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Chapter One: General Introduction

George F. Neuhaus



1.1 History of natural products

Natural Products (NPs), also referred to as secondary metabolites (SMs), are
organic molecules produced by organisms that are not required for growth, but offer an
evolutionary advantage.! Humans have been utilising these small molecules since long
before the establishment of chemical sciences.? The first records of using NPs are found
in traditional medicine where people recorded that certain plants are effective in
treating illness. For example, in 2600 BC, ancient Mesopotamians recorded that the
oils of cedar, cypress, and myrrh, among others, could be used to treat a range of
ailments including coughs, colds, inflammation, and parasite infections.> From the
ancient Egyptians, we also inherited texts describing the use of plants, animal organs,
and minerals to treat various diseases dating back as far as 2900 BC, with the most
famous record being “Ebers Papyrus” from 1500 BC.* Additionally, traditional Chinese
medicine dates back to 1100 BC, with Materia Medica, Shennong Herbal, and the Tang
Herbal documenting many herbal medicines.” Around 300 BC, the ancient western
world began to document the first herbal drugs in literary works with the earliest
coming from the Greek philosopher Theophrastus in ‘History of Plants’.3* ¢ These
documented medicinal plants and natural remedies set the foundation for medicine and
medical treatments as we know them today.

The idea of purifying the active components within remedies began to take shape

much later. In the 1800’s, with the transition from alchemy to systematic chemical



sciences, many NPs were isolated from various therapeutically relevant plants. One of
the first was morphine (1.1), isolated from the opium poppy in 1806 (Figure 1.1).
Morphine went on to be one of the first commercially pure NPs sold as a medicine in
1826 by E. Merck and is still extensively used today as an analgesic despite its addictive

effects.” Morphine’s discovery heralded the identification of numerous additional

atropine (1.3)

morphine (1.1) strychnine (1.2)
colchicine (1.4)

Figure 1.1: Structures of some of the first NPs isolated from nature

NPs including strychnine (1.2), atropine (1.3), and colchicine (1.4),%* thus forever
changing medicine and shaping organic chemistry as we know it today (Figure 1.1).
Even in 2020, NPs have continued to inspire half of all the FDA approved small
molecule drugs used to treat illness in the US.® In addition, NPs are relevant to
applications beyond medicine. In agriculture, it was found that compounds such as
strobilurin,® azadirachtin, and rotenone could protect crops by acting as fungicides and
insecticides.!® Additionally, NPs have had a long history of use in cosmetics and
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personal healthcare products as fragrances and ointments,”’' as well as in foods as

flavorings and coloring agents. Finally, NP chemistry can provide insight into the



chemical ecology of plants, animals, and microorganisms.!'? Altogether, the ability to
isolate pure chemical components from nature has provided countless benefits to
society and lead to an influx of interest in solving the unique molecular structures of
these useful compounds.
1.2 Structure elucidation

By 1860, the conceptual framework for determining the molecular structure of a
NP started to take shape. With the advent of structural theory, chemists started to
implement early chemical techniques to gain information about a molecular structure,
such as for 1.1 or 1.2."* These initial approaches were time-consuming, involving early
spectroscopic techniques along with degradation and derivatization reactions. During
this time, there were great advances in synthetic organic approaches,!3* which allowed
chemists to build NPs from scratch and with more material, they enabled better
evidence of their molecular structures. Considering the limitations in spectral analysis,
chemical synthesis, and chemical knowledge at the time, determining a molecular
structure often required years of intellectually demanding work. For example
strychnine was isolated in 1818, but it took over 100 years, until 1956 to reveal its
correct structure (Figure 1.2).'3? At the heart of every structure elucidation, from small
molecules to macromolecules like proteins and DNA, is the gathering of adequate
experimental evidence in support of the proposed structure, which historically was

linked to the development of various analytical techniques.



Molecular formula
determined

First isolation of
strychnine

Figure 1.2: Timeline for structure elucidation and subsequent corrections of the NP
strychnine
Today, chemists have advanced spectroscopic and chromatographic techniques to
aid in the isolation and structural elucidation process for a given NP. The introduction
and further advances in mass spectrometry (MS),'* X-ray crystallography,'”, electron

¢ and nuclear magnetic resonance (NMR)!'7 have allowed chemists to

diffraction,’
quickly elucidate structures on increasingly smaller amounts of material. Despite all
the advances, there are still challenges inherent in the structure determination of an
unknown compound, and recent reviews predict that at modest predictions, at least two
percent of NPs published actually require structural revisions (Figure 1.3).!® A good

practice approach should include multiple lines of evidence to support a structural

assignment, and combine the analysis of NMR, mass spectrometry, X-ray, and



chiroptical data. In recent years, modelling experimental data with computations has
provided additional evidence to support experimental data.!® Roughly 1600 new NPs
are introduced into the world on average every year, with many of them featuring novel
structural entities.'®* The determination of the absolute structure of a NP remains an art
and a necessary challenge to make use of the full benefits that NPs can bring to society.
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Figure 1.3: Left) Total number of new natural products (recreated from ref [18a]).
Right) Number of NP revisions per 5-year period (recreated from ref [18e]).

*Extrapolated from 2010 to present with Scifinder search for natural product
revisions.

1.3 Natural products and chemical ecology of Aspergillus fungi

The study of fungal NPs gained momentum in the 1920’s with the discovery of the
antibiotic penicillin (1.8)?° and the application of the medically useful ergot alkaloids.?!
This early success triggered great interest in fungi and focus was put on the ubiquitous

genus Aspergillus. This saprophytic mold, with species such as A. fumigatus that is

known to cause aspergillosis in humans and animals,?? has been identified to grow in



most ecological niches around the world, even found aboard the international space
station recently.?? All species of Aspergillus are well known to produce a large array of
NPs that impact humanity in both positive and negative ways (Figure 1.4). Some, like
A. terreus, produce lifesaving pharmaceuticals such as the statins (1.7),2* while others,
such as A. flavus, are contaminants of food stocks and can synthesize carcinogenic

compounds like the aflatoxins (1.5).%°
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Figure 1.4: NPs from genus Aspergillus

With numerous applications in human health and wellbeing, it is no doubt that
fungal NPs are useful to society. But why have fungi evolved to produce NPs in the
first place? Early studies have shown NPs from plant associated fungi can enhance
competitiveness of the plant and the fungus by acting as feeding deterrents against
insects and vertebrates.? Recent work with A. fumigatus has shown that NPs such as
gliotoxin (1.6) can combat a host’s immune system to aid in infection.?” The fungus
then uses an arsenal of other NPs to gather nutrients and fight off competitors.?’ From
communicating with other organisms to sequestering nutrients from the environment,

fungal NPs have allowed these eukaryotes to thrive in almost every ecological niche.



1.4 Fungal natural product discovery today: genetics and metabolomics

In the United States there are more than 2.8 million antibiotic-resistant infections
per year, with more than 35,000 deaths per year attributed.?® As we now find ourselves
in the ‘post-antibiotic era’,?® facing a global viral pandemic in 2020 with threatening
bacterial co-infections, the need for new antibiotics is dire. Despite having already
mined fungal NPs for bioactivity for the last 100 years, with great success in the area
of antibiotics,?’ current estimates show that there is still a great potential of finding new
bioactive fungal NPs.* Currently, about 100,000 fungal species are known, but it is
estimated that over a million species inhabit our planet, meaning most fungi have not
been subjected to chemical analysis.>* Furthermore, advances in genome sequencing
indicate that fungi harbor a vast biosynthetic potential to produce more NPs then what
has been discovered.’* With genetic information as a road map, many silent or cryptic
gene clusters have been targeted with an array of genetic or elicitation techniques and
expressed, resulting in the discovery of new fungal NPs.?% 3! The well of structural
diversity that remains within the fungal genome may be holding the next antibiotics
that can help in the fight against antibiotic resistance.

In recent years, aside from genetic techniques, advances in metabolomic analysis
of mass spectroscopic data has facilitated the discovery of novel fungal NPs 2% 30 32

This technique is particularly useful when comparing two or more growth conditions

as it allows for rapid detection and dereplication of any metabolic changes. Utilizing



LCMS based multivariate techniques, such as molecular networking or relative
abundance analysis, have been greatly beneficial to discover new NPs.** Pairing
LCMS-based metabolomics approaches with genetic approaches such as use of genetic
mutants generated by gene deletion, gene overexpression, or heterologous expression,
or non-genetic elicitation approaches, such as epigenetic perturbation or the OSMAC
approach (one strain many compounds), has resulted in the discovery of new NPs.3*
3* A recent example used LCMS-guided metabolomics to track metabolic changes
between a genetic mutant of Fusarium graminearum, in which histone modifying
enzyme Kmt6 was deleted, and the wildtype strain. This resulted in the discovery of
three new NPs, protofusarin, tricinolone, and tricinolonoic acid, from the extensively
studied F. graminearum.>*® OMICS techniques have shown us that fungi have many
more NPs to offer and continue to inspire the chemical sciences and applications.
1.5 Chapter overview

My thesis work is focused on the analysis and discovery of known and new NPs
from Aspergillus species. In the following chapters I describe work done by myself and
in collaboration to analyze gene regulation of known NPs and determine the absolute
structure of newly discovered NPs. To accomplish this, I utilized LCMS-based

metabolomics (chapter two) along with state-of-the art NMR and DFT-based

computational techniques (chapters three and four).
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Chapter two is focused on understanding the role of the transcription factors WetA,
VosA, and VelB in the development of Aspergillus nidulans, particularly in conidiation
and secondary metabolite biosynthesis. Knockout mutants of these transcription factors
were generated, and the transcriptome and secondary metabolome of the mutant spores
were compared to the wildtype. Almost half of the A. nidulans genome was
differentially regulated in each null mutant. In addition, each mutant had differential
expression of austinol (2.1), sterigmatocystin (2.3), and the emericellamides (2.7) in
spores. This chapter is written in manuscript form and is currently in preparation for
submission.

In chapter three, bioactivity-guided fractionation lead to the discovery of five new
fungal sesquiterpenes along with eight known metabolites from Aspergillus ustus. The
new structures were determined using conventional 1D and 2D NMR techniques while
their absolute configuration was determined by a comparison of experimental and
computational NMR chemical shifts and chiroptical properties. Bioactivity-guided
fractionation revealed that three of the isolated compounds exhibit weak activity
against Gram-positive bacterial pathogens. Synergism could be shown when ustusoic
acid B (3.5) was combined with equal amounts (ug/mL) of stromemycin (3.6), which
was isolated from the same fungus. This chapter is written in manuscript form and is

currently in preparation for submission.
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Chapter four recounts the discovery of four new polyketides and two known
diterpenes from Aspergillus porosus. The planar structures were solved from 1D and
2D NMR data. The absolute configuration was determined using a range of techniques,
including Mosher ester analysis, a J-based conformational analysis, and DFT-based
computation of NMR and chiroptical properties. Due to the conformational freedom of
the linear polyketides, a new approach utilizing experimental parameters to guide the
conformational search was implemented. In addition, the cytotoxic activity of the
known diterpene sphaeropsidin A (4.4) was confirmed, while its co-isolated congener
aspergiloid E (4.5) was inactive. This chapter is adapted from the published article
Neuhaus, G.F.; Adpressa, D.A.; Bruhn, T.; Loesgen, S. ‘Polyketides from Marine-
Derived Aspergillus porosus: Challenges and Opportunities for Determining Absolute
Configuration” Journal of Natural Products 2019, 82, 2780-2789 (DOI
10.1021/acs.jnatprod.9b00416).

The final chapter presents a conclusion of the works presented, including a
summary of the methods used to analyze the secondary metabolism of a gene knockout
variant of 4. nidulans and to elucidate new fungal NPs from Aspergillus sp. and
determine their bioactivity. In addition, it offers a brief perspective on the future of

structure elucidation and fungal NP discovery.
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2.1 Abstract

Asexual sporulation is a fundamental reproductive mode in filamentous fungi,
particularly among ascomycetes, the largest phylum of fungi. Formation of resilient
spores (conidia) aids in fungal ecology and lifestyle, including infection of plants and
humans. Aspergillus nidulans has emerged as a leading model for understanding
conidiogenesis. Fungal development and production of conidia is tightly regulated, and
progress has been made in recent years on understanding the genetic regulatory
networks (GRNs) that govern asexual spore formation. WetA, VosA, and VelB are
three transcription factors that have a role in regulating spore maturation and have been
shown to affect secondary metabolism. Using Aspergillus nidulans as a model
organism, this study explores the role WetA, VosA, and VelB play in secondary
metabolite (SM) biosynthesis in conidia. RNA sequencing (RNAseq) of null mutant
(AwetA, AvosA, AvelB) derived conidia showed that almost half of the genes in A.
nidulans genome were differentially regulated, especially SM biosynthesis. LCMS-
based metabolomics analysis of spore extracts revealed strikingly different SM profiles
for mutant and wildtype strains. The meroterpenoid austinol (2.1) was found to be down
regulated in all three null mutants, while the mycotoxin sterigmatocystin (2.3) was
found to be down regulated only in AvelB. Emericellamides (2.7), mixed polyketide-
peptide derived metabolites, were overproduced in the AvosA and Avel/B mutant spores.

This study reveals that WetA, VosA, and VelB regulate the production of SMs in the
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conidia of A. nidulans and hints that these secondary metabolites play a role in fungal

development.
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2.2 Introduction

The formation of asexual spores (conidia) is the most common reproductive method
for filamentous fungi.! Conidiation contributes to the fecundity and fitness of many
ascomycetes, allowing highly efficient protection of the genome for survival and
propagation.? Many pathogenic fungi rely on conidia as the primary means of infecting
host organisms,® and it has been shown that morphological development of conidia is
coordinated with toxic secondary metabolite (SM) production.*

The ubiquitous fungal genus Aspergillus® has had an immense impact on society
and all produce conidia as the main means of reproduction. Some species within this
genus, such as A. fumigatus, act as plant and human pathogens causing aspergillosis,®
while others like 4. flavus can spoil food stocks by producing mycotoxins. Conversely,
many Aspergilli have had a positive impact on society. A. terreus is known for
producing important pharmaceuticals, such as lovastatin, while 4. oryzae’s role in
fermentation for the production of soy sauce and sake in East Asian cuisine is well
documented.®”’

Aspergillus nidulans has served as a model organism for over 60 years, helping to
establish an understanding of many eukaryotic processes from genetic aspects to cell
biology. It has recently emerged as the leading model for understanding conidiation.®
A. nidulans, like other Aspergilli, is well known for producing NPs, including the

mycotoxin sterigmatocystin (2.3), and the antibacterial compound penicillin.”® This
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SM production, along with the well understood sexual reproductive cycle, make 4.
nidulans an excellent model to study the regulation of conidiation and SM production.

The process of conidiation can be split into three stages. First, budding of the
conidiophore, formation of metulae and phialides, and finally conidia formation and
maturation.” This sequence is orchestrated by the central regulatory cascade
brlA=>adaA->wetA, with each gene acting as the central regulator for each step.?> 1°
WetA is a transcription factor that governs the last step in conidiation, conidia
formation and maturation and has been shown to greatly affect secondary metabolism
in the conidia as well.>*> ! Along with the central regulatory cascade, there are other
levels of regulation in conidiation. For example, the velvet regulators are named for the
lack of a velvety appearance in mutant strains lacking these transcription factors.'> Two
specific velvet proteins, VosA and VelB, work together in the conidia to confer spore
maturation and dormancy.!® They are also known to have a role in regulation of both
fungal development and secondary metabolism.!*® ' Understanding how secondary
metabolism is regulated in relation to conidiation would shed light on the function of
SMs in conidia.

This study aims to explore the role of WetA, VosA, and VelB in the regulation of
secondary metabolism in conidia. Using Aspergillus nidulans conidia from three null

mutants, Awetd, AvosA, and AvelB, gene expression was monitored using RNA

sequencing. Next, secondary metabolism was analyzed by LCMS-based metabolomics.
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These techniques together allow rapid detection and identification of SMs, enabling

insights into how secondary metabolism is regulated during conidiation.

