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EPIGRAPH

Imagination is more important than knowledge.
Albert Einstein

It is in the admission of ignorance and the admission of uncertainty that there is a hope
for the continuous motion of human beings in some direction that doesn't get confined,
permanently blocked, as it has so many times before in various periods in the history
of man.

Richard P. Feynman
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The marine environment represents one of the most promising sources of
novel, bioactive natural products. The process used in their discovery has been
simplified and accelerated greatly in the 20" century with the advent of new
technology, including spectroscopy, mass spectrometry, chromatography, in

conjunction with bioassay-guided fractionation. However, more recent developments
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in genomics and metabolomics suggest that the biosynthetic capacity and
interrelationships between organisms has been underappreciated and could likely yield
many more important discoveries, both in medical value and in basic biological
understanding. Contained in this dissertation are a series of unique experiments that
harness the capacity of Matrix Assisted Laser Desorption lonization (MALDI) to
detect multiple metabolites concurrently from a single, small sample. This ability is
used to capture the temporal dynamics of biosynthesis and turnover of secondary
metabolites from cultured marine filamentous cyanobacteria, both in relation to each
other and to primary metabolites. These temporal relationships are useful for
improving compound yields from cultured organisms, tracking nitrogen in nutrient
cycles, as well as providing an experimental tool to explore secondary metabolism in
general. Also contained are the first images of natural products captured by MALDI
imaging mass spectrometry, revealing complex chemical microenvironments in
marine sponges and the distribution of known bioactive metabolites in marine
cyanobacteria. Initial results also suggest that there is differential distribution of
metabolites in cultured cyanobacteria. A third series of experiments exploiting the
sensitivity of MALDI was conducted on single cells of filamentous marine
cyanobacteria that are freed from the sheath and associated heterotrophs. The results
reveal that many known natural products are found in single cells, further confirming
their origin of biosynthesis; however, it appears not all cells from a filament contain
the same metabolites. Nitrogen labeling experiments with these same preparations

suggest the biosynthesis of the metabolites that are present occurs at similar rates. The
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last set of experiments employ lon Mobility mass spectrometry on various
preparations of marine filamentous cyanobacteria and show that this new technology
can effectively separate out halogenated metabolites from complex mixtures, a

powerful tool for the identification and discovery of bioactive metabolites.
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1.0 CHAPTER 1

INTRODUCTION
1.1. History of Natural Products

1.1.1 Ancient Medicine

For thousands of years, the chemical constituents of the living world
surrounding us have a played a profound role in both social and medicinal aspects of
our cultures. It may be that the use of specific plants and herbs for the treatment of
ailments was the dawn of medicine as the practice dates back to the earliest records of
human history. These records are numerous and wide-ranging in time and culture.
With herbal preparations, Traditional Chinese Medicine dates back to at least 2500
B.C. The Ebers papyrus, from 1550 B.C., details medicinal plants used by the
Egyptians. In 77 A.D., Dioscorides, a Greek physician practicing in Rome, reported
the possible uses of over 600 plants in the De Materia Medica Libri Quinque.
Shamanistic cultures and other primitive cultures have been relying on the natural
environment exclusively for their medicinal remedies throughout their long history'.
From opium to coffee to aspirin, every society in history has, without doubt, been

under the influence of these natural products.

1.1.2 Natural Products and the Rise of Modern Medicine
The ability to extract pure natural products, also known as secondary

metabolites, led to the administration of the active constituents of plants in precise



dosages, regardless of origin. Until about 200 years ago, the compounds responsible
for the observed medicinal benefits were largely unknown. In the early 1800’s, a
greater understanding of organic chemistry and the manipulation of plant concoctions
led to relatively pure preparations with medicinal value. Two key advancements come
to mind that exemplify this leap in medicine; Sertiirner’s isolation of morphine from
the poppy plant in 1804 * and the purification of salicin in the 1820’s (from the bark of
the white willow Salix alba- whose use as an antipyretic dates to the Ebers papyrus)
and its subsequent conversion to aspirin (Charles Frederic Gerhard and Felix
Hoffman) later in the century’. The isolation and manipulation of natural products like
these and the ability to control their administration, have since formed the cornerstone
of Western medicine.

In the last century, our understanding of medicine, disease and the human body
has resulted in a jump of life expectancy from 47 to 73 years®. Within this feat, the
acceptance of the germ theory of disease and the discovery and implementation of
antibiotics, specifically Alexander Fleming’s discovery of penicillin in 1928, reduced
the high mortality rate of infections by 99% *.

A greater understanding of isolation and purification techniques, the advent of
nuclear magnetic resonance and mass spectrometry, and an improved understanding of
the molecular targets of disease, have combined to provide the 21* century human
with thousands of small, well characterized molecules from plants, microorganisms,
fungi, and invertebrates that are clinically used to treat a wide range of diseases >”. In

fact, over 60 % of our modern pharmaceutical drugs, in some form or another,



originate from these often small, naturally occurring compounds >’. Some of the more
famous plant compounds include the antitumor agents paclitaxel ® (originally from
Taxus brevifolia) and vinblastine ° (Catharanthus roseus), the antimalarial quinine '
(Cinchona ledgeriana), and the anticholinergic atropine '' (Duboisia myoporoides).
Starting with penicillin, there have been many important discoveries from
microorganisms, the anti-bacterials from various Streptomyces species including
erythromycin A '?, amphotericin B and tetracycline ', and the cholesterol reducing
agent lovastatin from the fungus Aspergillus terreus '*. This small list is but a glimpse

of the medical arsenal provided to us by natural products.

