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Abstract

Natural products have played a major role in the history of medicine. D#spite
history, many view the area of natural products discovery to be tapped dry, thus the focus
of drug development companies has shifted towards other avenues to discover new drug
leads (.e. combinatorial chemistry). In recent years, there has been an expansion of
antimicrobial-resistant organisms accompanied by a lack of new drug®ntming to
market. These trends illustrate a need to find new approaches other than the current
status quo.

Analyses of microbial genomes show that there are many more secondary
metabolite biosynthetic pathways than known secondary metabolites. These silent
biosynthetic pathways (SBPs) offer the opportunity to discover new chemistriyeand t
hope of new drug-like entities. Current methodologies to access SBPs fall irdb one
two categories: culture-dependent methods or molecular-based techniquesyevhich a
highlighted in chapter 1. While both approaches have been utilized to access SBPs, ther
are many deficiencies which inhibit the overall effectiveness of both cheth&e offer
another approach to bypass these difficulties. Studies of fungal genomes have
demonstrated that many secondary metabolite biosynthetic genes are uneiestepi
regulation. It is thought that treating fungi with small molecule epigeneidifiers will
upregulate the transcription of SBPs and allow the isolation of new secondary
metabolites. This dissertation describes the work done using small molegiglesetic
modifiers to access SBPs and isolate new secondary metabolites. The thied chapt
involves pilot studies of cultures which were treated with epigenetic modifidrtha

resulting isolation of two new polyketide compounds, lunalides A and B. The fourth

xi



chapter follows up this work by demonstrating that the use of epigenetic modasellts
in the transcriptional upregulation of secondary biosynthetic pathways for-atudikd
strain ofAspergillus niger This is followed by the isolation of nygerone A from
Aspergillus nigeiin the fifth chapter, which also presents a structural revision and
bioactivity analysis of a set gfpyrones ang-pyridones. The final chapter diverges
from the topic of small molecule epigenetic modifiers and investigateshiigatoxicity
of Prymnesium parvupan invasive algal species which has transitioned from coastal

water regions to local rivers, lakes, and streams.
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Chapter 1. Oveview of Natural Products and Method$o Access Silent

Biosynthetic Pathways

This chapter has been is adapted from portions of a previously published book ¢hapter.

1.1 Natural Products and the Pharmaceutical Industry

Natural products have had a long, rich history with respect to their importance in
the treatment of disease. Since 1980, greater than 60% of drugs developed wede deri
from natural sources? Despite the overwhelming number of drugs and drug leads from
natural product sources, pharmaceutical companies appear to believe that newiesscove
from natural products have been tapped dry. Thus, companies have moved towards other
methods to develop drug lead® (combinatorial chemistry).>

The completion of the human genome project allowed for new disease targets to
be identified for high-throughput bioassays. The development of these bioassa&ys has |
to a shift in the approach with which pharmaceutical companies identify new bioactive
compounds. Combinatorial chemistry was envisioned as the means to develop large
compound libraries to screen for bioactive compounds; however, this approach has not
met expectation$.> In 2004, new active substances from the pharmaceutical companies
hit a 24-year low,even with changes in the rationale for creating combinatorial
libraries®” The lack of new drug-like entities has come at a time when there has been
dramatic increase in the presence of antimicrobial resistant organibiol,imdicates

other approaches, outside the current status quo, need to be explored.



1.2 Analysis of Microbial Genomes

The proliferation of fully sequenced microbial genomes during the past decade
demonstrated that only a fraction of nature's chemical bounty has beereéxplbis
discovery has sparked significant interest in probing silent biosynthetic patii@Bks)
for new and bioactive natural products and has led to the rapid development of several
innovative technologies for investigating these compounds. Given the substantial
scientific interest in this field, several articles about microbid@$&Bave been published
within the past few years. These publications have provided deeper understanding of the
topic®?* The remainder of this chapter focuses on the methodological approaches used
to access the products of SBPs.

Further investigations into SBPs illustrate that many microorganispress only
a fraction of their secondary-metabolite-encoding pathways under tygiosatary
culture conditiongTable 1.1). In each of these cases, the numbers of secondary
metabolites observed from laboratory-grown cultures fall short of theirigaihet
encoded biosynthetic potential. Several terms have arisen in the natural products
literature as descriptors of this phenomenon. By definition, “silent” biosyatheti
pathways include the broad range of suppressive transcriptional, trang|ameha
biosynthetic mechanisms responsible for inhibiting secondary metabolite ifmmmétis
interesting to consider that some secondary-metabolite-encoding pathabgppear
functionally silent might actually be transcribed at low levels, regpiti the generation
of relativelyminor concentrations of their respective biosynthetaducts.

Consequently, this low-level production could preclude the straightforward detection of a



gene's or gene cluster's associated natural profutiisother cases, SBPs have
demonstrated complete transcriptional suppression under laboratory €ufttire.
Regardless of the cause, SBPs occupy the vast gulf that exists betwkeovdedge of
what microorganisms are genetically able to produce and the natural prib@icts
researchers are capable of chemically detecting.

Generally, approaches utilized for exploring SBPs fall into two categories:
manipulation of culture-dependent methods or molecular-based techniques. The

following sections will take a glimpse into the present state of these éas.ar

Table 1.1 Number of polyketide synthase (PKS), non-ribosigpeptide synthetase (NRPS), and hybrid
polyketide synthase/non-ribosomal peptide syntleete®N) gene clusters in selected bacteria and.fung

Genome Number of gene clusters Reference

Organism
size (Mb) PKS NRPS HPN

Aspergillus fumigatus Af293 29.4 14 13 1 2
Aspergillus nidulanEGSC A4 30.0 27 13 1 =
Aspergillus nigeATCC 1015 37.2 31 15 9 12
Aspergillus nigelCBS 513.88 33.7 34 17 7 %
Aspergillus oryza®IB40 37.0 30 18 0 2
Frankia sp. Ccl3 5.4 6 3 1 %
Magnaporthe grise@0-15 37.9 23 6 8 =
Mycobacterium tuberculosid5N1 4.4 11 2 0 %
Neurospora crassil150 38.6 7 2 1 %
Nocardia farcinicalFM 10152 6.0 6 7 1 2
Penicillium chrysogenurwisconsin54-125532.2 20 10 2 3
Salinispora tropicaCNB-440 5.2 6 3 4 %
Streptomyces avermitilis 9.0 12 4 0 3L 3
Streptomyces coelicol@3(2) 8.7 7 3 0 3
Ustilago maydi$21 20.5 3 4 9 3.3

1.3 Manipulation of Culture Conditions
The ability to activate SBPs by altering microbial culture cood#iwas well

known long before researchers were knowledgeable of the functional roles\that D



RNA, and proteins played in their production. Early accounts that described altered
chemical profiles of microorganisms following culture condition manipulation
demonstrated this point. At the turn of the twentieth century, there was significant
debate as to the roles that various nutrients and chemical "stimulant#j et to the
phenotypic traits of microb&8:.*” While most of these studies focused heavily on
features such as cell mass accumulation and spore formation, it was alsodtisdrve
culture manipulation resulted in significant qualitative and quantitative changas
organism's chemical compositidh.For example, the addition of 0.01% Zn36
Aspergillus nigemwas shown to result in a 41% increase in the productidnaldong

with the appearance and greater yields of many other unidentified smalicorga
substances. Similarly, the effects of varying media/culture conditiers ebserved to
appreciably alter the production of pigments and antibiotics inclii{Agpergillus
fumigatu$,®® 3 (Aspergillus clavatys® 4 and5 (Fusarium culmorumn® 6 (Penicillium
phoeniceun* and7 (Penicilliumspp.)**” While this list of examples is by no means
exhaustive, it does provide important evidence for understanding the conceptual basis on
which modern culture manipulation strategies have been designed.

In the last decade, culture condition manipulation to access SBPs was reviewed
and presented as the OSMAGng StrainMany Compounds) metho® While previous
discussions demonstrate that this concept had been used for decades, the review
presented by Bodet. al.gives a nice summary of culture alteration methods for the
elicitation of new natural products from fungi and other microbial sodfcBecently,
several new compounds have been characterized from fungi using this methodology. For

example, spicochalasin 8) and five new aspochalasi(13)were isolated from the
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marine derived funguSpicaria elegansvhen the media conditions were changed.
Additionally, compound4.4-16from Phomopsis asparagf 17-19from Daldinia

concentri¢’* and20 and21 from Ascochyta salicornfi represent a set aéxamples

which demonstrated the value of culture manipulations strategies. A sighffigalight

of the OSMAC method was shown in a study involv@ghaeropsidalesp. F-24'707.
Varying culture conditions, which included differing culture vessel type, faatien
technique, media formula, and presence or absence of enzyme inhibitors, led to the
isolation of 8 new and 6 known spirobisnapthaletieg/hile these results demonstrate

that one can alter growth conditions to trigger the production of SBPs that produce new
or hidden natural products, the endless conditions which could be used to access these

SBPs represent a significant disadvantage to the process. Additionallyingultur
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conditions which may be favorable for accessing SBPs of one organism are not
guaranteed to be conducive to a different organism.

Another culturing method which has been explored in the attempt to access SBPs
is based on the fact that fungi natrually live in complex communities winrctve a
wide range of chemical interactions. It has been proposed that cahgbitat
microorganisms might serve as a signal for the production of natural prétiucts.
Consequently, it was thought that agents capable of triggering SBP productidn mig
include a variety of undefined signaling molecules making co-culture a Ipgiyising
approach for natural product discoverySince 1978, the literature is scattered with
instances in which mixed fermentation resulted in the increased production of known
secondary metabolité&®® What is more interesting are the published accounts which
have described new chemistry under co-culture conditions ranging from the mixing of
multiple live organisms to the addition of microbial-derived components into
cultures®®

The microbial metabolite pestalo(®2) was reported in 2001 from a marine-
derivedPestalotiasp®® It is noteworthy that pestalone was not detected from
monocultures of th@estalotiasp. However, addition of an unidentified marine
bacterium resulted in the production of this metabolite, which was found to possess
antimicrobial activity. Other examples in which co-culture conditions produced new
secondary metabolites inclu@8in a combined culture of a fungal and bacterial strain
which were isolated from an abandoned nfit28 and29 from a combination of a
fungus,Emericellasp.®? and a bacterigalinispora arenicold” and30and31 from a

combined culture of two endophytic fungi isolated from a mangtbueshould be noted



that in all of these instances, the newly isolated secondary metabolites datednst
antimicrobial bioactivity.

A final example to address is the isolation of libertellenones(24227) In this
instance, Olet. al.were able to isolate this series of secondary metabolites when
culturing a marine fungusjbertellasp., with a marine-proteobacteriumi®> These
compounds demonstrated modest bioactivity, ®itlbeing the most bioactive in the
group, which again supports the concepts of co-culturing to access SBPs. However, the
authors were also forthright in the work that went into the isolation of these four
compounds. During the process, more than 50 fungal strains were co-cultured with a
marine bacterium, and only théertella sp. challenged with marine bacterium showed
significant changes in secondary metabolite production by LC-MS when ceafripa
control condition§” These results definitively support the power which co-culturing
conditions can provide when accessing SBPs. The small sampling of results
demonstrates that often times these isolates have interesting chéneigbngesence of
halogen(22) or nitro-group(23)) and bioactivity. As with adjusting media conditions,
co-culturing has the potential for accessing SBPs, yet the libertelletoope s
demonstrates that there are similar drawbacks. The secondary metabdlitipn of
one strain may respond to a certain organism(s), but the next could require dgmplete
different organism(s) to be added in order to elicit changes in secondatyafitet
production. Ultimately, there is a need for understanding the genome of an organism in
order to rationally approach culture dependent methods to access SBPs. Othewise, t

primary factors in accessing SBPs by these methods will remain gu&ssw
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1.4 Heterologous Expression as an Approach to Investigating SBPs

With the access that genome sequencing has granted, additional genomic
methodologies have been utilized to explore SPBs. Heterologous expredsingues
provide the opportunity to selectively transfer a SBP into a new host possessing a
non-transcriptionally suppressed regulatory environment to produce the enzymatic
machinery for silent natural product biosynthesis. While this technology has lukdn wi
used for investigating non-secondary-metabolite-encoding genes, its applioahe
study of natural products and SBPs has evolved dramatically in recent lye2066,
genome scanning by Muller and colleagues led to the discovery of a typeSlinRKe
myxobacteriunSorangium cellulosurfor which no corresponding secondary metabolite
could be identified® Cloning and subsequent transfection of the type Ill PKS into
Escherichia colandPseudomonasp. demonstrated that the pseudomonad was able to
function as an appropriate host for expression. The transfésediomonasp. culture
turned visibly red and HPLC profiling confirmed the presence of a new metabdhe
structure of the compound was determined to be a naphthoquinone, fl&4hlitnat is
readily generated from the oxidation of the actual biosynthetic prequnsduct, 1,3,6,8-
tetrahydroxynaphthalene.

An important advantage of heterologously expressing SBPs is the opportunity it
affords to manipulate biosynthetic genes and enzymes, as well as stogasgc
metabolite production in a cell-free environment. For example, the Canes group noted a
terpene synthase of unknown functiorSincoelicolorA3®” and transfected the cloned
gene intcE. coli. Using gene manipulation, the researchers were able to produce a

modified Hig-tagged protein that could be readily purified by Niffinity

10



chromatograph$? In vitro incubation of the recombinant protein with farnesyl
diphosphate in the presence of Mgielded31. The importance of this approach is that
utilization of the recombinant protein allowed the group to carefully analyzeda&on
mechanisms and kinetics of the new terpene synthase, which is generally ¢ poss
cellular host.

Palmuet al. have taken the idea of SBP manipulation one step further, leading to
the production of new angucycline anal8ysThis group observed that both
Streptomycesp. PGA64 an&treptomycesp. HO21 possessed PKS gene clusters,
exhibiting significant homology to each other. Heterologous expression of varying
portions of the gene clusters$treptomyces lividanBK24 resulted in the generation of
natural product82 and33. These and other examples demonstrate the promise of using
heterologous expression systems to manipulate SBPs. The ability to gemegae
pools of natural and "unnatural" secondary metabolites presents an exceptional
opportunity to identify new drugs and engineer novel chemical scaffolds. t®éspi
promising features, the routine use of heterologous expression systents/é&ingc
SBPs faces a number of significant difficulties. These challenges irtbledeining and
development of the necessary skill sets researchers need in heterologossi@xpre
along with new and widely applicable tooésd, universal heterologous hosts, novel
vectors for routinely handling large gene clusters, etc.) in order to probe the

overwhelmingly large number of SBPs that are predicted to exist.

11
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1.6 Conclusions and Perspectives on Methods for Accessing SBPs

The investigation of SBPs has advanced significantly in the past 5 years, and it is
expected that further advances in genome-based technologies will continddhsfue
trend. Culture-dependent and genomics-driven methods each have unique advantages
and disadvantages for studying SBPs. There is the potential that traditibmied-based
approaches will have significantly diminished value as part of the repertoire of
contemporary SBP research methods. Replacing these approaches will beya¥ari
new tools, including some of the work discussed in this dissertation, that offer idcrease
speed and efficiency for evaluating SBPs in a high-throughput fashion. Consequently,
there may be a revival of the study of microbial natural products as a resodreeover

bioactive molecules.
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Chapter 2 Hypothesis and Chapter Overviews

2.1 Hypothesis

Natural products have played a crucial role in the drug development prodess, ye
many of the leaders in the pharmaceutical industry have abandoned theirpratiuat
research programs. While compelling evidence exists that there lesgystflcant
numbers of secondary metabolites left to discover in even well-studied baaerial
fungal strains; the overall methodology to best access these biosynthetic gathitray
respect to time and cost, is still out of reach. Therefore, if we could find tovdirgctly
access these pathways, then a whole new world could be open for discovery in
pharmaceuticals as well as other industries.

The work of Keller and colleagues provided enticing evidence for an epigeneti
component to the transcriptional regulation of secondary-metabolite-encodesyayeh
gene cluster§’? Based on this work, the following hypothesis has been proposed for
this dissertationthe use of small molecule epigenetic modifying agents which inltib
histone deacetylase and DNA methyltranferase/histone methyltranstese functions
will lead to the transcriptional upregulation of SBPs resulting in the production
novel secondary metabolitesChapters 3-5 summarize my research and results from the
use of epigenetic modifiers, along with further investigations into the propefsit
class ofy-pyrones ang-pyridinones in black aspergilli are explored through the use of
LC-MS. Finally, Chapter 6 diverges into an investigation of ichthyotoxic secondary
metabolites produced by an invasive aquatic speergsinesium parvumWhile this

project greatly differs from the rest of my work described in this degsam, the

13



scientific merits of understanding the toxins and the effects on freshwatsiseems
make it significant and a part of my doctoral research.
2.2 Chapter 3. Epigenetic remodeling of the fungal secondary metabolome.

Genome sequencing has shown that only a small portion of secondary metabolites
have ever been observed in laboratory settings. While methods have been developed to
access different pathways, major weaknesses in these methods inhibit tHe overal
effectiveness. Molecular based techniques have great potential, but requabzsokci
skills and understanding of the gene sequences. Culture dependent methods are simple
and available to everyone, but finding a condition which results in the isolation of a new
compound is not straightforward, and is costly and time-consuming.

Ideally, a means to access all the biosynthetic pathways of an organienmvehi
laboratory is greatly desired. Using inspiration from Keller and callesdl2 different
strains of filamentous fungi were screened against a panel of small reatgayknetic
modifiers in the culture medium. Extracts of these cultures were subjected to
chromatography to determine if there were new and/or enhanced levels of sgconda
metabolites. The effect a methyltransferase inhibitor, 5-azacytidine, heDiatrype
sp. was explored in a large scale culture condition, resulting in the isolation ofuwo ne
secondary metabolites.

2.3 Chapter 4Chemical induction of silent biosynthetic pathway transcription in
Aspergillus niger

The results described in Chapter 3 revealed that the addition of small molecule

epigenetic modifiers to 11 of 12 fungal strains resulted in the production of new and/or

enhanced levels of secondary metabolites. While these results werggemtitimrespect

14



to our hypothesis, it was still uncertain if the effects of these epigenetldiers were

actually causing the upregulation of genes in the fungi. To further invedtigagetent

to which epigenetic modifying agents were able to alter the transcriptionafdsery-
metabolite-encoding pathway#éspergillus nigewas treated with suberoylanilide
hydroxamic acid or 5-azacytidine, and changes in the transcription of its 31 tmdyke
synthases (PKS), 15 nonribosomal peptide synthetases (NRPS), and 9 hybrid polyketide
synthase-nonribosomal peptide synthetase (HPN) gene clusters aeraeck

2.4 Chapter 5 Analysis of a class gfpyrones andy-pyridones isolated from

Aspergillus niger

Based on the results in the changes in transcription of the PKS, NRPS and HPN
gene clusters dA. nigerunder epigenetic modifier conditions, the task of characterizing
the new SBP-derived metabolites was undertaken. This led to the identificathen of t
new N-phenylpyridine metabolite nygerone A following addition of suberoylanilide
hydroxamic acid to the culture medium, which is discussed in this chapter.

During the isolation of nygeone A, a set of compounds were isolated, which when
dereplicated, based on NMR and MS data, led to two different classes of compounds. A
portion of this chapter focuses on solving the true class of structures to whieh thes
metabolites belong in using DFT calculations and total synthesis. In additiorpave re
the prevalence of this class of compounds in black aspergilli, along with a follow up
analysis regarding the nygerone structure and bioassay data for sonmeindasp

described in this chapter.
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2.6 Chapter 6 Reassessing the Ichthyotoxin Profile of Cultured Prymnesium
parvum (Golden Algae) and Comparing it to Samples Collected from Recent

Freshwater Bloom and Fish Kill Events in North America.