2.3 Results and discussion

A comparative analysis of gene expression differences between the wildtype (WT)
and the three null mutants was performed to understand the roles of VosA, VelB, and
WetA in A. nidulans (strain FGSC4) conidia (Figure 2.1A). Of the 10988 genes in the
A. nidulans genome,? it was found that 2649 genes were down regulated, and 3076
genes were up regulated in the Awet4 null mutant when compared to the WT.
Additionally, the Avos4 null mutant had 1979 genes down regulated and 2520 genes
up regulated as compared to the WT. Finally, in the Avel/B null mutant, 2359 genes
were down regulated, and 2649 genes were up regulated compared to the WT. This
indicates that all three transcription factors play a significant role in regulating
conidiation, each differentially regulating roughly half of the genes in the A. nidulans
genome. A closer look reveals that the Awet4 null mutant solely regulates a substantial
number of genes (1435 down regulated and 1357 up regulated). This matches the
function of WetA as one of the transcription factors in the central regulatory cascade
of conidiation, playing a major role in coordinating conidia maturation. Conversely,
AvosA and AvelB only have a small number of uniquely regulated genes but have large

numbers of genes that are co-regulated with one or more of the other transcription
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Figure 2.1: Genome-wide analyses of VosA, VelB, WetA-dependent genes in A.
nidulans conidia. (A) Venn diagram showing VosA, VelB, and WetA-dependent
genes in conidia. (B) Gene Ontology (GO) term enrichment analysis of
differentially expressed genes in the AvosA4, AvelB, and AwetA conidia.
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factors. This speaks to a more specialized role of VosA and VelB in conidiation,
indicating they usually work in coordination with other transcription factors to regulate
genes, 12 13b. 142

Next, functional category analyses by determining Gene Ontology (GO) terms was
performed to gain more insight into the regulatory roles of VosA, VelB, and WetA
(Figure 2.1B). GO is a bioinformatics process to classify and group genes based on
their function or their GO term. Figure 2.1B is displaying the GO terms (functions) that
are most differentially regulated in the null mutants as compared to the WT. When
looking at the GO terms that are down regulated in the null mutants, many genes
involved with primary metabolism are differentially expressed. Specifically, genes
involved in carbohydrate metabolism, nucleotide metabolism, and aromatic compound
metabolism. The most down regulated genes are involved in oxidation and reduction
processes. Conversely, the GO terms that are the most up regulated when compared to
the WT are involved in secondary metabolism. Other functions that were up regulated
are involved in forming anatomical structures, such as sporulation or cell wall
biosynthesis.

To better understand the effects of transcription factor deletion on the secondary
metabolism in the conidia, organic extracts of the conidia were prepared in biological

triplicate. LCMS profiles (technical triplicate in both negative and positive mode) were

imported into MZMine 2.38" for peak picking and generation of mass and retention
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time pairs (m/z value and RT). First, a principal component analysis (PCA) was
generated to visualize the variability amongst LCMS profiles of the conidia extracts
(Figure A.1, Appendix A). The PCA indicates that there is great variability in the
chemical makeup of the three null mutant derived extracts. The closest to the wildtype
are AwetA spores, implying that these produce the most similar abundances and types
of secondary metabolites. The AvelB and AvosA extracts are distant, suggesting they
are the most chemically unique. Next, to understand what accounts for these
differences, an analysis of variance (ANOVA) was applied to the m/z value and RT
pairs to generate relative expression plots (Figure 2.2).

The meroterpenoids austinol (2.1) and dehydroaustinol (2.2) were found to be down
regulated in all three null mutants (Figure 2.3). These SMs are synthesized by
coordination of two separate gene clusters.'® Gene ausd (AN8383) encodes a
nonreducing polyketide synthase that is responsible for synthesis of 3,5-
dimethylorsellinic acid, a proposed precursor for the biosynthesis of these
meroterpenoids. RNAseq reveals ausA is down regulated in AvelB, with transcripts
reduced by a factor of four when compared to the wildtype, and in AwetA4. This is
supported by these mutant spore extracts having the lowest ion abundance of austinol

when compared to the wildtype. The ausD (AN8384) gene, encoding a protein with
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Figure 2.2: Relative expression plots of ion/retention time pairs detected in the WT,
AvosA, AvelB, and AwetA conidia extracts by LCMS analysis. The heatmap is
color coded and represents high ion abundance (red) or low ion abundance (blue).

unknown function, is shown to be required in 2.1 biosynthesis.!® It is down regulated

in both Awet4 and AvelB mutants, supporting the secondary metabolite abundance
data. Finally, a cytochrome P450 oxygenase, encoded by ausG (AN9248), is required
in the last step of 2.1 biosynthesis and is down regulated in all three null mutants, by
half to one quarter, depending on mutant, compared to the wildtype. The data set
corroborates that WetA, VosA, and VelB play an important role in regulating the
biosynthesis of 2.1 and 2.2 and may hint to a function for these meroterpenes in fungal

development.
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Figure 2.3: Left panel: The ion abundance of 2.1 and 2.2 in the WT, AvosA, AvelB,
and AwetA conidia with their structures. Right panel: The mRNA expression
relative to the wildtype of genes associated with the austinol biosynthesis in the
AvosA, AvelB, and AwetA conidia.

Sterigmatocystin (2.3) is a precursor to the aflatoxins, some of the most toxic and
carcinogenic compounds among all fungal mycotoxins.!” The 2.3 gene cluster contains
25 genes.'® Compared to the wildtype, the ion abundance of 2.3 in the conidia extract
was greatly reduced in AvelB, while Awet4A and AvosA displayed similar ion
abundances compared to the wildtype (Figure 2.4). Levels of 2.3 precursors also varied
in abundance across the null mutants. First, norsolorinic acid (2.4) and nidurufin (2.5)"
were over abundant in AvosA spore extract. This correlated with high levels of mRNA
for almost all genes in the cluster in both the Avos4 and AwetA conidia. There was an
average of an 8-fold increase in transcripts across the gene cluster in AvosA, while
AwetA had an average of 3.5-fold increase. Next, versiconol (2.6), a shunt

19b, 20

metabolite, was found to be most abundant in Avel/B spore extract and in general,
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RNAseq data for the AvelB mutant indicated that many genes were down regulated in
comparison to the wildtype, especially the mRNA levels of stcL, stcN, stcQ, stcT, stcU,
stcV, and stcW. Most of these genes are downstream of 2.6,!”> 8 helping explain the
abundance of 2.6 in the AvelB conidia. Overall the expression data corroborates that
WetA, VosA, and VelB regulate 2.3 biosynthesis,® and suggests that VosA and VelB

play opposing roles in the regulatory mechanism.
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Figure 2.4: Top panel: Intermediates of the aflatoxin biosynthesis found in this study.
Middle panel: The ion abundance of 2.4, 2.5, 2.6, and 2.3 in the WT, AvosA,
AvelB, and AwetA conidia. Bottom panel: The sterigmatocystin gene cluster and
mRNA expression levels relative to the wildtype for genes associated with
sterigmatocystin biosynthesis in AvosA, AvelB, and AwetA conidia.

Several Aspergillus species are known to make the emericellamides, cyclic peptides
of mixed polyketide-nonribosomal peptide synthetase (NRPS) origin.?! The gene

cluster encoding these SMs contains both a highly reducing polyketide synthase and a
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NRPS.??> Emericellamide A (2.7), and congeners, were highly abundant in the spore
extracts of AvosA and AvelB. This was supported by high mRNA expression levels for
all four required genes, easd (NRPS), easB (polyketide synthase), easC
(acyltransferase), and easD (acyl-CoA ligase) (Figure 2.5). Interestingly, despite higher
mRNA levels for Awet4 as compared to the wildtype, the ion abundance of 2.7 was
similar to the wildtype. This suggests a more complex regulatory mechanism in the

AwetA conidia for the biosynthesis of the emericellamides.
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Figure 2.5: Top panel: lon abundance of emericellamides (structure shown for 2.7) in
the WT, AvosA, AvelB, and AwetA conidia. Bottom panel: The emericellamide
gene cluster and the mRNA expression of genes relative to the wildtype associated
with emericellamide biosynthesis in the AvosA4, AvelB, and AwetA conidia.

This study presents the comparative analysis of gene regulation and SM
biosynthesis in the conidia of three null mutants of Aspergillus nidulans, AwetA,

AvosA, and AvelB, and the wildtype. These genes encoding for transcription factors

have been found to broadly regulate about half of the genes in the genome. One area

that was especially affected was SM biosynthesis. First, 2.1 and 2.2 were found in low
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amounts in all mutants compared to the wildtype, suggesting all three, WetA, VosA,
and VelB, highly affect the meroterpenoid production in the conidia. Second, 2.3, a
highly carcinogenic mycotoxin, was absent from Ave/B, but found in equal amounts in
AwetA and AvosA when compared to the wildtype. This, along with the presence of the
shunt metabolite 2.6 in AvelB shows that VelB has a specialized and indispensable role
in sterigmatocystin biosynthesis, regulating the downstream portion of the
biosynthesis. Many sterigmatocystin (2.3) intermediates were found in high amounts
in AvosA spores, suggesting this transcription factor has an opposing role in regulating
the biosynthesis. Finally, the emericellamides had higher ion abundance in Avos4 and
AvelB null mutant conidia compared to the wildtype. This suggests that VosA and VelB
control the expression levels of these cyclic peptides. In summary, RNAseq data
combined with comparative metabolomics revealed the regulation of individual SM
biosynthetic pathways in conidia. Taken together, this study corroborates that WetA,
VosA, and VelB form a complex regulatory network for the production of SMs in the
conidia of 4. nidulans and may indicated a role for these secondary metabolites in

fungal development.

2.4 Experimental
Strains, media, and culture conditions
Fungal strains used in this study are listed in Table A.1 (Appendix A). Fungal

strains were grown on solid or liquid minimal media with 1% glucose (MMG) (7 mM
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KCl, 2 mM MgS04, 70 mM NaNO3, 11.2 mM KH2PO4, 0.1% trace element solution
pH 5.5) and appropriate supplements for general purposes as previously described.?
14d.23 For conidia samples, WT and mutant conidia were inoculated onto solid MMG
plates and incubated for 48 h. Then, conidia were collected from plates using Miracloth
(Calbiochem, San Diego, CA, USA) and stored at -80 °C.
Generation of wetA, vosA and velB deletion and complementation strains

We generated the deletion (A) and complementation (complement) strains of wetA
in A. nidulans (AniwetA). The oligonucleotides used in this study are listed in Table
A.2 (Appendix A). Briefly, the deletion construct containing the A. fumigatus pyrG
marker with 5’ and 3’ flanking regions of Aniwet4 was introduced into recipient strain
RIMP1.59.2* To generate complemented strains, a WT AniwetA gene region, including
its 2-kb upstream region, was cloned into plasmid pHS13."*® The resulting pMY1
plasmid was then introduced into recipient AdniwetA strain TMY3, resulting in
isolation of strain TMY4. Multiple AdniwetA strains were generated, and all behaved
the same. Multiple complement AniwetA strains were generated, and also behaved
identically to one another. The velB and vosA delete mutants were generated in
analogous ways. '
Nucleic acid manipulation

The isolation of genomic DNA and total RNA for WetA RNA-seq and ChIP-seq

d2b, 25

was performed as previously describe and the same protocol was performed for
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the velB and vosA mutant strains in this manuscript. Briefly, genomic DNA of all strains
was isolated by adding ~0.3-0.5 mL of silica/zirconium beads, 0.5 mL of breaking
buffer [2% Triton X-100, 1% SDS, 100 mM NaCl 10 mM Tris-HCI (pH 8.0), 1 mM
EDTA], and 0.5 mL of phenol:chloroform:isoamylalcohol (25:24:1) to the mycelial
samples followed by homogenizing in a Mini Bead Beater for 2 min. DNA in the
aqueous phase was collected and ethanol precipitated. The purified genomic DNA in
50 pl of Tris-EDTA buffer was diluted 10 times for PCR reactions.

RNA sequencing (RNA-seq)

To isolate total RNA for RNA-seq analysis, total RNA from WT and mutant
conidia was extracted using Trizol Reagent (Invitrogen, USA) according to the
manufacturer’s instructions with modification. To remove DNA contamination from
RNA samples, DNase I (Promega, USA) was used and the RNA was purified using
RNeasy Mini kit (Qiagen, USA). Three technical replicates of each sample were
analyzed. RNA sequencing was performed as previous described.?* RNA samples were
submitted to the University of Wisconsin Gene Expression Center (Madison, WI, USA)
for library preparation and sequencing. A strand-specific library was prepared using an
[llumina TruSeq strand-specific RNA sample preparation system. The libraries of all
the replicates were sequenced using an Illumina HiSeq 2500 system.

Data analysis of the 4. nidulans WetA RNA-seq experiment was previously

described and published?® and the same analysis pipeline was used for the vel/B and
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vosA experiments described here. RNA isolated from wildtype conidia was compared
to RNA isolated from a knockout mutant (either AvelB or AvosA). Three technical
replicates of each sample (WT, AvelB, and AvosA) were analyzed. RNA samples were
submitted to the University of Wisconsin Gene Expression Center (Madison, WI) for
library preparation and sequencing. A strand-specific library was prepared using an
[llumina TruSeq strand-specific RNA sample preparation system. The libraries of all
the replicates were sequenced using an Illumina HiSeq 2500 system. Reads were
mapped to the A. nidulans A4 transcriptome using Tophat2 version 2.1.1%?7 and the

(13

parameter “--max-intron-length 4000”. On average, 19.9 million reads per sample
mapped to the genome, and the number of reads aligning to each gene was counted
with HTseq-Count version 0.9.1.28 DESeq version 1.14.1%° was used to determine
significantly differentially expressed genes, and genes were considered regulated if
they exhibited an adjusted p-value less than 0.05 and either a log2 fold-change greater
than one or less than negative one.
Functional enrichment analysis

Functional enrichment analyses including “GO Biological Process”, “KEGG”,
“InterPro”, and “Pfam” were carried out using the tool available at AspGD,** FungiDB,
3 and ShinyGO v0.60.> Unless otherwise stated, default settings were used in

ShinyGO v0.60. The settings are as following: (Database: Emericella nidulans

STRINGdb, P-value cutoff (FDR): 0.05, # of most significant terms to show: 30).
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Secondary metabolites analysis2

The conidia (7-16 mg) from WT, AwetA, AvelB, and AvosA strains were extracted
by adding 1.5 mL of methanol/acetonitrile (2:1) mixture followed by sonication for 60
min. The suspension was then left overnight, supernatant was separated from spores by
centrifugation at 14,000 rpm for 15 mins. 1 mL of supernatant was removed, filtered
and evaporated to dryness in vacuo. Extracts for the metabolomics analysis were
normalized to 10 mg/mL in methanol for LCMS analysis because this concentration
provided adequate signal to noise for the analysis.

Analytical HPLC was performed using an Agilent 1100 HPLC system equipped
with a photodiode array detector. The mobile phase consisted of ultra-pure water (A)
and acetonitrile (B) with 0.05% formic acid in each solvent. A gradient method from
10% B to 100% B in 35 min at a flow rate of 0.8 mL/min was used. The column
(Phenomenex Kinetex C18, 5 um x 150 mm x 4.6 mm) was re-equilibrated before each
injection and the column compartment was maintained at 30°C throughout each run.
All samples were filtered through a 0.45 um nylon filter before LCMS analysis.

Extracts (10 pL of 10 mg/mL) from each WT and null mutant conidia were
analyzed in duplicate on an Agilent 1100 series LCMS platform. All samples were run
on the same day in the same batch to minimize RT drift. Blank injections were run
between each set of biological duplicates to minimize column bleed over. Negative

mode ionization was found to detect most metabolites. The first 5 min of every run was
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removed due to a large amount of co-eluting, low molecular weight, polar metabolites.
Data sets were exported from Agilent’s Chemstation software as .netCDF files and
imported into MZmine 2.38.3 Peak picking was performed with established protocols®*
resulting in 123 marker ions. Briefly, mass detection was centroid with 5SE2 minimum
height. Chromatogram building was limited to peaks greater that 0.1 min with 0.05 m/z
tolerance and 1E3 minimum height. Data smoothing performed at a filter width of 5.
Chromatogram deconvolution utilized local minimum search with a chromatographic
threshold of 95%, minimum relative height of 10%, min absolute height of 3E3,
minimum ratio of peak to edge of 1, and a peak duration range of 0.1-5.0 min. Isotopic
peaks were removed with a m/z 1 ppm tolerance before all treatments were aligned and
duplicate peaks combined with a tolerance of m/z 0.1 and 3.0 minutes RT. Peak finder
gap filling was performed with 50% intensity tolerance and m/z 0.1 tolerance. Peak

t35

lists were exported to Metaboanalyst™ where missing values were replaced with half

the minimum positive value, data was filtered by interquartile range, and log

transformation of the data was employed.
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3.1 Abstract

Fungal natural products (NPs) have played a major role in shaping current modern
medicine. Bioactivity-guided isolation of an organic extract from Aspergillus ustus lead
to the discovery of five new drimane sesquiterpenes, ustusal A, ustusolate F and G, and
ustusoic acid A and B, 3.1-3.5 respectively. Structural elucidation of these fungal
terpenes relied on 1D and 2D NMR techniques, high-resolution mass spectrometry, and
chiroptical properties. Their relative configuration was determined by NMR methods,
while the absolute configuration was established using comparative analysis of
computed and experimental NMR chemical shifts and ECD spectra. The sesquiterpenes
only exhibited modest activity against Gram-positive pathogens, however the activity
of 3.5 was drastically enhanced when equal amounts of stromemycin (3.6), a known

metabolite isolated from the same fraction from A. ustus, was added.
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3.2 Introduction

Fungal natural products (NPs) have been key players in fighting bacterial infections
for the past century. The penicillins, cephalosporins, pleuromutilins, and fusidic acids
have all contributed to extending the human life span.! Unfortunately, despite the great
success of antibiotic discovery throughout the 1950’s and 60’s, we have entered the
post-antibiotic era due to the rise of antimicrobial resistance (AR).? Pathogens such as
vancomycin-resistant Enterococcus faecium and multidrug-resistant Staphylococcus
aureus, which are on the CDC’s list of serious threats,? could jeopardize our health care
system because there are limited defenses against them! ® and there is a potential of
transferring chemical resistance to more dangerous pathogens.* More than 2.8 million
antibiotic-resistant infections occur in the United States with more than 35,000 deaths
per year.? This major health problem is predicted to get worse, with estimates of 10
million deaths to occur due to AR worldwide by 2050,> emphasizing the urgent need
for new antibiotics to fight infection. One common method is to use combinatorial
treatments that target multiple bacterial pathways to fight off infections, the most well-
known being co-administration of amoxicillin and clavulanic acid to treat methicillin-
resistant S. aureus.® Finding compounds that act in synergistic ways might improve our
chances of fighting AR and in turn, our ability to combat infectious diseases.