1.1.3 The Rise and Ebb of Synthetic Compounds

Although organic chemical synthesis started in the early to middle part of the
19" century'”, it wasn’t until the 1990’s that synthetic chemistry became truly favored
in the pharmaceutical arena '°. Because purely synthetic compounds are generally
easier and cheaper to obtain, pharmaceutical companies began to prefer the synthetic
route and reducing, or abandoning, their natural product departments. Much of this
shift was due to the explosion in computational power, which when combined with a
greater understanding of organic synthesis and of the molecular targets of disease,
yielded combinatorial chemistry and high-throughput screening '®'”. This confluence
of technology and knowledge led to massive screening of cheap, easy to make
compounds (some inspired by natural products); an approach that quickly supplanted

natural product-based drug discovery efforts. While this led to an upsurge in the



amount of purely synthetic compounds available in the clinic during 1990’s, the effect
was short lived and the number of FDA approved drugs has begun to fall (Figure

1.1)'"%.

1.1.4 Why Natural Products?

The consensus as to why natural products have outshone synthetic compounds
1s intimately tied to their role in the producing organisms. Unfortunately, knowledge
of their endogenous roles is somewhat limited. Some of these compounds have been
shown to act as siderophores, signaling molecules, allelo-chemicals, antimicrobials or
as defensive compounds, preventing herbivory or predation '**°. Thus, these
molecules, which have been dubbed ‘secondary metabolites’ because they are not
critical to survival, nonetheless have an energetic cost associated with their
production; likely representing privileged structures as evolution has fine-tuned their
ability to interact with the enzymes or proteins responsible for the native roles in their
own environment’'. Interestingly, many of these molecular targets have been
conserved over time and across species, including humans, hence their benefit to
human medicine. Natural products have been shown to contain a greater number of
chiral centers and steric complexity and are more “drug like” than purely synthetic
compounds **7. A recent analysis of the hit rate of natural product compounds of
polyketide origin showed that a positive result is achieved in high-throughput
screening approximately 0.3% of the time, versus the 0.001% attributed to purely

synthetic compounds *. As such, interest in natural products has once again begun to



rise, especially in conjunction with the blossoming “nutraceutical” industry and the

incorporation of alternative medical approaches to Western medical approaches.
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Figure 1.1. Number of new drugs approved by the FDA per year from 1981 to 2007.
Apparent here is the leveling off and subsequent decline of approved drugs once
pharmaceutical companies began preferring purely synthetic routes in the early
1990°s."®

1.2 Marine Natural Products

Land-based plants have traditionally been the focus of natural product efforts,
and not surprisingly, account for the majority of natural products with numerous
medically active alkaloids and terpenes reported in the literature. The discovery of
penicillin and many other antibiotics shifted the attention to land (soil)

microorganisms, such as actinomycetes, which soon became a subject of intense



investigation, yielding many of the important polyketide type substances known today
2% Until recently, microbial (loosely defined) and plant derived compounds from land
sources accounted for all our natural products in the medical arsenal >*.

The chemistry of marine organisms remained a mystery until the mid 20"
century. This is amazing considering that the ancient, salty, aqueous environments
and ecosystems cover the majority of the planet and have undoubtedly resulted in very
dissimilar selection pressures, including differences in competition for resources and
space *°. Furthermore, evolution has had its grip on the marine environment for a
much longer time than on land (evidence for marine organisms dates back 3.8 billion

years, versus the 600-500 million years ago for the first land organisms, resulting in a

much different, if not greater, chemical diversity in the ocean .

1.2.1 Early Marine Natural Product Efforts

Focusing on the easily collectible benthic organisms such as sponges and soft
corals, the initial efforts in the 1950°s were not disappointed with their discoveries.
The structures and activities of those first isolated compounds, like the pentosyl
nucleosides from a Floridian sponge that would lead to the clinical anti-cancer
compound cytarabine and the anti-viral vidarabine *', reflected the uniqueness of the
environment from which they originate. However, it wasn’t until the 1970’s that the
field of marine natural products gained momentum. Intrepid scientists such as Paul
Scheuer, Ken Rinehart, Richard Moore, William Fenical and John Faulkner, among a

few others, began looking to the sea for novel chemistry ***. These efforts resulted in



the discovery of a variety of bioactive metabolites, some with novel functionalities and

halogenations, mainly from algae and sponges.

1.2.2 Modern Marine Natural Product Efforts

As the marine natural products field has matured, with growing input from
genomics and metabolomics, the organisms that harbor the most intriguing chemistry
have become better defined. Marine bacteria, cyanobacteria, algae and some fungi are
widely considered the true, and most prolific sources™, although invertebrates like
sponges, soft corals, tunicates, nudibranchs, cone snails and even some fishes have
yielded a number of bioactive compounds. Some of these natural products have
directly lead to, or have been the inspiration for, compounds in clinical trials or the
market place”. Key discoveries include the aforementioned clinical anti-viral
compound ara-A (vidarabine) and anti-cancer compoud ara-C (cytarabine) isolated
from a Floridian sponge, the potent peptide analgesic w-conotoxin MVIIA from a
cone snail*, the tunicate derived compound ecteinascidin-743 approved by the
European Union for the treatment of soft-tissue sarcomas®', the protein kinase C
modulator bryostatin 1 from the symbiont of the bryozan Bugula neritina **. There are
many more candidates, including curacin A and salinosporamide A, which are in
various stages of clinical trials in the US. ***
A recent worldwide collaboration and decade long study * failed to

approximate the number of unknown species in the ocean. It determined that

approximately 90% of marine life, by weight, is microbial, with the estimate for total



number of microorganism species approaching one billion (!). With so much life
remaining to be discovered, the world’s oceans represent a vast, untapped source of

novel chemistry.