In the United States, there has been a sharp rise in the number of harmful algal
blooms occurring in freshwater systems. Unfortunately, the toxins produceesiey th
algal species are often times poorly characterized or unknown and this presents a
significant impediment to the development of effective risk management stsatemed
at protecting humans. One of the most menacing of the freshwaterRigaaesium
parvum has recently made a surprising transition from coastal waters to inlasd lake
rivers, and reservoirs throughout the southern United States. The spRegzhofum
and similar algal species into recreational and municipal water suppdiesagpated to
have devastating effects on a wide range of ecological and economicssyasenell as
human health. Using a bioassay guided fractionation methodology, a series of toxins
produced by. parvumgrown under both laboratory culture conditions and from recent
algal blooms occurring during 2008 and early 2009 were isolated and chardaterize

this chapter.
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Chapter 3. Epigenetic Remodeling of the Fungal Sendary

Metabolome.
This chapter is adapted from a publication in Organic and Biomolecular Cherfilstry.
3.1. Introduction

Fungi are biosynthetically talented organisms capable of producing aamige
of chemically diverse and biologically intriguing small molecules. Th@mntya of
scientific interests in fungal natural products have centered on their pleatioalt
applications, roles as mycotoxins, and multifarious ecological functions. Unfatyna
typical fungal fermentation methods such as axenic shake or static coltunesficially
defined media are poor surrogates for mimicking an organism’'s nativet habéa
consequence of these practices is that only a subset of the biosynthetic pathiwhys w
encode for secondary metabolite production in fungi are ever expressed, thog limit
prospects for realizing the complete drug discovery potential of thesgmga
Moreover, without securing the full range of ‘siléfitecondary metabolites,
opportunities for testing hypothesis-based inquiries regarding their fatietons
(antibiosis, intra- and inter-species communication, and modulation of diverse biotic
responses) remain unattainable. The magnitude of this problem has becomeymarkedl|
apparent with the advent of modern genomic technologies. With the exceptiontpf yeas
the number of putative natural product biosynthetic pathways in fungi exceeds the sum
total of natural products observed under laboratory culture conditions. Pertinentexampl
highlighting this phenomenon are found améwspergillusspp.”> Neurospora crass&

andMagnaporthe grise&’
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Methods developed for exploring the products of silent secondary metabolic
pathways in microorganisms fall into two broad categdfiesolecular-based techniques
and cultivation-dependent approaches. Despite their incredible promise fatipgovi
outstanding access to and control over silent biosynthetic pathways, molecelir-bas
methods utilizing heterologous expression systems are limited by problemassuc
locating and cloning genes, difficulties with gene transformation andvation, and
host incompatibilities. Alternatively, a variety of cultivation-dependent proesdar
which biotic and abiotic culture parameters are manipulated have likeagseproposed.
While this methodology has been a mainstay of microbial natural products for decades
the concept was more recently formalized by Zeeck and collédgureshas since been
applied by several group$.Unfortunately, this protractive strategy is labor intensive,
lacks predictable outcomes, and inflates the workload of natural products screening
programs. These difficulties are further compounded by strain-specifitioaria the
guantity of metabolite production as well as the seemingly capricious behavimgotd
alter metabolite profiles when re-cultured. Consequently, an alternatthedoéogy that
is universally applicable for rationally inducing the expression of sileataigiroduct
biosynthetic pathways in fungi is needed.

The discovery of the putative nuclear transcriptional regulator LaeA, which
controls secondary metabolite productiospergillus’® has inspired our group to
examine global mechanisms by which fungi restrictively manage the piado€t
natural products under laboratory culture conditions. Published fungal genomes
demonstrate a propensity for the positioning of many putative natural product

biosynthetic gene clusters in the distal regions of chromosBmegportantly, these
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portions of fungal genomes are noted to exist in a heterochromatin state whose
constitutive genes are often transcriptionally controlled by epigenetiatiem such as
histone deacetylation and DNA methylation. Recently, Keller and colledmwe
demonstrated that disruption of histone deacetylase actithtyg in Aspergillus
nidulansled to the transcriptional activation of gene clusters for the production of
sterigmatocystin and penicillif. Moreover, extension of these observations to growing
cultures ofAlternaria alternateandPenicillium expansurauggested that inhibition of
histone deacetylase activity could positively modulate secondary metaivotiigction.
Based on these observations, we hypothesized that small-molecule epigenetersnodif
could be rationally employed for accessing silent natural product pathways and
enhancing the native production of fungal secondary metabolites. The development of
such an approach would present significant advantages to the natural produith resea
community for controlling the expression of latent biosynthetic pathways arnthgrea
new opportunities for novel small-molecule discoveries.
3.3. Results and Discussions

Our initial experiments testing this approach consisted of subjecting a diverse
panel of twelve fungi to treatment with a focused library of DNA methytiferase and
histone deacetylase inhibitors in dose dilution seriesp(@d.10 10 mM). Comparative
profiling by HPLC, MS!H-NMR and TLC demonstrated eleven of the fungi were
responsive to one or more epigenetic treatments based on the production of new natural
products and/or enhanced accumulation of constitutive secondary metabolites.
Furthermore, exposure of selectsspergillus CladosporiumClonostachysDiatrype,

Penicillium, and other fungal strains to multiple media types confirmed that many of the
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new natural products were exclusively obtained following the use of epigeneti
modifying treatments. Cultures treated with amphotericin B, cyclohdrinaind 5-
fluorouracil did not produce new or enhanced secondary metabolite profiles indicating
that epigenetic modifiers impacted fungi in a manner that was functionstityatl from

that of a general cytotoxic response. Interestingly, a combination &eatoomposed of

a DNA methyltransferase inhibitor and histone deacetylase inhibitor, wed tewl
determined to be only modestly effective due to significant growth restrictioarand/
generation of metabolite profiles dominated by the effects of a single contpolee

mixture @.g.,effects of individual compound treatments were not additive as a mixture).

In order to probe the nature of metabolic remodeling induced by epigenetic modifie

treatment, a fungal isolate from our lab was selected for scale-up studies.

This fungal isolate was obtained from the foregut of a fifth instar luna moth
(Actias luna Saturniidae) larva that was cultured on an exclusive diet of sweet gum
(Liguidambar styraciflud..; Hamamelidaceae) leaves. Initial characterization of the
fungus by analysis of the 26S rRNA gene gave a 93% sequence homdgirype
disciformis While control cultures of thiBiatrype sp. were relatively void of any
secondary metabolites, addition of 5-azacytidine triggered a significangjehin the
organism's metabolic profilé-igure 3.1A) based on the HPLC UV chromatographic

traces created through the use of background subtraction.
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Figure 3.1 A) Difference chromatogram (UV trace at 210 nm) for
Diatrypesp. Treated with-azacytidine.B) New glycolsylated
polyketides, lunalides A and B, were produced it treatmen
with the DNA methyltransferase inhibitor. Compoundser
characterized by NMR and HRESIN

Using the initial analysis as a guide, two metdbslivere isolated from the
azacytidine treated cultures and were further ctaraed. Compoun35was obtained
as amorphosisolids via HPLC fractionatiorData from HRESIMS exhibited a peak
m/z595.3494 [M + Na]indicating the molecular formula 86 to be G¢Hs,010 (calc. for
CaoHs:010Na, 595.3458). Th*H and**C-NMR spectra suggested the presence of
methyls, two methylenes, and fifteen methines.dditon, four quaternary carbons wse
observed, one of which was a carbonyl based arhémical shift and the other thr
were incorporated into double bonds. HMBC, HSQG@|, @OSY correlations were us
to piece together a polyketide backbone, with asugpiety attached at-12, with
distinct anomeric protor'H ¢ 4.37 ppm) and carbo”’C 6 97.5 ppm) chemical shift
The sugar moiety was determined tcf-mannopyranose based on NOE correlation:
and susceptibility to enzymatic hydrolysis ws-mannosidase whereas attempt

remove thesugar residue wita-mannosidase were unsuccessful.
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Compound36 was also obtained as an amorphous solid from HPLC fractionation.
Data from HRESIMS exhibited a peakrofz757.3971 [M + Nd]indicating the
molecular formula 086 to be GgHg2015 (calc. for GeHes2015sNa, 757.3986). Observing
the'H-NMR spectrum indicated the presence of two anomeric proton signatdrés (
4.35 and 4.58 ppm). The proton spectrum, along with the difference in
mass data between compou&saand36, supported that compouid® had the same
polyketide backbone, with an additioflaimannopyranose moiety being present. A
combination of 2-D HMBC, HSQC, and COSY data confirmed these suspicions, with the
newS-mannopyranose substituted at the at the C-8 hydroxyl. Again, the sugar moieties
were determined to kgmannopyranose based on enzymatic hydrolysis. Further support
as to the identity of th&-mannopyranose was obtained by careful comparison dfbur
and™*C-NMR data to that of authenti>-mannose. It is interesting to note that one other
non-epigenetic culture treatment, elicitation withcoli, resulted in the biosynthesis of
35 and36 which were otherwise repressed under axenic culture conditions. The results
suggest that their production is under specific control of a unique environmental cue.
The success of inducing the production of new natural products from fungi by
administering small-molecule epigenetic modifiers indicates that thaitge is a very
promising and rational approach for the native expression of silent biosynthetiapsthw
This method has several significant benefits compared to currentlglaeainholecular or
culture-dependent techniques. First and foremost, it provides a needed tooldigr rapi
accessing potential pools of cryptic fungal natural products in their native hestsds
this methodology can be readily implemented in most labs without extensive retooling

giving it a wide scope of utilization. Third, this approach will significalggsen the cost
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and effort of acquiring the products of silent secondary metabolic pathwayd$usigce
do not need to be pre-screened using a multitude of culture conditions.
3.2. Materials and Methods

3.2.1 General Chemical Methodslnitial HPLC separation of secondary
metabolite mixtures was performed on a Shimadzu preparative HPLC usingZ 08CL
VP system controller, SPD-10AV VP UV-VIS detector, LC-6AD pumps, DGU-14A
solvent degasser, and FRC-10A programmable fraction collector. Sampées wer
separated over a Phenomengy Gemini column (um, 110 A, 250 x 21.2 mm) with
fractions collected at a rate of one per minute. Semi-preparative HPLC ri@sngel on
a similar system using LC-10AT VP pumps and a Phenomenex C18 Gemini column (5
um, 110 A, 250 x 10 mm). Mass data from electrospray ionization were acquired on a
LCT Premier (Waters Corp.) time of flight mass spectrometer. Gmnsdor exact mass
determinations were made automatically with the lock mass featureMeatst ynx data
system. A reference compound in an auxiliary sprayer was sampled evegytha by
toggling a ‘shutter’ between the analysis and reference needles. Séonphess
determination were dissolved in MeOH®(9:1) and introduced for ionization with a 20
uL loop on an auto injector system. NMR data were obtained on a Varian VNMR
spectrometer at 500 MHZH) and 125 MHz C). All solvents were of ACS grade or
better.

3.3.2 Fungal Test StrainsFungal test strains for initial screening were obtained
from the Agricultural Research Services (ARS) Culture Collection (fdyfNRRL) and
The University of Oklahoma Natural Products Discovery Group (OU NPD@atimlhs.

The OU NPDG collection consists of >1,200 fungi obtained from soil samples and

23



marine sediments collected from across the United States including Alaska emaistal
waters, Arizona, California and its coastal waters, Indiana, Maine atwbistal waters,
Oklahoma, Washington, and Wyoming. All strains were grown on appropriate media and
cryopreserved in 15% glycerol at -80 °C. Fungi selected for this studgéacthe

following: Aspergillus flavugARS), Aspergillus westerdijkiaARS), Cladosporium
cladosporioidegOU NPDG),Clonostachysp. (OU NPDG)Diatrypesp. (OU
NPDG),Penicillium chrysogenurfARS), Penicillium citrinum(ARS), Rhizopus sg(OU
NPDG), andVerticillium sp (OU NPDG), and three additional marine-derived isolates
that have not yet been identified.

3.3.3 Small Molecule Epigenetic ModifiersSmall molecule epigenetic
modifiers were selected to include both DNA methyltransferase and histacetylase
inhibitors. The DNA methyltransferase inhibitors consisted of 5-azacgti@iaza-2
deoxycytidine, hydralazine, procaine, and procainamide which were all pufoh@ase
Sigma. Histone deacetylase inhibitors included sodium butyrate, suberohydraxamic
and valproic acid from Sigma and suberoylanilide hydroxamic acid from TRC
Biomedical Research. Compounds were prepared in deionieauht filter sterilized
(0.22uM) before being added to fungal cultures.

3.3.4 Screening Epigenetic Modifiersor MIC determinations, stock cultures
were prepared by lawning fungi onto Petri plates and the resulting alyoelis were
submerged in sterile water and mechanically disrupted so as to uniformly disperse
cells/spores. Microplates (96-well sterile polystyrene platespuBa@ell volume, with
low-evaporation covers, Corning, Inc.) were loaded with 200f media/well and 1L

portions of filter sterilized epigenetic compounds dissolved in water or wateolsont
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Pure compounds were tested in a series of six, ten-fold dilutions ranging in cataentr
from 0.1uM to 10 mM. Aliquots of 2QuL fungal cell/spore suspension were used to
inoculate each well of the plates. Plates were covered and incubated in diadmidi
chamber in the dark at 25 °C. After 3-7 days (dependant upon growth characteristics of
each fungal strain), the MIC values of the compounds were determined visuealiydras
turbidity.

The MIC value was assigned as the lowest compound concentration capable of
inhibiting fungal growth. Epigenetic modifying agents were tested for thpaaity to
induce secondary metabolite production by culturing organisms in 25 mL of media, and
after 24 h, compounds were added at concentrations 10-fold less than their respective
MIC values. The cultures were incubated an additional 6 days at which point 12 mL of
MeOH was added to each culture before being partitioned twice against 30 mL of
dichloromethane. The combined organic extracts were dried under vacuum andtstored a
-20 °C prior to analysis.

3.3.5 Isolation and Identification of Fungi.Diatrypesp. was isolated in a three
phase process. It was first isolated from the fore gut of a fifth iAstas luna
(Saturniidae) larva that was cultured on an exclusive dieigoidambar styraciflud..
(Hamamelidaceae) leaves. Substrates containing fungi (~500 mg) werkvitixel5
mL sterile water, vortexed vigorously, and two, ten-fold dilutions made. Aliquots (200
uL) of the three suspensions were lawned onto primary isolation plates contairatgy pot
dextrose agar with chloramphenicol to inhibit bacterial growth and cyclohdxitmi
restrict expansion of rapidly growing fungi. Dilution plates were preparédpiicate

and the maintained inverted at 20 °C. After three days, plates were checkadrigr c

25



formation and monitored every other day for three weeks. Emerging coloniegiaghibi
filamentous character were excised from the primary plate usingle ptebe and
transferred to a secondary Petri plate containing potato dextrose dgar wit
chloramphenicol (cycloheximide was omitted). Colonies were selectedofiomary

plates for sub-culturing on secondary plates based on their differential moipb@ad
time of appearance. Rapidly spreading colonies and those having morphologurakfeat
identical to isolates already sub-cultured were ‘pruned’ from the priplatgs in order

to allow the slower growing and less abundant strains to mature. Secondary ptates w
maintained upright at 20 °C and the hyphae of the growing organisms allowdate ra
outward from the point of inoculation. After 1-2 weeks, sterile probes were used to
remove small samples from the leading edges of the spreading fungal €@lodie
transferred to tertiary Petri plates containing potato-dextrose ddargimphenicol and
cycloheximide were omitted). Plates were incubated upright at 20 °C for amaalditi2
weeks after which the fungal cultures were prepared for cryostoragée Stebes were
used to remove pieces of mycelia and deposited into sterile cryostorage viaisicgnt
15% glycerol in water. The samples were then stored at -80 °C.

Diatrype sp. was tentatively identified based on analysis of the 300 base pair
sequence of the D2 region of the large ribosomal subunit (26S rRNA gene).i&\nélys
samples was performed under the expert review of Michael G. Sinclair, Ph.D.,
Mycologist and Laboratory Director, Microcheck, Inc. Briefly, pong of the mycelia
mats were scraped from the surface of an agar plate and placed in a sampithtube w
Prepman reagent (Applied Biosystems) to lyse the cells and liberate Di¢Anixture

was boiled and briefly centrifuged to pellet cellular debris. The DNA in solution was
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transferred to a fresh tube and PCR reagents added (buffers, primers, aisjl aiNTte
26S rRNA gene amplified in a thermal-cycler. Next, ExoSAP-IT was added to

remove unreacted primers and dNTPs. Finally sequencing reagent was addethgonta
fluorescently-tagged ddNTPs yieldingehd labeled product and purified. After clean-
up, the samples were loaded into a 3d&enetic Analyzer (Applied Biosystems) for
sequencing. The final consensus sequence was compared to a library of 1,113 fungal
standards using MicroSeq ID software. The software allowed for comparissasple
sequences to those stored in the library by weighting mismatches (i.e. pysurane
substitutions are weighted lower than purine to pyrimidine substitutions) thereby
providing a percent match score against known fungi. Most fungi that we encamter c
be readily identified to the genus level (match score of >95% to known species);
however, identification to species is less typical. Most general assigharerthen
confirmed by morphological/microscopic evaluation according to standard ogycall
methods.

3.3.6 Fungal Culture Conditions and Initial ScreeningSeed cultures of fungi
were prepared by inoculating five 25 mL portions of media with agar plugs froam Pet
plates containing hypae Diatrypesp. The cultures were allowed grow with shaking for
seven days at 20 °C. Scale-up fermentations consisted of sets of ten 1 L Erlenmeyer
flasks containing 250 mL of sterile potato-dextrose media that were inoculate? muit
of their respective seed cultures. The newly prepared cultures were altoinedlate
with rotary shaking (100 rpm) for 24 h at 25 °C. Each set of 10 cultures was treated with
epigenetic modifying compounds or water blank (control) and returned to further

incubate on the shaker for an additional six days. The cultures were harveattingy
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100 mL of MeOH to each flask before being partitioned twice against 300 mL of
dichloromethane. The combined organic extracts from replicate flasks wegtaidder
vacuum and stored at -20 °C prior to analysis. All treatments and controlstiduegas
were performed in tandem with test and control cultures randomly interspersed on the
shaker.