During our search for new antibiotics from our in-house fungal strain library, we

found cultures of 4. ustus that produced strong antibacterial activity. A. ustus is well
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known for producing bioactive NPs including meroterpenoids,’” isochromanes,®
drimane sesquiterpenes,’ and ophiobolins.!® During our bioactivity-guided isolation,
we found eight known metabolites: deoxyuvidin B,'! ustusol A and B,'? strobilactone
A.,"® mono(6-strobilactone-B) ester of (E,E)-2,4-hexadienedioic acid,'?® two peptides,
WIN 68577 and its deoxy derivative,'* and stromemycin (3.6).'* In addition, five new
drimane sesquiterpenes (3.1-3.5) were isolated (Figure 3.1). Despite strong activity
observed during the fractionation process, only weak activity was observed when
compounds 3.4, 3.5, and 3.6 were tested separately. We suspected that two of the
compounds were acting synergistically and indeed, when 3.5 and 3.6 were tested

together, in a 1:1 ratio (ug/mL), strong activity was seen against Gram-positive

A A
13 14 OW& O\H/W\/
Y 5 35

Figure 3.1: Structures of isolated NPs

bacteria, with MIC’s of 8 pg/mL against Bacillus subtilis (ATCC 49343), 32 pg/mL
against vancomycin-resistant Enterococcus faecium (ATCC 700221), and 64 pg/mL

against multidrug-resistant Staphylococcus aureus (ATCC BAA-44). No anti-fungal or
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cytotoxic affects were observed. Activity for the most active drimane ustusoic acid B

(3.5) ranged from 38 to >128 ug/mL for the tested Gram-positive pathogens.

3.3 Results and discussion

From an in-house library of isolated Ascomycota, A. ustus (Spat 2017 A. ustus)
was chosen for chemical analysis based on antimicrobial activity seen in an initial
screen against multidrug-resistant Staphylococcus aureus (ATCC BAA-44). The
fungus was identified by amplification of the complete internal transcribed spacer (ITS)
regions 1 and 2 using primers ITS1 and ITS4.'® Using the BLAST algorithm,!” we
found two matching Aspergilli within the section Usti,'® namely Aspergillus ustus
(strain ATCC 588983) and Aspergillus insuetus (strain IG 105) (Figure B.1, Appendix
B). Both yielded 100% sequence coverage and 100% identity to our 438 bp amplified
sequence. These strains are closely related, made distinct from one another in 2007.'%2
Our analysis of the ITS region could not distinguish between the two species, and we
will refer to this strain as 4. ustus. Members of section Usti are common filamentous
fungi found in food, soil, and indoor air environments, with some considered to be rare
human pathogens.'®1”
Ustusal A (3.1) was isolated as an amorphous white solid (0.45 mg/L) and gave an

m/z of 275.1615 ([M+Na]") in the HRESIMS. This provided a molecular formula of

Ci15H2403 (caled for C1sH2aNaO3(+1) 275.162; A ppm = 1.0). The 'H NMR spectrum
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showed an aldehyde resonance (Ju 9.71 ppm), an olefinic resonance (du 5.56 ppm),
three methylene, two methine, and four methyl resonances (Table 3.1). The *C NMR

spectrum displayed one aldehyde carbon, two olefinic carbons and 12 aliphatic carbons

(Table 3.1).
Table 3.1: 'H and '*C NMR spectroscopic data for compounds 3.1-3.5
ustusal A (3.1)° ustusolate I (3;,2)£1 ustusolate G (S.J)b - ustusoic acid A (3».4)1J ustusoic acid B (3.5)b
Position d¢, type  Jy (J inllz) detype Oy (J inllz) de, type Oy (J inllz) dc, type  dy (J inllz) e type Oy (J in 1z)
la 33.8,CH, 1.79,td 31.2,CH, 2.02,m 31.0,CH, 2.00,m 348,CH, 187.m 338,CH, 194,
(133,3.1) (12.6, 4.0)
1b 0.88.d 123, m 1.30,m
(12.8)
2a 17.8,ClL, 133, m 19.0,CH, 1.73.m 18.8.CIL, 1.73,qt 19.6,CIL, 1.69,m 19.5.CIL 1.69,m
(13.8,3.9)
2b 145.q 1.55,m 1.54, dp 1.48. m 1.51,m
13.2) (13.8.3.6)
3a 43.1,CH, 1.15.d 46.2,CH, 142, m 46.0,CH, 1.41,brd 46.0,CH, 1.36,m 45.8,CH, 1.38,m
(13.6) (13.0)
3b 1.30,m 1.32,m 1.31,td 1.28,m 1.30, m
(13.0,2.9)
4 32.9,C 34.8,C 34.4,C 34.4,C 34.8,C
5 47.3,CH  l.67.d 46.2,CH  2.08,d(4.8) 46.0,CH  2.06,d(4.8) 46.4,CIL  2.06,d (4.4) 46.7,CH  2.06,d (4.8)
(10.1)
6 66.9,CH  4.04,1(8.9) 67.9,CH 5.73,brs 67.5,CH 569, brs 68.5,CI 571,m 67.4,CH  5.89,t(4.8)
7 134.1,CH 5.56,brs 1233,CH 5.86,brs 123.3,CH 5.83,brs 123.4,CH 5.93.d(4.9) 1427, CH 6.70,d(4.8)
8 130.1,C 138.1,C 137.6,C 144.0,C 1442, C
9 82.0,C 75.2,C 75.0.C 81.4,C 78.1,C
10 427,C 39.1,C 38.7.C 41.3,C 41.2,C
11 207.2,C  9.7Ls 176.7.C 1764,C 178.5,C 177.5.C
12a 18.4,CH; 1.50,brs 70.0, CH, 4.93,dt 69.8, CH, 4.92,dt 63.3,CH, 4.22,d(14.5) 1944, C  940,s
(12.6,2.4) (12.6,2.4)
12b 476, d 475, dt 3.94,d (14.5)
(12.6) (126, 1.3)
13 36.5,CH; 1.1l,s 252,CH; 1.17,s 250,CH; L.15,s 25.3,CH; 098.s 33.4,CH; 1.00,s
14 22.7,Cl; 1.02,s 33.0,CH; 1.00,s 32.8,Cl; 098,s 33.4,Cl; 1.15,s 25.4,Cl; 1.16,s
15 18.1,CH; 1.05,s 19.1,CH; 1.18,s 19.0,CH; 1.15,s 20.6,CH; 144.s 20.7,CH; 1.37,s
OH-6 443,4(7.3)
OH-9 519, s
1 1675,C 167.0,C 168.5,C 168.0,C
2! 123.4,CH 6.02,d 122.0,CIHL 5.87, dt 121.3,CH 5.85,d(15.1) 120.6, CII 5.89,d(15.4)
(15.3) (15.6, 1.6)
3 146.2, CI1 7.34,dd 151.7,CIL 7.03,dt 146.9,CII 7.27,dd 147.5,CIL 7.32,dd
(153, 11.0) (15.6,6.8) (15.1, 11.3) (154,11.2)
4' 134.8,CH 6.64,dd 30.7,CH, 2.50,tdd 128.8,CH 6.29,dd 128.7,CH 6.30, dd
(14.9, 11.0) (74.68.13) (14.8,11.3) (14.7,11.2)
5 141.2,CH 6.75,dd 37.1,CH, 228,t(74) 143.0,CH 6.59,dd 143.4,CH 6.62,dd
(149, 11.0) (14.8,10.8) (147, 10.6)
[ 139.8, CH 7.10,dd 1804, C 132.6,CH 6.21,dd 132.6,CH 6.22,dd
(152,11.0) (15.0,10.8) (14.8, 10.6)
7 133.7,CH 6.13,d 136.4,CH 6.00.dq 136.7,CH 6.02,dq
(15.2) (15.0, 7.0 (14.8,6.9)
8 1743, C 18.7, CLL, 1.82,d (7.0) 18.7,CLL; 1.83,d(6.9)

a) Spectra recorded in DMSO-dj
b) Spectra recorded in methanol-/;
¢) C data measured indirectly from 2D spectrum
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The structure of 3.1 was determined by conventional 2D NMR experiments. The
COSY NMR spectrum exhibited two spin systems (Figure 3.2). The first consisted of
three sets of diastereotopic methylene signals (H-1a, H-1b, H-2a, H-2b, H-3a, and H-
3b). The second was made up of a shielded methine doublet (H-5), an oxygenated
methine (H-6), an olefinic methine (H-7), and long range “Ju-n coupling between Hs-
12 and H-7 (1-2 Hz).° Analysis of the HMBC NMR spectrum revealed 3.1 was a
drimane sesquiterpene (Figure 3.2).” Connections between H3-13 and H3-14 and C-3,
C-4, and C-5 placed the gem-dimethyl on C-4. Correlations between H3-15 and C-1,
C-5, and C-9, along with correlations from H-5, H3-12, and H-11 to C-9 complete the
decalin core and placed the aldehyde on C-9. The relative configuration of 3.1 was
determined by NOE analysis (Figure 3.3). Correlations between H3-15 and H-1b(eq),
and between H-5 and H-1a(x) established a frans-fused decalin ring system. Additional
correlations between H-6 with H3-14 and H3-15, H-11 with H3-15, and H-5 with OH-
6, and OH-9 established a cis-configuration between H-6, H-11, and H3-15, along with
a cis-configuration between H-5, OH-6, and OH-9. The cis-configuration between H-5
and OH-6 is further supported by a large *Jus-ns coupling constant of 10.2 Hz (Figure

3.3). Computational support for the relative configuration is discussed below.
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Figure 3.2: Key COSY and HMBC correlations of 3.1-3.5

Despite multiple attempts, Mosher ester analysis to support the absolute

configuration of C-6 in 3.1 failed due to degradation of the product. In lieu, we pursued
a comparative analysis with computed chiroptical properties. Both the 55,6R,9R,10S
and 5S,6S9R,10S diastereomers were used to generate a suite of conformers by
automatic sampling tools based on molecular mechanics with the Merck Molecular
Force Field (MMFF) in Spartan. Next, the lowest energy conformers (>10 kcal/mol,
seven in total) were reoptimized at the B3LYP/6-31G level of theory followed by a
subsequent reoptimization at the M062X/TZVP level of theory with a solvation model
based on density (SMD) variation of an integral equation formalism polarizable
continuum model (IEFPCM) in methanol. Next, all conformers within 3 kcal/mol of

the lowest energy conformer were submitted to time-dependent (TD)DFT calculations

of ECD spectra (ECD spectra for the enantiomers were obtained by reflection). To
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NOE

CH3-13 OH-6

Figure 3.3: Lowest energy conformers from gas phase minimizations at
B3LYP/6-31G level of theory with key NOE correlations and coupling constants
of 3.1, 3.2, and 3.4

maintain good computational practice, multiple levels of theory were tested using both

hybrid and range-separated functionals: ©®B97X/def2-TZVP (Figure 3.4), CAM-

B3LYP/TZVP (Figure B.45, Appendix B), and M062X/def2-TZVP (Figure B.45,

Appendix B). The 5S,6R,9R,10S diastereomer produced a poor fit to the experimental

data and can therefore be excluded (Figure 3.4). The 5S,6S,9R,10S configuration
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produced the best fit with the experimental data, with positive cotton effects around

210 and 300 nm. This supports the absolute configuration of 3.1 as 55,65,9R,10S.

)

0.8

06

04

Experimental

----- wB97X/def2-TZVP 5S,6S,9R,10S
----- wB97X/def2-TZVP 5R,6R,9S,10R
wB97X/def2-TZVP 5S,6R,9R,10S

0.2

0

Ag

-0.2

-04

-0.6

08 b : - :
205 255 305 355
nm

Figure 3.4: Experimental ECD spectrum of 3.1 (black) in methanol with computed
spectra of the enantiomers 55,65,9R,10S and 5R,6R,9S,10R along with the
diastereomer 5S,6R,9R,10S at the ®B97X/def2-TZVP level of theory. Blue dotted
line: 55,6S,9R,10S (shift: 15 nm; o = 0.53 eV); red dotted line: SR,6R,9S5,10R
(shift: 15 nm; o = 0.53 eV); green dotted line: 5S,6R,9R,10S (shift: 14 nm; o =
0.53 eV)

Ustusolate F (3.2) was isolated as an amorphous white solid. The HRESIMS gave
an m/z value of 415.1770 ([M-H]"), which provided a molecular formula of C23H2307
(caled for C23H2707(-1) 415.176; A ppm = 1.9). The UV spectrum showed a maximum
at 304 nm, indicating a conjugated system. The *C NMR spectrum showed 20 signals:
two carbonyl shifts, six olefinic signals, and twelve aliphatic signals (Table 3.1) and

three more were detected in 2D data sets, two olefinic signals and one carbonyl shift.



47

The 'H NMR spectrum showed seven olefinic signals, four methylene signals, one
methine, one oxygenated methine and three methyl singlets (Table 3.1).

With similar 1D and 2D NMR data to 3.1 (Figure 3.2), 3.2 was also determined to
be a drimane sesquiterpene at its core. The structural differences can be accounted for
in the northern portion of the molecule, chemical shifts of C-11 and C-12 indicate a y-
lactone. This is supported by diastereotopic methylene protons signals for H-12 (H-12a
on4.93, H-12b 6u 4,76 ppm) and a HMBC correlation between H-12 and C-11 (Figure
3.2). Additionally, eight more carbon signals and six olefinic protons where found in
the 13C and 'H NMR spectrum, respectively. The additional olefinic protons belong to
the same spin system as observed in the COSY spectrum (Figure 3.2). With HMBC
correlations from H-3" to C-1" and H-6" to C-8’, 3.2 exhibited an octatrienedioic acid
sidechain linked through an ester bond. Large coupling constants (*Ji2-n3 15.3 Hz;
3Jn4-n5 14.9 Hz; 3 Jue-n7 15.2 Hz) are indicative of an E configuration for all three double
bonds. The NMR data were recorded in MeOH-d+ and therefore the carboxylic acid
proton was not detected in the 'H spectrum and we were unable to detect HMBC
correlations connecting the triene moiety to the sesquiterpene core. To support our
structural assignment, 3.2 was methylated in the presence of methyl iodide. Indeed, we
were able to detect a new methoxy signal in the 'H NMR spectrum in CDCl3 (8¢ 51.9
ppm, ou 3.77 ppm), and observed HMBC correlations from H3-9’ to C-8’, and from H-

6 to C-1’, supporting that OH-6 condenses with the acyl sidechain (Figure B.44,
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Appendix B). This is in agreement with previously reported acylated drimane
sesquiterpenes.” '2 The relative configuration of 3.2 was determined by NOE analysis
and by comparative analysis of computed NMR chemical shifts to experimental
spectra. A trans-fused decalin ring system was supported by NOE correlations between
H3-15 and H3-14x) with H-2a(x), H3-15 with H3-14(x), and H-5 with H-3bx) and with
H3-13(eq) (Figure 3.3). A cis-configuration between H-5 and H-6 was supported by NOE
correlations between H-5 with H-6 and H-6 with H3-13(q) as well as a small *Jus-me
coupling of 4.8 Hz. For the relative configuration of C-9, a DP4+ based computation®!
of 'H and '3C chemical shifts with each possible configuration, 55,6R,9S5,10S and
55,6R9R,10S was used. Briefly, conformer suites were generated using the method
above. Next, gas phase minimizations were submitted directly to GIAO NMR
calculations at mPW1PW91/6-311+g(2d,p) level of theory.?> Applying the DP4+
algorithm to unscaled shielding tensors produced 100% confidence that 55,6R,9S5,108
best fits the experimental data (Table 3.2), supporting a cis-configuration between H-5
and OH-9. The absolute configuration of 3.2 was determined by the same means as 3.1,
through comparative analysis of computed ECD spectra to experimental spectra.
Multiple levels of theory were used, and all agreed with an absolute configuration for
3.2 of 55,6R,9S5,10S8 (Figure 3.5), as seen from the negative cotton effects around 210

and 300 nm.
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Table 3.2: DP4+ analysis of unscaled shielding tensors of 3.2
5S,6R 9R,10S 58 ,6R,95,10S

DP4+ (H data) 0.01% 99.99%
DP4+ (C data) 0.00% 100.00%
DP4+ (all data) 0.00% 100.00%

Ustusolate G (3.3) was isolated as a white amorphous solid and the HRESIMS gave
an m/z value of 391.1771 ([M-H]). This provided a molecular formula of C21H2307
(caled for C21H270(-1) 319.176; A ppm = 2.2). The '"H NMR spectrum of 3.3 had three
olefinic resonances, six methylene resonances, one methine, one oxygenated methine,
and three methyl resonances (Table 3.1). The '*C spectrum showed 21 signals, three

carbonyl, four olefinic, and 14 aliphatic.