1.2.3 Hurdles in Marine Natural Product Research

Although the potential number and novelty of compounds in the ocean is
certainly tremendously attractive, as with most drug discovery efforts based on natural
products, the marine field is not without its challenges. Besides the inherent
difficulties and cost associated with research in the marine environment, the issue of
further supply remains at the forefront. The novelty of marine chemistry raises the
expense and complexity of synthesis of the compounds. '®* Culturing of marine
organisms (micro or macro) for the continued supply of a product has traditionally
only been successful in less than 1% of cases *, leaving the question of how to
continue supplying candidate compounds for further testing and development (Figure
1.2). While this is certainly not a minor issue, some argue that if a compound confers
a significant enough benefit or activity, the hurdle of supply will be tackled and

overcome 18,43 .
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Figure 1.2. The basic steps and amount of compound needed in the process from
identification of a bioactive compound to lead optimization and pre-clinical studies.
As the drug discovery process progresses from the initial crude discovery to a lead
candidate undergoing further development and pre-clinical studies, more and more
pure compound is required. *'

A promising solution to the supply issue is the identification and heterologous
expression of the gene clusters associated with the molecules into a suitable host *'.
While this approach provides tremendous control over the production of a compound
and even affords the manipulation of the cluster for the biosynthesis of new analogs,
the experimental methods have not been worked out, as of yet, for certain
cyanobacteria, sponges and their symbionts and other less well studied organisms that
are often the most promising sources*™*’. However, with the current pace of genome
sequencing and advances in genetic manipulation, the future certainly looks bright for
marine based natural products efforts.

A second hurdle for the marine natural products field is the question of true

biosynthetic origin. While this issue is not exclusive to the marine realm (e.g.
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although originally isolated from Taxus brevifolia, the biosynthetic origin of paclitaxel
(Taxol) continuous to be a point of contention), the density and the interrelationships
of many of marine organisms can be a dizzying issue. Thus, assigning a biosynthetic
origin to a natural product, especially in the absence of genomic information, is
difficult at best *°. With an understanding of the biosynthetic mechanisms and
tailoring enzymes necessary to produce a molecule, close inspection of the literature
suggests many of the reported sources for marine natural products do not have the
necessary synthetic machinery to produce the compounds . As can be seen in
Figure 1.3, a recent analysis of 20 marine natural products in clinical or pre-clinical
trials for cancer exposed that although 60% are reported to come from
macroorganisms and 25% from microorganisms, the biosynthetic origin is closer to
20% from macroorganisms and 80% from microorganisms *’. Even a cursory glance at
cyanobacterial natural product literature reveals many natural products have been

. . . 1-54
isolated from mixed assemblages of two or more species >~

. In short, the body of
work regarding the true biosynthetic origin of many marine natural products has been
described as “a morass” (William Gerwick ). Clearly, much work remains in both
identifying the origins of bioactive natural products and solving the issue of supply.
Fortunately, as discussed later, there are genomic and mass spectrometric approaches

that have begun addressing these long standing hurdles in marine natural products

research.
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Figure 1.3. Disconnect between the reported sources of marine derived anti-cancer
agents and their biosynthetic source.
Adapted from *°

1.3 The natural product discovery and isolation process

It is thought that through a process of trial and error, the earliest cultures
identified and recorded plants, organisms, and fungi (i.e De materia medica libri
quinque) that were likely to have beneficial properties. These initial preparations
included aqueous (teas and decoctions) and alcoholic extracts (tinctures) . It wasn’t
until the 1800’s that these same preparations would be the starting point for more
rigorous isolation methods. The initial isolation and purification approaches relied on
a better understanding of organic chemistry, including more refined solvents and

purification steps >°. However, the elucidation of the chemical structures of the
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purified compounds was a different matter altogether. From the late 1800’s to the first
half of the 1900’s, revealing the structural features of a molecule relied on degradation
and derivatization approaches to explore structural possibilities, an approach that
relied on huge amounts of compound by today’s standards. The entire structural
elucidation process could take years and stereochemical configurations were largely

non-existent °°.

1.3.1 Modern Methods- the rise of Spectroscopy and Bioassay Guided Fractionation
In the middle of the 20™ century, the process of identification and structure
elucidation of natural products changed dramatically. The development of
spectroscopy (especially Nuclear Magnetic Resonance or NMR) and X-Ray
crystallography, in conjunction with mass spectrometry (MS) and chromatography,
simplified the process and allowed compounds in smaller quantities to be purified and
their structures elucidated, accelerating the field **. By the 1970’s, roughly the time
that marine natural products research gained momentum, a well-defined, systematic
approach to the discovery of bioactive compounds began to take shape. Two main
approaches have defined which sources to use: the source has been utilized by a
community for a specific purpose or perhaps avoided because of its toxicity'
(ethnobotany or ethnopharmacology, more common for land organisms), or random
screening of likely organisms and plants (chemotaxic knowledge)*'’ . Regardless of
the source, once the crude extract is shown to have some activity in a biological assay,

different solvents (ethanol, methanol, hexanes, etc) are used to fractionate the crude
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extract into its different components based on polarity, or other molecular properties.
The resulting fractions are again tested for the same biological activity”'. These steps
are repeated until the compound responsible for the activity has been identified;
further purification(s) are achieved using a variety of chromatographic approaches
until the compound is pure and ready for structure determination, typically using NMR
and MS (Figure 1.4). This process, known as bioassay guided fractionation is, and has
been, the standard for the field and is very efficient at honing in on a compound with a
demonstrated bioactivity, leading to the discovery of many natural products that have

advanced to clinical trials >°%.
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Figure 1.4. Bioassay guided fractionation.