3.3.7 Culture Comparison and Compound IsolationFor each experiment, sets
composed of ten culture flasks (each with 250 mL of potato-dextrose media each
inoculated 24 h prior with 1 mL of fungal seed culture) were treated with Yiaiine
(DNA methyltransferase inhibitor), suberoylanilide hydroxamic duist¢ne deacetylase
inhibitor), or sterile water blank. Parallel experiments also examinedféutseof ten
different media conditions on secondary metabolite produ€fiable Al). Cultures of
Diatrype spwere incubated with shaking for 14 days and the contents within each
treatment group pooled. An additional experiment was performed @idhgpesp. by
treating growing cultures of the fungus with 1 mL aliquots of autocl&setierichia coli
culture instead of epigenetic modifiers. A 1 L portion of methanol was added to the
media-cells mixture and then extracted three times with equal volumes of
dichloromethane. The total organic extract from each treatment was injecieC 9nt
preparative HPLC (20-100% acetonitrile-water over 50 minutes) and monitpckdib
wavelength UV detection at 210 nm and 254 nm. Difference chromatograms were
generated for the 210 nm trace by subtracting the untreated control chromé&tognam
the treatment groups (Lab Solutions). Peaks phasing upward represent methlalites t

were expressed only under epigenetic treatment or produced at enhancetfatbocs.
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Compound®iatrypesp. were isolated by semi-preparative HPLC with repeated re-
injection and separation across C18 using acetonitrile-water gradient cogditi

3.3.8 Lunalide A (35).*H-NMR (500 MHz, CQOD) ¢ 0.77 (3H, d,J=7.0 Hz, H-
20), 0.82 (3H, dJ=7.5 Hz, H-22), 0.87 (3H, 8=7.5 Hz, H-17), 0.94 (3H, d=7.5 Hz,
H-18), 0.99 (3H, dJ=6.5 Hz, H-24), 1.24 (1H, m, H-16a), 1.40 (1H, m, H-16b), 1.59
(3H, d, 1.0 Hz, H-23), 1.64(3H, d, 1.0 Hz, H-19), 1.66 (3H, d, 1.0 Hz, H-21), 2.39 (1H,
m, H-15), 2.61 (1H, m, H-3), 2.64 (1H, m, H-7), 2.70 (1H, m, H-11), 3.07 (1H, nf),H-5
3.36 (1H, m, H-3, 3.52 (1H, ddJ=9.5Hz, 9.5 Hz, H-4, 3.70 (3H, s, H-1), 3.70 (1H, d,
J=9.5 Hz, H-8), 3.71 (1H, m, H-6a3.73 (1H, m, H-3, 3.86 (1H, ddJ= 2.5 Hz, 11.5
Hz, H-6b), 3.95 (1H, dJ=10 Hz, H-12), 4.06 (1H, d=10 Hz, H-4), 4.37 (1H, bs, Hj1
5.26 (1H, dJ=9 Hz, H-14), 5.33 (1H, dl=10 Hz, H-6), 5.38 (1H, d=9.5 Hz, H-10);
3C-NMR (125 MHz, CROD) ¢ 10.8 (C-19), 11.2 (C-21 and C-23), 12.7 (C-17), 14.9
(C-18), 17.9 (C-20 and C-22), 21.7 (C-24), 31.5 (C-16), 35.4 (C-11), 35.5 (C-15), 36.8
(C-7), 44.8 (C-3), 52.3 (C-1), 63.0 (C1,88.9 (C-4), 73.2 (C-2), 75.8 (C-3), 78.6 (C-
5%, 82.0 (C-4), 84.5 (C-8), 88.9 (C-12), 97.5 (§-131.8 (C-13), 134.9 (C-10), 35.5 (C-
6), 136.2 (C-5 and C-9), 140.8 (C-14), 179.2 (C-2); HRESIMM + Na]* 595.3494
(calcd for GoHsoNaOy g 595.3458).

3.3.9 Lunalide B (36).*H-NMR (500 MHz, CQOD) 6 0.77 (3H, d,J=7.0 Hz, H-
20), 0.81 (3H, dJ=7.0 Hz, H-22), 0.87 (3H, 8=7.5 Hz, H-17), 0.93 (3H, d=6.5 Hz,
H-18), 1.00 (3H, dJ=6.5 Hz, H-24), 1.24 (1H, m, H-16a), 1.40 (1H, m, H-16b), 1.58
(3H, d,J=1.5 Hz, H-19), 1.61(6H, bs, H-21, H-23), 2.40 (1H, m, H-7), 2.60 (1H, m, H-3),
2.68 (1H, m, H-15), 2.74 (1H, m, H-11), 3.03 (1H, m, %-8.33 (1H, m, H-3, 3.41

(1H, m, H-8"), 3.49 (2H, m, H-4and H-4), 3.68 (1H, m, H-3), 3.69 (1H, m, H-62,
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3.70 (3H, s, H-1), 3.72 (2H, m, Hand H2), 3.78 (1H,dd,)=7 Hz, 12 Hz, H-64), 3.85
(1H, dd,J=2.5 Hz, 12 Hz, H-6, 3.89 (1H, ddJ=2.5 Hz, 12 Hz, H-6t), 3.98 (1H, d,

J=10 Hz, H-8), 4.02 (1H, dI=10 Hz, H-12), 4.08 (1H, d=10 Hz, H-4),4.35 (1H, bs, H-
1), 4.58 (1H, bs, H-1), 5.27 (1H, d,)=9.5 Hz, H-14), 5.42 (1H, d=8 Hz, H-6), 5.45

(1H, d,J=8.5 Hz, H-10);*C-NMR (125 MHz, CROD) ¢ 10.7 (C-19), 11.1 (C-21 and C-
23), 12.7 (C-17), 15.0 (C-18), 17.9 (C-20), 18.0 (C-22), 21.7 (C-24), 31.5 (C-16), 35.4
(C-7), 35.5 (C-11 and C-15), 44.8 (C-3), 52.3 (C-1), 63.3'(@né C-6), 69.3 (C-4),

69.5 (C-4), 73.0 (C-2), 73.4 (C-2), 75.0 (C-3), 75.9 (C-3), 77.6 (C-3), 78.9 (C-B),

82.0 (C-4), 88.4 (C-8), 88.5 (C-12), 97.1 (0);197.5 (C-1), 131.8 (C-13), 132.7 (C-9),
134.9 (C-5), 136.4 (C-6), 138.6 (C-10), 141.1 (C-14), 178.3 (C-2); HRESIPM +

Na]" 757.3494 (calcd for §gHs:NaO,s 757.3986).
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Chapter 4. Chemical Induction of Silent Biosynthett Pathway

Transcription in Aspergillus niger

This chapter is adapted from a publication in The Journal of Industrial Microbidfbgy
The project involved many collaborators in diverse areas such as genomics and
evolutionary genetics. The materials and methods along with corresponding results

presented in this chapter are my contribution to the research.

4.1 Introduction

Among the many remarkable discoveries emerging from the genomisstieea
revelation that most microorganisms, and in particular, filamentous fungi, péesess
greater numbers of gene clusters encoding for the production of seconddrglitesta
than the numbers of natural products that have been isolated from these same
organisms> 2% 2! |t is not uncommon for fungi to have dozens of unique gene clusters
encoding for previously uncharacterized polyketide (PKS), non-ribosomal peptide
(NRPS), and hybrid PKS-NRPS (HPN) natural prod{ft{3. These transcriptionally
suppressed gene clusters, which are collectively referred to adsigyrithetic
pathways (SBPs), generally remain unexpressed or under-expressed unuty afvar
laboratory culture conditions. SBPs are anticipated to be a rich source of chemical
diverse compound®(g, novel organic moieties, multifaceted stereochemical features,
unique heteroatom incorporatiate.) with outstanding potential for generating novel
therapeutic leads. Obtaining the products from transcriptionally suppressedlgsters
requires a new approach for efficiently probing silent biosynthetic pathwaysational

manner.
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In an effort to obtain new drug leads from silent biosynthetic pathways, epigenetic
modifying substances have been identified as promising tools for manipukeing t
secondary metabolism of fungi. It has been proposed that epigenome-level clhanges a
extensively involved in controlling the transcriptional accessibility obgguasters
encoding for biosynthetic enzym&s’” 8 Several proteins are required to facilitate
chromatin remodeling in fungi and their collective influence on gene expnassjuite
remarkablé’* Chief among the chromatin interacting proteins are histones. These
proteins undergo a wide-range of post-translational modificdfidfwith acetylation
and methylation being two of the most frequently encountered and well-studied of the
histone alterations. While histone deacetylation is generally assbwiditegene
silencing, the effects of methylation vary depending on which histone subtypbes a
specific amino acid residues are modified within nucleosomal compiexas®

A variety of highly specific small-molecule probes are known to selectively
inhibit the functions of histone modifying proteins and these compounds have found
important roles as molecular tools for studying the epigeriénSeveral families of
histone acetyltransferases are responsible for catalyzing the ritoadtktion of acetyl
groups to histones, while the reverse reaction is carried out by histone deasetylas
(HDAC) and sirtuins? ** The hydroxamate-bearing natural product trichostatin A and
its synthetic derivative, suberoylanilide hydroxamic acid (SAHA), acertateworthy
examples of potent HDAC inhibitors that have been successfully used as chemical
epigenetic probes in a variety of eukaryotic systems including filamentous’fungi

Another epigenetic modifying agent, 5-azacytidine (5-AZA), was orilyinal

developed as an antimetabolite that incorporated into RNA causing a variety of
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dysfunctions related to production of tRNAs, rRNAs, and prot¥irurther studies
have shown that 5-AZA has strong epigenetic modifying properties duenbiligaory
interactions with DNA methyltransferases resulting in hypometloylaif DNA and
chromatin restructurin: *® Interestingly, the epigenetic role of DNA methylation in
fungi is still poorly understood and in some cases, the very existence of DNA
methylation in these organisms has been questitn®dTwo proposed explanations for
how 5-AZA induces chromatin remodeling in fungi involve 1) inhibition of DNA
methylation, which may occur at very low levels or transiently in fung) anhibition of
histone methyltransferase (HMT) functitl: *°* A HMT inhibitory role for 5-AZA is
highly plausible given its structural similarity to other confirmed méthykferase
inhibitors such as methylthioadenosine, sinefungin,adenosylhomocysteiré.
Nevertheless, the ability of 5-AZA to cause distinctive chromatin renragleffects,
even in the absence of detectable changes in DNA methylation, makes thisitard s
chemical epigenetic probes valuable molecular tools for inducing chromakoaeéng
in fungi.

In this study, we screened a suite of epigenome-modifying agents as chemical
tools for eliciting the expression of fungal silent biosynthetic pathwAggpergillus
niger was selected for this work since three separate genome sequencingasitiate
been completed in recent yedfs**allowing confirmation of the presence of numerous
PKS, NRPS, and HPN gene clusters in this fungus. The genome-wide impacts of the
epigenetic modifiers SAHA and 5-AZA on the transcription of PKS, NRPS, and HPN
biosynthetic gene clusters A nigerwere determined using real-time quantitative

reverse-transcription polymerase chain reaction (QRT-PCR). Theseeatataanpared
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to results from two expressed sequence tag (EST) libraries geneitdtéd migerthat
was grown under a wide variety of culture conditions. In conjunction with this work, we
have also addressed the remarkable diversity of PKS and HPN gene cluAtariger
through a phylogenetic analysis of their respective ketosynthase domaimnsts Res
emerging from this study strongly support the use of epigenetic modifyingsaagean
effective methodological approach for upregulating the transcription of segenda
metabolite-encoding biosynthetic gene clusters in fungi.
4.2 Results and Discussions

Comprehensive examination of these and other suspected biosynthetic genes led
to the identification of 33 PKS, 15 NRPS, and 9 HPN gene clusters distributed
throughout the genome Af nigerATCC 10152 Previously, two expressed sequence
tag (EST) libraries have been generatedanigerthat was cultured under a wide
variety of conditions. The first of these studies utilized wild-txpaigerN402 (4732
from the Fungal Genetics Stock Center) resulting in the generation of 12,820 ESTs
accounting for a total of 5,108 of the fungus’s gefi2dror this experimenf. nigerwas
grown on seven different carbon sources (glucose, bran, maltose, xylan, xylosel, sorbit
and lactose). Nucleotide BLASTN and protein-nucleotide TBLASTN sesuafthe
EST database provided only a handful of sequences corresponding to homologs for five
PKS-, six NRPS-, and zero HPN-containing biosynthetic pathfvalfs.

The second library of ESTs was prepared usingigerATCC 1015 on an even
more extensive assortment of media conditions including arabinose, cellulosebenrn fi
glucose, hemicelluloses-protein, lactose, lignins, rapeseed meal, sttobenwheat

bran, and xylose along with other carbon-limited and carbon-nitrogen-limitea Médi
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Examination of the ESTs using nucleotide BLASTN and protein-nucleotide TBLASTN
searches identified transcripts from 16 PKS- and NRPS-related biosymthittizays
Eleven of the 16 ESTs were identical to those observed . thigerN402 strain. ESTs
for the other five secondary-metabolite-encoding genes corresponded to twdRiKS
NRPS-, and one HPN-containing biosynthetic pathway. Interestingly, resisiger
ATCC 1015 grown under a broad range of nutrient conditions revealed that
approximately 29% of PKS, NRPS, and HPN gene clusters were expféssed.

The results of the EST library studies supported that axenic cultutesmfer
generated only a modest portion of its genomically-encoded natural productshunder
vitro culture conditiond® %4 1% Screening of 18 epigenetic modifying agents (five DNA
methyltransferase inhibitors (DNMT), seven histone deacetylase inBilH&AC), four
SIR2 deacetylase inhibitors, and two histone methyltransferase inhilfitats® 4.1)
was initiated to determine which inhibitors were capable of increasing the nambe
secondary metabolites that were biosynthesized by fungus. Initially,esutitk. niger
ATCC 1015 were treated during early log-phase growth (24 h post-inoculation) with
compounds (10-fold steps from 1 nM to 1 mM) in order to determine the effects of
treatments and treatment concentrations by visual observaéiore(l growth,
alterations in phenotype, color changes) when compared controls. Five of theriteatm
conditions had little to no impact on cell growth at the highest dose, so these were
eliminated from further analysis in secondary metabolite diversity. Gbtaktmaining
conditions explored, alterations in the culture morphology were visually observed in five
treatments (courmarin, dihydrocourmarin, 7,8 dihydroxycourmarin, hydralazine

hydrochloride, and suberoylanilide hydroxamic acid) and a pale to strong

35



Table 4.1List of epigenetic modifiers and their effects opaslial growth and secondary metabolite
production in A. niger ATCC 1015.

Effect on cell growth Secondary
Compound (log [inhibitor], M)* metabolite Notes
(mode of action) 3 2 s 5 7 diversity
Acetohydroxamic acid FHE e ND No significant changes in gtb

(presumed HDAC inhibitor)

5-Azacytidine (5-AZA) Culture turned pale yellow; new metabolites

(DNMT inhibitor) L= A A 10 confirmed by HPLC
5-Aza-2'-deoxycytidine - : -
(DNMT inhibitor) ++ L = S o S 8 Results similar to 5-azacytidine
Benzohydroxamic acid
(presumed HDAC inhibitor) + ++ 8 Strong color change (yellow) at 10 uM
Coumarin
(SIR2 deacetylase inhibitor) ++ ++ ND Culture phenotype altered (snpelllets)
Dihydrocoumarin
(SIR2 deacetylase inhibitor) + ++ ++ 11 Culture phenotype altered (small pellets)
7,8-Dihydroxycoumarin Little toxicity, culture phenotype altered
(SIR2 deacetylase inhibitor) A A T e ND (small pellets)
Eosin Y . . .
(histone methyltransferase ) + ++ i+ e 9 Cells exhibited st&or;g discoloration from
inhibitor) Y
Eosin Y disodium salt - . .
histone methvitransferase ) + + i+ s 10 Cells exhibited strong discoloration from
( 4 = dye
inhibitor) Y
Hydralazine hydrochloride Culture phenotype altered (small pellets);
(DNMT inhibitor) * = ot 1 strong color change (yellow) at 10 uM
Nicotinamide + ++ ++ 10 Strong color change (yellow) at 100 p

(SIR2 deacetylase inhibitor) —

Nicotinic acid hydroxamate
(presumed SIR2 + ++ ++ o+t 8 Strong color change (yellow) at 100 uM
deacetylase/HDAC inhibitor)

Procainamide hydrochloride

(DNMT inhibitor) ++ ++ +++ ND No significant changes in gtbw
Procaine hydrochloride L -

(DNMT inhibitor) ++ ++ +H+ ND No significant changes in gtaw

Sodium butyrate + ++ ++ 8 No significant changes in growth

(HDAC inhibitor)

Splitomicin Poor solubility of splitomicin in aqueous

(HDAC/sirtuin inhibitor) oo e e ! medium
Suberohydroxamic acid
(HDAC inhibitor) + R = = S S 4 Culture turned pale yellow
Suberoylanilide hydroxamic Culture phenotype altered; strong color
acid (SAHA) + ++ ++ 9 change at 100 uM; new metabolites
(HDAC inhibitor) confirmed by HPLC

& Growth ofA. nigerwas qualitatively assessed by visual inspectiorepficate cultures. Fungal growth
was scored as “+++" (growth equivalent to contnadtures), “++” (<50% reduction in growth), “+>60%
reduction in growth), or “” (no growth observed)Growth scores indicated in bold and underlined
represent the concentration of epigenetic modifised for assessing secondary metabolite chemical
diversity

® Chemical diversity was determined as the numbeeof spots observed from crude culture extracts by
silica gel TLC. Plates were developed with toluetigyl acetate-acetic acid (50:50:1 by volume). A
designation of “ND” indicates that the chemicaletisity of that particular treatment was not deteedi
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yellow color appeared in eight of the treatments (5-azacytidine, 5-az@@cytidine,
benzohydroxamic acid, hydralazine hydrochloride, nicotinamide, nicotinic acid
hydroxamate, syberohydroxamic acid, and suberoylanilide hydroxamic acid).

The extracts of the thirteen (out of 18) remaining treatments were dedatie
prepared for TLC and HPLC, giving a simple, yet accurate means foratjwali
comparing the relative secondary metabolite diversity in treatment verseatadt
control groups. In most instances, a range of 8 to 11 “new” secondary metabolites could
be visualized on TLC plates under UV irradiation at 254 and 365 nm and/or development
by sulfuric acid spray reagent. A significant difference in number of new spdis on t
TLC plate was observed when suberohydroxamic acid treated cultures (4-Gespdts)
were compared to SAHA treated cultures (9 new TLC spots). This was iimgresgice
the only difference between these two compounds is that SAHA has a phenyl group
substituted for one of the terminal hydroxyl groups in suberohydroxamic acid. rFurthe
analysis of the extracts was then performed by HPLC, and during thisignalys
dramatic difference in the profile chromatogram of the SAHA treattdre was
observed when compared with the con(Fegure 4.1) While differences in the HPLC
chromatograms of other treated cultures were not as dramatic &, 8#de were still
observed changes. In the end of the analysis, both SAHA and 5-AZA showed good
activities resulting in the production of several new secondary metal{olieke 4.1)
and they were selected for further investigation through real-time gRTgRER their
prior successful use in our lab for generating new natural produ@tse resulting

relative fold changes in expression for the PKS, NRPS, and HPN pathways {joederm
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by real-time gRT-PCR) were more pronounced in SAHA treated cultures-&®\2A5

treated culture&® Under the effects of SAHA, expression levels of 23 of 33 PKS, 14 of

15 NRPS and 6 of 9 HPN gene clusters were upregufatéerall, under SAHA

chemical epigenetic conditions with one media source, upregulation of gheaté&5%

of the PKS, NRPS, and HPN gene clusters was observed, which is a signiiicaase

to the 29% previously reported under a broad range of nutrient condtions.
Whole-genome sequencing data obtained from a variety of fungi demonstrate that

these microorganisms harbor large numbers of PKS, NRPS, HPN, and other natural

product biosynthetic gene clusters. Most of these pathways remain suppress&a under

vitro culture conditions meaning that only a fraction of a fungi’s biosynthetic potential

generally accessible for drug screening applications. Based on our tibssiwae

conservatively estimate that fungi express less than half of their Inatodaict-encoding

4

Increased

| production
1000 with SAHA

(0
Decreased
production
-10004 with SAHA
10.0 15.0 20.0 25.0 min

Figure 4.1 HPLC difference chromatogram of SAHA treated usrsontrol cultures observed at a
wavelength of 254 nm. Any chromatographic peakvalibe zero value represents an increased
production the in SAHA treated cultures. Any ahedographic peak below the zero value represents a
decreased production in the SAHA treated cultukiinjections were made at 2 mg of crude extract i
200 pL of MeOH (range of crude extracts were betw&éd1 mg).

biosynthetic pathways under standard shake-flask and static culture conditions.
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EvenNeurospora crassavhich has been intensively studied since the 1920s and
was considered devoid of any secondary metabolites, has now been shown to possess no
less than seven PKS, four NRPS, and several terpene biosynthetic gears thastare
believed to fulfill a variety of important functiofi$. With the exceptions of fungi from
the sub-phyla Saccharomycotina and Taphrinomycotfapst fungi that have been
sequenced to date carry a variety of biosynthetic gene clusters encodhmg for t
production of uncharacterized natural products. These compounds are expected to
possess a wide range of unique biological activities and therefore havieangivalue
as drug discovery leads.'®" 1% The strict transcriptional suppression of secondary
metabolites is conjectured to protect fungi from the potentially deletgjaotistoxic)
effects of natural products and their biosynthesis is only elicited when an apgropriat
environmental trigger is encountered. Based on emerging molecular eviflerechad
predicted that the expression of many secondary metabolite pathwaysasgjitemsally
controlled through epigenetic mechanisiis™'° Consequently, we consider the
chemical epigenetic manipulation of silent gene clusters to be a higintysomng
approach for procuring novel drug leads from fungi. This methodology has many
significant advantages over currently available molecular-based techaiggies
cultivation-dependent approach86.°® Namely, our chemical epigenetic approach
offers significantly greater simplicity, broad-spectrum applicghiind an ability to be
readily incorporated into modern microbial screening programs.