Experimental

—— CAM-B3LYP/TZVP 5S,6R,9S,10S
—— CAM-B3LYP/TZVP 5R,6S,9R,10F
— - -MO062X/def2-TZVP 5S,6R,95,10S
— - =M062X/def2-TZVP 5R,6S,9R,10R
----- wB97X/def2-TZVP 5S,6R,9S5,10S
----- wB97X/def2-TZVP 5R,6S,9R,10R

Ag
S b v oNv A oo

205 255 305 355
nm
Figure 3.5: Experimental ECD spectrum of 3.2 (black) in methanol with computed
spectra of the enantiomers 55,6R,9S,10S (blue) and SR,65,9R,10R (red). Blue and
red solid lines: CAM-B3LYP/TZVP (shift: 1 nm; ¢ = 0.48 eV); blue and red
dashed lines: M062X/def2-TZVP (shift: 1 nm; o = 0.57 eV); blue and red dotted
lines: ®B97X/def2-TZVP (shift: 5 nm; 6 =0.62 eV)

Analysis of 2D NMR data showed that 3.3?° had the same sesquiterpene core as 3.2
and only differs in the acyl sidechain. The acyl group of 3.3 only had six carbons, two

of which were methylene groups (Figure 3.2). The COSY spectrum revealed that H-2’,
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H-3°, H-4> and H-5" make up a complete spin system. HMBC correlations from H-2’
and H-6 to C-1" placed the double bond close to the ester linkage. With a *Juz-n3
coupling of 15.6 Hz, it was determined the olefin had an E configuration. HMBC
correlations from H-4’ and H-5" to C-6’ placed the vicinal methylene groups close to
the carboxylic acid. The relative and absolute configurations were extrapolated to be
similar to compound 3.1 and 3.2 due to their shared biosynthetic origin. This is
supported by an [a]p?2-18 ([a]p?! -75 for 3.2) and a negative cotton effect at 210 in the
ECD spectrum, similar to 3.2 (Figure B.19, Appendix B). We propose an absolute
configuration for 3.3 of 55,6R,9S,10S.

Ustusoic acid A (3.4) was isolated as a white amorphous solid. The HRESIMS gave
an m/z value of 403.2136 ([M-H]), matching a molecular formula of C23H320¢ (calcd
for C23H3106(-1) 403.213; A ppm = 2.5). The UV spectra had a maximum at 308 nm,
indicating a conjugated system. The 'H NMR spectrum exhibited seven olefinic
signals, four methylene signals, one oxygenated methine, one methine, and four methyl
signals (Table 3.1). The '*C NMR spectrum showed 23 signals: two carbonyl carbons,
eight olefinic carbons, and 13 aliphatic signals.

Analysis of 2D NMR spectrum indicated that 3.4 is also a drimane sesquiterpene,
with a similar core to 3.1 (Figure 3.2). Differences include a carboxylic acid at C-11,
supported by a HMBC correlation from Hs-15 to C-11, and a hydroxylated methylene

at C-12 that is supported by HMBC correlations from H-12 to C-9 and C-7. 3.4 also
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includes an octatrienoate functionality, supported by a complete COSY spin system
and HMBC correlations from H-6, H-2* and H-3" to C-1’ (Figure 3.2). All double bonds
in the acyl group were determined to be E configured based on large coupling
constants: >Juz-nz 15.1 Hz, 3Jus-ns 14.8 Hz, and *Jue-nr 15.0 Hz. The relative
configuration of 3.4 was determined by NOE analysis. NOE correlations between Hs-
15 and H-1b(eq) and H-5 and H-1ax) supported a trans-fused decalin ring system. Next,
correlations between Hs-13 with H-6 and H-5, along with a correlation between H-6
and H-5 supported a cis-configuration between H-5 and H-6. This is further supported
by the 3Jus.us coupling of 4.4 Hz (Figure 3.3). We propose the absolute configuration
of 3.4 to be 55,6R,9S5,10S, as we assume the same biosynthetic origins as 3.1, 3.2, and
3.3. This is further supported by negative cotton effects at 210 and at 305 nm in the
ECD spectrum. (Figure B.25, Appendix B).

Ustusoic acid B (3.5) was isolated as a white amorphous solid. The HRESIMS gave
an m/z value of 401.1978 ([M-H]), two mass units less than 3.4. This matched a
molecular formula of C23H300s (calcd for C23H2906(-1) 401.197; A ppm = 2.1).
Analysis of UV and NMR data supported that 3.5 is an oxidized version of 3.4, with an
aldehyde functionality at C-12, instead of a hydroxylated methylene group. This is
further supported by HMBC correlations from H-12 to C-8 and C-9, along with H-7 to
C-12. Due to a similar [a]p?? -23 ([a]p?' -29 for 3.4) and negative cotton effects around

220 and 305 in the ECD spectrum (Figure B.33, Appendix B) to 3.4, along with
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biosynthetic considerations, the absolute configuration of 3.5 is proposed to be
55,6R,95,10S. Both compounds, 3.4 and 3.5, were prone to oxidation and degradation.
The addition of 5 pug of butylated hydroxytoluene (BHT), a known radical scavenger,
to the HPLC collection flasks preserved compounds 3.4 and 3.5. Initial samples used
for NMR analysis did not include BHT while samples for bioactivity testing did. BHT
was added to all control wells in bioassays at the same concentration.

Alongside the sesquiterpenes, the C-glycosidic depside stromemycin (3.6) was
isolated. Stromemycin was first isolated and patented in 2001'* for its stromelysin
inhibitory activity and cytotoxic properties. Analysis of spectroscopic data showed
good agreement with literature values. In 2003, Bringmann et. al. determined the
b

double bond geometry to be all E configured and identified the sugar as glucose. '

Table 3.3: MIC’s (ug/mL) of 4. ustus extract, fraction, and pure compounds

A. ustus A. ustus
Organic Extract  Fraction 6 3.5 3.4 3.6
Sopm eyt sm s e
vancomycin-resistant , >128 128 67 128 ~128

E. faecium (ATCC 700221)

B. subtilis (ATCC 49343)° >128 64 38 64 64
a) 100% growth inhibition with positive control vancomyecin (125 pg/ml)

b) 99% growth inhibition with positive control nitrofurantoin (125 pg/ml)
¢) 99% growth inhibition with positive control chloramphenicol (125 pg/ml)
All isolated compounds were screened for antimicrobial activity against three

Gram-positive bacteria (B. subtilis ATCC 49343; vancomycin-resistant E. faecium

ATCC 700221; and multidrug-resistant S. aureus ATCC BAA-44). Despite moderate
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activity seen within fraction 6 (Table 3.3) after silica based fractionation (1:1
DCM:MeOR), surprisingly only weak activity was observed from compounds 3.4, 3.5,
and 3.6 (Table 3.3). We were not able to detect any other active metabolites within
fraction 6 and therefore thought of synergism between closely eluting metabolites, 3.5
and 3.6, to be responsible for the fraction activity. Due to very limited amounts of 3.5,
checkerboard analysis or determination of the fractional inhibitory concentration (FIC)
were prohibited.>* Instead, compounds 3.5 and 3.6 were tested in a 1:1 ratio in MIC
assays. Indeed, this combination produced moderate to strong activity against all three
tested bacteria (Figure 3.6). From this assay, the coefficient of drug interaction (CDI)
could be determined with CDI’s less than one supporting synergism.> With
combination treatment MIC’s of 8 ug/mL (equals 19.9 uM of 3.5 and 11.5 uM of 3.6)
against B. subtilis, 32 pg/mL (equals 79.6 uM of 3.5 and 46.0 uM of 3.6) against
vancomycin-resistant E. faecium, and 64 pg/mL (equals 159.1 uM of 3.5 and 91.9 uM
of 3.6) against multi-drug resistant S. aureus, the CDI’s were determined to be 9.0 x
10, 1.3 x 10, and 1.4 x 10 respectively, indictive of synergism. One hypothesis for
the apparent synergism could be 3.6 acting as an antioxidant, thus stabilizing 3.5, which
is prone to degradation, or 3.6 aiding in membrane passage of the sesquiterpene. Both
hypotheses are currently being explored.

In this study, we added five members to the drimane sesquiterpene family. State-

of-the-art NMR experiments in combination with extensive computational methods
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were used to determine the absolute configurations of new drimane sesquiterpenes. In
addition, we report for the first time the antibacterial activity of ustusoic acid B (3.5)
against clinically relevant pathogens like vancomycin-resistant Enterococcus faecium
and multidrug-resistant Staphylococcus aureus, which was enhanced four-fold when
combined with equimolar amounts of stromemycin (3.6), a known fungal metabolite
produced by the same fungus. Future studies are planned to optimize the metabolite
production in Aspergillus ustus in order to elaborate on the enhanced antibiotic activity
of these co-eluted metabolites. Our study supports the notion that even well studied
Aspergilli of the section Usti harbor interesting chemotypes and bioactivities that could

inspire combination therapy to treat infectious diseases.

vancomycin-resistant . multidrug-resistant
B. subtilis (ATCC 49343)° E. faecium (ATCC 700221) S. aureus (ATCC BAA-44)°
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a) 99% growth inhibition with positive control chloramphenicol (125 pg/mi)
b) 99% growth inhibition with positive control nitrofurantoin (125 pg/mil)
c) 100% growth inhibition with positive control vancomycin (125 pg/ml)

Figure 3.6: Synergistic activity of 3.5 and 3.6 against Gram-positive bacteria
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3.4 Experimental

General experimental procedures. UV spectra were recorded on a BioRad
SmartSpec3000. IR spectra were recorded on a Thermo Scientific Nicolet 6700 FT-IR
spectrometer. ECD spectra were recorded on a JASCO J-1000 spectrometer. Optical
rotations were recorded on a JASCO P-1010 polarimeter. NMR spectra were acquired
on a Bruker Avance 111 500 MHz, Bruker Avance III 700 MHz, or a Bruker Avance 111
800 MHz spectrometer equipped with a 5 mm TXI probe or 5 mm BBO probe (500
MHz and 700 MHz), DCH cryoprobe (700 MHz), or TCI cryoprobe (800 MHz), with
the residual solvent used as an internal standard (CDCls: 7.26/77.16; MeOD:
3.31/49.03; DMSO: 2.50/39.53). Low resolution ESI-MS and HRTOFMS (ESI") mass
spectra were recorded on Agilent 1100 series LC with MSD 1946 or Agilent 1260
infinity II LC with 6545 QTOF MS, respectively. Analytical HPLC was performed
using an Agilent 1100 HPLC system equipped with a photodiode array detector. The
mobile phase consisted of ultra-pure water (A) and MeCN (B) with 0.05% formic acid.
A gradient method from 10% A to 100% B in 35 min at a flow rate of 0.8 mL/min was
used. The column (Phenomenex Kinetex Cis, 5 pm x 150 mm x 4.6 mm) was re-
equilibrated before each injection and the column compartment was maintained at 30°C
throughout each run. Semi-preparative HPLC (Phenomenex Kinetex Cis, 5 um x 150
mm x 10 mm) utilized isocratic elution conditions or a gradient system with a flow rate

of 4 mL/min on an Agilent 1100 HPLC system operating at room temperature equipped
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with a photodiode array detector. Preparative HPLC (Phenomenex Luna Cis, 5 pm x
250 mm x 2Imm) was conducted at room temperature, using isocratic elution
conditions or a gradient system with a flow rate of 20 mL/min utilizing an Agilent 1260
Infinity series HPLC equipped with a DAD detector. All samples were filtered through
a 0.45 um nylon filter or centrifuged at 14,000 rpm for five mins before LCMS and
HPLC analysis. Analytical thin layer chromatography (TLC) was performed on pre-
coated silica gel 60 F2s4 plates (Eppendorf). TLC plates were visualized by UV (254
and 360 nm), and by spraying with anisaldehyde solution followed by heating at 80 °C.
General reagents were from Sigma-Aldrich Corp. and VWR International.

Identification of fungal species. Phylogenetic identification of the fungal strain
was achieved by PCR amplification and sequencing of the ITS gene fragments of DNA
according to published procedure.?® ITS1 forward primer and ITS4 reverse primer were
used to amplify the complete ITS sequence.'® The two closest matches for the ITS gene
fragment from a nucleotide megaBLAST was Aspergillus ustus (strain ATCC 58983)
with 100% sequence coverage and 100% identity (GenBank: AY373874.1) and
Aspergillus insuetus (strain 1G 105) with 100% sequence coverage and 100% identity
(GenBank:M(G973290.1).

The evolutionary history was inferred by using the Maximum Likelihood method
based on the Kimura 2-parameter model.?” The tree with the highest log likelihood

(-1305.1674) is shown. The percentage of trees in which the associated taxa clustered
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together is shown next to the branches. Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. A discrete
Gamma distribution was used to model evolutionary rate differences among sites (5
categories (+G, parameter = 0.1468)). The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. The analysis involved 17 nucleotide
sequences retrieved from GeneBank?® or the NCBI BLAST targeted loci partial beta-
tubulin sequence from the fungi type and reference material collection.!” All positions
with less than 95% site coverage were eliminated. That is, fewer than 5% alignment
gaps, missing data, and ambiguous bases were allowed at any position. There was a
total of 416 positions in the final dataset. Evolutionary analyses were conducted in
MEGA7.%

Extraction and isolation. Fungal cultures were treated with XAD-7 resin (10%
w/v) and left overnight after separation of fungal mycelia from culture broth by
filtration. XAD-7 resin was collected by filtration, washed with 2 L of DI-water, and
then extracted with 2 L of 1:1 acetone:methanol mixture. The extract was concentrated
before partitioning between EtOAc and water. The aqueous layer was washed three
times with EtOAc. The organic layers were combined, dried and concentrated in vacuo.

The organic extract of a 7 L culture in 1158 media (malt extract 20 g/L; D-glucose
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10g/L; yeast extract 2g/L; NH4HSO4 0.5 g/L; pH 6.0) was separated into 7 fractions by
normal phase vacuum liquid chromatography (VLC) eluted with a DCM to MeOH
gradient (Fraction 1: 99:1 DCM:MeOH; Fraction 2: 30:1 DCM:MeOH; Fraction 3:
15:1 DCM:MeOH; Fraction 4: 9:1 DCM:MeOH; Fraction 5: 3:1 DCM:MeOH;
Fraction 6: 1:1 DCM:MeOH; Fraction 7: 0:1 DCM:MeOH). Compounds were isolated
directly from these fractions using preparative HPLC with isocratic mobile phases or
shallow gradients of mobile phase (20% CH3CN to 56% CH3CN over 28 mins). Prior
to isolation of 3.4 and 3.5, 5 pg of butylated hydroxytoluene (BHT) was added to the
collection vial to prevent oxidation. HPLC purification yielded ustusal A (3.1) - 3.0
mg; ustusolate F (3.2) - 2.51 mg; ustusolate G (3.3) - 3.4 mg; ustusoic acid A (3.4) -

1.7 mg; ustusoic acid B (3.5) - 1.5 mg.