Once a crude extract has been shown to have activity, it is fractionated or partitioned
into several components (usually based on polarity). These fractions are again tested
for the same bioactivity and the candidate fractions are subjected to further
chromatography to assess purity. The process is repeated until the compound
responsible for the activity has been isolated and deemed pure enough for structure
elucidation.”

It was apparent from the earliest efforts in marine natural products isolation
that although certainly novel, these marine metabolites were often found in very small

amounts *°. Looking back at the history of the discovery process, it appears that the
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most significant progress in the field has coincided with the development and
implementation of novel technology that didn’t rely on vast quantities of compound.
Spectroscopy, Nuclear Magnetic Resonance, Mass Spectrometry (MS),
Chromatography (LC, HPLC, VLC, etc) have made the identification, purification,
and structural elucidation of even less abundant secondary metabolites a relatively
straightforward process *°, leading to the discovery of nearly 22,000 compounds.
derived from 3,700 species, 2,255 genera and 40 phyla (MarinLit). Looking ahead,
several modern advances in detection technology and in genomics will similarly have

a tremendous impact on this field.

1.3.2 The promise of the post-genomics era

With the end goal of medicinal discovery, the bioassay-guided approach
effectively ignores more subtle aspects of the isolated compounds, or less abundant
(and perhaps more potent) molecules. By focusing on a single or small group of
compounds and their bioactivity in an assay with relevance to humans, little
information is gained regarding the presence of and relation to other metabolites, or
aspects pertaining to their production or distribution within the organism.

The current revolution in genomics and metabolomics (the study of the suite of
metabolites produced by an organism) have already impacted the field in profound
ways. Microorganism derived natural products are typically encoded by polyketide
synthase (PKS), non-ribosomal peptide synthetase (NRPS), or hybrids of these two

modular systems of molecule assembly *°. Fortuitously, these genes are often arranged
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as a cluster within the genome, allowing relative ease of identification. Analysis of
the genomes of marine microorganisms (and non-marine) known for producing natural
products, such as Salinospora arenicola *'(Figure 1.5) and Lyngbya majuscula 3L
(Monroe and Jones, in progress) among others, highlights the need for a more
complete understanding of the metabolomes of these fascinating organisms . Figure
1.5 shows the annotated genome of the marine obligate bacterium Salinospora
arenicola. Underlined in red are the known gene clusters for the natural products
cyclomarin, rifamycin and staurosporine, however there are several indications of
other natural product gene clusters (labeled with PKS/NRPS). The products of these
“cryptic” or silent clusters is unknown, but it is likely that they encode novel natural
products that may be produced at either very low concentrations, under specific

conditions, or are not active within the genome.
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Figure 1.5. The Salinospora arenicola genome.

The gene clusters for known natural product are underlined in red, numerous unknown
natural product gene elements (PKS/NRPS) are found in this genome, highlighting the
presence of numerous orphan cluster and untapped biosynthetic potential.
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The discovery of Orfamide A through genomic sequencing is a prime example
of how genomic information like this can lead to the identification and isolation of a
novel metabolite ®. After identifying a cryptic cluster in the genome of Pseudomonas
fluorescens and predicting the amino acid composition of the encoded metabolite, the
authors provided an isotopically labeled precursor likely to be used in its biosynthesis.
By following the isotope label and a predetermined bioactivity in an assay-guided
approach, Orfamide A was discovered .

While it is clear we have only scratched the surface regarding the number of
marine organisms capable of producing biomedically useful compounds, it is now
evident that even in the organisms that are well studied, we again have a limited
perspective ®. The focus on major secondary metabolites amenable to the bioassay-
guided isolation process and the presence of these cryptic clusters suggests that much
is left to discover regarding the secondary metabolic capacity of many of these
microorganisms . In this regard, genomics has already provided a leap forward in
the ability to assess this capacity.

In addition to identifying new cryptic metabolites, knowing the genes
associated with a natural product of interest is the first step in creating a heterologous
expression system®. Once the genes have been identified and the biosynthetic flow
understood, integrating and expressing the cluster into a host that can be easily grown

and genetically manipulated can yield , in principle, copious end product as well as
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permit modifications to the original structure *¢%*,

1.3.3 Metagenomics

As mentioned previously, the density and interrelationships of the
microorganisms (and macroorganisms) in the marine environment makes the
biosynthetic source of a secondary metabolite very difficult to pinpoint *’. However,
it also implies a rich, small-molecule dance, where nutrients and secondary
metabolites with mysterious and subtle endogenous roles are in a constant flux in

spatially minute ecosystems, resulting in complex chemical displays of symbiosis®.

Metabolic ‘waste products’

Nutrients _—
Natural products

Photosynthate Predation Antibiotics
Amino acids

Vitamins
Nitrogen

Chemical defense

Figure 1.6. Symbiotic metabolism.

The tunicate (middle) exchanges nutrients with symbionts, such as the Prochloron
cyanobacteria shown on the left side, or provides nutrients or metabolic precursors for
the production of natural products with various roles, as shown on the right. Very
little is actually known about the roles of the natural products or the extent of nutrient
exchange.

Assessing the biosynthetic capacity of the whole system, and not just one



18

individual, could provide a wealth of new molecules and a much greater understanding

. . 4
of marine chemical ecology **®.

Instead of relying on the analysis of the genomes of
individual organisms, the metagenomic approach relies on a broader assessment of the
genetic capacity of a complex environmental sample with multiple organisms. The
total genetic information is sequenced into individual reads of varying lengths,
creating a large library of genetic information with the amount of coverage for an
individual species genome in proportion to its abundance in the sample .
Computationally driven processes can be used to reconstruct the pieces into larger
fragments or whole genomes. Hybridization probes can be constructed for specific
elements of a target cluster, like a unique enzyme, to begin to pull the genes out that
are associated with the metabolites of interest **.

