
replicate analyses and ANOVA analysis of wildtype versus rpdAKP extracts are displayed
using a volcano plot (Figure 2). Overall reduced expression of rpdA led to a 4-fold increase
in metabolite production of over 70% of all compounds identified in this study compared to
wildtype; a greater than 10-fold change was observed for over 60% of all compounds
identified relative to wildtype. The compounds antibiotic 312729, F9775A and B3 and
alternariol3! were only seen at significant levels in the rpdAXP samples. In contrast, several
abundant and well studied compounds were present at reduced levels in the rpdAKP samples
as compared to wildtype. Production of sterigmatocystin, one of the most thoroughly
characterized mycotoxins,32-34 was down-regulated by a factor of over 100 in the rpdAKP
strain compared to wildtype (Figure 2A inset and Supplementary Figure 9). The compound
5-hydroxydihydro-sterigmatocystin was similarly down-regulated, in this case by a factor of
~25. A similar pattern was also observed with the emericellamides, the arugosins, the
aspoquinolones and the austinols (Supplementary Figure 9).

We observed several general patterns in the comparison of extracts from wildtype and
rpdAKD strains. For the 100 most abundant compounds in wildtype, their average expression
level decreased by ~50% in the rpdAKP samples. However, the opposite general response
was seen for the 100 least abundant compounds in wildtype, whose average intensity
increased >60-fold in rpdAKD. For the 100 compounds closest to the median intensity in
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wildtype, their average abundance increased >3-fold in rpdAKD. In addition to the general
trends above, the levels of known compounds were more likely to be down-regulated in the
rpdAKD samples than were unknowns (Supplementary Figure 10). The reverse was also true:
unknown compounds had a greater chance of being up-regulated by >10 fold in extracts of
the rpdAKP strain (Supplementary Figure 10).

Chemical HDAC inhibition causes expression and silencing of many secondary

metabolites

Similar to the rpdAKP growths, the addition of chemical HDAC inhibitors,
suberanilohydroxamic acid (SAHA), trichostatin A, or sodium butyrate, resulted in slower
growth. Unlike the rpdAKP growths, pigmentation was unaltered relative to the wildtype
growths. The levels of known metabolites were analyzed to study the effect of chemical
HDAC inhibition. The levels of sterigmatocystin and several emericellamides were reduced
in all 3 chemical HDAC inhibition samples, consistent with observations in the rpdAKP
samples (Supplementary Figure 11). In particular, treatment with SAHA resulted in an up-
regulation of a large number of compounds also up-regulated in the rpdAXP samples. In
SAHA-treated samples, 167 compounds were found to be present at levels >5 times higher
than in wildtype A. nidulans. Of these, 141 were also up-regulated >5-fold in the rpdAKDP
samples (Figure 2B).

Inhibition of HDAC activity induces production of the fellutamides

We identified dozens of compounds that do not dereplicate to known A. nidulans secondary
metabolites, and that were produced at significant levels only in the rpdAXD samples. Many
of these were also up-regulated significantly in the chemical HDAC inhibitor-treated
samples. Based on intact accurate masses and similarities of fragmentation patterns, we
found that A. nidulans is capable of making several of the lipopeptide aldehydes known as
the fellutamides: fellutamide B (92-fold up-regulated), antibiotic 1656-G (268-fold up-
regulated) and antibiotic 3127 (201-fold up-regulated) (Figure 3). Inspection of the
chromatographic retention and MS?2 fragmentation of a synthetic fellutamide B standard3®
verifies the identity of the endogenous compound (Supplementary Figure 12), and strongly
supports the annotations of the structurally related compounds identified as antibiotics 1656-
G and 3127 (Supplementary Figure 13). The fellutamides, originally isolated from
Penicillium fellutanum,36 have also been isolated from other fungi including Aspergillus
versicolor,37 which is closely related to A. nidulans. Despite being studied for decades, the
ability of A. nidulansto produce the fellutamides has evaded detection until now.

DISCUSSION

The use of HDACI to induce expression of cryptic secondary metabolites has proven
successful since evidence suggesting its potential started to be published.® According to this
strategy, HDACI increases histone acetylation causing large portions of the fungal genome
to become more euchromatic and transcriptionally active. This in turn leads to expression of
previously cryptic gene clusters and production of their associated natural products. While
this model has been supported by global transcriptomics,11:12 an assessment of the effects of
HDACI on the secondary metabolome itself has been lacking until now. Quantitative
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monitoring of extracellular small molecules following genetic or chemical HDACIi revealed
both up- and down-regulation in the levels of secondary metabolites.