Ustusal A (3.1): white amorphous solid; [o]p?! +5 (¢ 0.1, MeOH); ECD (c 0.1,
MeOH) 209 (+0.8), 305 (+0.1); UV (c 0.1, MeOH) Amax (log €) 205 (0.2); '*C NMR
(176 MHz, DMSO-ds) and '"H NMR (500 MHz, DMSO-ds) see Table 3.1; HRESIMS:

m/z 275.1615 [M+Na]" (calcd for C1sH24NaO3(+1) 275.162; Appm = 1.0)

Ustusolate F (3.2): white amorphous solid; [a]p?! -75 (¢ 0.1, MeOH); IR (ATR):
vmax = 3358, 2923, 2852, 1695, 1653, 1600, 1392, 1355, 1272, 1067; ECD (c 0.1,

MeOH) 206 (-5.4), 300 (-1.0); UV (MeOH, ¢ 0.1) Amax (log £) 304 (4.0); '3C NMR (176
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MHz, MeOH-d4) and '"H NMR (500 MHz, MeOH-d4) see Table 3.1; HRESIMS: m/z

415.1770 [M-HJ (calcd for C23H2707(-1) 415.176; Appm = 1.9)

Ustusolate G (3.3): white amorphous solid; [a]p?? -18 (¢ 0.1, MeOH); ECD (c 0.1,
MeOH) 213 (-2.4); UV (c 0.1, MeOH) Amax (log €) 216 (3.1); *C NMR (176 MHz,
MeOH-ds) and 'H NMR (500 MHz, MeOH-ds) see Table 3.1; HRESIMS: m/z

391.1771 [M-H] (caled for C21H270(-1) 319.176; Appm = 2.2)

Ustusoic acid A (3.4): white amorphous solid; [a]p?! -29 (¢ 0.1, MeOH); ECD (c
0.1, MeOH) 219 (-2.0), 311 (-0.5); UV (¢ 0.1, MeOH) /max (log ) 308 (3.8): 13C NMR
(176 MHz, MeOH-ds) and '"H NMR (500 MHz, MeOH-ds) see Table 3.1; HRESIMS:

m/z 403.2136 [M-H]" (calcd for C23H3106(-1) 403.213; Appm = 2.5)

Ustusoic acid B (3.5): white amorphous solid; [a]p?' -23 (¢ 0.1, MeOH); ECD (c
0.1, McOH) 234 (-1.3), 306 (-0.4), 338 (0.2); UV (¢ 0.1, McOH) /max (log ) 308 (3.5):
3C NMR (176 MHz, MeOH-ds) and '"H NMR (500 MHz, MeOH-ds) see Table 3.1;

HRESIMS: m/z 401.1978 [M-H] (caled for C23H2906(-1) 401.197; Appm = 2.1)

Methylation of ustusolate F. Compound 3.2 (1.85 umols in 75 pl of DMF) was
added to a DMF solution of Mel (25 ul of 0.115 M) and K2COs3 (3.5 mg) and the
reaction was monitored by TLC. After 24 hr, the reaction was complete and quenched
with 1 mL of water. The solution was then extracted 5 times with EtOAc. Organic

layers were combined and concentrated under reduced pressure. The methylated
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product was then purified by semi-preparative HPLC (60% CH3CN isocratic). Selected
13C NMR data (176 MHz, CDCl3) § 166.9 (C, C-8°), 51.9 (H3, C-9°); Selected 'H NMR
data (700 MHz, CDCl3) 6 3.77 (3H, s, H-9’); LRESIMS: m/z 453.3 [M+Na]", 431.0

[M+H]", 413.2 [M-18+H]"

Computational details. Initial conformational analysis was performed in Spartan®’
using the MMFF force field and random rotor conformational search with 100
conformers. Density functional theory calculations were performed using the
Gaussian 09 package.’! The conformer sets generated were subjected to gas phase QM
geometry optimizations and frequency calculations at B3LYP/6-31+G before solvated
geometry optimizations at M062X/TZVP with SDM-IEFPCM in methanol. ECD
spectra were calculated by the TDDFT methodology at the wB97X/def2-TZVP
utilizing IEFPCM in methanol, CAM-B3LYP/TZVP with IEFPCM in methanol and
M062X/def2-TZVP utilizing IEFPCM in methanol. ECD spectra were simulated using
SpecDis 1.71.22 NMR shielding tensors were computed from the gas phase QM
geometry optimizations with the GIAO methodology at the mPWIPWO91/6-
311+G(2d,p) level of theory with IEFPCM in methanol. Shielding tensors were
extracted from Gaussian out files and Boltzmann weighted following the published
procedure?? on a Windows 10 operating system. DP4+ probabilities?! were used for

relative stereochemistry analysis directly with unscaled shielding tensors.
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Antimicrobial assays. Organic extracts and fractions were tested for inhibitory
activity against multidrug-resistant Staphylococcus aureus (ATCC BAA-44),
vancomycin-resistant Enterococcus faecium (ATCC 700221), Bacillus subtilis (ATCC
49343), Pseudomonas aeruginosa (ATCC 15442), and Candida albicans (ATCC
90027), in micro-broth assays performed following established protocols.*> MIC
determination for fractions and pure compounds followed published procedures.>* For
MIC of 3.4 and 3.5, along with combi-treatments, BHT was added to all wells, included
controls, at 2.5 pg/mL. For combi-treatment, 3.5 and 3.6 were added to test wells in a
1:1 pg/mL ratio and the above MIC determination procedure was followed. CDI’s were
determined according to published procedure.?> All human pathogens used in the study
were acquired from commercially sources like the American Type Culture Collection
(ATCC, Manassas, VA) in 2014 and met specification prior to shipping.

Cytotoxicity Assay. Cytotoxic activities of extracts and pure compounds were
evaluated against colon (HCT-116) cancer models by measuring the reduction of the
tetrazolium salt MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide)

by metabolically active cells following standard procedures.*
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4.1 Abstract

Fungal natural products have inspired and enabled countless modern therapeutics.
During a survey of the secondary metabolites of endophytic fungi, we found that
Aspergillus porosus produces new polyketides with interesting structural features
named porosuphenol A-D (4.1, 4.2, 4.3a, and 4.3b). The structural elucidation of these
metabolites was performed with 1D and 2D NMR techniques, Mosher ester analysis,
J-based conformational analysis, and isotope exchange studies. The absolute
configuration of these compounds was determined using typical approaches including
comparative analysis of experimental NMR and electronic circular dichroism spectra
with DFT calculations. However, these efforts were not providing conclusive results
for porosuphenol A (4.1). To resolve this issue, we applied a strategy in which NMR
data guides the conformer search. Herein are presented the structure elucidation of
porosuphenols A-D as a case study in the challenges and opportunities for
determination of absolute configuration. Lastly, bioassay-guided fractionation of
cytotoxic fractions resulted in the additional isolation of pimarane diterpenes,

sphaeropsidin A (4.4) and aspergiloid E (4.5).
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4.2 Introduction

Determining the absolute configuration of a molecule is a vital step in reaching a
complete understanding of its structure. Even today, with state-of-the-art spectroscopic
techniques at our disposal, the continued challenge of this problem is evident by the
number of recent revisions to natural product configurational assignments.! Natural
products in particular, which inspire the majority of clinically approved drugs,? often
pose difficult obstacles in the determination of absolute configuration due to their
numerous asymmetric centers and overall complex chemical structures. This challenge
is amplified when working with structures that have substantial conformational
freedom. Molecular flexibility can be an obstacle in structure elucidation based on
solution NMR experiments as the experimentally observed parameters are averages of
multiple conformations at the NMR time scale. Similarly, computational models
provide predictions for spectroscopic parameters that can be invaluable for
configurational assignment, but models must be developed using correctly identified
conformers.> Modeling the full conformational space and solvation effects of flexible
structures can be prohibitively expensive computationally and may even require more
accuracy than current methods can provide. Nonetheless, determining the absolute
configuration of natural products is imperative for understanding their biological
activity and also for developing drug leads. Herein, we report on four new, linear

polyketides, porosuphenols A, B, C, and D (4.1, 4.2, 4.3a, and 4.3b) as well as two
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known metabolites (4.4 and 4.5) from Aspergillus porosus. Initial efforts to the absolute
configuration of porosuphenol A (4.1) were obstructed by the conformational
flexibility of the structure and inconclusive modeling results. As an alternative
approach to the usually applied Boltzmann weighting, we employed experimentally
informed conformational restrictions that were developed for the structure

determination using NMR calculations (CASE-3D).%

Figure 4.1: Structures of isolated NPs

As part of an ongoing research program to explore the chemical diversity of
endophytic fungi, we performed chemical- and bioactivity-guided screening of extracts
from a marine-derived endophyte, Aspergillus porosus.* The organic extract of a malt-
based broth culture was found to contain a class of new polyketides (4.1-4.3),

exhibiting a dynamic diene-dione functionality within a flexible carbon chain. The
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closest structural relative of these new fungal polyketides can be found in a
benzaldehyde intermediate within the azaphilone biosynthetic pathway.’ The common
benzenediol is functionalized with a highly methylated® polypropionate-like’ side chain
and a methyl ketone, both containing a fully reduced carbon attached directly to the
aromatic ring. This is unlike the common fungal benzenediol lactones® and
azaphilones,’ in which carbonyl groups are directly attached to the aromatic ring. Other
structurally related compounds are the acyclic tetraprenylquinols found in brown
algae,'” in which the benzenediol core is prenylated to create the acyclic sidechain.
Alongside the structurally interesting porosuphenol polyketides, two known
diterpene cytotoxins, sphaeropsidin A and aspergiloid E (4.4 and 4.5), were isolated
and identified by comparing their spectroscopic data to literature values. Sphaeropsidin
A (4.4) first isolated from Aspergillus chevalieri,'! is an established phytotoxin'? that

has recently gained interest as a cytotoxic agent,!®

showing selectivity toward
melanoma and kidney cancer cell lines with a unique mechanism of action targeting
regulatory volume increase.'* Interestingly, the nearly isostructural aspergiloid E (4.5),
recently reported by Yan et al.,'> has no bioactivity associated with it. Our bioactivity

testing supports this difference in activity and adds to the established structure-activity-

relationship studies.
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4.3 Results and discussion

Isolated as an algal endophyte from the marine environment by BioViotica
Naturstoffe GmbH, the Aspergillus porosus strain (G23N) was provided to us for
chemical analysis with a putative identification as a member of the Aspergillus family
based on preliminary morphological analysis. Upon amplification and sequencing of
the complete internal transcribed spacer (ITS) regions 1 and 2, using primers ITS1 and
ITS4,' we could place the fungus into Aspergillus section Aspergillus (Figure C.1,
Appendix C). The ITS region is highly conserved within this section,* which required
additional amplification of protein encoding regions, such as the partial B-tubulin
(BenA), calmodulin (CaM), or RNA polymerase II second largest subunit (RPB2)
genes for identification to the species level.!” Phylogenetic analyses of the BenA
region, amplified with primers Bt2a and Bt2b,'® identified this strain as Aspergillus
porosus (Figure C.2, Appendix C), a species recently described by Chen and co-
workers.*

Compound 4.1 was isolated as a colorless oil (0.65 mg/L). The HRESIMS gave an
m/z 459.2739 ([M+H]"), providing a molecular formula of C27H3806 (A ppm 0.4; calcd
for C27H3906, 459.2741) with 9 degrees of unsaturation. The UV spectrum of 4.1
(CH3CN) displayed maximum absorbances at 202 and 286 nm, indicating a conjugated
system. Major bands in the IR spectrum of 4.1 include a broad band for a hydroxy

group at 3390 cm™', a sharp strong carbonyl stretch at 1709 cm’!, a strong band at



Table 4.1: 'H and *C NMR spectroscopic data for compounds 4.1 and 4.2
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porosuphenol A (4.1)

porosuphenol B (4.2)

position &, type Oy (J in Hz) 8¢, type Oy (/ in Hz)

1 21.3,CHs 1.12,d(6.4) 214, CHs 1.09,d(6.3)

2 71.7,CH  3.60,p(6.4) 71.8,CH 3.57,p(6.3)

3 413,CH 2.52,dqd (9.8,6.8,6.4) 414,CH 2.50,dqd (10, 6.8, 6.3)
4 1423, CH 5.59,d(9.8) 141.5,CH 5.57,d(10)

5 133.0,C 133.0,C

6 146.1,CH 6.69,s 1457, CH 6.98,s

7 1344, C 1349, C

8 201.9,C 2009, C

9 548, CH 3.97,q(6.9) 538, CH 4.53,q(6.9)

10 212.1,C 2123, C

11 459, CH 2.80,dqd (8.7,6.7,6.2) 458, CH 290, dqd (8.3,7.0,6.0)
12a 31.5,CH; 2.56,dd(13.8,8.7) 29.6,CH, 2.62,dd(13.9,6.0)
12b 2.40,dd (13.8,6.2) 2.45,dd (13.9,8.3)
13 119.0,C 119.3,C

14 159.8,C 160.2, C

15 98.7,CH 6.34,d(2.1) 98.7,CH 6.32,d(2.2)

16 157.2,C 157.0,C

17 1104, CH 6.17,d(2.1) 1103, CH 6.13,d(2.2)

18 136.5,C 136.7,C

19a 48.6,CH, 3.62,d(16.9) 488, CH, 3.72,d(16.9)

19b 3.56,d(16.9) 3.57,d(16.9)

20 206.9, C 207.2, C

21 29.7,CH; 2.08,s 298, CHs 2.10,s

22 16.2,CHs 1.03,d(6.8) 164, CH: 1.00,d(6.8)

23 16.8, CH:; 1.88,brs 169, CHs 1.88.brs

24 13.3,CH; 1.84,brs 136,CH; 1.87,brs

25 13.8,CH; 1.00,d(6.9) 14.1,CHy  1.14,d(6.9)

26 17.3,CHs  095,d(6.7) 17.1,CHs  0.90,d(7.0)

27 56.0,CH; 3.71,s 56.0,CH; 3.73,s

1645 cm™ indicative of an unsaturated ketone, and a strong band at 1606 cm’!

correlating with a conjugated diene. The '3C NMR spectrum displayed three keto
carbon atoms above 200 ppm, ten aromatic or olefinic carbons atoms and thirteen

aliphatic carbon atoms (Table 4.1). The 'H NMR spectrum of 4.1 exhibited two
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aromatic and two olefinic signals (5.5-7.0 ppm), one methoxy signal (du 3.71 ppm),
two sets of diastereotopic methylene signals, four methine multiplets, three methyl

singlets, and four methyl doublets.

oA

21

A — N
HMBC COSY NOE

Figure 4.2: Key COSY, HMBC (left), and NOE correlations (right) of 4.1 and 4.2

Determination of the structure of 4.1 required 2D NMR correlation experiments
including COSY, HMBC, and HSQC. Utilizing COSY, four distinct spin systems were
constructed and connected with key HMBC correlations (Figure 4.2). The trisubstituted
double bond between C-4 (dc 142.3 ppm) and C-5 (&c¢ 133.0 ppm) was supported by a
long-range COSY correlation between H-4 and H-23 (du 5.59 and 1.88 ppm) along
with HMBC correlations from H-3 (6u 2.52 ppm) and H-23 to C-5. The second
trisubstituted double bond (C-6/C-7; 6c 146.1/134.4 ppm) was placed by a long-range
COSY correlation between H-6 and H-24 (6n 6.69 and 1.84 ppm), along with a HMBC
correlation from H-24 to C-7 (6c 134.4 ppm). HMBC correlations between H-4 and H-
23 to C-6 (6¢ 146.1 ppm); and from H-6 and H-24 to C-8 (6c 201.9 ppm), supported
the attachment of the double bonds to the carbonyl group at C-8 and fully described the

dieneone moiety. The isolated H-9/H3-25 spin system could be placed between the 1,3-
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diketone moiety due to the deshielded signal of H-9 (6u 3.97 ppm) along with HMBC
correlations from H-25 (8u 1.00 ppm) to C-8 and C-10 (8¢ 201.9 and 212.1 ppm). The
final H-11/H-12/H3-26 spin system could be linked to C-10 by the HMBC correlations
from H-26, H-12a, and H-12b to C-10, thus completing the side chain. HMBC
correlations from Hs3-21 (6u 2.08 ppm) to C-20 and C-19 (6c 206.9 and 48.6 ppm)
confirmed an acetonyl moiety. The benzenediol core consisted of four aromatic carbons
(0c 119.0, 98.7, 110.4, and 136.5 ppm) and two oxygenated aromatic carbons (dc 159.8
and 157.2 ppm). A long-range COSY (J = 2.2 Hz) correlation between H-15 and H-17
(0u 6.34 and 6.17 ppm) required that these protons are meta to one another. Strong
HMBC correlations from H-15 to C-13 and C-17 (8¢ 119.0 and 110.4 ppm) along with
correlations from H-17 to C-13 and C-15 (3¢ 119.0 and 98.7) further supported the
assignment proposed. The methoxy group (du 3.71 ppm) was placed at C-14 (6c 159.8
ppm) due to its HMBC correlation. HMBC correlations from the methylene H-12a/H-
12b to C-14 (6c 159.8) and C-18 (dc 136.5) support the placement of the side chain
next to the methoxy group. The acetonyl moiety was located meta to the methoxy group
due to HMBC correlations from H-19a/H-19b (61 3.62/3.56 ppm) to C-13 and C-17 in

4.1.