In regards to the complex metabolic and chemical capacity of many marine
organisms, the insight that genomic and genetic approaches are beginning to provide is
certainly exciting. However, this information only provides part of the puzzle. A
better understanding of the actual metabolite content of an organism, as well as how it
is impacted by changes in the environment, including symbiotic relationships, is also
needed. This will not only further refine the search for medically relevant compounds
but also provide a better appreciation of the role of secondary metabolites in the
marine environment »°. Better instrumentation, sequencing and multi-disciplinary
approaches are needed to really push the field forward and fulfill the potential of

. 18.2 . . . . . . .
marine natural products '**°. One contributing dimension which is showing

. . . 2 . .
significant promise is modern mass spectrometry>"*; by allowing a wider range of
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metabolites, in increasingly small amounts, to be detected in samples with minimal

preparation, MS is a robust, analytical method that compliments genomics nicely.

1.4 Modern Mass Spectrometry in Natural Products Research

1.4.1 A Brief History of MS

Mass Spectrometry (MS) is analytical technique used to measure the mass to
charge ratio of a charged molecule. The initial development of mass spectrometry
occurred around the turn of the century by a combination of work from Eugen
Goldstein, J.J. Thompson, W.Wien, and Francis William Aston among others .72
These initial pioneers began exploring individual elements, the notion of isotopes, and
developed the idea of the m/z ratio where m is the mass and z is the charge. Further
work led to F.W. Aston receiving the Nobel Prize in 1922 for the isotopic composition
of atoms and the idea that isotope masses are generally whole numbers "'

Prior to 1960, MS was mainly confined to nuclear weapons work, the analysis
of known hydrocarbons, petroleum associated products, and the efforts of chemical
companies with little application to biomolecules ”°. Its lack of utilization in the life
sciences stemmed from the idea that the majority of molecules of biological origin
greater than 500 Da (and even smaller) were either not volatile enough, or too

thermally labile to analyzed by MS "'

. These inherent characteristics prevented the
compounds from being isolated out of an aqueous environment and then ionized and

. . . . . 4
introduced into a vacuum chamber without excessive and random fragmentation '*. In
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a 1954 Nature paper, Beynon surmised that MS could be used for the analysis of
unknown compounds, and devised theories regarding the nitrogen content (the
nitrogen rule) and fragmentation patterns of organic molecules”. However, it wasn’t
until the 1960’s, that true application of MS to structure elucidation of natural
products began, mainly by analysis of fragments, with many initial examples
described in Biemann’s work’®.Most of these analyses were accomplished using
Electron Ionization (Impact) Mass Spectrometry (EIMS), some of which was coupled
to the first Time-of-Flight (TOF) analyzers. Field Desorption (FD) and Electrospray
Tonization (ESI) were developed in the late 1960’s by Beckey (FD) " and Malcolm
Dole (ESI); these advancements were a leap forward in the range of molecules that
could be ionized. From here on, MS instrumentation proliferated and became a
mainstay in organic chemistry labs, with increasing use in the characterization of
unknown natural products. The application to natural products research in the latter
half of the 20" century was perhaps best explored and developed by R.Graham

Cooks”.

1.4.2 Soft ionization MS

In the 1980’s three big advances in ion sources would change the range of
application and the ease of use of mass spectrometry in the life and biological
sciences. In the first of these, Fast Atom Bombardment (FAB), a non-volatile matrix
is mixed with the sample, and then bombarded with atoms from inert gases under
vacuum, causing ionization’’. Although FAB has been used extensively and

successfully in assigning precise molecular weights to natural products, it is being
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supplanted by two newer developments, probably because of their ease of use and
range of acceptable molecules. Matrix Assisted Laser Desorption lonization
(MALDI) first reported by Franz Hillenkamp, Michael Karas and co-workers in 1985
87 uses a light-absorbing matrix to transfer laser energy into the analyte(s), and
generally forms singly charged, un-fragmented ions from a wide range of molecules’*.
In 1989, John Bennett Fenn refined Electrospray lonization (ESI) for use in larger
biomolecules, this approach uses a small nozzle and a charged solvent spray to add
charges to samples directly injected into the mass analyzer, a process allowing larger
biomolecules to attain multiple charges, increasing the mass range of detectable
molecules while avoiding fragmentation *.

The development of soft ionization sources and their implementation to the life
sciences was a huge advancement in the field of mass spectrometry. Of these, ESI and
MALDI, allow a very wide range of non-volatile and thermally-labile molecules of
biological origin (from very small metabolites to proteins and complexes larger than
150 kDa) to be successfully ionized into the gas phase, an impressive feat considering
the “softness” which allows bonds to remain intact, effectively eliminating fragment
ions that complicated earlier MS approaches (Electron Impact)’*. The applications
and impact were obvious, as suddenly almost any molecule produced by a living
system could be ionized and its mass (very) accurately measured. Almost as
impressive was the speed at which companies produced the equipment and its ease of
use. The technology reached the hands of both industry and academia quickly, where

it has since been effectively implemented by non-MS-experts in life sciences. These



22

ionization developments were awarded the Nobel Prize in 2002 ¥%%,

Not surprisingly, the use of soft-ionization sources in the natural product
discovery process became more commonplace. In recent years, ESI coupled to liquid
chromatography (LC or HPLC) and UV/IR photodiode array components facilitates
the detection, isolation and purification process by allowing the separation of a target
metabolite from a more complex mixture in the bioassay-guided approach *.

MALDI, FAB and ESI sources coupled to high resolution and MS/MS capable mass
analyzers have also been extensively used in molecular formula assignment ****,
structure determination by analysis of intentional fragmentation *, and the analysis of
biosynthetic machinery of natural products ™.