The precise molecular mechanisms involved in upregulating the expression of
silent secondary-metabolite-encoding pathways are likely more complex liaamnsw

presumed based on the singular inhibition of specific cellular targets by ehemic
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epigenetic modifying agents. For exampl&accharomyces cerevisigdhe HDAC

inhibitor trichostatin A and several HDAC deletion mutants demonstrated a widgyvar
of transcriptional effect®. These included both the upregulation and downregulation of
genes involved in cell cycle progression, as well as amino acid and carbohydrate
metabolism. Curiously, they noted that the effects of trichostatin A on a sul$set of
cerevisiaegenes were detectable within 15 min of exposure to the inhibitor. This
suggests that trichostatin A has other, yet undefined, effects on modifying gene
transcription €.g, direct transcriptional activation).

Similar to our observations, others also have noted that the impact of HDAC
inhibitors and HDAC mutants were most pronounced on genes located within the distal
regions of fungal chromosomes. For example, Bernstaith®™ reported that deletion of
the yeast HDACRPD3 preferentially altered the transcription of genes positioned near
the termini of chromosomes. Moreover, deletion of the transcriptional reglaefor
whose methyltransferase product was suggested to alter chromatinrstrtichas been
shown to decrease the expression of many telomere proximal NRPS gens oluster
Aspergillus fumigatu§ The dynamics of histone-mediated heterochromatin formation
and gene quelling in fungi is proposed to function in a generally linear fashion, exerting
an initial silencing influence on the most distally located genes, which psegres
proximally over multiple cell division cycl€d? In view of the complex processes
involved in the continual shifting of DNA between euchromatin and heterochromatin
states, our data suggest the need for considering the roles of other potentialgsignal
pathways linking outwardly unrelated nuclear and cytoplasmic events to the

transcriptional regulation of secondary-metabolite-encoding biosyntheigcaesters.
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For nearly a century, natural products have served as an unrivaled resource in the
guest for new drug entities. However, recent concerns and misconceptions in the
pharmaceutical industry about the long-term value of natural products as a discovery
platform have all but eliminated secondary metabolites from most reseaich
development progranmt$>**® It is likely that the folly of this collective decision will
further impair an already flagging drug-discovery pipefin€ortunately, emerging
techniques in the field of natural products discovery, like the genomic and epgeneti
methods described in this study, offer an opportunity to reinvigorate the fundamental rol
of secondary metabolites as a drug discovery tool.

4.3 Materials and Methods

4.3.1. Fungal strain and growth conditions.Aspergillus nigelATCC 1015 was
obtained from the American Type Culture Collection. Suspensions of mycelia and spores
were stored in 15% aqueous glycerol at -80 °C. For experiments, 100 uL samples of the
cryopreserved\. nigerstock cultures were lawned onto potato-dextrose plates (10 g dried
potatoes, 5 g dextrose, 1,000 mL DI water, and 20 g agar) and the plates incubated at 25
°C (12 h light/12 dark). Liquid cultures 8f nigerwere prepared by inoculating potato-
dextrose broth (10 g dried potatoes, 5 g dextrose, 1,000 mL DI water) with uniform
suspensions of spores and mycelia harvested from the potato-dextrose platges Cult
for compound screening were prepared by adding 100 AL mifjersuspensions to test
tubes containing 3 mL of potato-dextrose broth and the tubes were incubated at 25 °C on
a rotary shaker (170 rpm). Tube cultures received chemical epigenetieemodif
treatments after 24 h and the fungi were incubated an additional six days bafgre be

processed. Cultures for total RNA extraction were made by adding 2 Alngfer
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suspensions to 1 L Erlenmeyer flasks containing 250 mL of potato-dextrose broth.
Cultures were treated with epigenetic modifiers after incubating for 28 tO®n a

rotary shaker at150 rpm) and they were allowed to continue growing for an additional
four days before extracting RNA.

4.3.2 Epigenetic modifier screeningTest tube cultures &. niger(pre-
incubated for 24 h) were treated with epigenetic modifiers dissolvegOroHdimethyl
sulfoxide. The solutions of test compounds were filter-sterilized (0.22 uM) befmg b
added to the cultures. After incubating for six days, mycelia growth in each tabe wa
gualitatively scored relative to the vehicle-only controls. Fungal growtlseasd as
“+++" (growth equivalent to control cultures), “++” (<50% reduction in growth}, “+
(>50% reduction in growth), or “-” (no growth observed).

After scoring all cultures, 3 mL of dichloromethane was added to each tube to
extract secondary metabolites. The dichloromethane was removed by aspirdtibe a
organic solvent evaporat@dvacuo Prior to analysis, all samples were defatted by
partitioning the extracts between agueous methanol (9:1 MefaH-#hd hexane. After
removal of the hexane, the agueous methanol layers were evaponaedoyielding
the crude mixtures of secondary metabolites that were used for chemlgakand hin
layer chromatography (TLC) was performed on the samples by spottingtitersilica
gel plates that were developed in toluene-ethyl acetate-acetic acid: {50y5/0lume).
Secondary metabolites were visualized under UV irradiation at 254 and 365 nm and by
sulfuric acid spray reagent. Additional visualization of secondary metabokteres
was performed on selected extracts by HPLE ¢Glumn using a 10-100% Acetonitrile-

H,O gradient with dual wavelength monitoring at 210 nm and 254 nnm-&hiMR
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analyses (extracts were dissolved in 650 pL of@MD and spectra generated by
averaging 128 scans using a standergulse sequence). A list of all the epigenetic
modifiers that were screened along with their effects on cell growth and secondar

metabolite production are presented able 4.1
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Chapter 5. Analysis of a Class of-pyrones andy-pyridones Isolated
from Aspergillus niger

This chapter is adapted from 1) a publication in Organic and Bimolecular Cheffistry
and 2) a publication that is currently under preparation.
5.1 Introduction

The black aspergilli possess an extraordinarily diverse set of secandtatyolite
biosynthetic pathways. In a previous analysis, Nietteal.listed 145 metabolites that
had been isolated and structurally elucidated from this assemblage of'furfgirther
investigation of the genome of one strain from this grégpergillus nigeATCC 1015,
demonstrates the presence of 31 polyketide synthase (PKS), 15 non-ribosomal peptide
synthetase (NRPS), and 9 hybrid PKS-NRPS (HPN) gene clustems)lye&0% of those
genes were transcribed under varigusitro culture conditiong® %4 1% This
demonstrated that there are still many more secondary metabolitesde,asclate, and
characterize fronA. niger.

To address the problem of gene cluster under-expression in laboratory conditions,
we demonstrated that treatiAgnigerATCC 1015 with a small-molecule epigenetic
modifier, suberoylanilide hydroxamic acid (SAHA), resulted in a tranisonal
upregulation of over 85% of the PKS, NRPS, and HPN gene clusters under a single
culture conditiorf> With the ability to access new secondary metabolites, we turned our
focus to identifying these compounds. This chapter addresses 1) the elucidatiow of a ne
metabolite which was isolated under SAHA-treated epigentic conditions and-iglow

analysis regarding this isolated metabolite, 2) the structure revision oftyablis
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compounds, and 3) antimicrobial bioactivity of secondary metabolites and semi-gyntheti
derivatives fromA. nigerATCC 1015.
5.2 Results and Discussions

Aspergillusniger cultures grown under SAHA epigenetic conditions resulted in
the isolation of a unique secondary metabolite, nygeror8)A HRESIMS analysis
provided two pseudo-molecular ionsnalz 419.1542 and 441.1402 corresponding to
molecular formulae of £H23N>Os ([M + H]", calcd 419.1607, —6.5 mmu error) and
Co4H2oNoNaQs ([M + Na]*, caled 441.1426, —2.4 mmu error), respectively. Using these
data, a chemical formula of£H2,N,Os was proposed fd7 indicating that the fungal
metabolite contained a total of 15 double-bond equivalents. Some minor discrepancies
between théH- and**C-NMR data for37 (Table 5.1)and the MS -derived formula still
required reconciliation. For example, integration of tHe\MR data collected in
methanold, revealed only 20 hydrogens, but this was rationalized as evidence for the
presence of two exchangeable proton37nin addition, thé*C-NMR data provided
evidence for 20 unique spins; however, two of these carbberi28.9 and 129.0)
exhibited significantly greater relative intensities compared t@sading spins.
Therefore, it was surmised that each of tHé6eNMR resonances represented two
superimposed carbons. Together, these data offered strong suppoesHiaNeDs as the
chemical formula 087 which permitted us to proceed with elucidating the metabolite's
structure.

Further examination of the 1-D NMR results in combination with data generated
from a series of 2-D NMR experiment$i('H COSY ,*H-'H NOESY ,'H-*C HSQC ,

and*H-'*C HMBC ) allowed for the establishment of four partial structuresrtfeads
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A-D) for 37 (Figure 5.1). Fragment A was determined to contain five aromatic protons
[0n 6.77 (2H), 7.18 (3H)] belonging to a monosubstituted benzyl group. This was
confirmed by*H-*C HMBC experiment which also gave a strong correlation extending
from the aromatic spin at; 6.55 to the benzylic methylen&:(39.4). Similarly,

fragment B(Figure 5.1) contained five protons in an ABB'C systemdy 7.06 (2H),

Table 5.1'H and"*C-NMR data for nygerone f43)in CDCk at 400 MHz tH) and 100 MHz fC)

Position  dc oy (mult., J in Hz) HMBC H —C
# Significant overlap occurred between these tws setesonances.
C-2 148.2 8.43, 1H (s) 14,6, 14
C-3 117.2
C-4 177.6
C-5 122.3 6.55, 1H (s) 3,4,6,7, 14 (weak)
C-6 152.0
C-7 39.4 3.67, 2H (s) 5,6, 8,9/13
C-8 134.8
C-9/13 128.9 6.77, 2H (m) 7,11
C-10/12 129.0 7.18, 2H (fh) 8
C-11 127.7 7.18, 1H (f) 8, 9/13
C-14 163.2
N-15 12.83, 1H (br s) 17
C-16 173.2
C-17 42.0 2.86, 1H (dd, 5.1, 17.2); 3.20, 1H (d@, 87.2) 16, 18, 19, 20
C-18 35.1 3.05, 1H (m) 16, 17, 19, 20
C-19 178.9
C-20 17.2 1.27,3H (d, 7.0) 17, 18, 20
C-1 140.4
C-2/6¢ 127.0 7.06, 2H (d, 7.6) g
C-3/5 130.2 7.42,2H (t, 7.6) "1
Cc-4 130.5 7.49, 1H (t, 7.6) "B

7.42 (2H), and 7.49 (1H)] representative of a monosubstituted phenyl group.

Unfortunately;'H-**C HMBC couplings from the aromatic protons provided no

additional evidence as to the identity of the aryl substituent of this fragment.
Analysis of the protons in fragment C By-'H COSY indicated the presence of

an AMX 3 spin system which was confirmed ty-*C HMBC experimen(Figure 5.1)
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Additional “*J,1.c correlations extending to two carbonyl resonanéed 3.2 and 178.9)
that were positioned at opposing ends of fragment C were also noted. Based on their
chemical shifts, both carbonyl groups were presumed to be attached to heter@atom
and Q = N and/or OFigure 5.1); however, the identities of these atoms were not
determined at this juncture. Next, we turned our attention to assembling the ngmaini
atoms that comprised fragment D which included six carbignsl(7.2, 122.3, 148.2,
152.0, 163.2, and 177.6) and three heteroatoms (N and/or'@)}!¥&

HSQC experiment showed that two of the carbon atém$42.3 and 148.2) had
A B iE
O O
C o) CHs D H
Q
\Q@( -
0 QG H

— "H-"H COSY correlation
-~ x1H-18C HMBC correlation

Figure 5.1. NMR spectroscopic dataH-'H COSY : bold bonds arnitH-*C
HMBC : solid curved arrows) used to establish tha fpartial structures,
fragments A-D, for 11. Heteroatomsg,@,, and Q were subsequently
assigned as N, O, and N, respectively, based ochhmical shifts of adjacent
carbon atoms antH-">N HMBC correlations as illustrated Figure 5.2

attached protonsi 8.43 and 6.55, respectively) that appeared as sharp singlet
resonances. Two of the other carbais1(63.2 and 177.6) were determined to be
carbonyls based on their downfield shifts. This accounted for two of the five double-

bond equivalents in fragment D as well as two hetero-(oxygen) atoms. Sinharly
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chemical shifts for the carbon atomgatl48.2 and 152.0 suggested that they were both
spf hybridized and attached to the remaining heteroatenj@ to their respective
downfield shifts. The identity of £was determined to be a nitrogen since an oxygen at
this position would have resulted in even greater deshielding of the adjacent carbon
resonances (i.8c >160). Our assignment fors@as further confirmed by ‘#-N
HMBC experiment in which the protons in fragmentdR 6.55 and 8.43) exhibitetJ,.
n correlations to a nitrogen resonating@tl58.0(Figure 5.2) The assignments of the
carbon atoms ai: 117.2 and 122.3 were now simplified since the methine carbons could
not be adjacent to one another due to a lack of vicinal coupling between their attached
protons. The upfield shifts of these carbons were rationalized to be due to their positions
o to a carbonyl, thus fragment D was comprised of a substiftggddone system.

With working structures proposed for fragments A-D, it was now possible to
address the connectivities between these partial structures, as viedifgshe identities
of Q; and Q. Fragment A was joined to thepyridone based on long-rangj&ly.c
correlations from the benzylic methylene protafis@.55, H-7) to carbons &t 122.3
(C-5) and 152.0 (C-6) in fragment(Bigure 5.1) Fragment B was also determined to be
attached to fragment D as a result 88iac correlation fromdy 8.43 (H-2) todc 140.4
(C-1). The connection established from the phenyl group through the nitrogen atom
yielding a 1-phenylpyridin-4{)-one system was rather intriguing to us since this
unusual substructure has not been previously reported from a natural source. With only
two isolated bonds remaining to be joined, it was readily apparent that fragment D was
also connected to fragment C throughd®Q,; however, no long-range coupling could

be observed to verify this linkage. Despite this problem, we were able toncdindér
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identity of Q based on &J.y correlation observed in CD{between the proton &t
12.83 (1H, s) and a nitrogendat 154.8 and an additiondl.c correlation from this
proton to the methylene carbonsat42.0 (C-17). With all of the other heteroatoms
accounted for in the molecular formula3¥, Q, was deduced to be the last remaining
oxygen atom. We proposed that the connectivity between fragments C and D occurred
through the nitrogen atom, rather than the oxygen, since this mono-hydrogenated
nitrogen still required one additional covalent bond in order to complete its valetice she
During the course of our efforts to further optimtee™*C and"H->N HMBC
experimental parameters for additional verification of the proposed imide b8idan
doubling of the proton resonances appeared suggesting that the metabolite had begun to
degrade. Purification by HPLC yielded two products, nygerof@8pBand 2-
methylsuccinat¢39) (Figure 5.2) The fortuitous appearance3d as a hydrolysis

product was key to confirming the presence of the imide boBd §nce the N-15

Sy =154.8 Sy =5.70 (1H, br s),
Fragment B Fragment C 9.90 (1H, br s)
——
ST S Y
B~ OH N NH O CH
TNCS N?L““\/\ﬂ/ +H,0 ? %
S =158.0 X H_ B :
N ‘ o) —_— X0 * o oy O
FragmentD ~6y=12.83 (1H, s) O
Fragment A
77 NIHBCHMBE 7N H-BN HMBC
Nygerone A (37) Nygerone B (38) (S)-2-methylsuccinate (39)

Figure 5.2. Key long-range hetero-nuclear correlatidd-°C HMBC : solid curved arrows artéi-">N
HMBC : broken curved arrows) and other NMR spectopéc data used to assemble fragments A-D into
11. The'H-NMR data of 11 showed a single protap (2.83) attached to the imide nitrogen (N-15), whil
hydrolysis of the N-15 to C-16 bond yielded 12 whitisplayed two hydrogens attached to the resulting
amide nitrogendy 5.70 and 9.90). The other hydrolysis product, & wlentified asS)-2-methylsuccinate
based on comparisons of its ESIM${;NMR , and optical rotation data to authentic skrapf theR and
Sisomers of39.
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nitrogen atom now exhibited two attached amide protosis at70 (1H, br s) and 9.90

(1H, br s). Interestingly, a similar regio-specific imide hydraysiocess was previously

40: R =H (Tensidol A)
41: R = Me (JBIR-86)

o

o CHs,

42: R =H (Tensidol B)
43: R =Me (JBIR-87)

0 0 CH,
OH

N

H

44: R = O (Pestalamide A)
37: R = N-Ph (Nygerone A)

Carbonarone A)
-Ph (Nygerone B)

observed as part of the degradation pathway for
the quinolactacins frorRenicillium citrinum™*®
Thus, we were able to rule out an anhydride
linkage between fragments C and D and confirm
the presence of the imide linkage as illustrated
for 37. With the planar structure 87

determined, only the absolute configuration of
the C-18 asymmetric center remained to be
addressed. Polarimetry performed on the
purified degradation produ80 gave an optical
rotation of p]p**-13.3 that was identical to an
authentic sample of§-2-methylsuccinate.

During the isolation of nygerone A, we
detected additional secondary metabolites which
displayed similar resonanc®s The analysis of
the'H- and**C-NMR data for one of these
secondary metabolites demonstrated the
presence of a monosubstituted phenyl graup (

7.20-7.38), along with 2 methine protoas (

6.23(s) andiy 8.71(s)), and one methylene protdp 8.87(s)). KeyH-"C HMBC

correlations were observed for the methine protong 6t23 andy 8.71 to carbons at
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119.8, 164.3, 169.3, and 178.6 and the methylene p#gtan3.87 to carbons &t
116.5, 128.3, 134.2, and 169.3. This NMR data led to two published compounds,
tensidol A(40)**°and carbonarone f45),**° which contained the identiciH- and*°C-
NMR data. We conjectured that one of the structures may have been incorrectly
elucidated, making a structural revision and unification of the published compounds
necessary.