The double bond geometry of 4.1 was established from NOE experiments. The C-
4/C-5 double bond was determined as E based on three NOE correlations that were

observed: H-4/H-6, H-23/H-3, and H-23/H-22 (Figure 4.2). The C-6/C-7 double bond
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was also assigned E as shown by NOE correlations between H-4/H-24, H-6/H-9, and

H-6/H-25 (Figure 4.2).

With four asymmetric carbon centers and a flexible linear sidechain, assigning the
absolute configuration of 4.1 proved to be a difficult task. The secondary alcohol was
accessible to Mosher ester analysis'® by separately reacting 4.1 with both R and S o-
methoxy-a-trifluoromethylphenylacetic (MTPA) acid chlorides to give the 4.15 and
4.1R MTPA esters, respectively. Comparative analysis of the 'H NMR spectra of both
MTPA esters assigned unequivocally C-2 as being S configured (Figure 4.3 and Figure
C.28, Appendix C). With the absolute configuration of the secondary alcohol
established, a J-based conformational analysis®® was used to determine the
configuration of the vicinal methyl group (C-22). Due to the medium magnitude of the
3Jm2-13) coupling constant (6.4 Hz), an equilibrium of conformers must be considered.?
Out of the six possible pairs of conformers (3-erythro; 3-threo) (Figure C.32, Appendix
C), the A1/A2 equilibrium was the only one with the expected coupling constants that
matched the 2-Jc-n) coupling constants measured from HETLOC?! spectrum (Figure
4.3). This supported a threo relationship between H-2 and H-3, making the absolute
configuration 3S. To save precious material, the remaining two asymmetric centers
were assigned by the loss-free comparative analysis of computed and experimental

spectroscopic data, including 'H and '3C chemical shifts, coupling constants, NOE



75

distances, UV, and electronic circular dichroism (ECD) spectra. A discussion of the

computational analysis performed is presented below.

A1 C3-C2
OR
+0.09 IVIe‘l
-0.09
%ﬁ/[\ H3 Me22 " Me22
+0.13
41SR = (S)-MTPA 4.1(Hz) 4.2(Hz)

41R R = (R)-MTPA 3J(H21H3) 6.4 6.3 medium
3J(Me1,H3) 22 25 small
3J(C4,H2) 27 2.7 small
3J(M922,H2) 4.7 3.4  medium
Jars 48  -46 medium

Figure 4.3: ASs. values for MTPA esters of 4.1 (4.1S and 4.1R). Experimental >Ju-n)
and *3Jic.n values of 4.1 and 4.2 leading to assignment of the rotamer equilibrium
between Al and A2.

Compound 4.2 was isolated as a colorless oil and was found to have an identical
mass and molecular formula of C27H3806 ((M+H]", m/z 459.2738; A ppm 0.7; calcd for
C27H3906, 459.2741) compared to 4.1. Similar UV, IR, and NMR data (Table 4.1)
indicate that 4.2 is a stereoisomer (Figure 4.2). The double bond geometry was
examined with NOE experiments and both double bonds were established as E,

establishing a diastereomeric relationship between 4.1 and 4.2.
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Figure 4.4: Key regions of the "H NMR spectrum of a deuterium-exchange study using

compound 4.1

Deuterium exchange studies were used to establish the stereochemical relationship
between 4.1 and 4.2. DCI] was added to a solution of 4.1 and the mixture was monitored
by '"H NMR spectroscopy. Once equilibrated, the '"H NMR spectrum showed a mixture
of 4.1 and 4.2 (1.4:1), with the signal corresponding to H-9 clearly diminished as
expected from the acidic proton H-9 in a 1,3 diketo system (Figure 4.4). This was used
to establish 4.1 and 4.2 as C-9 epimers and supports the absolute configuration as S for
both C-2 and C-3 of 4.2. The lower pH in the fungal culture (pH 5.5) could be
responsible for production of both diastereomers. This stereochemical relationship was
further supported by the Mosher ester analysis of 4.1, and by the *Ji2-13) and > Jc-n)

values of 4.2 being almost identical to those observed in 4.1 (Figure 4.3). The
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remaining two asymmetric centers for both 4.1 and 4.2 were assigned by comparison

of QM calculated NMR.

To determine the absolute configuration for the porosuphenols, computational
methods were used to predict chiroptical properties (ECD) and chemical shift
computations of candidate structures.’® A standard pipeline was used initially for
performing this analysis: (1) a library of conformers was created using automatic
sampling tools based on molecular mechanics calculations; (2) density functional
theory (DFT) calculations were applied to determine optimized geometries, free
energies, and NMR shielding tensors for NMR chemical shift predications; (3)
Boltzmann-average of NMR shift data were assembled, and computed chemical shifts
and ECD spectra were compared to experimental data.??

Table 4.2: CMAE for compounds 4.1 and 4.2 compared with NMR isotropic shift

values computed at the WP04/aug-cc-pVDZ level with chloroform IEFPCM
solvation

2S3SOR1IR  2S3S9S,11R  2S3SOR.11S  253S9S11S
CMAE 4.1: 0.14 0.10 0.18 0.19
CMAE 4.2: 0.13 0.16 0.20 0.23

An initial conformational analysis of the four possible configurations
(25,3S9R,11R; 2S5,3S9S,11R; 25,3S9R,11S; 2§5,35,95,11S) was performed using
Spartan and the MMFF force field. The subsequent reoptimization of the conformers

was done with the hybrid density functional B3LYP with the 6-31+G* basis set.
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Conformers within an energy range of 3 kcal/mol were further processed with the
hybrid WP04 functional for computation of high accuracy proton chemical shifts.?* The
results from these computations excluded the configurations 25,35,9R,11S and
28.,35,95,11S for 4.1 and 4.2 (Table 4.2), with 25,35,9S5,1 1R providing a corrected mean
absolute error (CMAE) of 0.10 for 4.1 and 25,3S,9R,11R providing a CMAE of 0.13
for 4.2. This result agreed with the deuterium-exchange study that established 4.1 and

4.2 as C-9 epimers.

4
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—— — CAM-B3LYP/TZVP
— — wB97X-D3/def2-TZVP(-f)

Figure 4.5: Experimental ECD spectra of 4.2 in acetonitrile with computed
28,35,9R,11R diastereomer. Red dotted line: CAM-B3LYP/TZVP (shift: 6 nm; ¢ =
0.25 eV; Aesi= 0.9059), blue dotted line: ®B97X-D3/def2-TZVP(-f) (shift: 20 nm;
6 =0.3 eV; Agsi= 0.8165)
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Since it is desirable and good practice to support assignments with multiple lines

of evidence,*

next ECD spectra were computed for each possible configuration of 4.1
and 4.2. TDDFT calculations of ECD spectra of the 2S5,3S,9R,11R-configured
diastereomer at the CAM-B3LYP/TZVP level with integral equation formalism PCM
(IEFPCM) in acetonitrile provided a good match for the experimental spectra of 4.2
with a Agst = 0.9059 (Figure 4.5), providing further support for this as the correct

configuration. In addition, wB97X-D3/def2-TZVP(-f) gave a similar curve, showing

that the functionals used were well-suited for the ECD calculations.

Interestingly, none of the computed ECD spectra of any tested configurations
(28,3S,9R,11R; 25,35,95,11R; 25,3S5,9R,11S; or 25,35,95,11S) produced a good fit with
the experimental ECD spectra for 4.1. However, with confidence gained in the
computational assignment of ECD and NMR shifts for 4.2 and the knowledge from the
deuterium-exchange experiments that 4.1 had to be the C9 epimer of 4.2, the
conformational analysis for 4.1 were revisited and the dispersion-corrected B3LYP-D3
method was used to re-evaluate the conformational ensemble. At the same time, the
automatic sampling process in Spartan was revisited and indeed additional
conformations were found of the C-9 enantiomer, which were not originally included.
This highlights the need to thoroughly review the conformational space, rather than use

automatic tools as black box approaches.
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Figure 4.6: The two best 25,35,95,11R conformers for 4.1 resulting from Stereofitter

analysis with NOE and coupling constant constraints

Closer analysis of the low energy conformers comprising the Boltzmann
distributions based on the DFT energies for 4.1 revealed that none of the significantly
populated conformers exhibited an anti-configuration between H-2 and H-3 (Figure 4.3
and 4.6). To yield the averaged 6.4 Hz 3Jm2n3) coupling constant observed
experimentally for compound 4.1, an approximate 3:2 ratio of anti:gauche conformers
must be present. Even single point energy calculations using implicit solvent effects
(CPCM, PCM) with and without dispersion at a number of levels of theory (M06-2X,

B3LYP-D3, B3LYP) and coupled-cluster calculations using DLPNO-CCSDT/def2-
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TZVP?* (Table C.1, Appendix C) failed to produce a conformer ensemble that reflected
the experimentally observed spectra for 4.1.
Table 4.3: NOE distances and coupling constants used as constraints in Stereofitter,

alongside computed averages for each conformer ensemble and y* values for each
ensemble

expt. 2S3SOR1IR  2S3S9S11R  2S3S9R11S  2S359S11S
NOFsmo (A) 2.1 23 2.2 1.9 2.0
NOE; 64 (A) 2.6 2.7 2.6 29 2.6
NOEjsnes (A) 3.0 2.8 3.0 29 29
NOEymas (A) 3.5 3.8 3.9 33 3.8
o (Hz) 6.4 6.3 6.1 6.5 6.1
ves(Hz) 22 1.7 2.1 3.6 24
Unep(Hz) 4.7 3.5 4.1 38 3.3
x 5.7 4.4 5.5 4.6

Based on these results, it appeared that conformational flexibility and an
accumulation of small effects prevented efforts to construct an accurate conformer
ensemble for compound 4.1 by computational methods. Approximations for dispersion
and solvent effects significantly changed the energy of single conformers and yielded
very different conformer ensembles. In the presented study, dispersion slightly
overestimated hydrogen bonds, but the DLPNO-CCSDT results more or less confirmed
the energetic order found with the DFT-D3 method. Similarly, addition of implicit
solvent effects significantly changed the energetic order of conformers even with the
coupled-cluster method, but did not produce an ensemble consistent with NMR data. It

is possible that ab initio construction of an accurate conformer ensemble for 4.1 may
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require consideration of explicit solvent effects, which would be prohibitively intensive

computationally.

As an alternative, it was examined as to whether the conformer search could be
guided by the experimental NMR data. Stereofitter (Mestrelab)*® was used to sample
conformers based on experimental *Jc.ny coupling constants and NOE-derived
distances of 4.1 to more accurately model the conformation of the side chain. From the
HETLOC spectra recorded in the J-based conformational analysis, >J2-13), >JMe1-13),
and 3JMe22-12) were used as constraints for the terminal end of the side chain. In addition
to this, NOE distances between H-6/H-9, H-6/H-4, H-6/Me-26, and H-6/Me-23 were
obtained using the Peak Amplitude Normalization for Improved Cross-relaxation
(PANIC) approach.?® Briefly, fully relaxed 1D PFGSE NOE spectra®® with zero-
quantum suppression?’ were recorded with varying mixing times. PANIC plots
(integral ratio of NOE peak to inverted peak plotted against mixing time, Figure C.29,
Appendix C) were then used to obtain the cross-relaxation rate constants, from which
accurate NOE distances were obtained.?® Combining these NOE distances to the above-
mentioned coupling constants provided experimental evidence for the conformation of
the side chain. Next, these NOE derived distances, >/, and *Jcu couplings (Table 4.3)
were used as constraints to generate conformer ensembles. In each instance, Stereofitter
provided combinations of two conformers (Figure 4.6, Table C.2, Appendix C) that

best fit the NOE distances and J values. Of the four configurations, 2S5,35,95,11R
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provided the best x> values for J and NOE distance values (Table 4.3) for 4.1.
Computation of ECD spectra for this ensemble at the ®B97XD/def2-TZVP level with
conductor-like PCM (CPCM) in acetonitrile provided a good match for the
experimental spectra, with a Aest = 0.9221 (Figure 4.7). This established the absolute
configuration of 4.1 as 25,35,95,11R, which was in full agreement with our NMR data

and deuterium-exchange results obtained.

200 250 300 350 400
nm

Experimental =—— — wB97XD/def2-TZVP

Figure 4.7: Experimental ECD spectra of 4.1 in acetonitrile with computed spectra of
28,35,95,11R diastereomer. Red dotted line: ®B97XD/def2-TZVP (shift: -1 nm; ¢
=0.22 eV; Aesi=0.9221)
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Figure 4.8: "TH NMR spectrum of 4.3a and 4.3b in ds-acetonitrile

Further chemical analysis efforts resulted in the isolation of compound 4.3, a
colorless oil with m/z 445.2572 ((M+H]") in HRESIMS. This was 14 mass units less
than 4.1 and corresponded to a molecular formula of C26H3606 (A ppm = 2.8; calcd for
C26H3706, 445.2580). The UV spectrum of 4.3 (acetonitrile) was only slightly shifted
from that of 4.1, with maxima at 210 and 289 nm, implying a similar structure. When
a '"H NMR spectrum was recorded in d3-acetonitrile, 4.3 proved to be a mixture of two

compounds (Figure 4.8) in a 1:1.35 ratio. After recording the 2D NMR spectra,
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including COSY, HMBC and HSQC, the minor component, 4.3a (porosuphenol C),
could be determined as the 14-desmethyl analogue of 4.1 (Figure 4.9). With nearly
identical correlations, the distinguishing feature of 4.3b (porosuphenol D) was a ring
closure, as evident by HMBC correlations from H-12a/H-12b, H-25, and H-26 to C-10
with a chemical shift of 6C 102.7 in 4.3b but 6C 212.4 in 4.3a (Table 4.4). This is a
result of a nucleophilic attack by the phenol on C-14 to the C-10 carbonyl group in
4.3a, generating the hemiketal 4.3b. While both isomers are easily separated via
preparative HPLC, the hemiketal formation/opening occurred within minutes, always
resulting in a mixture of 4.3a and 4.3b. Due to rapid epimerization alongside the
ketone-hemiketal equilibrium, attempts to assign the configuration of compound 4.3

were unsuccessful.

Figure 4.9: Key COSY and HMBC correlations of 4.3a and 4.3b



Table 4.4: 'H and *C NMR spectroscopic data for compounds 4.3a and 4.3b
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porosuphenol C (4.3a)

position O, type
| 21.7, CH,4
2 72.4,CH
3 409, CH
4 143.6, CH
5 =a

6 146.8, CH
7 1342.C
8 202.1,C
9 545.CH
10 2124,C
11 45.6,CH
12a 317, CH,
12b

13 117.2,C
14 157.0.C
15 102.3, CH
16 -4

17 110.3, CH
18 137.1.C
192 48.6, CH,
19b

20 207.0,C
21 29.6, CH;
22 17.2, CH;
23 16.5, CH;
24 13.0, CH;
25 13.6, CH;
26 17.0, CH;4
“Overlapped peaks

8y (/ in Hz)

1.19.d (6.3)

3.75,dq (6.3, 5.7)
2.55,dqd (9.9,6.7,5.7)
5.71,d (9.9)

6.78, s

3.96. q (6.8)

2.89,dqd (9.2, 6.6, 5.7)
2.42,dd (13.6,5.7)
2.57,dd (13.6,9.2)

6.20,s
6.13,s

354,s

2,07, s
1.03,d (6.7)
1.94, s
1.89,s

0.98, d (6.8)
0.95, d (6.6)

" Under residual solvent peak

porosuphenol D (4.3b)

O¢, type
21.1,CH;
71.4,CH
41.0,CH
142.0, CH
=a

146.8, CH
1353,C
210.8,C
41.5,CH
102.7,C
31.1,CH
26.6, CH,

112.4,C
154.0,C
102.9, CH

a

111.3,CH
137.0, C
483, CH,

206.8, C

29.5, CH,
16.8, CH,
16.6, CH;
13.4, CH,
14.0, CH,
14.9, CH,

oy (J in Hz)
1.11, d (6.3)
3.65, m’
2.55, m"
5.75,d (9.9)

7.18, s

3.84q(7.1)

224,m
2.83,dd(15.8,5.9)
2.16, m"

5.96,brs
6.22,brs

3.64,d (16.7)
3.60,d (16.7)

2.10, s
1.01, d (6.8)
1.93,s"
2.01,s
1.15,d (7.1)
0.88, d (7.0)
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Table 4.5: Bioactivity of sphaeropsidin A (4.4) and aspergiloid E (4.5)

ICs0 (uM)

sphaeropsidin A aspergiloid E

4.4 45
S. aureus

+ =

(ATCC 25923)  ~20%13 71.6+52
S. aureus
(ATCC BAA41) 22+ 12 77.8+ 5.4
P. aeruginosa

>100 ~100
(ATCC 15442)
HCT-116 4904 7ias

(ATCC CCL-247)

“Positive controls: S. aureus ATCC 25923, P. aeruginosa
ATCC 15442: 100% growth inhibition with 0.125 mg/ml
kanamycin; S. aureus ATCC BAA-41: 100% growth
inhibition with 0.125 mg/ml vancomycin. HCT-116
ATCC CCL-247: 82.8% cell growth inhibition with
200 uM etoposide.