1.4.3 MALDI-TOF Fingerprinting

MALDI-Time of Flight (TOF) is a very sensitive ionization mechanism,
requiring only trace amounts of a compound to achieve a clear mass to charge (m/z)
signal, or isotopic cluster, from a single sample *”**. Perhaps more importantly, many
of the metabolites present in a sample can be detected concurrently in one pass.
Complex mixtures and salt contamination do not pose significant hurdles in most
cases, allowing minimal sample preparation and subsequent ease in data analysis *’. A
schematic diagram of the basic MALDI-TOF process is shown in Figure 1.7.

In 1997 Marcel Erhard, Hans von Doren and Peter Jungblut reported the use of
MALDI-TOF MS for “Rapid typing and elucidation of new secondary metabolites of
intact cyanobacteria,” providing the first example of using MALDI to fingerprint the

secondary metabolites of microorganism in an crude, intact sample. As mentioned
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previously, up until this point the detection of these smaller secondary metabolites was

performed by bioassays and/or chromatographic approaches such LCMS and HPLC
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Figure 1.7. A basic diagram of the MALDI-TOF process.

A sample (which might contain mixed analyte molecules) is prepared with a light
adsorbing matrix, deposited on a conductive target plate and introduced into a stage
under vacuum. When the laser hits the mixed sample, the light energy is adsorbed by
the matrix and a plume composed of the mixed analyte and matrix molecules is
created. lonization is thought to occur within this plume (if it hasn’t up to this point).
The plume is accelerated into the time-of-flight (TOF) tube by a voltage differential
between the plate and the entrance to the mass spectrometer and again within the ion
optics. Once in the TOF tube, the ions containing this initial kinetic energy are freed
from the electric field and are allowed to drift, becoming separated by mass and
charge (most commonly +1), until they contact the detector.

that require extraction steps, time and larger amounts of material. By interrogating
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intact cyanobacteria using MALDI-TOF MS, Erhard et.al. were able to not only
identify known secondary metabolites but also unknown constituents without the need
for chromatography or large amounts of material ®’, opening up MALDI-TOF as an
analytical tool with strong metabolomic capacity in natural products research. Since
then, several other studies “fingerprinting” secondary metabolites using MALDI-TOF
have been performed in various natural product producing organisms, including

. . . 92
bacteria, sea cucumbers, bacterial sponge isolates, and plants®**%.

1.4.4 Natural product MALDI imaging

Another benefit of the MALDI ionization mechanism is its ability to be used as
an imaging probe. Briefly, a thin section of a sample is covered with a homogenous
coat of matrix, the sample is introduced into the spectrometer and the laser is targeted

. 4
across the sample in a predefined raster *>°

. A full mass spectrum is recorded at each
raster spot, the presence or absence of the various m/z values can then be examined at
each raster spot, creating a two-dimensional map of the distribution of the ions that
can be easily visualized with appropriate software ***>. This idea, largely credited to
the lab of Richard Caprioli at Vanderbilt University, has been used extensively in
imaging tissues from a variety of preparations to localize specific proteins, peptides,
biomarkers as well as the location and accumulation of drug metabolites ** *.

The first reported experiments applying MALDI imaging to marine natural
products is provided in this dissertation and has been further developed by Pieter

Dorrestein’s lab at UC San Diego ****°". Also recently, Desorption Ionization Mass

Spectrometry (DESI), developed by the laboratory of Graham Cooks, has also been
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used an imaging probe °*. In this case, the authors explored the presence and
distribution of bromophycolides, brominated diterpenes with putative antifungal

%, 99, and found their distribution to be

activity produced by Callophycus serratus
limited to the surface of the algae in concentrations sufficient to thwart fungal growth
% The ability to visualize the distribution of many compounds in a single preparation
of an organism with a very active, small-molecule, metabolome has been likened to
having “molecular eyes” and indeed provides a new tool by which to understand and
explore natural products and their sources.

The initial findings utilizing soft-ionization sources that allow multiple
metabolites to be analyzed concurrently further underscore the complexity, number
and dynamic nature of the secondary metabolites from marine natural product-
producing organisms. Multi-disciplinary approaches that can combine genomics,
metabolomics and modern mass spectrometry with traditional natural products

research will greatly enhance our understanding of marine natural products and their

sources.

1.5 Dissertation Contents

Chapter 2 represents the major element of the dissertation and describes a
novel approach to study the dynamics of biosynthesis of natural product production in
cultured marine filamentous cyanobacteria, prolific producers of scores of bioactive
secondary metabolites. The approach relies in replacing the available nitrogen

content of the growth media with an isotopically labeled version ('°’N NaNOs3). The
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incorporation of the heavier label into many of the nitrogen containing metabolites can
be followed in-vivo by analyzing whole cells over time by MALDI-TOF MS.
Although not absolutely quantitative, the resulting data sets are incredibly rich, not
only yielding the dynamics of biosynthesis and turnover of both known and unknown
metabolites, but also the relationships in production between various secondary
metabolites, as well as the primary metabolite chlorophyll. In this chapter I explored
the differences in production rate of various important natural products from Lyngbya
strains, drilled down into the temporal nuances between jamaicamides A and B, and
explored factors that impact their biosynthesis. These findings are useful in efforts to
increase natural product yields from cultures of these slow growing organisms. On a
broader note, this approach provides an experimental paradigm allowing growth and
the biosynthesis of a primary metabolite (chlorophyll) to be compared with the
production of secondary metabolites and could be useful in assigning ecological roles
to natural products as well as tracking nutrients in complex symbiotic interactions. A
condensed version of this chapter has been submitted, and reviewed, at the
Proceedings of the National Academy of Sciences and is currently undergoing minor
revisions. The appendix for Chapter 2 contains the results of various experiments
manipulating culture conditions to determine the effect on jamaicamide B production
as measured by the °N labeling approach, a brief description of the discovery of
cryptomaldamine from JHB, which originated from these data sets and initial "N
labeling and growth experiments using L. majuscula 3L.