Recently, Takaget al.reported the isolation of two new tensidols, JBIR-8E) (
and JBIR-87 43), which contained a methoxy ester in place of a hydroxy in position 3A
of tensidol A(40) and methoxy group in place of the acid hydroxyl group of tensidol B
(42).**  Since there were no other structures published in the literature which matched
the NMR ¢H, **C, J-coupling) and MS data for JBIR-86, we proposed several alternative
structural candidates which could fit the published MS and NMR data. Initialiyy ofa
the proposed structures were eliminated simply by looking for incomlagghin
theoreticaH-NMR resonances anHcouplings, with particular focus on the presence of
the two methine singlets observed@a6.41 and 8.43 in JBIR-86. After this initial
screening and elimination of proposed structures, compal6d8 (Figure 5.3A were
left having the best fit to the methine singlets and rest of the NMR data. furitier
scrutiny, compound6 was eliminated based on the estimdté€@NMR resonance of
position 2 derived from previous reports'8&-NMR resonance of position 2 pf
pyridones, aspernigrin’A and pestalamide 8> ?* In this instance, the expectég
would be 15 to 20 ppm upfield from the reported value in JBIR-86. Compbinvds

also eliminated since the methyl group on the propbiskte moiety would fail to match
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the reported resonances for carbon and preiGrbR.8,0H 3.87). Inspection of8

provided the best overall fit with the publisHé8-NMR resonances at position 2 of the

y-pyrones, carbonarone'® and pestalamide X2 along with predicted values for the

methoxy carbon and proton chemical shifts. Howed@presented a problem in regards

B 01 ) O (0]
9 7 6a
N AN \3 /CH311 9 5¢" 4 3a3 O/CH3
Yo N
1 13 5 6~0 2
OH v
M 48

MAE = 3.76 ppm

MAE = 15.95 ppm

C

O O
AN A-CHs
ola sk
48

Figure 5.3 A) Compound§46-48)which demonstrated the best
initial fit to the NMR data published for 41. BYyumbering
scheme utilized for measurements in computationalyais.

The mean average error (MAE) was caluculate® 3y, .—

dexpf# Of carbons. A smaller MAE value representgtien

overall agreement between the computational antighetdl data
for *C-NMR chemical shifts. C) Ke{H-**C HMBC

correlations observed in synthesized compound wmiatched

with the literature values 41.

analyses ofi1 and48 and full synthesis o48.

to the fact that the MS data
for this compound would be
approximately Ilamularger
than the published data for
JBIR-86. Due to the
difficulties that have been
presented throughout the
structure elucidation history
of these compoundg? 2%
122,123, 1236 hypothesized
that 1) JBIR-86 was
incorrectly elucidated as

well, 2) there was an error in

the reported mass for JBIR-86,
and 3) JBIR-86 actually has
the structure o48. In order to
confirm these hypotheses, we

proceeded with computational



Over the last decade, the use of DFT calculations using Gauge-IncludimgcAt
Orbital (GIAO) to theoretically determirféC-NMR chemical resonances have aided in
clarification and correction of structural features in natural prodétt8® With the
success that had been previously reported using density functional theory (DFT)
calculations, computations using DFT were utilized for JBIR43§ and48to test the
hypothesis that the tensidol core was incorrectly elucidated. The resldtiragions
between calculated and measur#+NMR chemical shifts of JBIR-86 a8 is shown
in Figure 5.4and demonstrates a dramatic difference in the agreement of the
computationally predictive values versus the publisfiéeNMR data for JBIR-86 (mean
mean absolute error (MAE) was calculated4biand48 (Figure 5.3B) found to be
15.95 and 3.76 ppm, respectively). Further analysis of these results demonstrated that
both compounds had good calculat&-NMR chemical shift agreement where
structural similarity was presentd. the phenyl ring), however, when directly comparing
the data for the furopyrrol ring of JBIR-86 and thpyrone ring of48, significant
deviations were observed. In JBIR-86 at positions C-2, C-3, C-3a, C-4, C-5, and C-6a,
labeled inFigure 5.3B, the average deviation of the calculat&+NMR chemical shifts
from published valué$' was 30.2 ppm in the furropyrol ring of JBIR-86, while the
average deviation in the same positions ofythbgrone ring o8 was 4.4 ppm. These

results strongly suggest that JBIR-86 and other tensid@|gl2, and43), have been
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Figure 5.4 Deviations in the calculated versus measti€eNMR chemical shifts fodl
and48. Differences close to zero demonstrate better ageaeof structurally calculated
values versus reportédC-NMR experimental data. Larger differences sigpibor
agreement between structurally calculafi®NMR values and reportédC-NMR
experimental data.

incorrectly assigned, and that the true structure is representedbgytfene structure

shown ind4, 45,and48.

Synthesis ofi8 was undertaken using a modified version of a scheme previously

129
l;

utilized by McCombieet. al.;“” as shown irscheme 5.1to add further support tha8

was the true structure. After purification of the synthesized compound, HRESIMS

1) HMDS, n-BuLi,
Q 9 h tyl chiorid e 9
o 0o OME-Me.SO cH phenyacetyl chloride CH
ML Ve2SPs hc 0" THF, -78°C to rt o
HsC o ——~ N oH |
DCM, rt, 2 hrs N 2)EoAc aNHel 0
CH rt, 4 hrs 1
3 48

Scheme 5.1.Method used to synthesize propodéd

analysis showed a peak with'zat 245.0815 [M + H]indicating the molecular formula

of C14H1,0; (calc. for G4H1304, 245.0814). ThéH- and**C-NMR analysis of the
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synthesized compound showed excellent agreement to the published chemical shifts of

JBIR-86(Table 5.2). Furthermore, the key correlations from the'*C

Table 5.2 Comparison of experimenti#h- and**C-NMR of 48 versus the published values of
JBIR-86.

Synthesized Compound 48 Literature Values for JBIR-86

(41)

Position oy (Jin Hz) Jc dy (Jin Hz) Jc

2 8.41, s 162.0 8.43, s 162.0
3a 119.3 119.1
4 175.0 175.0
5 6.19, s 116.9 6.21, s 117.3
6a 167.4 167.6
7 3.81,s 39.7 3.83,s 40.0
8 133.9 134.1
9,13 7.22, m 129.1 7.24, m 129.4
10,12 7.35, m 129.1 7.32, m 129.4
11 7.32, m 127.8 7.32,m 128.0
3 163.6 163.9
3-OCH; 3.85,s 52.7 3.87,s 52.8

HMBC added additional support thé8 was the correct structu¢Eigure 5.3C). In
compound48, long-range couplings from 2-H( 8.41) and 5-Hdy 6.19) were observed
to C-3, C-3a, C-4, and C-6a, along with a long-range coupling of the methoxy pigton (
3.85) to C-3. This data aligns precisely with the observed correlations that had been
presented with JBIR-88" thus yielding further evidence supportid®as the true
structure. Extrapolating this data to other tensidol structures, it is appaaetite
furopyrrol core of tensidols have been incorrectly elucidated, and that thetcorre
structures contain gpyrone core, as observed in carbonaroré’ fpestalamide A%
and48. Even with access to advanced technology and techniiggigs/¢-dimensional
NMR) which allow for greater structural elucidation power, the importandeoodtighly
analyzing the data in order to publish correct structures cannot be forgottais Int

instance, there have been nine subsequent publications that have cited ten@i@pls A
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and B(42),'" 121 139134 cluding the structural elucidation of JBIR-86 and JBIR-87,
which must now be reevaluated.

Interestingly, the-pyrone ory-pyridinone core shown in these metabolites is
relatively new. In a detailed review of secondary metabolites from bépekailli, it
was mentioned that the production of this clasgyrones ang-pyridones had been
shown to be limited té. nigerandAspergillus tubingensiS’ We sought to analyze
additional strains of aspergilli for the presence of these compounds under nmaimal a
epigentically modified conditions. Using retention time and detection by LO-DA
ESIMS, the data suggests that these compounds are more prevalent in blackiaspergil
than originally stated. Based on retention time and mass profiles, pestabamade
observed in at least one growth condition for each of the 12 aspergilli which wetk test
(Table A2). Analysis of the epigentically modified cultures demonstrated neither an
increase nor decrease in the number of cultures in which these compounds vesite pres
This indicates that thgpyrones andg-pyridones are produced in these strains under
normal culture conditions, and the biosynthetic genes do not appear to be under
epigenetic control. Additionally, two other important pieces of information were
obtained from this analysis. First, the presence of the methyl succin&ty wioi
compounds such as pestalamide A affd ppears to be play an important role in the
biosynthesis of these compounds. As demonstrated, the presence of pestalamide B was
always present in the cultures when aspernigrin A was present, however thesopposit
observation could not be ma@Eable A2). This data further supports analysis in the

117
l,

review article by Nielsest. a indicating that compounds such4tsand aspernigrin

A are most likely artifacts due to hydrolysis of the methyl succinatetyndiging the
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isolation and purification process, which also matches what was observed during the
purification of nygerone A. Interestingly, it is thought that organisms mayhas
succinate moiety as a means of self-protection from the secondary ntetabeing
produced:*” Second, nygerone ¢87) was only definitively observed in ttfe niger
ATCC 1015 suberoylanilide hydroxamic acid (SAHA) treated cultures. Itegem
unusual that only one strain was able to produce nygerone A, so this compound was
further explored.

Under further scrutiny of nygerone A, TNephenyl ring of nygerone A was
reminiscent of a structural portion of SAHA. Therefore, it was hypothesiztuh tthee
course of treatind.. nigerwith SAHA to turn on silent
pathway< the excess SAHA was catabolizedAyniger
and incorporated into biosynthesis of nygerone A. To test

this, apara-flouro SAHA derivative p-F-SAHA) was

synthesizeqdSee Appendix)and a 50 uM concentration

was added to shake-flask culturespohigerin potato dextrose media. From the crude
culture extract oA. nigertreated withp-F-SAHA, LC-ESIMS data showed a molecular
ion with anm/zof 437.1 [M + HJ", suggesting the presence of nygerone A with fluorine
substitution on th&l-Phenyl ring veryifying the proposed hypothesis. Rapid degradation
of this molecular ion occurred during isolation through chromatography whichecsul

the loss of the methyl succinate moiety, leaving the fluorinated versiormgefone B.

After purification, this new isolatg@-fluoro-nygerone §49), was fully characterized.
HRESIMS provided a pseudo-molecular iomét 323.1192 [M + H] (calc. for

Ci1oH16FN2O,, 323.1196). Using this data, a chemical formula @HGFN,O, was
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proposed for9, which corresponded to the loss of one proton and gain of one fluorine,
when compared with nygerone B. Simita-NMR, **C-NMR, *H-*C HSQC andH-

13C HMBC correlations were observed when compared to published values of nygerone
B, with the exception of one fewer aromatic proton. This was explained by the
observation of 3F-NMR revealed aér = -112.6 ppm. While this demonstrated that
nigerwas capable of catabolizing excess SAHA and utilizing these components in
biosynthetic processes, it still left open the question of whether the epigactétin of
SAHA was necessary for the production of any of the nygerones. To follow up these
results,A. nigercultures were grown under multiple treatment condit{@rable 5.3)to
determine if it was possible to observe fluoro-derived nygerones without theqaesgen
p-F-SAHA. While both conditions in which the presencepeffuoro aniline Table 5.3,
Conditions 3 and 4) showed a lack of fluoro-nygerones by ESIMS, the presgnce of

fluoro acetanilideTable 5.3,Conditions 5 and 6) yielded the detection of

Table 5.3 Cultures were grown under varying conditions tedweine: 1) if suberoyanilide hydroxamic
acid was necessary for the production of nygerd@eedompounds under amide and free amine conditions
and 2) if the amide or free amine alone could pcedwygerone-like compounds. A ‘+' means that this
compounds was added to that culture condition,evdil—' means that this compound was not added to
that culture condition.

100 pMp-F- 100 pMp-F- 100 pMp-F 10 uM DMSO Nygerone C

Condition ™" sanA acetanilide __aniline ___ SAHA Observed?

No
Yes
No
No
Yes
Yes

+ _ _ —
— — +
— +
—_ + —
— + —

OO~ WNBE
+ o+ + + o+

+
+

fluoro-nygerones by ESIMS artdF-NMR. Further inspection through a BLAST search
of A. niger1015 showed the presence of gene clusters for an acetamidase and a
formamidase which did not have homologs in any of the &bpergilli sp. which were

studied during the LC-MS analysis. This may be a potential piece to the pegaitding
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what allows this strain k. nigerthe ability to catabolize excess SAHA and use the
components in biosynthetic processes or it could simply be coincidental.

We tested nygerones A and C, pestalamide A, and synthegmednes for
bioactivity. Initially, compound87, 44, 48, 49, and50 (Table 5.4)?° *®were screened
against a suite of bacterial and fungal strains. All compounds showed a lack of
significant toxicity when tested against the bacterial strains, andi8ragd50
demonstrated any significant activity against fungal strains betweeg/df.jto 100
pg/mL. Compoun®O had a slightly better profile of activity, when compared&psinc
activity againstAspergillus fumigatus, Aspergillus flayasmdCandida crusewas

observed at 10 pg/mL. The primary differences between the two compounds wBfe tha

Table 5.4 Inhibitory properties of-pyrone and-pyridone compounds when tested against varioutehak
and fungal strains based on change in OD689.represents that the compounds were not actitieeat
highest concentration tested (100pug/mLy). represents activity observed at 100pug/mk+’ represents that
compounds were active at 10 pg/mL

Compounds
Microbial Strain 37 44 48 49 50 51 52
Acinetobacter baumannii — — — — — NT NT
Acinetobacter baumannii BAA — — — — — NT NT
Burkholderia cepacia — — — — — NT NT
Enterobacter cloacae — — — — — NT NT
Escherichia colil0798 — — — — — NT NT
Escherchia colll1775 — — — — — NT NT
Pseudomonas aeruginosa — — — — — NT NT
Klebsiella pneumoniag3495 — — — — — NT NT
Klebsiella pneumoni&1503 — — — — — NT NT
Staphylococcus epidermidis — — — — — NT NT
Staphylococcus aure@$293 — — — — — NT NT
Staphylococcus aurer90787 — — — — — NT NT
Candida albicans — — + _ + + _
Candida glabrata — — + — + + _
Candida krusei — — + — ++ ++ —
Candida parapsilosis — — + — + + —
Candida tropicalis — — + — + + —
Aspergillus fumigatus — — + — ++ ++ —
Aspergillus flavus — — ++ — ++ ++ —

contained an ethoxy and lacked a methylene between the pyrone and phenytiteng, w

48 contained a methoxy and a methylene linker between the pyrone and phenyl ring . A
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50 51 51

brief exploration into the structure-activity relationship of the compounds was akelert
by creating derivatives &0 (described in materials and methods). The results of this
assay demonstrated tH#t had a similar range of activity &5, however, the acid moiety
on52resulted in a loss of activity in the compound. This suggests that the activity is
dependent on the presence of the carboxylate moid®; B0, and51, while the presence
of a carboxamide (pestalamide A and B and nygerone A) or a carboxyliGagiésults
in the loss of bioactivity. In addition, the improved activityp6fand51 over48
suggests that the loss of the methylene between the pyrone and the aronsasicisiig
the potency of the molecules.

This chapter demonstrates the need for exploration and detective work to obtain a
deep understanding of scientific data since explanations may be more ctimapléxey
first appear. For example, difficulties in the characterization of compoumstiiis
class ofy-pyrones ang-pyridnones have been observed since they were first
isolated'?* 12 13° The significant number of correlations in the ring understandably led
researchers to incorrectly elucidate the tensidol structures, and would hafite théimenm
other means of suppoitg. DFT calculations) to deeply explore all potential structural
leads during the elucidation process. The data collected through computations and
synthetic methods shows that tensidol’s furopyrrol core has been incorssitiped,
and that the true structure is that gfjpyrone core. Since tensidol A and B were isolated

and characterized prior to the respective carbonarone A and pestalamide A, peecedenc
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0 O O CHs suggests that the name of tensidol A and B
O.
W”J\)\g M2 remain, but the structure is revisedifsand
7 53 44. In addition, the revisions of JBIR-86 and

JBIR-87 are shown i48 and53, respectively. Another example is nygerone A, which
was isolated and first thought to be biosynthesized due to the use of small molecule
epigenetic modifiers accessing epigenetically controlled gene pahwowever,
further evaluations of our initial hypothesis led to a revision in this thought with the
realization thaA. nigeris a very biosynthetically talented organism. In turn, nygerone A
turned out to be produced due to the abilithohigerto catabolize SAHA and
incorporate these molecular components into biosynthetic pathways. This does not
diminsh from previous results which illustrate that SAHA upregulates biosingeste
pathways under epigenetic contfohut demonstrates that additional thought needs to go
into the process of isolating the new compounds.
5.3 Materials and Methods

5.3.1 General Chemical Methodslnitial separation of secondary metabolite
mixtures was performed by MPLC using HP-20SS resin using a step gradient of 20:80
MeOH-H,O to 100:0 MeOH-KHO. Further isolation and purification was performed
using preparative and semi-preparative HPLC using Phenomepn&e@ini columns.
ESI-LC-MS data was collected using a Thermo-Finnigan Survery LEmyand a
Finnigan LCQ Deca mass analyzer. HRESIMS data was obtained fronogbeay
ionization acquired on a time of flight mass spectrometer. Samples for mass
determination were dissolved in MeOH and introduced for ionization withué R8bp

on an auto injector system. NMR data were obtained on a Varian NMR spectrameter a
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400 MHz ¢H) and 100 MHzC) or at 500 MHzH) and 125 MHz¢C) and processed
using VNMR] software. All solvents were of ACS grade or better.

5.3.2 Fermentaion, Extraction, and Isolation of Nygerone A (37).
Cryopreserved sample 8kpergillus nigelATCC 1015 was removed and plated on
potato-dextrose agar and grown for 14 days. Hyphae were suspended in sterienda
used in a in the inoculation of 28 Fernbach-style flasks, each containing 150 mL of a
semi-solid vermiculite-based medium (0.2 grams cornmeal, 0.2 gramsadtegloats,
0.2 grams white rice, LB broth (20 g/L)) and treated witlusDof SAHA. Cultures
were maintained under static conditions (12 h light/12 h dark, 25 °C) for two weeks.
Cultures were harvested by adding 500 mL of ethyl acetate to each fladkeari® dn of
extraction, the ethyl acetate and aqueous layers were decanted aed] filterorganic
layer was removed by partitioning, and the solvent was evaporated yigfibngg of
ethyl acetate soluble organic matter. The total organic extract wastsabje repeated
reversed-phase preparative and semi-preparative HPLC under MeQH~d
Acetonitrile-H,O gradient conditions providing 1.9 mg of nygerone3&)@s an off-
white to slightly yellowish amorphous solid. Nygeron€3X): slightly yellow
amorphous solid; HRESIMB8/z419.1542 [M + H] (calc. for G4H24N,0s, 419.1607
[M + H]*. SeeTable 5.1for *H- and™*C-NMR data.

5.3.3Nygerone E (38): *H-NMR (400 MHz, CDC}) 64 3.66 (2H, s, H-7), 5.70
(1H, br s, NHx-15), 6.48 (1H, s, H-5), 6.80 (2H, m, H-9/13), 7.05 (2H] d,7.6 Hz, H-
2'16'), 7.17 (2H, m, H-10/12), 7.18 (1H, m, H-11), 7.40 (2H,%,7.6 Hz, H-35'), 7.47
(1H, d,J = 7.6 Hz, H-4), 8.42 (1H, s, H-2), 9.90 (1H, br s, #i-15); *C-NMR (100

MHz, CDCk) é¢c 39.2 (C-7), 118.1 (C-3), 121.8 (C-5), 126.9 ((5}, 127.5 (C-11),
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128.7 (C-9/13), 128.7 (C-10/12), 129.7 (T53, 130.0 (C-4), 134.7(C-8), 140.4 (C),
146.9 (C-2), 150.9 (C-6), 166.0 (C-14), 177.8 (C-4); HRESHWS305.1292 [M + Hi
(calc. for GgH17N20, 305.1290).

5.3.4 Density Functional Theory Calculations (DFT.) Full geometry
optimization and carbon chemical shift calculations for the propé8add JBIR-8641)
were performed on 8 nodes of the Pentium-4 Xeon54 Quad Core Linux Cluter (running
Red Hat Linux) using Gaussian03. Geometry optimization with frequency check and
GIAO methods for determining carbon chemical shifts were performed usibggise
set, b3lyp/6-31+g(d,p). DFT calculations of tetramethylsilane (TMS) wsoe a
performed to determine the carbon chemical shift to be used as a referanoen C
chemical shifts were referenced by subtracting the calculgtefieach carbon from the
calculatedbc of TMS. Analysis of results was performed by comparing the calculated

chemical shifts with the published chemical shifts of JBIR?86.