All compounds isolated from Aspergillus porosus were tested for biological activity
in antibacterial (S. aureus, ATCC 25923; S. aureus, ATCC BAA-41) and cytotoxicity
assays (colon carcinoma HCT-116, ATCC CCL-247). Interestingly, only
sphaeropsidin A (4.4) showed significant activity (Table 4.5), despite the nearly
identical structure to aspergiloid E (4.5), as previously reported.'® The only structural
difference between these two diterpenoids is a hydroxy group at C-9 in 4.4, compared
to a methine in 4.5. Although both structures contain a reactive Michael acceptor and
a labile hemiketal, the inactivity of 4.5 might indicate that these shared functional
groups are not the sole cause of bioactivity even if these functional groups may be
considered PAINS.? It was also observed that 4.5 is less stable than 4.4, when left in

MeOD, 4.5 will form a mixture of methanol adducts, while 4.4 remains stable. The
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porosuphenols A, B and C/D (4.1, 4.2, 4.3a, and 4.3b) were inactive in antibacterial
and cell viability assays and no activity was observed for antifungal, antimalaria,
antitubercular,®! antioxidant, and metal chelating activity (> 50 pM).

Concluding Remarks: The present study presents a survey of the chemical
structures and bioactivity of the algal endophyte A. porosus. This strain produces a
diversity of secondary metabolites, consistent with previous studies that have found
marine fungi are under-explored compared to terrestrial fungi and that marine plant-
associated fungi are an especially rich source for metabolites. Four new metabolites
named porosuphenol A-D (4.1, 4.2, 4.3a, and 4.3b), and two known diterpenes (4.4
and 4.5) were isolated and their structures derived from extensive MS and NMR
experiments. To establish the absolute configuration of these flexible polyketides,
Mosher ester analysis was used combined with a J-based conformational analysis,
DFT-based computations of spectroscopic and chiroptical data in comparison with
experimental data. Initially, using the hybrid WP04 functional to compute '"H NMR
chemical shifts provided results that agreed with a deuterium-exchange study in that
4.1 and 4.2 are C-9 epimers. However, while computed ECD spectra provided a good
fit for 4.2 as 25,35,9R,11R, none of the other configurations were a good fit for
compound 4.1. Further investigation revealed that the construction of the conformer
ensemble was highly sensitive to a number of small effects. A refined conformational

search guided by experimental NMR parameters was required to determine the absolute
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configuration of 4.1 as 2S5,35,9S,11R, with best fit for all experimental parameters
including *J@-n) and *Jc-ny coupling constants, NOE distances, 'H NMR chemical
shifts, as well as ECD spectra. An unusual case of structures for which standard DFT-
based conformational sampling failed for one specific configuration has been
presented, most probably due to explicit solvent effects, and a solution using
Stereofitter with implemented experimentally derived parameters was applied to yield
the correct conformers for 4.1. The structure of 4.3a/4.3b was derived from MS and
NMR experiments to be a 14-desmethyl derivative, however, due to rapid equilibrium
between 4.3a and 4.3b, the linear and ring-closed isomers, the absolute configuration

was not determined.

4.4 Experimental

General experimental procedures. Optical rotations were recorded on a JASCO P-
1010 polarimeter. UV spectra were recorded on a BioRad SmartSpec3000. IR spectra
were recorded on a Thermo Scientific Nicolet 6700 FT-IR spectrometer. ECD spectra
were recorded on a JASCO J-1000 spectrometer. NMR spectra were acquired on a
Bruker Avance III 500 MHz, Bruker Avance III 700 MHz, or a Bruker Avance III 800
MHz spectrometer equipped with a 5 mm TXI probe or 5 mm BBO probe (500 MHz
and 700 MHz), TCI cryoprobe (700 MHz), or TXI cryoprobe (800 MHz), with the
residual solvent used as an internal standard (CDCls: 7.26/77.16; CD3CN:

1.94/118.26). Low-resolution ESIMS and HRTOFMS (ESI") mass spectra were
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recorded on Agilent 1100 series LC with MSD 1946 and Agilent 1200 series LC with
6230 TOF MS, respectively. A Teledyne Isco CombiFlash Companion system was
used for adaptive gradient, automated flash chromatography. Analytical HPLC was
performed using an Agilent 1100 HPLC system equipped with a photodiode array
detector. The mobile phase consisted of ultra-pure water (A) and CH3CN (B) with
0.05% formic acid in each solvent. A gradient method from 10% A to 100% B in 35
min at a flow rate of 0.8 mL/min was used. The column (Phenomenex Kinetex Cis, 5
pum x 150 mm x 4.6 mm) was re-equilibrated before each injection and the column
compartment was maintained at 30°C throughout each run. Semi-preparative HPLC
(Phenomenex Kinetex Cis, 5 um x 150 mm x 10 mm) utilized isocratic elution
conditions or a gradient system with a flow rate of 4 mL/min on an Agilent 1100 HPLC
system operating at room temperature equipped with a photodiode array detector.
Preparative HPLC (Phenomenex Luna Cis, 5 pm x 250 mm x 21mm) was conducted
at room temperature, using isocratic elution conditions or a gradient system with a flow
rate of 20 mL/min utilizing an Agilent 1260 Infinity series HPLC equipped with a DAD
detector. All samples were filtered through a 0.45 pm nylon filter or centrifuged at
14,000 rpm for five min before LCMS and HPLC analysis. Analytical thin-layer
chromatography (TLC) was performed on pre-coated silica gel 60 Fas4 plates

(Eppendorf). TLC plates were visualized by UV (254 and 360 nm), and by spraying
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with anisaldehyde solution followed by heating at 80 °C. General reagents were from
Sigma-Aldrich and VWR International.

Identification of fungal species. The endophytic fungus Aspergillus sp., strain G23,
was obtained from Bioviotica. Phylogenetic identification of the fungal strain was
achieved by PCR amplification and sequencing of both the ITS and partial beta-tubulin
encoding genes of DNA, according to a published procedure.*? ITS1 forward primer
and ITS4 reverse primer were used to amplify the complete ITS sequence'® while Bt2a
forward primer and Bt2b reverse primer were used to amplify the partial beta-tubulin
encoding gene.'® The closest match for the beta-tubulin gene fragment from a
nucleotide megaBLAST was Aspergillus porosus (strain CBS 1417700) with 96%
sequence coverage and 100% identity (GenBank:LT671130.1). The beta-tubulin gene
fragment was required to further distinguish within Aspergillus section Aspergillus; see
the phylogenetic trees below.*

The phylogeny was inferred by using the Maximum Likelihood method (Tamura 3-
parameter model®* for ITS and Kimura 2-parameter model** for partial beta tubulin
gene fragment). The trees with the highest log likelihood (ITS =-862.4657; beta tubulin
= -1353.3207) are shown (Figure C.1 and C.2, Appendix C). Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using the Maximum Composite

Likelihood (MCL) approach, and then selecting the topology with superior log
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likelihood value. The trees are drawn to scale, with branch lengths measured in the
number of substitutions per site. The analysis involved 26 nucleotide sequences for ITS
and nine for beta tubulin, all retrieved from GeneBank>® or the NCBI BLAST targeted
loci sequences from the fungi type and reference material collection.’® All positions
with less than 95% site coverage were eliminated. Accordingly, fewer than 5%
alignment gaps, missing data, and ambiguous bases were allowed at any position. There
was a total of 458 positions in the final dataset for the ITS region and 295 for the beta
tubulin. Phylogenetic analyses were conducted in MEGA7.%’

Extraction and isolation. All fungal cultures were extracted with 10 L EtOAc with
shaking/stirring overnight after separation of fungal mycelia from culture broth by
filtration. The organic layer was separated and washed with 10 L H2O before
evaporation to dryness in vacuo. The culture broth was then treated with XAD-7 resin
and left overnight. XAD-7 resin was separated by filtration, washed with 2 L of DI-
water, and then extracted with 2 L of 1:1 acetone-methanol mixture. The organic extract
was concentrated before partitioning between EtOAc and water. In turn, the aqueous
layer was washed three times with EtOAc. The organic layers were combined, dried
and concentrated in vacuo. The organic extract of a 10 L culture in 1158 medium (malt
extract 20 g/L; D-glucose 10g/L; yeast extract 2g/L; NH4HSO4 0.5 g/L; pH 6.0) was
separated into seven fractions by normal phase vacuum-liquid chromatography (VLC)

eluted with a CH2Clz2 to MeOH gradient. Altogether, 6.5 mg of porosuphenol A (4.1),
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5.0 mg of porosuphenol B (4.2), and a combined 3.0 mg of porosuphenol C and D (4.3a
and 4.3b) were isolated from Fraction 5.

Porosuphenol A (4.1): colorless oil; [o]p?! -130.8 (¢ 0.1, CH3CN); IR (ATR): Viax
3390, 2970, 2932, 1709, 1645, 1606, 1457, 1358, 1307, 1276, 1198, 1149, 1086, 1022,
833; ECD (c 0.1, CH3CN) 194.3 (-2.3), 215.4 (+1.7), 234.4 (+0.3), 245.3 (+0.5), 255.1
(+0.6), 274.6 (+1.2), 299.9 (-4.7); UV (c 0.1, CH3CN) Amax (log €) 204 (4.2), 285 (3.8)
nm; 3C NMR (176 MHz, CH3CN-d3) and 'H NMR (700 MHz, CH3CN-d3) see table
4.1; HRESIMS m/z 459.2739 [M+H]" (calcd for C27H3906(+1) 459.274; Appm = 0.4).

Porosuphenol B (4.2): colorless oil; [a]p?' -35.8 (¢ 0.1, CH3CN); IR (ATR): Vmax
3362, 2969, 2931, 1708, 1646, 1606, 1457, 1357, 1308, 1277, 1198, 1149, 1087, 1022,
832; ECD (¢ 0.1, CH3CN) 192.6 (-1.9), 204.5 (+0.8), 221.2 (+0.2), 230.5 (+0.3), 277.5
(-5.0),306.2 (+2.4); UV (¢ 0.1, CH3CN) Amax (log €) 203 (4.2), 285 (3.8) nm; *C NMR
(176 MHz, CH3CN-d3) and '"H NMR (700 MHz, CH3CN-d3) see table 4.1; HRESIMS:
m/z 459.2738 [M+H]" (calcd for C27H3906(+1) 459.274; Appm = 0.7).

Porosuphenol C (4.3a): colorless oil; [a]p?' -39.8 (¢ 0.1, CH3CN); IR (ATR): Vmax
3343,2971,2931, 1700, 1620, 1456, 1355, 1329, 1232, 1144, 1126, 1053. 1027, 1004,
939, 921; UV (30% CH3CN:H20) Amax 210, 288 nm?3; *C NMR (176 MHz, CH3CN-
d3) and '"H NMR (700 MHz, CH3CN-d3) see table 4.4; HRESIMS: m/z 467.2392

[M+Na]" (caled for Ca6H3606Na(+1) 467.24; Appm = 2.8).
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Porosuphenol D (4.3b): colorless oil; [a]p*! -39.8 (¢ 0.1, CH3CN); IR (ATR): Vinax
3343,2971,2931, 1700, 1620, 1456, 1355, 1329, 1232, 1144, 1126, 1053. 1027, 1004,
939, 921; UV (30% CH3CN:H20) Amax 210, 288 nm; '*C NMR (176 MHz, CH3CN-d53)
and '"H NMR (700 MHz, CH3CN-d5) see table 4.4; HRESIMS: m/z 467.2392 [M+Na]"
(caled for C26H3606Na(+1) 467.24; Appm = 2.8).

Preparation of (R)- and (S)-MTPA ester derivatives of porosuphenol A (4.1).
Compound 4.1 (0.88 mg, 1.91x10 pmol) was dissolved in 100 pL of dry acetonitrile.
To this, pyridine (3.0 pL, 37.4 umol) dissolved in 100 pL of dry acetonitrile was added,
followed by (S)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl (MTPA) chloride,
dissolved in 100 pL of dry acetonitrile. The reaction was monitored by TLC. After
24 h, the reaction was quenched with H20 and extracted with ethyl acetate. The organic
layers were combined, dried with MgSOs4, and concentrated to dryness under reduced
pressure. The desired product, the (R)-MTPA (4.1R) ester of porosuphenol A, was
purified by HPLC and its structure determined using 1 and 2-dimensional NMR
techniques. Selected 'H NMR data of 4.1R (800 MHz, CH3CN-d5): § 5.43 (1H, d, J =
9.8 Hz, H-4), 5.08 (1H, p, J = 6.4 Hz, H-2), 2.80 (1H, dqd, J = 9.8, 6.8, 6.4 Hz, H-3),
1.36 3H, d, J=6.4 Hz, H-1), 0.95 (3H, d, J = 6.8 Hz, H-22). In an analogous manner,
4.1 (0.88 mg, 191x10 pmol) was converted with (R)-(+)-a-methoxy-a-
(trifluoromethyl)phenylacetyl (MTPA) chloride to yield (S)-MTPA (4.15) ester of

porosuphenol A. Key '"H NMR shifts of 4.15 (800 MHz, CH3CN-d3): § 5.53 (1H, d, J
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=9.6 Hz, H-4), 5.10 (1H, p, J= 6.4 Hz, H-2), 2.89 (1H, dqd, /=9.8, 6.8, 6.4 Hz, H-3),
1.28 (3H, d, /= 6.4 Hz, H-1), 1.09 (3H, d, J= 6.8 Hz, H-22).

Deuterium-exchange study. To an NMR tube containing a solution of 4.1 (1 mg,
3.6 mM) in CH3CN-d3, DCI1 (3 puL of 2% w/w in D20) was added. The NMR tube was
inverted to mix the sample and then monitored by 'H NMR spectroscopy for 24 h.

Accurate NOE distances. A sample of 4.1 was dissolved in CH3CN-d3 (2.5 mg, 9.1
mM) and several 1D PFGSE NOE spectra with zero-quantum suppression,?® using the
Bruker pulse program selnogpzs.2, with 5 sec D1 to insure complete relaxation (71 was
measured as 1 sec using the inversion-recovery method). For each distance to be
determined, seven NOE experiments with varying mixing times were recorded (400,
350, 300, 250, 200, 150, and 50 ms). From the resulting spectra, the integral ratio of
the NOE peak to the inverted peak was plotted against the mixing time.?* The slope of
this line was calculated using a linear fit. H-11 and H-26 were used as the calibration
distance, setting it to 2.679 A. As an internal check, the correlation between H-9 and
H-25 was found to be 2.71 A. This was in good agreement with the predicted value of
2.65 A. Additionally, the distance measurement from H-6 to H-9 of 2.10 A was in
excellent agreement with the measurement from H-9 to H-6 of 2.09 A.

Computational details. Initial conformational analysis was performed in Spartan’
using the MMFF molecular mechanics force field and random rotor conformational

search with 100 conformers. Density functional theory calculations were performed
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using the Gaussian 09 package*’ or ORCA 4.0.1.*! ECD spectra were calculated by the
TDDFT methodology at the ®B97XD/def2-TZVP (UV shift of -1 nm and a ¢ value of
0.22 eV) utilizing CPCM in acetonitrile (compound 4.1), CAM-B3LYP/TZVP with
IEFPCM in acetonitrile (UV shift of 6 nm and a ¢ value of 0.25 eV) or ®¥B97X-
D3/def2-TZVP(-f) (UV shift of 20 nm and a ¢ value of 0.3 eV) utilizing CPCM in
acetonitrile (compound 4.2). ECD spectra were simulated using SpecDis 1.71.4* High-
accuracy '"H NMR shifts were computed at the WP04/aug-cc-pVDZ level utilizing
PCM in chloroform according to Wiitala et al.>> For Stereofitter analysis, the original
conformer populations, as well as newly generated conformers from the enantiomeric
form 2R,3R,9R,11S which were then reflected back to 25,35,95,11R increasing the
number of low energy 2,3-anti conformers present in the 25,35,95,11R conformer pool.
These conformer sets were subjected to QM geometry optimizations and frequency
calculations at M06-2X/6-31+G*. All 2,3-gauche conformers below 5 kcal and all 2,3-
anti conformers for each possible configuration, 2S,3S,9R,11R; 2S5,35,9S,11R;
25,35,9R,11S; and 2§,35,95,11S not exhibiting imaginary frequencies were analyzed
with Stereofitter (Mestrelab)* utilizing NOE-derived distance and coupling constant
constraints from Table 4.3. Single-point energies for all conformers found in the
25,35,95,11R Stereofitter solutions were computed at the DLPNO-CCSD(T) level,**

with a def2-TZVP triple zeta basis set using Resolution of Identity approximation for
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Coulomb integrals and COSX numerical integration for Hartree Fock exchange, both
with and without CPCM solvation (acetonitrile).