Upon implementation of genetic approach targeting a specific HDAC, the rpdAKP strain of
A nidulans displayed up-regulation of diverse compounds such as alternariol, F9775-A and -
B, 3 fellutamides, and ~50 unknown metabolites. Chemical HDACi was found to have
analogous effects on the secondary metabolome. For example, treatment with the HDAC
inhibitor SAHA led to the up-regulation of many compounds also up-regulated in the
rpdAKD strain. Correlation of all compounds >5 fold up-regulated in both SAHA-treated and
the rpdAKD strain resulted in a roughly linear relationship (i.e., R? of 0.7, Figure 2B).
Activation of similar compounds at comparable levels suggests that RpdA depletion and
non-specific HDACi promote analogous states of hyperacetylation in bulk chromatin and
even specific genomic loci.

Intriguingly, another general pattern in the abundance changes of secondary metabolites in
both the rpdAKP and chemically HDAC-inhibited strains could be ascertained. Many of the
most abundant compounds present in wildtype/control extracts were reduced in HDACI
samples, while many low abundance compounds were significantly increased upon HDACI.
A potential explanation for this phenomenon may be that as additional secondary
metabolism gene clusters are activated upon the stress of HDACI, the building blocks
required for production of previously abundant compounds are consumed by other, newly
activated pathways.

This study illustrates the importance in the choice of HDAC to target: A. nidulans and most
other filamentous fungi harbor 4 classical HDACs, which potentially would result in distinct
metabolic profiles upon selective inhibition. Here, the rpdA gene was targeted because
deletion of its homolog in Saccharomyces cerevisiae (rpd3) leads to the largest extent of
global hyperacetylation, particularly on histones H3 and H4 (unpublished results). From
another study, the deletion of the non-essential HDAC, HdaA in A. nidulans, led to increases
in two of the three secondary metabolites monitored (penicillin and sterigmatocystin) as
determined by thin layer chromatography.6 However, deletion of two other HDACs, HosB
and HstA, did not affect levels of penicillin or sterigmatocystin.6

Operationally, treatment with a chemical for non-specific HDACI is more tractable for most
labs than genetic manipulation of undomesticated fungal strains. Whether HDACI is
superior to other stressors or perturbations of fungi to coax production of new natural
products is yet an open question. MS-based metabolomics with accurate mass for discovery
of new secondary metabolites is becoming more accessible, and its utility is demonstrated
here with the first unambiguous identification of the fellutamides as A. nidulans natural
products.

CONCLUSION

Overall, these results provide a deeper view into the complex regulatory mechanisms
governing the production of secondary metabolites by large collections of hierarchically
regulated fungal genes. Rather than producing the expected global up-regulation of
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secondary metabolism, reduction of RpdA activity led to selective up-regulation in several
compounds, such as F9775-A and -B and three fellutamides. The discovery that the
fellutamides are biosynthesized by A. nidulans supports the use of HDAC inhibition for the
discovery of cryptic secondary metabolites. In addition, RpdA perturbation led to down-
regulation in levels of several known metabolites: chiefly sterigmatocystin and the
emericellamides. The ability of differential mass spectrometry to detect and quantify such a
large number of structurally diverse metabolites demonstrates its value as a tool for
investigating fungal secondary metabolism and its regulation, particularly at an epigenetic
level.

To date, many studies that use histone acetylation levels to coax secondary metabolites into
expression have relied on levels of gene transcripts as the measure of success for activation
of secondary metabolism. While transcript levels do provide some insight into gene-level
regulation of secondary metabolism gene clusters, the secondary metabolites themselves are
the final products of interest and are ultimately the entities responsible for biological
activity. It follows that monitoring changes of the secondary metabolome directly using high
performance quantitative mass spectrometry will provide a clear path to discovery of new
compounds at a far faster rate than previously possible.

METHODS

Fungal Strains

X79 (rpdA(p)::pyrG::P. chrysogenum xylP(p)::rpdA, pyrG89, riboB2, yA2, chaAl, veAl)?*
was crossed with RIMP1.59 (pyrG89, pyroA4, veA)3? to yield the prototroph RAAS58.4
(rpdA(p):: pyr G:: P. chrysogenum xyl P(p)::rpdA, veA). RIMP103.5 (veA) was used as
wildtype for all studies.