5.3.E Synthesis of -Carbmethoxy-6-benzyl-4-pyrone (48). The general
scheme for synthesis of the proposed pyrone followed the previous methodology
developed by McCombiet al**® The enaminone, methyl 2-[(dimethylamino)
methylene]-3-oxobutanonte, was synthesized as described in the paper with the
modification of using methyl acetoacetate as a starting materieadhsft ethyl
acetoacetate. Methyl acetoacetate (5.4 mL, 0.05 mol) was added to the BSE&;M
adduct in CHCI; (75 mL) at 0° C and triethylamine (10 mL) was added over slowly
over 3 minutes. The mixture was stirred for 2 hours at room temperature and then
washed with aqueous tartaric acid (10% w/v, 100 mL) and water (100 mL x 2) then

dried (anhydrous MgS{() The sample was gravity filtered (Whatman #1 filter paper)
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and the filtrate was dried under vacuum. The crude material was subjectexh tgesi

flash chromoatography (Biotage Isolera) using a GH@lyl acetate gradient (100:0 to
0:100). The enaminone was then dried under vacuum and further purified by additional
flash chromatography using a hexanes-ethyl acetate gradient (90:10 to 0:100). The
solvent was dried to give the white solid product methyl 2-(dimethylaminbyheet]-
3-oxobutanonte (6.2 g, 72.5%).

To construct the pyrone ring, a solution of hexamethldisilazine in THF was
stirred at -78° C and-BulLi in hexanes was added slowly over 2 minutes. After the
mixture was cooled, a solution of enaminone (methyl 2-[(dimethylamino)matjyse
oxobutanonte) and phenyl acetyl chloride in THF was added over 1 minute. The dry
ice-acetone bath was removed and the solution was allowed to warm for 5 minutes.
Diethyl ether was added to the reaction, followed by 3N HCI. The solution was
allowed to stir rapidly overnight. The following day, the organic phase wsisada
with saturated sodium bicarbonate (100 mL) and water (100 mL x 2) then dried
(anhydrous MgS@). The sample was gravity filtered (Whatman #1 filter paper) and
the filtrate was dried under vacuum. The residue was subjected to sllitash
chromatography using a GEl,-ethyl acetate gradient (100:0 to 0:100). Purification of
they-pyrone was performed on preparative HPLC (Phenomenex GeprniG-18
250 x 20 mm column) using a MeOH®I gradient (50:50 to 100:0) over 60 minutes at
a flow rate of 10 mL/minute. The resulting purification resulted in the isolatian of
reddish amorphous solid (16 mg, 6%H-NMR (400 MHz, MeOHel,): & 3.84 (2H, s),
3.88 (3H, s), 6.22 (1H, s), 7.23 (2H, m), 7.34 (3H, m), 8.45 (1H-*€)NMR (100

MHz, MeOH-d,): ¢ 39.72 (C-7), 52.83 (C-15), 117.22 (C-5), 119.69 (C-3), 128.0 (C-
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11), 129.29 (C-10 and 12), 129.35 (C-9 and 13), 134.00 (C-8), 161.77 (C-2), 163.94 (C-
14), 167.67 (C-6), 175.15 (C-4). HRESIM8z245.0815 [M + H] (calc. for
C14H1504, 245.0814).

5.3.6 LC-ESIMS analysis of black aspergilli sp under chemical epigenetic
conditions. Freeze-dried spores from thirteen strains of black aspe#Asitigrgillus
aculeatudNRRL 5094, Aspergillus japonicublRRL 2053 Aspergillus basiliensis
NRRL 35542 Aspergillus heteromorphi¢$RRL 4747 Aspergillus carbonariublRRL
346, Aspergillus ibericutNRRL 35644 Aspergillus tubingensiNRRL 4875
Aspergillus carbonariudllRRL 369 Aspergillus parasiticuBlRRL, Aspergillus
ellipticusNRRL 512Q Aspergillus nigeNRRL 1956 Aspergillus nigeNRRL 326
Aspergillus nigeNRRL 1015)were obtained from the NRRL mycology collection.

All strains were grown on appropriate media and cryopreserved in a 15% (v/upglyce
solution at -80° C. Cryopreserved samples were removed and plated on potato-
dextrose agar and grown for 14 days. Hyphae from each aspergilli were suspended i
sterile water and used to inoculate 3 1-L Erlenmeyer flasks containing 250-mL of
sterile potato-dextrose broth. To each flask for a fungal strain, eithévl 50
suberoylanilide hydroxamic acid (dissolved in 50:50 DMSQ} 50uM 5-

azacytidine (dissolved in 50:50 DMSO;®), or bolus of 50:50 DMSO: 0 was

added. Cultures were grown for 21-days at room temperature under shake flask
conditions at 250 rpm. After 21-days, 2% (wt/v) Diaion HP-20 resin was added to each
flask and continued to be shaken for 4 hours followed by filtration of the cell mass and
resin. The cell mass and resin were collected and then extracted in 2 250-mlis aliquot

of methanol over a 48-hour period. The methanol extracts were combined and dried
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down by rotary evaporation.

Dried extracts were prepared for LC-ESIMS analysis by susperidirextract
in a minimal amount of MeOH and then drying to loosg<tationary phase. The
dried Gg stationary phase, with sample, was then placed in SPE cartridges and rinsed
with 5 mL of distilled water followed by 5 mL of methanol, each collected atgdgy
on a vacuum manifold. The separate water and methanol samples were dried in
weighed 2 dram vials overnight. The vials containing the dried methanol rinse wer
weighed and then suspended in a 90:10 MeOJ@ sblution to give a concentration of
approximately 20 mg/mL. A portion of each sample was then pipetted into a 2-mL
Ependorff tube and centrifuged at 14,000 RPM for 5 minutes. The crude supernatant in
the Ependorff tube was placed in vials and then sampled by LC/MS (Phenomenex Luna
3um Cig 50 x 2 mm column) using a MeOH@ gradient (25:75 isocratic for 3
mintues, 25:75 to 100:0 for 28 minutes, 100:0 for 6 minutes, then re-equilibrated to
25:75 for 3 minutes) at a flow rate of 400/min. The mass spec detector was set to
scan a range ofh/zfrom 120-1500 mass units. The photodiode array (PDA) detector
scanned wavelengths from 200-600 nm, with 3 channels set at 210 nm, 254 nm, and
280 nm. Collected spectra from each sample were analyzed for the presence of known
y-pyrones ang-pyridinones.

5.3.7 Isolation and Purification ofp-fluoro-nygerone B (49) Cryopreserved
sample ofAspergillus nigelATCC 1015 was removed and plated on potato-dextrose
agar and grown for 14 days. Hyphae were suspended in sterile water and used in
inoculating 20 1-L Erlenmeyer flasks containing 250 mL of sterile potatoagext

broth (PDB), which were treated with 0.5% (vol/vol) of (8@ p-fluoro-
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suberoylanilide hydroxamic acig-E-SAHA) (dissolved in 50:50 DMSO7O)
[Synthesis described in appendix material]. Controls were created by tnagua
1-L Erlenmeyer flasks containing 250-mL of sterile PDB and 0.5% (vol/vol) of 50:50
DMSO:H,0O. Cultures were grown on a rotary shaker (150 rpm) for 14 days at room
temperature then partitioned three times with an equivalent volume of dichlbeorae
The organic phase was collected and dried down by vacuum. The treated and control
extracts were generated and processed for LC-ESIMS analysis by matéadsisly
described ir5.3.6 Further fractionation was performed on pREe-SAHA culture
extract by preparative HPLC (Phenomenex GempmSC,;g 250 x 20 mm column)
using a MeOH-HO gradient (35:65 to 100:0) over 60 minutes at a flow rate of 10
mL/minute, with final purification being performed under varying gradient camditi
by semi-preparative HPLC. Purification resulted in the isolation of lighow
amorphous solid (2 mg)*H (400 MHz, CDCJ): ¢ 3.71 (2H, s, H-7), 6.06 (1H, br s, N-
Ha-15), 6.61 (1H, s, H-5), 6.83 (2H, m, H-9/13), 7.05 (2H, m, 48R 7.10 (2H, m,
H-3'/5), 7.21 (2H, m, H-10/12), 7.23 (1H, m, H-11), 8.49 (1H, s, H-2), 9.89 (1H, br s,
N-Hb-15). **C (100 MHz, CDGJ): § 39.74 (C-7), 116.9 (C&’), 117.7 (C-3), 121.9
(C-5), 127.7 (C-11), 128.5 (C-9/13), 128.9 (C-10/12 and/€)2134.8 (C-8), 146.9
(C-2), 151.3 (C-6), 162.0 (C)1 164.1 (C-4), 166.0 (C-14), 177.7 (C-4). HRESIMS
m/z323.1192 [M + HJ (calc. for GoH1gFN,O5, 323.1196).

5.3.8 Analysis ofA. niger cultures for nygerone C under varying culture
conditions with and without SAHA. Cultures were grown following procedures
outlined in5.3.7. Six different treatment conditions were utilized as outlinethinle

5.3in order to determine what was necessary for the productié® ofhe treated and
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control extracts were generated and processed for LC-ESIMS anayysiethods
previously described i5.3.6

5.3.9 3-Carbethoxy-6-phenyl-4-pyrone (50)Synthesized and purified based
on previous literature methodS. The resulting product was a red crystalline solid.
HRESIMSm/z245.0816 [M + HJ (calc. for G4H1504, 245.0814)'H-NMR was in
agreement with the literatut&

5.3.10 3-Carbmethoxy-6-phenyl-4-pyrone (51)Synthesized and purified
based on previous literature methdswith the use of methyl acetoacetate utilized in
place of ethyl acetoacetate. The resulting product was a red éngssallid.*H (500
MHz, MeOH-d4):d 3.86 (3H, s, H-15), 6.94 (1H, s, H-5), 7.53 (2H, m, H-9/11), 7.55
(2H, m, H-10), 7.89 (2H, m, H-8/12}3C (125 MHz, MeOH- d4):5 52.3 (C-15),

112.4 (C-5), 118.3 (C-3), 126.2 (C-8/12), 129.6 (C-7), 130.8 (C-9/11 and C-10), 163.0
(C-13), 164.1 (C-6), 166.0 (C-2), 175.6 (C-4). HRESIMS m/z 231.0659 [M' {dd]c.
for 231.0657, @H1104).

5.3.11 3-Carboxylic-6-phenyl-4-pyrone (52)10 mg of51 was reacted with 1
N NaOH in distilled THF for three hours at room temperature then adjusted to pH 3
with 1N HCI. The resulting solution was partitioned against ethyl acetate, and the
resulting organic material was dried down. Purification was performed on preparat
HPLC using methods previously described, resulting in 6.2 mg of a yellow amporphous
solid. 'H (500 MHz, (CR),CO: 6 6.95 (1H, s, H-5), 7.60 (2H, m, H-9/11), 7.66 (1H,
m, H-10), 8.04 (2H, m, H8/12), 9.88 (1H, s, H-2)°C (125 MHz, (CR),CO): 6 97.6
(C-5), 100.6 (C-3), 126.7 (C-8/12), 129.2 (C-9/11), 130.4 (C-7), 132.8 (C-10), 161.7

(C-13), 167.1 (C-6), 178.5 (C-4), 193.9 (C-2). HRESIM&215.0358 [M + H](calc.
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for 215.0350, GH7Oy).

5.3.12 Pestalamide A (44)HRESIMSm/z[M + Na]* 366.0956 (calcd. for
CigH17/NOgNa 366.0954)'H- and**C-NMR were in agreement with published
values:?®

5.3.13 Antibacterial assay.Frozen 20% glycerol stocks of 12 bacterial lines
from ATCC (Table 5.4)were thawed and diluted into TSB media, 20 pL of stock into
11 mL of media. These stocks were plated to 96-well plates, 100uL per well. Test
compounds were diluted in DMSO and added to the wells; final DMSO concentration
in the wells was 1%. Plates were shaken orbitally for five seconds andgsagswebe
taken. Fungal strains were incubated for 24 hours in a humidified air incubator at
37C. Plates were removed, shaken again, angh§?&adings were obtained again.

The final Oy was subtracted from the initial @Q§3to obtain the change in Qg.

5.3.14 Antifungal assay.Frozen 20% glycerol stocks of seven fungal lines
from ATCC (Table 5.4)were thawed and diluted into YM media, 20 uL of stock into
11 mL of media. These stocks were plated to 96-well plates, 100 uL per well. Test
compounds were diluted in DMSO and added to the wells; final DMSO concentration
in the wells was 1%. Plates were shaken orbitally for five seconds andgsagswebe
taken. Fungal strains were incubated for 48 hours in a humidified air incubatcg at 37
degrees Celsius. Plates were removed, shaken again, apsgr€3dings were obtained
again. The final OBowas subtracted from the initial Qg to obtain the change in

ODgoo
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Chapter 6. Reassessing the Ichthyotoxin Profile of Cultured
Prymnesium parvum (Golden Algae) and Comparing it to Samples
Collected from Recent Freshwater Bloom and Fish Kill Events in
North America

This chapter is adapted from a publication in Toxi¢h.
6.1 Introduction
The marine haptophytferymnesium parvur(division Haptophyta, class

Prymnesiophyceaéf which is commonly referred to as ‘golden algae’, has played
causal roles in scores of massive fish kills in coastal marine and higbeterate salinity
inland waterways throughout the wottf:**° In the mid-1980s, the first reported cases
documenting the entryf P. parvuminto North America were marked by multiple large
fish kill events in southern Texas, USK: *® Even more troubling was the realization
thatP. parvumblooms were occurring in moderate-to-low salinity inland lakes, rivers,
and reservoirs. This marked a disturbing extension in the range of sitgdalesrum
habitat$*® causing considerable alarm regarding the ecological and potential human
health risks associated with golden algae. Adding to this concern has been theeapid rat
of P. parvun's dispersion across the southern United States, and its northerly
Sprea01.5o‘ 151

Despite its devastating biological effects, the identity of the toxic ¢oest(s)
produced byP. parvumhas not been definitively establish&d*>> A combination of

undefined proteolipids>® ceramides®’ saponing?® proteinaceous substancésplasma

membrane/plastid componentéand proteophospholipith have been credited as
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responsible foP. parvuns toxicity. In 1982, Kozaki and colleagues proposed that
hemolysin | (a combination of galactoglycerolipids) wasRhearvunmtoxin, but no data
substantiating the hypothesis were offef®dLater in 1996°* and 1999° Igarashi and
colleagues reported the structure determination of the high molecular wegatjbt

polyethers prymnesin-1 (gH154ClsNQOy4) (62) andprymnesin-2CogH136CIsNO3s).

Both of these compounds are potent ichthyotoxins agéarsththys albonubesith
LCsovalues of 8 and 9 nM, respectivéfii. However, none of the prymnesiums have

been directly linked to fish kill events and our ongoing LC-ESIMS and toxin isolation
studies suggest that these compounds do not accumulate at lethal concentrations under

laboratory or natural field conditions.

Prymnesin-1 (54)

OH

HO
o oH L oHO
HO O A0 — = = —~_CHs HO

OH

o "OH
GAT 512A (55) OH A
OH Q
HO 0 === =0, o
Q : JJ\/\/\_/\M
HO OO === =" =0, HO === N =""CH,
OH o
GAT 768A (56) Stearidonic Acid (58)

OH i 1%
HO . 0 eSS, o o~ _—~_—_CHs
HO O A0 = — = —~_CHs 59

OH o
GAT 770A (57)

This study used a bioassay-guided approach to identify some of the ichthyotoxic
components in laboratory-growh parvumcultures. These results were compared to
LC-ESIMS and GC-EIMS data obtained for two recent fish kill and bloom events caused

by golden algae. Given the increasing levels of human contacPwthirvuminfested
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waters, extracts and pure compounds were also tested against a human CEfidse
data support an important toxic role for several polyunsaturated fatty acatsonatory-
culturedP. parvum but do not fully explain the organism’s significant ichthyotoxicity at
natural bloom sites.
6.2 Results and Discussions

6.2.1 Bioassay-guided ichthyotoxin extraction and compound isolationVe
have approached the searchRoparvumtoxins using an ichthyotoxicity-based
bioassay-guided methodology. The fathead minrfiwméphales promelasas served
as a reporter organism for detecting biologically-relevant toxins in goldaa aultures
and samples collected at two fish kill sites along the Oklahoma-Texas Teakena —
February 2009) and Pennsylvania-West Virginia (Dunkard Creek — October 2009)
borders. Our initial studies applying a modified Kupchan-partitioning schenuétuoec!
P. parvumdemonstrated that golden algae toxins accumulated in the organic layer
following water-ethyl acetate partitioning. Bioassays performeti®utied and then
reconstituted aqueous layer (resolubilizedIat<10 andx100 its initial concentration)
showed that it was devoid of biologically-relevant ichthyotoxic substancesntrast,
thex1, x10 andx100 reconstituted ethyl acetate layer retained the sample’s potent
ichthyotoxic properties. Notably, this extraction method varies significaomn the
elaborate scheme reported for the isolation of intracellular prymn&sins.

The ethyl acetate soluble material collected from 50 L of cultBrgrvumwas
subjected to MPLC (HP20SS resin, gradient elution from 30—-100% methanol in water
followed with a 100% acetone wash). This afforded a single bioactive fraction (100%

methanol) that exhibited rapid-onset toxicity agalispromelagnote: All fish died
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within ~20 min when the extract was reconstitutegllaits original concentration). We
have observed that fish placed in water taken from highly toxic blooms and lab-grown
cultures exhibit similar toxicological symptoms that include excessivaisyproduction
near the gills, hyperventilation, and an impaired righting reflex. Thespteyns usually
appeared within 10-20 minutes of exposure to toxic water and fish typicallydcease
visible movement within 20-30 minutes. A similar set of symptoms is reportemuligkt
on by eicosapentaenoic ac¢fd. The ichthyotoxic sample was subjected to preparative-
scale HPLC (reversed-phase octadecyl silica gel, gradient fral@@%- acetonitrile in
H,0) vielding a single bioactive fraction. The-NMR spectrum of the toxic fraction
indicated that the sample was composed of several metabolites exhibitingpapinsg
the region fromvy 0.5-5.5, which were striking similarities to data reported for
galactoglycerolipid and polyunsaturated lipid toxins previously isolated frotairce
unicellular marine organisitf§%includingP. parvum™®® Subsequent semi-preparative
reversed-phase HPLC performed on a portion of the bioactive sample yieldexs ke
fractions that exhibited greatly diminished toxicity, which was spreadgsceveral
consecutive fractions. However, even after recombining the samples, the ickityot
properties of the mixed fractions were substantially reduced (>10-fold |lossicity)
and all samples were devoid of activity following brief storage (dried amidftvek 24 h
at 4 °C). Returning our attention to the parent preparative HPLC fraction, we found that
it still retained toxicity and so we set about characterizing the santiptee major
components.