Antimicrobial assays. Extracts and fractions were tested for inhibitory activity
against Staphylococcus aureus (ATCC 25923), methicillin-resistant Staphylococcus
aureus (ATCC BAA-41), multidrug-resistant Staphylococcus aureus (ATCC BAA-
44), Pseudomonas aeruginosa (ATCC 15442), Candida albicans (ATCC 90027),
Candida krusei (ATCC 34135), and Mycobacterium smegmatis (ATCC 14468) in

1.*? Fractions and pure

micro-broth assays performed following an established protoco
compounds were tested at a concentration of 125 pg/mL. All human pathogens used in
the study were acquired from the American Type Culture Collection (ATCC,
Manassas, VA, USA).

Cytotoxicity assay. Cytotoxic activities of extracts and pure compounds were
evaluated against colon (HCT-116) cancer models by measuring the reduction of the
tetrazolium salt MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide)
by metabolically active cells following standard procedures.**

Antioxidant assay. Antioxidant activity was tested using the DPPH radical
scavenging assay.*> Compounds were tested at 50 and 100 uM in MeOH. DPPH final

concentration was 0.05 mM. 25 uM Vitamin C was used as positive control.

Absorbance at 517 nm was monitored every 10 mins for 30 mins, then every 30 mins
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for 4 hrs. The percent of unreacted DPPH was quantified using a calibration curve at
517 nm.

Metal-chelating activity assay: Fe chelating activity was tested with competition
assays using FeCl2 and ferrozine,*® which absorbs 562 nm light when complexed with
ferrous ions. Test compounds were dissolved in DMSO and added to 96 well plates.
Then, FeCl2 in H2O was added to the test compounds followed by the addition of
ferrozine in H20. After 10 mins of incubation, the plates were read at 562 nm. Fungal
metabolites were tested at 50 and 100 pM. FeCl» and ferrozine were at a finial
concentration of 40 and 50 puM respectively. 50 uM EDTA was used as a positive

control.
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5.1 General conclusion

Natural products (NPs) have inspired generations of chemists and influenced drug
discovery. In times of fast genome sequencing and high-throughput screening for
bioactivities and novel chemical entities, the question arises if we have exhausted the
pool of unique NPs. In agreement with the conclusions of Pye et al,! this thesis provides
support that the natural world still has much to offer. While the number of known NPs
is ever-increasing, the rate at which new molecular architectures are discovered has
remained constant over the past decade.!” The exploration of unusual and understudied
sources combined with continuously evolving discovery methods will allow this trend
to continue.> We are just beginning to explore the biological function(s) of many NPs
which will inform and guide future screening methods and translational applications.
The chapters of this thesis highlight the identification and study of new and known
fungal NPs, from structure elucidation and bioactivity survey to their function in fungal
development. Recently developed techniques, including computational calculations to
access the absolute configuration of new fungal metabolites, and mass spectrometry-
based metabolomics to quickly assess metabolite identification and abundance, were
employed in the study of Aspergillus derived NPs.

Fungi have proven to be a great source for NP discovery,* the genus Aspergillus
being one of them.’ Starting with the discovery of the aflatoxins® and lovastatin,’

Aspergillus species continue to provide novel NPs today.® However the ecological
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function of most fungal NPs is not well understood,” and recently more studies are
focusing on the ‘when and why’ fungi produce NPs.”!° Chapter two of this thesis
utilizes LCMS-based metabolomics in combination with RNA sequencing to explore
the chemical function and regulation of NPs in 4. nidulans conidia. It was found that
the genetic regulatory networks that control conidiation also control which NPs are
present in spores. Here, we used metabolomic analysis'' and rapid compound
identification'? to gain a better understanding of secondary metabolite function.
Chapter three and four of this thesis describe the discovery of nine new NPs from
two different Aspergillus species, Aspergillus ustus and the recently described
Aspergillus porosus. Determining the molecular structure of a new NP is a non-trivial
task that has helped push the limits of synthetic chemistry,'* spectroscopy,'*

spectrometry,'”> and chromatography.!®

Even today, corrections to proposed
structures!” are inevitable occurrences, with the establishment of the absolute
configuration remaining a formidable task. Chapter three highlights the discovery of
five new drimane sesquiterpenes from A. wustus. Structure elucidation of these
compounds utilized state-of-the-art 1D and 2D NMR techniques, chemical
modification, and computational methods to support their absolute structure. In chapter
four, the determination of the absolute configuration of molecules with high degrees of

freedom, here linear polyketides, was achieved. This task required a battery of

techniques, including mass spectrometry, NMR spectroscopy, Mosher ester analysis,
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J-based conformational analysis, isotope exchange studies, and extensive
computational techniques. In the end, use of experimental parameters to guide the
conformational search was successful to correctly model ECD spectra and confirm the
absolute configuration of porosuphenol A. The ability to collect numerous orthogonal
experimental parameters and then to corroborate them with computational modelling
will greatly enhance future structure elucidation efforts.

In today’s world, the threat from microbial infection has reemerged due to antibiotic
resistance. It is predicted that by 2050, antimicrobial resistance will cause 10 million
deaths worldwide.'® In times of the current COVID pandemic, bacterial infections are
very likely to occur as secondary infections and are believed to be responsible for
almost half of the death toll during viral pandemics.'” The need for new ways to combat
infections is higher than ever including the need for antiviral drugs as opposed to
vaccines. Chapter three describes the bioactivity guided isolation of several new
drimane sesquiterpenes from Aspergillus ustus. Interestingly, while the fungal extract
and fraction exhibited moderate antibiotic activity, the three isolated active compounds
showed only weak activity against drug resistant Staphylococcus aureus. It was found
that the activity of the new metabolite ustusoic acid B (3.5) was enhanced when tested
with equal amounts of stromemycin (3.6), a known metabolite isolated from the same
culture. For the treatment of various pathogens,? viruses,?! and cancer, ?* despite some

controversy in the field,® combination therapy of multiple drugs has been successful.>*
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The work presented here provides evidence that fungal extracts can contain inherent
synergism which has the potential to increase the effectiveness of antibiotic
treatments.?

In summary, the work within demonstrates that the exploration of fungal NPs is
flourishing as we continue to discover new molecular structures and new biological
roles NPs play. Focusing on Aspergillus species, a powerhouse in NP production, we
studied the connection of metabolite expression and fungal development. Advanced
techniques in computational structure elucidation and metabolomics were employed to
discovery and identify structures of new and known fungal NPs. In total, 9 new
Aspergillus derived NPs were discovered while 10 known metabolites were identified
by isolation and structure elucidation by NMR. Additionally, 11 others were
established by mass spectrometry-based metabolomics. In agreement with Pye et al,
there is much to gain in the area of natural products sciences and fungi will continue to

surprise us with their complex chemical structures and chemical ecology.
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Figure A.1: Principal component analysis 2D scores plots for both negative mode
(left) and postive mode (right)

Strain name  Relevant genotype References
FGSC4 A. nidulans wildtype, veA* FGSC2
THS15 pyrG89; pyroA4; AvosA::AfupyrG *; veA* (1)
THS16 pyrG89; pyroA4; AvelB::AfupyrG *; veA* M
THS20.1 pyrG89; pyroA::velB(p)::velB::FLAG:x::pyroAP; AvelB::AfupyrG*; (1)

veA*
THS28.1 pyrG89; pyroA::vosA(p)::vosA::FLAGax::pyroA®; AvosA::AfupyrG (1)

*veA*r
TMY4 pyrG89; pyroA4; AwetA::AfupyrG *; veA* (2)

@ Fungal Genetic Stock Center

® The 3/4 pyroA marker causes the targeted integration at the pyroA locus.

(1) Park, H. S.; Ni, M.; Jeong, K. C.; Kim, Y. H.; Yu, J. H. PLoS One 2012, 7, e45935.

(2) Wu, M. Y.; Mead, M. E.; Lee, M. K.; Ostrem Loss, E. M.; Kim, S. C.; Rokas, A.; Yu, J. H. mBio
2018, 9.

Table A.1: Aspergillus strains used in this study
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OLIGONUCLEOTIDES

NAME SEQUENCE (5°23’) PURPOSE
OMY-43  tagcgcattgttgcttaggg 5’ flanking of AniwetA
OMY-44  gccgttaccgacggatactc 3’ flanking of AniwetA
OMY-45 gtaatagactcagtggaccggge 5’ nested of AniwetA
OMY-46  ctcctectagaacccattatgge 3’ nested of AniwetA
gtgaagagcattgtttgaggcaggaagaggctgcca 5" AniwetA with AfupyrG
OMY-47 gaagacctg tail
agtgcctectctcagacagaataggaggaagettag 3" AniwetdA with AfupyrG

OMY-48 atctgtggce tail
OMY-25  gaccactcgttcaacaacgatg 5’ AniwetA
OMY-26 cgtactgcattaagtgegg 3’ AniwetA
OMY-53  ccgaattcttgaagtattgattatgtaattatge 5’ AniwetA with EcoRI
OMY-54  tagcggccgegeagaggacagectctaggg 3’ AniwetA with Notl
OJH-84 gctgaagtcatgatacaggccaaa 5’ AfupyrG marker
OJH-85 atcgtcgggaggtattgtcgtcac 3’ AfupyrG marker

5’ AniwetA upstream WRE
OMY-242  ccgctggttcaggtettetg (100 bp)

3’ AniwetA upstream WRE
OMY-243 catcttgccagcgggtga (100 bp)

57 AN8643 upstream WRE
OMY-268 aagcctagtgtacgcttacaagg (100 bp)

3> AN8643 upstream WRE
OMY-269 ctgcatccgecaatcatgg (100 bp)

5" AN0663 upstream WRE
OMY-270 ctgcggatctcgtttcegte (100 bp)

3> AN0663 upstream WRE
OMY-271 ctgcectetctacaccaccaate (100 bp)



OMY-272

OMY-273

OMY-260

OMY-261

OMY-262

OMY-263

OMY-264

OMY-265

Table A.2: Oligonucleotides used in this study

cgaatttgcggggatagg

gcaagtcttgtgggaatgtactcag
geectgggagtagagaccag

tcggtactcgatgtgtccat

gacacccgaactctcttcgag

tgagtccatgtcgacgtactg

gatccgcagttcccttcgac

gacgtactgactgaataaatcatcg

114

5> AN1918 upstream WRE
(100 bp)

3> AN1918 upstream WRE
(100 bp)

5’ AniwetA upstream WRE
(200 bp)

3’ AniwetA upstream WRE
(200 bp)

5’ AfuwetA upstream WRE
(200 bp)

3’ AfuwetA upstream WRE
(200 bp)

5’ AflwetA upstream WRE
(200 bp)

3’ AflwetA upstream WRE
(200 bp)
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gg | A- ustusCBS 133.55

A. ustus CBS 261.67

A. granulosus CBS 588.65

26| A calidoustus CBS 121601

A. pseudodeflectus CBS 596.65
A. pseudodeflectus CBS 756.74

971 A. insuetus CBS 102278

A. insuetus CBS 107.25

99 A. ustus

6 A.insuetus1G105

&9 A. ustus ATCC 58983

A. nidulans CBS 129325
A.terreus|BT 16745

28 A. niger CBS 113.46
27 A. flavus CBS 10027

A. fumigatus CBS 542.75

Penicillium steckiiNRRL 35625

0.020

Figure B.1: Phylogenetic tree based off ITS gene fragment
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Figure B.6: COSY NMR spectrum (500 MHz, CD3CN) of 3.1
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Figure B.7: HSQC-DEPT NMR spectrum (500 MHz, DMSO-ds) of 3.1



122

| N
E
L a
: =
: s
!
i : j .
— i ' H . @

— ! i h -
i )
1

— i

— j
: o
! =
i
i
!
l 2
i
: 8

I ~

10 a8 & 4 2 F2 [ppm]

Figure B.§: HMBC NMR spectrum (500 MHz, DMSO-ds) of 3.1



123

o, j‘ l .u._
2 F1[ppm]

10

10 8 6 1 2 F2 [ppm]

Figure B.9: NOESY NMR spectrum (500 MHz, DMSO-dp) of 3.1



124

'b"’]’
mAU
1800 1004 v
1600
1400 o
1200

60
1000

-
W

800 oS

40
600 |
400 |

20

9
200 K
N
kil ¥
0 0 Jub L, I U O S PR
220 240 260 280 300 320 340 360 380 nm 200 250 300 350 400 450m/

Figure B.10: UV and ESI positive mode low-resolution mass spectrum of 3.2

-2

Ae

-4

-6
205 225 245 265 285 305 325 345 365 385

Wavelength (nm)

Figure B.11: ECD spectrum of 3.2



125

05660
899171

8z8lT
66LEL ~
sley'l £
0£55°L
86741 —
07207 -,
TLL0T
6980°T

YLSLY -

SOl -

6LL6F ¢
0EV6'Y -

oULTLS

658G -
7900°9 -
89€0°9 |
€010~
EEV1'0
05199

89€9°9
vi90 |
99999

0zzL9

SEVLO |
ZLSL9
LELLD 5
80/0°/
9Z60°L |
oLolZ

1€96'C
80S15=_
8S59°C

gs9y L

S10S° |
oL¥8’L

LE68E [

0LED [
9891

9660'[—_
901071
SZLO'L
61560 |

81660
90Ul

78660 |
0000']

1 [ppm)

Figure B.12: 'H NMR spectrum (500 MHz, MeOH-dy) of 3.2
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Figure B.13: 3C NMR spectrum (176 MHz, MeOH-ds) of 3.2. Carbons C-6’, C-7’,
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data.
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Figure B.14: COSY NMR spectrum (500 MHz, MeOH-d4) of 3.2
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Figure B.15: HSQC-DEPT NMR spectrum (500 MHz, MeOH-d») of 3.2



129

o omowane allaas — e ) L | T

* N E
. ey o
.ty - i
SRR Ol

¢ fEd"

g,
Q
? Ar=]

.-

% -
(=]
. @
o
f=
[=]
~
- e o o
- - - -
Q
fra]

7 6 5 4 3 2 F2 [ppm]

Figure B.16: HMBC NMR spectrum (500 MHz, MeOH-d+) of 3.2
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Figure B.17: NOESY NMR spectrum (500 MHz, MeOH-d4) of 3.2
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Figure B.38: HMBC NMR spectrum (700 MHz, MeOH-d») of 3.5
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Figure C.1: Phylogenetic tree based off ITS gene fragment
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Figure C.2: Phylogenetic tree based off partial beta-tubulin gene fragment
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Figure C.3 UV and ESI positive mode low-resolution mass spectrum of 4.1
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Figure C.13: 1D selective TOCSY NMR Spectrum (500 MHz, CD3CN, O1P =1.12

ppm) of 4.1
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Figure C.21: 2D-NOESY NMR (500 MHz, CD3CN, Mixing time = 800 psec) of 4.2
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Figure C.25: COSY NMR (500 MHz, CD3CN) of mixture of 4.3a & 4.3b
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Figure C.29: PANIC (Peak Amplitude Normalization for Improved Cross-relaxation)
plots were used to obtain NOE distances between H6-H9, H6-H4, H6-Me26, and

H6-Me23
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Figure C.30: Comparison of UV spectra of 4.1 to computed spectra at the
wB97XD/def2-TZVP level with conductor-like PCM (CPCM) in acetonitrile
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Figure C.31: Comparison of UV spectra of 4.2 to computed spectra at the
cam-B3LYP/TZVP level with integral equation formalism PCM (IEFPCM) in
acetonitrile
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Figure C.32: J-based analysis including all conformer pairs that produce a medium
3
J(H2-H3)

conf. rel. kcal solv. rel. kecal gas

4 0.00 1.00
10 0.79 0.00
6 291 1.10
2 9.85 9.54
43 6.85 7.35
1 25.14 17.34

Table C.1: Relative DLPNO-CCSDT single point energies (with and without CPCM
solvation in acetonitrile) for all conformers of 4.1 contributing to Stereofitter
ensembles (see Table C.2)
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conformers in ensemble ratio X AIC
2,43 0.497:0.503 435 6.35

1,2 0.482:0.518 5.70 7.70

2.4.43 0.495:0.084:0.421 4.18 8.18

2.6,43 0.493:0.058:0.449 427 8.27

2.10,43 0.496:0.053:0.451 4.28 8.28

186

Table C.2: Conformer numbers, ensemble ratios, %2, and Aikake Information Criteria

values for Stereofitter solutions for 4.1