Growth and Extraction of Metabolites

250 mL cultures of liquid GMM or GMM + 1% xylose were inoculated with 1 x 106 spores
mlI~1 and incubated at 250 rpm and 37°C for 96 hours under constant light. For induction of
overexpression strains, lactose minimal medium + 30 mM cyclopentanone was used.
Mycelia were removed from the culture supernatant using miracloth. The filtrates were
extracted overnight with 8:1:1 ethyl acetate: methanol: dichloromethane to prepare total
organic extracts. The organic layer was removed and concentrated using a Biichi Rotavapor
R-210. For HDAC inhibition, the following compounds were added to RIMP103.5 cultures
prepared as above after 24 hours of growth: 10 mM sodium butyrate, 1 uM trichostatin A
(TSA), or 100 uM suberanilohydroxamic acid (SAHA). Cultures were grown for an
additional 72 hours. Organic extracts were prepared as above.

LC/MS Analysis

Total organic extracts were reduced to dryness and resuspended in methanol to a final
concentration of 2 mg mL™1. Forty micrograms of sample was loaded onto a Phenomenex
Luna C18 column (150 mm x 2 mm, 3 pum). Analysis was performed using an Agilent 1150
system at a flow rate of 0.2 mL min~L. The following gradient was employed using water/
0.1% formic acid (solvent A) and acetonitrile/0.1% formic acid (solvent B): time 0 min., 2%

ACS Chem Biol. Author manuscript; available in PMC 2016 June 19.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Albright et al.

Page 7

B; 35 min., 70% B; 54 min., 98%B. The LC was placed in-line with a Q-Exactive mass
spectrometer for MS analysis. The instrument settings were as follows: capillary
temperature 250°C, sheath gas 8 (arbitrary units), spray voltage 4.2 kV. Full MS spectra
were acquired at 35,000 resolution for the mass range myz 200 to 1500 for all samples.
Following each full MS scan, the top 5 most intense ions were selected for a dependent MS2
scan. MS? was conducted using HCD with a normalized collisional energy of 25. Each
sample analyzed (e.g., wildtype, rpdAKP, and chemical HDACI) was prepared in biological
triplicate each of which were run in technical duplicate.

Informatics and Statistical Treatment of Data for Quantitative Metabolomic Profiling

SIEVE software version 2.0.178 was used for chromatographic alignment, component
detection, and relative quantification. Chromatographic alignment was performed for all
samples using an initial tile size of 1000 frames. This led to alignment scores >0.95 for all
samples with a maximum time correction of 3.25 min. Following alignment, component
detection was performed using a mass tolerance of 10 ppm and a retention time window of 3
min. A minimum intensity of 5x10% was selected as the threshold for defining a peak as a
component. For each component, a reconstructed ion chromatogram was created and the
integrated intensity of the peak was calculated. The integrated intensities for a given
component were averaged for each condition. The resulting component ratios and p-values
were calculated and plotted on a logarithmic scale to create a volcano plot. This provides a
visual representation of both the relative expression level observed as well as the confidence
level of that measurement for each metabolite.

For the fellutamides shown in Figure 3, targeted estimates of fold-change were performed
manually. When calculating expression ratios for these compounds, if no detectable levels
were present in a sample, the baseline noise intensity was used to set a lower bound on the
limit of detection.

Construction of Fungal Databases and Compound Dereplication

All components were searched against an accurate mass database consisting of known
fungal metabolites using a mass tolerance of 3 part-per-million (ppm). The database was
prepared using Antibase,2% Dictionary of Natural Products,38 as well as additional fungal
natural products found in the literature.249:41 To confirm and evaluate intact mass-based
identifications, manual analyses of fragmentation data were performed as described below.

MS/MS Verification Procedure

All compounds putatively identified via accurate intact mass were confirmed using accurate
mass, tandem MS (MS?) data. To ensure that low-quality spectra were not included, MS?
spectra containing less than 5 peaks at >1% relative abundance were excluded from analysis.
Additionally, spectra containing more than 100 peaks at >1% abundance were included only
if >20% of the peaks appeared in the higher mvVz half of the spectrum. Structures for
putatively identified compounds were fragmented in silico using the software suite Mass
Frontier (Thermo Fisher Scientific, Waltham, MA). Both general fragmentation rules and
fragmentation library modes were used. When available, comparison with published
fragmentation was also performed to confirm identifications further.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Workflow for an epigenetic approach to fungal natural product discovery. Following
epigenetic perturbation by antagonism of histone deacetylases (using either genetic or
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chemical inhibition), the extracellular metabolome is measured quantitatively using replicate
LC-MS runs with high mass accuracy. The results can be visualized in a volcano plot, where
each point represents a metabolite that can potentially be annotated by accurate mass and

verified by MS? fragmentation.
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Figure 2.