Positive-ion HRESIMS of the purified metabolites provided quasi-molecular ions

[M+Na]* atm/z535.2842 (calcd for SHaNaQy, 535.2883), 791.4678 (calcd for
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CysHesNaOyg, 791.4710), and 793.4801 (calcd fopi,oNaO,q, 793.4867) for
metaboliteH5 (GAT 512A),56 (GAT 768A), andb7 (GAT 770A), respectively. In

order to provide a simple naming scheme for compo&bds6, and57, we have

proposed the use of the term “GATs” (golden algae toxins) rather than the ngthy len
IUPAC nomenclature. Each GAT is assigned a unique identifier number based on its
molecular weight, which is followed by a letter code to distinguish isonmarsdach

other. Accordingly, compounds, 56, and57 have been termed GAT 512A, GAT
768A, and GAT 770A, respectively. Further data obtained from *HDaiid**C-NMR)

and 2D- (COSY, HSQC, and HMBC) NMR (Supplementary Information, Table 1),
controlled chemical and enzymatic degradation experiments, and optical rotation
measurements of the metabolites and their respective hydrolysis prdthveesiais to
confirm the structures of these compounds. The identities of these compoundsavere als
confirmed by comparisons of our data with values published in the literats8 5t

56,'°” and56.°” Surprisingly,55-57 exhibited no ichthyotoxicity againBt promelagup

to 430 uM); however, we did observe modest cytotoxicitypfoin a human (MDA-MB-
435) cancer cell line (1§ 24.2 £ 5.12 uM).

6.2.2 Esterase mediated liberation of ichthyotoxic fatty acids-urther
consideration of structuré®-57, suggested that GATs might function as protoxins since
the polyunsaturate®-alkyl esters moieties found within these metabolites could be
readily hydrolyzed resulting in the release of their corresponding cdibaxyd
derivatives. Similar metabolites have been implicated as potent toxinstdigafisand
isolated fish cell line$”® We hypothesized that esterases, which are ubiquitous

hydrolytic enzymes found in aquatic ecosystéfspuld readily catalyze the release of
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polyunsaturated fatty acids from tG8-57. We tested this by incubati®&-57with
assorted esterases and this resulted in the liberation of a potent mixtingdtioxins
that included stearidonic acil§) and its analo§9. None of the controls utilizing heat
denatured esterases showed any ichthyotoxic propéftgse 6.1). More importantly,
tests performed using purified and commercially avail&Bleonfirmed that the
concentration of this fatty acid alone was sufficient to cause rapid-onsatytdkCs,

21.9 £ 6.3 uM; all fish dead in < 20 minutes at 40 uM) and other distinct pathological

features that are typically observed wierpromelags exposed t®. parvumcultures.

GAT 512A (55)

mixture of esterases mixture of
heat denatured

J J esterases

HOQH
o) OH CH3 lﬁ/ OH HyC
HO O AL_OH Q HO ONAO
OH X OH OH
D-isofloridoside stearidonic acid (58) GAT 512A (55)
fish: not toxic fish: LC5021.9 £6.3 uM Fish: not toxic
human cells: not tested human cells: not toxic at 10 uM human cells: IC57 24.2 + 5.12 uM

l4% NaOMe/MeOH

methyl stearidonate
fish: not toxic
human cells: not toxic

Figure 6.1 Assessment of the ichthyotoxicity and mammalidhaygotoxicity of compounds obtained
from the enzymatic hydrolysis of compouB@ Incubation o65with a lipase/esterase mixture resulted in
the liberation of D-isofloridoside ar&B, which was ichthyotoxic. Conversion 88 to its methyl ester
derivative in the complete loss of ichthyotoxiciblgcubation of 2 with a heat denatured lipase/aster
mixture yielded unconvertesb, which was not toxic to fish, but did exhibit matieytotoxicity toward
mammalian cells.
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6.2.3 Bioassay analysis of fatty acidd/Ne expanded our testing 58 to include
several of its derivatives.¢., methyl steridonate, steridonoyl glycine, and stearic acid);
however, none of these compounds were toxic to fish at concentratiod®d pf M
(Figure 6.1) An examination of 16 additional lipids led to the identification of several
other fatty acids that displayed similar or increased potency against fish
(docosahexanoeic acid: k4.7 £ 1.3 uM; eicosapentaenoic acid:sh€3.6 £ 9.0 uM,
arachindonic acid: L§ 9.2 + 0.8 uM, and pinolenic acid: k§£18.2 £ 5.9 uM (Figure
6.1). These results suggest that a combination of a carboxylic ackRasidouble
bonds are necessary to confer ichthyotoxic properties to fatty acids. Givaodest
size of our lipid library, further speculation regarding the structural fesatacpiired to
impart ichthyotoxic properties to fatty acids is not possible at this time cytbtxicity
of the lipids was also tested against human cells (MDA-MB-435); however, none of the
compounds inhibited cell proliferation at concentratigri® uM.

6.2.4 GC-EIMS assessment of cultureB. parvum lipids and comparisons to
water from bloom and fish kill sites. Tests performed by GC-EIMS on laboratory
grownP. parvumenabled us to determine that this organism produces a complex suite of
lipophilic metabolites. A representative GC-EIMS trace of a lipid praiiten from a 20
day oldP. parvumculture is provided ifrigure A16. The bulk of this mixture was
found to consist of a combination of saturated and unsaturage@ig: Cy, and G
compounds. In view of the toxicity data obtained from tests performed with our lipid
library (Figure 6.2), we conjecture that in addition 58, some of the other
polyunsaturated £ and G, metabolites might contribute to the ichthyotoxicity profile of

culturedP. parvum
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We also assessed the quantitp8in culturedP. parvumsince this compound

represented one of the most prevalent (second only to myristic acid) substahees in t

mixture and we were able to secure authentic samples for analytical canpars

seemingly positive correlation was observed betwegrarvumcell numbers, the

concentration 068 in cultures, and toxicity of culture water agaiRspromelagTable

6.1). Specifically, we noted that as the cell densitieB.qdarvumcultures approached

10° cells/mL, the levels 088 significantly exceeded the compound’ssk@alue(Table

Hooc — _ _ _ — —cH
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Hooc — — — — cHy
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Figure 6.2 Library of lipids tested for ichthyotoxic
properties. Compounds are arranged based orr#haiive
potencies again®. promeladry.
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6.1).

Next, we compared the
results from cultured golden
algae with data from field-
collected water samples
obtained from recent fish
kill/bloom sites. We
immediately discerned two
substantial differences between
laboratory-grown golden algae
and field samples taken from
recent blooms: 1) the cell
density for wildP. parvum
populations did not reach the
same high levels achieved in

laboratory cultures and 2) the



concentration 068 was proportionally reduced. While our analysis of field-collected

samples did confirm the presenceb8fat bloom and fish kill even{$igure A18 and

A16), its concentrations during these periods failed to reach toxic levels (< 0.5 uM)

(Table 6.1) Interestingly, we did not detes8 at nearby non-bloom sites or in water

gathered during non-bloom perio@&able 6.1andFigure A19). This suggests th&3

may serve as a chemical marker for impeding or ong@irgarvumblooms.

Table 6.1Determination of the cell density, stearidonic amehcentrations, and ichthyotoxicity of
golden algae cultures and water samples colled¢teztantP. parvumassociated fish kill and bloom

events.
; Stearidonic .
P. parvumcell densit
Sample P 5 y acid content Ichthyotoxic
(X10 cells/mL + SD) (uM) (Yes/No)
7 day old laboratory culture 8.2+0.7 58+1.8 No
12 day old laboratory culture 13.0+0.4 31.2+7.7 Yes
20 day old laboratory culture 24.0+ 3.0 95.2+23.7 Yes
Bloom event in Lake Texoma, 12+0.1 0.06 + 0.02 Yes
Lebanon Pool (Feb. 2009)
Post bloom in Lake Texoma,
Lebanon Pool (June 2009) Not detected Not detected No
Fish kill event in Dunkard Creek
drainage, Wana Bridge (Oct. 59+15 0.44 +£0.16 Yes
2009)
Non-fish kill area in Dunkard
Creek drainage, Upper Beaver Not detected Not detected No

Dam (Oct. 2009)

6.2.5 Further Discussions.Despite our many attempts using LC-ESIMS, direct
injection ESIMS (positive and negative modes), and bioassay-guided approaches to

detect prymnesing(g, compound4), we were unable to generate conclusive evidence
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that these cyclic polyethers meaningfully contribute to the ichthyotozmepties of
laboratory-grown or field samplé€s parvum Instead, a suite of uncommon
polyunsaturated fatty acids and their conjugated galactoglycerolipid progemates
emerged as important chemical agents that appreciably contribute thttheioxic

effects of culturedP. parvum This finding is supported by a substantial body of
anecdotal evidence and extensive observations concerning the seemingly mixed
lipophilic and amphiphilic properties of semipurified and puriffegarvum

toxins >4 126 198 172\ gregver, the labile nature of tRe parvuns toxins can be partially
explained based on numerous autooxidative degradation processes that polyunsaturated
fatty acids can underdd® ’* Even if other ichthyotoxic compounds are biosynthesized
by laboratory-growrP. parvum the quantity of toxic fatty acids, alone, are sufficient to
render the cultures lethal to fish. Although we are unaware of consideralde health
risks attributable to dermal contact, inhalation, or ingestion of galactoglysds and
polyunsaturated lipids such &5-58 we recommend that caution be used while handling
concentrated samples of these substances until further toxicological risknasse

studies have been conducted.

We are confident that prymnesins are not this organism’s primary toxin. This
assertion is based on several key observations including: 1) prymnesins were med detec
by LC-ESIMS in cultured or field-collected water samples where Rigrarvumcell
densities occurred, 2) bioassay-guided isolation methods have not provided aogdracti
in which*H-NMR or ESIMS have yielded unequivocal evidence for prymnesins or
prymnesin-degradation products, 3) the labile nature d?tiparvumtoxin is an unlikely

characteristic of prymnesins given their described structures and lapbafent

79



instabilities. While preliminary FABMS data hint at the presence of imglecular
weight (prymnesin-like) compounds in certénparvumsamples (weak quasi-molecular
ions have been observed betwes®z2,100 and 2,500; data not shown), we have not
been able to link the occurrence of these substances with ichthyotoxic effectavédore
the quantities of these putative high-molecular weight metabolites flalb@lew their
reported LGy values €.g, the detection limits for FABMS are generally within the low
nanogram to picogram range; the weak intensities of the peaks we have observed would
put the concentrations of these compounds at levels thal@rd00-fold below their
LCso values). Instead, our data support the idea that golden algae produce another, yet
uncharacterized ichthyotoxin(s).

The results are particularly significant in view of the increasing frequeith
which people are becoming exposedPtparvuminfested waters and the current lack of
concern regarding human contact with this orgarlfsmi’® Although our data provide
convincing evidence for certain fatty acids serving as the predominant toxins
laboratory-growrP. parvumcultures, we have not yet determined the identity of the
ichthyotoxic compound(s) responsible for the growing number of fish kill events in the
United States. However, we cannot rule out the possibility that toxic fady meay
exhibit ichthyotoxic effects when administered chronically to fish atdosages. Given
the different growth conditions experiencedmyparvumin the laboratory versus in
nature, it is probable that golden algae produce different toxins under thesndiffer
conditions. We will continue to investigate methods for preserving the integthyg of
labile P. parvumtoxin (e.g, consideration of pHi’’ free radicals®* and possible metal

interaction$’® and we hope to report these findings in due course.
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6.3 Materials and Methods

6.3.1 General instrumentation and experimental proceduresHPLC was
performed on a Shimadzu preparative instrument using a SCL-10A VP system egntroll
SPD-10AV VP UV-VIS detector, LC-6AD pumps, DGU-14A solvent degasser, and
FRC-10A programmable fraction collector. Samples were separated overantenex
C18 Gemini column (am, 110 A, 250 x 21.2 mm). Semi-preparative HPLC was
performed on a similar system using LC-10AT VP pumps and a Phenomenex C18
Gemini column (3um, 110 A, 250 x 10 mm). TOF-ESIMS data were acquired on a
Waters LCT Premier instrument. Corrections for exact mass detéionsiavere made
automatically with the lock mass feature in the MassLynx software. Sargrimass
determination were dissolved in methanol and introduced for ionization using an auto
injector with a 2QuL loop. Samples for LC-MS were analyzed by interfacing the HPLC
with the ESIMS instrument. GC-EIMS analyses were carried out on a HP 588¢ IEe
gas chromatograph and a HP 5971A MS detector using a HP-5%30D38 mmx 0.25
um) cross-linked 5% PH Me siloxane column. Optical rotation measurements were
performed on an Autopol Il Automatic Polarmeter (Rudolph Research) at 589 nm and
20° C in water. NMR data were obtained on a Varian VNMR spectrometer at 400 and
500 MHz {H) and 100 and125 MHZC), respectively. All solvents were of ACS grade
or better.

6.3.2 Biological material. Prymnesium parvurfUTEX LB2927) was purchased
from the University of Texas algal collection. Cultures were grown in 1énEréyer
flasks containing sterilized COMBO media with added $3l&nd adjusted to pH 7.8.

The cultures were capped with vented stoppers and bubbled with filtered (0.22 um) air.
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Cultures were maintained under fluorescent grow lights (12 h light/12 h dark
photoperiod) until cell densities reached approximateki€2cells/mL as determined
with a haemocytometer.

6.3.3 Extraction and isolation. Several sample preparation and extraction
techniques were tested to identify the best method for extracting the tabadats.
These methods included extraction of freeze dried culture materials, liquid-|
partitioning of cultures, and extraction of filtered cells. Ultimately, wierd@ned that
liquid-liquid partitioning of the whole cultures (medium plus cells) using etletbae
was the best method since the ichthyotoxicity profile of the resultingcéxtess identical
to that ofP. parvumwater both in terms of its potency and rapid onset toxicity. The ethyl
acetate layers from partitioning against 50 [Poparvumcultures were combined and
the organic extract (~30 g) was subjected to gradient MPLC over HP20SS resin (30-
100% methanol in water with an acetone wash). The fraction eluting with 100%
methanol (680 mg) was found to retain all of the ichthyotoxic activity. Preparative
reversed phase HPLC (40-100% acetonitrile in water) yielded a fra8ti®@m{g) eluting
between 75-100% acetonitrile that was ichthyotoxi¢-NMR and LC-ESIMS
performed on this material showed it contained a variety of polyunsaturated lipids and
galactoglycerolipids, but was devoid of any detectable prymnesiums. Fr#otiooia
this material by semi-preparative reversed phase HPLC consis&sulied in sample
sets that quickly lost their ichthyotoxic activities. In addition, many otihRMR spins
representing the presumed polyunsaturated lipid components showed diminished
intensities. After several failed attempts to stabilize the ichthyosxXistances, we

turned our focus toward purifying the three most abundant substances in the fraction.
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This resulted in the purification (semi-preparative HPLC eluted with 65-&88%6aitrile
in water) of compounds5 (75 mg),56 (3 mg), andb7 (6 mg).

6.3.4 Enzymatic hydrolysis.For each experiment, a sample consisting of 2-3
mg of galactoglycerolipid was dissolved by sonicating the compound in 2 mL of
phosphate buffer (pH 7.0) and then adding a lipase/esterase mixture (Sigmbdgase
kit 62327). The sample was incubated at 30 °C for 36 h after which the reaction mixture
was partitioned against dichloromethane. After removal of the solvent from the organic
layerin vacuq the remaining residue was resuspended in methanol and immediately
analyzed by HPLC for its fatty acid content by comparison of peakti@tetimes to
authentic standards. For experiments in which the ichthyotoxicity of hyedwsamples
were being evaluated, reaction mixtures were not extracted, but instead reetly di
added to the bioassay vessels contaiRimgephales promelasControls for
ichthyotoxicity testing consisted of heat denatured lipase/esteiasges.

6.3.5 Alkaline hydrolysis. Compounds (2 mg in 2 mL of methanol) were
reacted with 2 mL of 4% (wt./vol.) sodium methoxide in methanol at room temperature
for 30 min. Reactions were neutralized by passing over acidic Dowex 50W X 8 ion-
exchange resin. The eluents were partitioned between methanol and hexanes and the
methanol-soluble phases were subjected to HPLC separdtieNMR and optical
rotation data (]*°% -9.3 € 0.02, water)) were identical to those reported f&){2-O-[-
D-galactopyranosyl]glycerdf® The hexanes soluble material was analyzed by GC-
EIMS and the presence of methyl stearidonate was confirmed based on compdrisons

the samples retention time and EIl fragmentation to an authentic standard.

83



6.3.6 GC-EIMS analysis of fatty acids.The examination of lipids was
performed using a method similar to a process described for the trafisastamiand
GC analysis of lipid mixture¥' Laboratory-grown cultures were prepared for fatty acid
mixture analysis by lyophilization followed by methanol extraction. Afterawal of the
solventin vacuqg 100 mg samples of the organic extracts were dissolved in 3 mL of
methanol-benzene (4:1) and placed in 1 dram vials. Acyl chloride (300 pL aliquots) was
added to each vial and the vessels were capped. The mixtures were held at 100 °C for 1 h
with constant stirring. Samples were neutralized by adding 6 mL of 2040 each
vial. Samples were briefly sonicated and then centrifuged until phase separation
occurred. The upper benzene layers were removed and the samples directigdubmit
GC-EIMS. For the culture-derived samples, the following GC conditions were
employed: oven temperature was 100 °C, injection port and transfer lines were held a
250 °C and 280 °C, respectively. A thermal gradient was applied as follows: held at 100
°C for 3 minutes followed by a 20 °C/min gradient to 180 °C, a second gradient of 3
°C/min to 225 °C, and a final gradient of 10 °C/min to 250 °C, which was then held for an
additional 5 minutes at 250 °C. Due to the greater complexity of the field-cdllecte
samples, we further optimized the GC-EIMS conditions so that samples wei heD
°C for 3 min followed by a 20 °C/min gradient to a final temperature of 280 °C, which
was held for 6 min.

6.3.7 Ichthyotoxicity assay.Determination of the ichthyotoxic propertieskaf
parvumextracts and pure compounds were conducted in accordance with EPA-821-R-02-
012'# (with the minor modifications noted below) and were approved by the University

of Oklahoma Institutional Animal Care and Use Committee (IACUC). BriéflymL
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clear glass jars were loaded with 50 mL of filtered and aged tap avatet0-14 day old
P. promeladry (three per jar) were added and allowed to acclimatize for 1 h. The jars
were randomized and samples dissolved in 0.5 mL methanol were added to the jars.
Controls consisting of vehicle-only were included in each experiment. Fish were
maintained under 12 h light/12 h dark photoperiods at 24 °C. Due to the rapid rate in
which the toxin’s effects were observed, we monitored fish survivorship at 30 min, 1 h,
24 h and 48 h. We observed that the 1 h mortality counts were typically indistinguishable
from observations made at 24 h and 48 h. Each sample was tested in triplicate and the
results were expressed as thgdEhe concentration lethal to 50% of fish) + standard
deviation. The LG values were determined in SigmaPlot v10 (Systat Software Inc)
using sigmoidal dose-response regression analyses with variable slope @aamit
fish were euthanized at the conclusion of each experiment.

6.3.8. Mammalian cytotoxicity assay.Evaluations of mammalian cell
cytotoxicity were performed as previously describ&d'®* Briefly, cells were plated in
96-well plates and allowed to adhere and grow for 24 h. Compounds were dissolved in
ethanol and cells were incubated with compounds for 48 h. The cells were fixed with
TCA and stained with sulfornodamine B. The absorbance was read with a plateatead
560 nm. Dose response curves were plotted and thedlies (the concentration
required to inhibit cell proliferation by 50%) was calculated for each expatinEach
sample was tested in triplicate in 3-5 independent experiments and resalesxpessed

as the IGgy = standard deviation.
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Table Al Screening of epigenetic modifiers against fungétuces.