Chapter 3 contains the second major element in the dissertation and similarly
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relies on MALDI-TOF MS. This chapter, published in the journal Molecular
Biosystems in 2008 was in the top 50 most cited Royal Society of Chemistry (RSC)
articles of the year. The reason behind this surprising level of interest is simple: it is
the first published work to use imaging mass spectrometry to really explore natural
products, marine or otherwise. Besides detailed methodology, the chapter includes
some interesting results showing the spatial distribution of known, biomedically
active, natural products on whole filaments of various Lyngbya strains. It also contains
MALDI imaging results from the marine sponge Dysidea herbacea, clearly showing
the presence of many unknown or unidentified metabolites specifically located within
a thin-section of sponge. Perhaps more importantly, the results confirm the presence
of complex and varied chemical microenvironments within sponge samples. These
results provide the first insight and experimental approach that, paired with
metagenomics and genomisotopic studies, might begin to address the metabolic
exchange of complex marine assemblages depicted in Figure 2. The appendix that
follows Chapter 3 contains more MALDI imaging results and pilot studies, including
an attempt to provide greater understanding into the distribution and origin of
kahalalide F, a promising anti-cancer agent in late stage clinical trials, within the
nudibranch Elysia rufescens and its foodsource Bryopsis pennata. Although some
appreciation for its distribution was achieved with the approach, it is likely that fresh
or live samples might yield more conclusive results. Also within this appendix are
encouraging results regarding the heterogenous distribution and possibly production of

natural products in marine cyanobacteria.
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Chapter 4 describes work that is being prepared for submission. Filamentous
cyanobacteria are naturally encased by a polysaccaride sheath which has been shown
to play host to a variety of heterotrophic bacteria. The possibility of natural products
attributed to the cyanobacteria actually being produced by these symbionts remains
unclear, especially since the genomes of most of these organisms have not been
described. Using a dissecting microscope and micromanipulation, single cells from
filaments of two strains of Lyngbya were isolated and cleaned, and run by MALDI-
TOF MS. The high concentration of various secondary metabolites within the cells in
combination with the sensitivity of instrument yielded positive identification of
several natural products within these preparations. The single-cell MALDI approach
was combined with '*N incubation of the parent culture, as described in chapter 2, to
show that the cells contained freshly biosynthesized compounds. More importantly
however, is the initial finding that only some cells contained all metabolites at high
enough concentrations to be detected, while others only contained one or two of the
expected compounds. These pilot studies are in agreement with the MALDI imaging
results showing that there is a heterogenous distribution of secondary metabolites in
various species of cyanobacteria (appendix of chapter 3).

Chapter 5 is a brief chapter that has been submitted to Chemical
Communications. This proof-of-concept work was performed in conjunction with
Waters Corporation and describes how Ion-Mobility Mass Spectrometry, using both
ESI and MALDI ion sources, can facilitate the dereplication and identification of

halogenated metabolites from crude whole cell samples (MALDI) and cleaner extracts



(ESI) of marine cyanobacteria. Briefly, the presence of halogen atoms, which are
generally heavier than other atoms, on a small molecule, changes its mass in
disproportion to its cross-sectional area. This effect was also seen with cyclizations.
This anomaly results in halogenated and possibly cyclic molecules behaving
differently in the Ion-Mobility chamber, resulting in a further separation from other

metabolites present in a crude mixture.

29
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2.0 CHAPTER 2
TEMPORAL DYNAMICS OF NATURAL PRODUCT BIOSYNTHESIS IN

MARINE CYANOBACTERIA

2.0.1 Abstract

Sessile marine organisms are prolific sources of biologically active natural
products. However, these compounds are often found in highly variable amounts,
with the abiotic and biotic factors governing their production remaining poorly
understood. We present an approach that permits monitoring of in vivo natural
product turnover and production using mass spectrometry and stable isotope ('°N)
feeding with small cultures of various marine strains of the natural product-rich
cyanobacterial genus Lyngbya. A temporal comparison of the amount of in vivo "N
labeling of nitrogen-containing metabolites represents a direct way to discover and
evaluate factors influencing natural product biosynthesis, as well as the timing of
specific steps in metabolite assembly, and is a strong complement to more traditional
in vitro studies. Relative quantification of '°N labeling allowed the comparison of rates
of turnover of multiple natural products from small amounts of biomass and provided

new insights into the biosynthetic timing of jamaicamide A bromination.

2.1 Introduction
The secondary metabolites of marine organisms are a valuable and
inspirational source for a host of biomedical and technological applications. Since the