(A) Volcano-plot representation of global changes in the Aspergillus nidulans metabolome
in response to reduced expression of rpdA. Displayed in insets are the responses of several
known metabolites. Each dot represents an individual compound (within +3 ppm in mass
and +2 min. in retention time) and the probability of that quantitative observation being
statistically significant is indicated by a p-value on the y-axis (determined using the standard
linear model within SIEVE software). Compounds observed in the right half of the plot are
present at higher levels in the rpdAKP samples. Compounds observed in the left hand
portion of the diagram are present at higher levels in the wildtype samples. Also shown are
representative liquid GMM growths of wildtype A. nidulans (left) and the rpdAKXP strain
(right). (B) Correlation of the quantitative responses observed for all compounds that were
>5 fold upregulated upon treatment with either 100 uM SAHA (y-axis) or rpdAKP (x-axis).
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Figure 3.
Selected ion chromatograms (SICs) of three fellutamides identified in this work; (A)

fellutamide B and (B) antibiotic 1656 G, are fellutamides that were previously not known to
be produced by A. nidulans, while (C) antibiotic 3127, is an analogue that was isolated from
A. nidulans strain 3127 from a 1991 Japanese Patent38. Structural differences between the
three are highlighted in red. See Supplementary Figures 12 and 13 for verification of these
fellutamides using tandem MS. Fold changes in expression are lower estimates obtained by
taking the ratio of MS signal intensities in samples of rpdAXP to wildtype A. nidulans; no
background expression was detected in wildtype samples for antibiotics 1656 G and 3127
(panels B and C), whereas trace levels of fellutamide B were detectable in wildtype (panel
A).
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Table 1

Page 14

Forty-five known compounds confidently identified in rpdakP vs. wildtype experiments. Compounds are

grouped based on common biosynthesis. All compounds shown here have been verified by MS2. Compounds

marked with an asterisk (*) have associated MS? verification shown in the Supplementary Information.

Compound Mass | Error Z‘Xf(% , c g Mass | Error Zat,i(% '
P (a) | (ppm) | "I ompoun (0a) | (ppm) | "PIY
emericellamide A* | 609.4112 1.69 0.0143 alternariol 258.0528 0.72 288
emericellamide C* | 595.3954 1.57 0.00583 arugosin A* 424.1885 0.15 0.0459
emericellamide D* | 595.3956 1.77 0.00947 arugosin G 492.2514 0.35 0.000845
emericellamide E* 623.427 191 0.015 arugosin H* 356.1259 0.16 0.0564
emericellamide F* 623.427 1.91 0.015 emodin 270.0528 0.98 6.64
austinol* 458.1941 0.64 0.308 emericellin 408.1939 0.62 0.00466
dehydroaustinol* 456.1783 0.19 0.726 cycloisoemericellin 406.178 0.14 0.00733
austinoneol A 414.2042 0.3 0.308 sanghaspirodin A 512.1107 197 234
austinolide 442.1993 0.39 0.48 violaceol | 262.0841 0.13 162
preaustinoid A3 456.215 0.33 0.609 violaceol I1 262.0841 0.12 175
psi A b‘;};g PSIB | 2962351 | 0.24 775 F9775A 396.0845 | 0.61 203
psi A alpha 294.2195 0.12 7.45 F9775B 396.0845 0.02 173
psi B beta 298.2508 0.36 6.24 unguinol 326.1153 0.25 0.0104
psi C alpha 312.2301 0.29 15.4 asperfuranone 332.1624 1.18 0.03
aspoquinolone A 465.2155 0.72 0.00002 aspyridone A 329.1627 0.18 0.91
aspoquinolone B | 465.2158 | 1.32 | 0.00001 bemy;ﬁﬂgg}’i'é?a'eic 264.0786 | 0.64 0.02
aspoquinolone C 483.2259 0.36 0.0000003 nidulalin A 302.079 1.48 8.35
aspoquinolone D 483.2262 1.06 0.0000004 terriquinone A 490.2258 0.29 0.451
sterigmatocystin* 324.0634 0.04 0.00764 desferritriacetyl-fusigen | 852.4117 1.22 18.9
nidulanin A* 603.3423 0.34 1.16 triacetylfusigen 905.3232 0.11 239
nidulanin A + O 619.3376 1.05 1.19 averythrin 354.1103 0.69 0.0091
nidulanin A + O, 635.3322 0.48 0.893 nidurufin 384.0847 0.48 4.47
antibiotic 3127* 541.3481 0.96 8.58
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