Organism’

Compound® AF cc CS DS PCl1 PC2 RS VP I1 12 I3
A + + - + + + - + + - -
B + nt nt nt + + nt nt nt nt nt
C - nt nt nt - - nt nt nt nt nt
D + + - nt + + - + + - -
E - + - nt - - - + - - -
F - - - nt - - - - - - -
G + - + nt + + - + - - -
H + - + nt + - - + - - +
I - - + nt - - - - - - -
e + + - nt - - - - - - -

- - - nt - - - - - - -
L - - - nt - - - - - - -
M - - - nt - - - - - - -

“Results described in this table should be interpreted as follows: + (active). - (not active), and nt (not tested): activity

was ascribed to those compounds inducing the production of new secondary metabolites not observed under

control culture conditions or enhanced levels of constitutively expressed compounds as based on analysis by

HPLC. MS. 'H-NMR. or TLC

Fungi used in this study: AF (dspergillus flavus). AW (dspergillus westerdijkiae). CC (Cladosporium

cladosporioides), CS (Clonostachys sp.), DS (Diattype sp.). PCl (Penicillium chrysogenum). PC2

(Penicillium citrinum). RS (Rhizopus sp.). VP (Verticillium psalliotae), 11 (Unidentified isolate 1), 12
(Unidentified isolate 2), and I3 (Unidentified isolate 3).

‘Compounds used in this study:

A (5-azacytidine). B (5-aza-2'-deoxyceytidine). C (hydralazine), D (procaine). E

(procainamide), F (sodium butyrate), G (suberohydroxamic acid). H (suberoylanilide hydroxamic acid), I

(valproic acid). J (5-azacytidine and suberoylanilide hydroxamic acid), K (amphotericin B). L

(eyeloheximide), and M (5-fluorouracil).

“None of the *active’ compound mixture treatments produced metabolites different from those generated following the

single administration of either 5-azacytidine or suberoylanilide hydroxamic acid alone. Most fungi exhibited

significantly reduced growth when treated with the compound mixture.
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Figure A1 Real-time gRT PCR determination of the fold charigesxpression of PKS, NRPS, and HPN
gene clusters iA. nigerATCC 1015. All data are presented relative todkgression oéctin. PKSs 12
and 38 are not included since no transcripts weteated for these gene clusters. RQ values were
determined using the using thé’2" method. Fold changes of <1 were expressed asdheesponding
negative fold change to help distinguish geneststthg decreased expression
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Synthesis ofp-fluoro-SAHA. The preparation of the fluorine containing SAHA
derivative was accomplished by coupling the commercially available sudmadi
monomethyl ester with p-fluoroanaline under standard conditions utilizing
hydroxybenzotriazole (HOBt) and dicyclohexylcarbodiimide (DCC) in DMF.sThi
reaction was quenched by diluting the reaction mixture with water (1:20 DAt
after allowing the reaction to progress for 3 hours at room temperature. sthasge
precipitate was purified via flash silica gel chromatography iurndia hexane, ethyl
acetate gradient, providing the sulpeffuoroanilic acid methyl ester in 82% yield. The
oxime moiety was introduced via the treatment of the spflereroanilic acid methyl
ester with hydroxylamine hydrochloride in methanol and an excess of potassium
hydroxide at 50C. This mixture was allowed to react for 12 hours before the reaction
mixture was diluted with water and neutralized with acetic acid. The respltecipitate
was filtered, washed with water, and dried affordingpfieoro-SAHA derivative in
61% overall yield. Analysis of the product with NMR revealed that the product was

obtained in high chemical purity without need for further purification.

HOBt 1.2 eq F
O DCC 1.2 eq 0
-fluoroanaline 1.2 e
o o P q_ o
DMF,R.T.,3h 'f 5
0 H o}
H
H\I/OH
|+ ¢ 20eq ¢

(0] H
J\/H\H/ KOH 22 eq N
~N
MeOH, 50°C, 12h N OH
H (0]

Scheme A1 Scheme for synthesizing p-fluoro-SAHA
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Table A2 Results from LC-ESI-MS analysis from 12 differepesies of aspergilli, — indicates that the presearidbe compounds was not at levels detectable

by ESI-MS. + indicates that the presence of thepmund at detectable levels by ESI-MS.

Organism

Treatment

Tensidol A/
Carbonarone A

Tensidol B/
Pestalamide A

Aspernigrin A

Pestalamide B

Nygerone A

Nygerone B

A.aculeatusATCC 5094

A. japonicasATCC 2053

A.brasiliensisATCC 35542

A.carbonariusATCC 346

A.ibericusATCC 35644

A.tubingensiATCC 4875

A. carbonariusATCC 369

A.parasiticusATCC 465

A.ellipticusATCC 5120

A.nigerATCC 1956

A.nigerATCC 326

A. nigerATCC 1015*

Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA
Control
5-Aza
SAHA

S T T O A O O O A
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Table A3 GIAO basedCalculations of*C-NMR chemical shifts fo48 and41 compared to the reportédC-NMR chemical shifts

91

Compound 48 JBIR-86 (41)
Calculated®C-  Published®C-  [5¢ Calc - 8¢ Predictive’®C-  Published®*C-  [5¢ Calc - &
Position NMR Values NMR Value$ Exp| NMR Values NMR Value$ Exp|
2 155.92 161.70 5.78 115.24 161.70 46.46
3 161.65 163.90 2.25 143.94 163.90 19.96
3a 126.39 119.80 6.59 92.79 119.80 27.01
4 167.86 175.00 7.14 133.87 175.00 41.13
5 115.63 117.30 1.67 96.74 117.30 20.56
6a 164.94 167.60 2.66 141.80 167.60 25.80
7 44.24 40.00 4.24 50.25 40.00 10.25
8 133.12 134.10 0.98 137.00 134.10 2.90
9 124.81 129.40 4.59 123.30 129.40 6.10
10 125.46 129.30 3.84 124.07 129.30 5.23
11 124.52 128.00 3.48 123.23 128.00 4.77
12 124.77 129.30 4.53 125.68 129.30 3.62
13 127.15 129.40 2.25 123.31 129.40 6.09
OMe 55.50 52.80 2.70 56.21 52.80 3.41

3 published 13C-NMR values obtained from publicabigriTakagiet. al'*.
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Table A4 'H- and™*C-NMR data tables for varioyspyrones ang-pyridinones from natural and synthetic sources

Carbonarone A (52)/

Pestalamide A (50)/

Compound 56/

JBIR-87 (49)/

Tensidol A (46) Tensidol B (48) JBIR-86 (47) Proposed Compound 61
Positiorf 84 (Jin Hz) 8¢, mult. 84 (Jin Hz) 8¢, mult. 8y (J in Hz) 8¢, mult. 84 (Jin Hz) 8¢, mult.
2(2) 8.73, s 162.0 8.88, s 164.4 8.45, s 161.8 0,88 165.3
3 (3a) 119.3 119.2 119.7 119.5
4 (4) 178.1 178.8 175.2 179.7
5 (5) 6.25, s 116.0 6.44, s 116.5 6.22, s 117.2 8,63 116.5
6 (6a) 168.8 170.7 167.7 171.9
7(7) 3.90, s 39.6 4.06, s 39.6 3.84,s 39.8 406, 40.0
8 (8) 133.7 135.8 134.0 135.9
9,13 (9,13) 7.29, m 129.1 7.38, m 129.7 7.34, m 429 7.34, m 130.3
10,12 (10,12) 7.25, m 129.1 7.25, m 130.1 7.23, m 29.3 7.36, m 130.0
11 (11) 7.29, m 127.8 7.29, m 128.3 7.34, m 128.0 .32,/ 128.7
14 (3) 164.0 162.1 163.9 162.7
16 (1) 173.7 174.4
17 (2) 2.96, m 42.5 2.90, dd (4.8, 17.9) 42.6

3.29, dd (8.0, 18.0) 3.16, dd (8.4, 17.9)

18 (3) 2.90, m 394 2.98, m 36.3
19 (4) 178.1 177.8
20 (5) 1.24,d (7.0) 17.4 1.22,d (7.2) 17.4
NH-15 11.74, br s 11.72
(3-OH)
14-NH, 5.94, br s
(3-OH, 4-OH) 9.07,brs
14-OCH; 3.88, s 52.83
(3-OCHg)
4'-OCH, 3.66, s 52.4

#Primary positional numbers are based on the schwiliEed for they-pyrone structures. Numbers in between () areigeavto give context to the tensidol compounds
numbering scheme.
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Table A4 Continued

Pestalamide B Nygerone A (51) Nygerone B (53) Nygerone C (57)
Position 6H (-J in HZ) 8¢, mult. 6H (-J in HZ) 8¢, mult. (¥ (J in HZ) 6c, mult. 6H (-J in HZ) 8¢, mult.
2 8.52, s 145.3 8.43, s 148.2 8.42,s 146.9 8.49, s 146.9
3 117.5 117.2 118.1 117.7
4 178.0 177.6 177.8 177.7
5 6.36, s 120.2 6.55, s 122.3 6.48, s 121.8 6.61, s 121.9
6 154.2 152.0 150.9 151.3
7 4.06, s 39.6 3.67, s 394 3.66, s 39.2 3.71, s 4 39
8 137.2 134.8 134.7 134.8
9,13 7.34, m 130.2 6.77, m 128.9 6.80, m 128.7 ,6183 128.5
10,12 7.37, m 130.2 7.18, m 129.0 7.17, m 128.7 1,n2 128.9
11 7.20, m 128.7 7.18, m 127.7 7.18, m 127.5 he3, 127.7
14 164.8 163.2 166.0 166.0
16 173.2
17 2.96 dd (5.0, 18.0) 2.86,dd (5.1, 17.2) 42.0
3.29 dd (8.0, 18.0) 3.20, dd (8.2, 17.2)
18 2.90 ddd (5.0, 7.0, 8.0) 43.0 3.05, m 351
19 175.0 178.9
20 1.12,d (7.0) 17.8 1.27,d (7.0) 17.2
1 140.4 140.4 162.0
2'l6 7.06,t (7.6) 127.0 7.05, d (7.6) 126.9 7.05 928.
35 7.42,1(7.6) 130.2 7.40, d (7.6) 129.7 7.10 916.
& 7.49,1(7.6) 130.5 7.47,d (7.6) 130.0 164.1
NH-15 12.83,brs
14-NH, 5.70, brs 6.06, brs
9.90, br s 9.89, brs
4-F -112.8

31C-NMR Published values for Pestalamide B were iremzily published, these have been corrected baséuedsolation of this compound during #enigerwork discussed in

Chapter 5.

®19-F NMR chemical is reported in place of a progibthe 4 position. These cultures were grown witfluoro-suberoyanlilide hyrdoxamic acid.
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Table A4 Continued

Compound 59

Compound 60

Position (¥ (J in HZ) 6c, mult. 6H (-J in HZ) 8¢, mult.
2 8.82, s 166.0 9.88, s 193.9
3 118.3 100.6
4 175.6 178.5
5 6.94, s 112.4 7.95,s 97.6
6 164.1 167.1
7 129.6 130.4
8,12 7.89, m 126.2 8.04, m 126.7
9,11 7.53, m 130.8 7.60, m 129.2
10 7.55, m 130.8 7.66, m 132.8
13 163.0 161.7
15 3.86, s 52.3
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Figure A3 Antifungal activity of44
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Antibacterial Activity of Nygerone A
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Figure A5 Antifungal activity of37
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Antibacterial Activity of Nygerone C

1.00 —m— Acinetobacter baumannii 19606
= Acinetobact baumannii BAA-1605
Burkholderia cepacia 25608

]

8 075 —— Enterobacter cloacae 13047
8w ‘ 4 o — — =—e— Escherichia coli 10798
o \ =8 Escherichia coli 11775
'é’ —a— Pseudomonas aeruginosa 10145
S 050 =% Klebsiella pneumoniae 33495
S Klebsiella pneumoniae 51503
—e— Staphylococ epidermidis 12228
=¥ Staphylococcus aureus 25923
0.25 —+— Staphylococcus aureus 700787
—
OOC L) L) L) L) L) L) L) L) L) L) L) L]
0 10 20 30 40 50 60 70 80 90 100 110
Concentration (ug/mL)
Figure A6 Antibacterial activity o9
Antifungal Activity of Nygerone C
—=— Candida albicans
/: —_ cand!da glabrgta
Candida krusei
—+— Candida parapsilosis
—e— Candida tropicalis
g =& Aspergillus fumigatus
&£ —&— Aspergillus flavus
(o]
£
o
(=2}
g 0.75+
S o
O _1
0.50
_T
0.25+ ~—
O-OC L) L) L) L) L) L) L) L) L) L) L
0 10 20 30 40 50 60 70 80 90 100 110

Concentration (ug/mL)

Figure A7 Antifungal activity of49
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Figure A8 Antibacterial activity o8
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Figure A9 Antifungal activity of48
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Effect of Compounds upon Growth of Polyene-Resistant C. albicans
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Figure Al4 Effects of compounds0, 51, and52onC. alibicans
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Table A10 NMR data used for the structure determination efigounds63, 64, and65. Data were obtained at 500 MHz and 125 MHZ'fband™® NMR,

respectively. Samples were prepared in methdnol-

Compound 63

Compound 65

Compound 64

Position Be on HMBC Be on HMBC b o HMBC
420dd (6.9, 424 dd (6.7,
4.15bd (4.5, , 12.1) . 12.0) ,
1 66.7 o) 2,31 61.0 pardde, 231 63.0 sarigzo, 231
12.0) 12.1)
2 68.8 3.99 m 1 70.4 529 m 70.4 5.29 m
3'6518.3)(4'6' 374m 3.76m
3 72.0 1,2,1" 67.4 399dd (5.2, 1,21 67.2 400dd 5.2, 1,2, 1"
3.92dd (5.1, 0% 108
10.4) : :
1 1755 173.6 171.6
2 34.9 2.381(7.5) 1,34 35.5 2341(71) 1,34 323 314bd (4.8)  1,3,4"
3 25.8 1.66 p (7.4) 345 25.5 1.63m 021. 5.58 m 2
e 30.3 1.41p (7.8) 345 29.7 141 m Q31 5.58 m >
5 28.0 2.08m 3 4 28.4 211m & 25.2 284m 3.4
6,7, 910,
12,1315,  129.2-132.9 5.36 m 12781292 533538 12282  5.25-5.35m
16'
8, 11" 14' 26.6-26.7 283m 25.2 2.84m 26.2 2.84m
17 21.7 2.06 m 16', 18 20.2 2.08m 18 203m .09 18
18 14.8 0.931(7.6) 16', 17 13.2 0.98 1 (7.6) 71 13.7 0.981(7.7) 17
1" 173.6 173.3
2" 35.5 2341 (7.1) 13", 4" 335 234.5) 1" 3", 4"
3" 25.5 1.63m 243 1.63m 1" 2 4", 5"
e 29.7 141 m 29.1 141 m 2 3
5" 28.4 211m 4 26.5 212m 3" &
6", 7", 9"
10" 12", 13", 12781292  5.33-5.38m 12781292  5.25-535
15" 16",
8", 11", 14" 25.2 2.84m 25.2 2.84m
17" 20.2 2.08m 18" 20.3 2.09 m 18"
18" 13.2 0.981(7.6) 17" 13.7 098t(7.7) 17"
1 103.9 422d (7.6) 3, 3" 103.8 4214 (7.6) 104.0 421d (7.5) 3, 2"
P 72.3 354 m 3" 711 3.48m 1 71.0 351 1, 3
3" 74.8 3.47m 1", 2" 4 73.4 3'459‘15‘;') @3, o 73.4 3'459‘15‘;') @1 o
4 70.4 3.81bd (2.9) 3m, o 68.8 3.82m g 68.8 3.82m 3" 5
5" 76.6 351m a6 75.2 351 m P 751 351m P
6" 62.7 3.73m 5 61.2 372m 5 61.2 32 4m 5
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Lunalide A 'H-NMR in CD;OD
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Lunalide A *H-**C HSQC in CROD

1
e

140 130 120 110 1400 90 280 70 a0 50 40 a0 20 10

F1 (ppm)



ST

Lunalide A H-*C HMBC in CD;OD

F2 7

(ppm} |
' ¥ i x> -
1 A - . o - "
i . 0 e ®
- ' o ! 0 @
g T ° o0 ‘e .,
2 o s
- [ ] - @
: L] ﬁ-u .|I =l-
1—
A L ]
- L ]
: o a - L} 8 -1
47 ] i.‘ . ] . =
i ™
5—
i Y ol b
5—
_|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
180 160 140 120 100 20 60 40 20

Fl1 (ppm)




Wl

Lunalide A 1D-TOCSY in CROD
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Lunalide B *H-NMR in CD;0OD
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Lunalide B **C-NMR in CD;OD
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Lunalide B *H-'H COSY in CQOD
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Lunalide B **C DEPT in CQOD
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Lunalide B *H-**C HSQC in CROD
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Lunalide B *H-Y*C HMBC in CD;0D
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Suberoylanilide hydroxamic acid*H-NMR in CD;OD
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Nygerone A'H-NMR in CDCk
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Nygerone AC-NMR in CDCk
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Nygerone A'H-'H COSY in CDC}
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Nygerone A'H-*C HSQC in CDJ
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Nygerone A'H-*C HMBC in CDC}
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Nygerone B'H-NMR in CDCk.
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Nygerone B'H-*C HSQC in CD.
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Nygerone B*H-*C HMBC in CDCE.
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Methyl Succinate’H-NMR in D,O.
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Nygerone C'H-NMR in CDClh.
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Nygerone C'H-**C HSQC in CDG.
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Nygerone C *H-**C HMBC in CDCE.

F2 |

{ppm] a "
: - = - RS, PRSI, S
4
5]
5_
4 = e - . o -
J o o
L 8 B 0 B °
1 5 L] -
7 °-
a—
T L'l [
o—
_l||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
180 170 160 150 140 130 120 110 100 90 BO T0 &0 50 40

F1 (ppm)



991

Pestalamide A/Tensidol A'H-NMR in CD;OD.
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Pestalamide A/Tensidol A®C-NMR in CD;0D.
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Pestalamide A/Tensidol A*H-2C HSOC in CL;0D.
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Pestalamide B 'H-NMR in CD:0D.
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Pestalamide B **C-NMR in CD;0OD.
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Pestalamide B 'H-'H COSY in CL:OD.
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Pestalamide B *H-*C HSOC in CL;OD.
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Pestalamide B 'H-**C HMBC in CL;0D.
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Carbonarone A H-NMR in CDCl.
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Carbonarone A *C-NMR in CDC.
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Compound 48 *H-NMR in CDCl.
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Compound 48 *H-¥C HSOC in CDCa.
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Compound 48 *H-**C HSQC in CDGJ. Expanded view of correlation @ 8.40.
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Compound 48 *H-*C HMBC in CDCE.
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Compound 50 *H-NMR in CD;0D
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Compound 50 **C-NMR in CD;0D
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Compound 51 *H-NMR in CD;0D
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Compound 51 *C-NMR in CD;:OD
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Compound 51 *H-**C HSQC in CROD
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Compound 51 *H-**C HMBC in CD;OD
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Compound 52 *H-NMR in (CD3)2CO
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Compound 52 *C-NMR in (CD3)2CO
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Compound 52 *H-*C HSQC in (CD3)2CO
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Compound 52 *H-*C HMBC in (CD3)2CO
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GAT 512A 'H-NMR in CDCk.
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GAT 512A H-NMR in Benzeneds.
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GAT 512A 'H-NMR in CD;OD.

-

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

1.

5

1.0 ppm



6T

GAT 512A 'H-NMR in 1:1 CQ:OD:CDCk.
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GAT 512A H-NMR in Acetoneds.
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GAT 512A H-'H COSY in CQROD.
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GAT 512A *H-C HSQC in CROD.
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GAT 512A H-BC HMBC in CD;OD.
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GAT 768A 'H-NMR in CD;OD.
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GAT 768A H-'H COSY in CQOD.
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GAT 768A 'H-*C HSQC in CROD.
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GAT 768A H-¥C HMBC in CD;OD.
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GAT 770A H-NMR in CD;OD.
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GAT 770A H-'H COSY in CQROD.
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GAT 770A H-**C HMBC in CD;OD.
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