emergence of marine natural products research as a discipline 40 years ago,
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approximately 17,000 compounds have been isolated from a variety of prokaryotic
and eukaryotic organisms, and several of these have advanced from initial evaluations
of bioactivity to preclinical and clinical trials that target specific diseases."* Of
prokaryotic marine natural products identified and evaluated for their biomedical
potential, it is estimated that approximately 40% are of cyanobacterial origin.’
Important advances in exploring the biosynthesis of cyanobacterial compounds
have been achieved in the past decade, coinciding with new developments in the areas
of genetics and genomics. Gene clusters encoding the production of the freshwater
hepatotoxins microcystin *° and nodularin® have been identified, as well as several
from the marine cyanobacterium Lyngbya majuscula (Gomont), including those for
the molluscicide barbamide,’ cancer cell toxin curacin A,8 dermatotoxin
lyngbyatoxin,” antifungal agent hectochlorin'® and the neurotoxins jamaicamides A-
C."" Cyanobacterial natural product gene clusters are typically composed of mixed
polyketide synthases (PKS) and non-ribosomal peptide synthetases (NRPS), and often
include several enzymatic reactions rarely seen in any other bacterial system.'* '
One of the most significant impediments to further pursuit of cyanobacterial
lead compounds for biotechnological applications is the problem of supply.'’
Filamentous cyanobacteria of the orders Nostocales and Oscillatoriales produce the
majority of cyanobacterial natural products,'® but many of these grow very slowly in
laboratory culture (with doubling times of 20 days in some cases)."” Overall
compound yield from cultured material is typically low, meaning that expensive and

difficult chemical synthesis or repeated field collections are required to obtain
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sufficient material for downstream purposes. Although genetic manipulations have

- 20,21
been developed for some freshwater filamentous cyanobacteria,””

no
transformations of DNA into filamentous marine cyanobacteria have been
accomplished to date. If natural product yields from cultured cyanobacteria are to be
increased through changes in culture conditions, it is essential to have a reliable
method to determine what factors directly impact the rate of metabolite biosynthesis
and ultimately contribute to the generation of more isolated compound.

The marine cyanobacterial genus Lyngbya represents one of the most
important sources of cyanobacterial natural products yet discovered. Over 700
compounds with a wide range of bioactivities have been isolated from Lyngbya
collections from tropical locations worldwide.”*** Our laboratory has been successful
in growing a variety of marine Lyngbya strains.”** The stability of Lyngbya
filaments in culture, coupled with reliable growth rate measurements of filaments
using digital images, provides for a powerful model system with which to conduct
further investigation into the dynamics of natural product biosynthesis. By replacing
virtually all of the available nitrogen in the culture media with [""N]NaNOs3, it is
possible to monitor the rate of biosynthesis of various nitrogen containing molecules
by mass spectrometry. There have been previous reports of using "N to track the
biosynthesis of chlorophyll and its derivatives in cyanobacteria®® >’ as well as in
plants.?® Recently, specific natural products produced by Lyngbya and located within
the confines of its polysaccharide sheath have been visualized directly using Matrix

29, 30

Assisted Laser Desorption lonization (MALDI) imaging techniques, confirming
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that MALDI approaches can be used to study small molecules in these prokaryotic
organisms. MALDI-Time of Flight (TOF) is a sensitive ionization mechanism,
requiring only minimal amounts of compound to achieve a clear mass to charge (m/z)
signal, or isotopic cluster, of a broad range of small molecules from a single sample.*"
32 Complex mixtures and salt contamination do not pose significant hurdles in most
cases, allowing minimal sample preparation and subsequent ease in data analysis.”
The combination of these attributes enables the efficient monitoring of large numbers
of samples for m/z shifts that accompany biosynthesis of nitrogen-containing
metabolites in small, ['’N] NaNOs-enriched cultures of Lyngbya. By comparing the
changes in the isotopic profiles of metabolites, such as pheophytin a, a stable

breakdown product of chlorophyll a****

and various other metabolites, it is possible to
determine the percentage of '°N labeling (representing new biosynthesis) of each
compound at various time points and, in turn, gain insight into their turnover rates in
Vivo.

Although understanding the time course and factors influencing the production
of cyanobacterial natural products is important for determining ecological functions of
compounds, as well as how to modify yields from laboratory cultures, an experimental
framework by which to reliably measure their production in vivo has been lacking.
Presented here is an approach that permits monitoring the net production (turnover) of
nitrogen-containing metabolites, as well as the relationships between growth and

primary and secondary metabolism, under different experimental conditions. By

growing Lyngbya cultures in ’N-enriched growth media and probing over time using
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micro-extraction and MALDI mass spectrometry, the dynamics of cyanobacterial
natural product biosynthesis can be observed and conditions that may influence the
turnover of these molecules can be tested.

Herein, a comparison of the variability in turnover of metabolites produced by
three different Lyngbya strains is provided. A more detailed set of studies are also
described using a Jamaican strain of Lyngbya majuscula (JHB), showing that the
turnover rate of the neurotoxin jamaicamide B is significantly faster than the
chlorophyll derivative pheophytin a or the related, brominated molecule jamaicamide
A. It was possible to observe measurable differences in the production rate of
jamaicamide B and pheophytin @ when experimental cultures were exposed to UV
light. Manipulating the nitrate concentration in the media also appreciably affected
the turnover of these two metabolites, but only when the concentration was decreased.
Bromine supplementation in the culture media was found to result in higher net
production of the brominated metabolite jamaicamide A. Furthermore, this approach
was successfully implemented to gain insight into the timing of the bromination in
jamaicamide A biosynthesis, and reveals that jamaicamide B likely serves as an
intermediate in this process. Collectively, these studies suggest that combining
MALDI mass spectrometry and "°N feeding is a powerful way to discover new means
of manipulating natural product production rates, investigate the timing of compound
biosynthesis and complement more traditional in vitro approaches by providing

insights of in vivo relevance.
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2.2 Results

2.2.1 Metabolome wide turnover of nitrogen containing metabolites in three different
Lyngbya strains

Cultures of Lyngbya majuscula 3L, originally collected from Curagao,
Netherlands Antilles,*® Lyngbya bouillonii, collected from Papua New Guinea, and
Lyngbya majuscula THB, collected from Hector Bay, Jamaica,”’ were inoculated at
comparable filament densities in two six-well culture plates containing 10 mL salt-
water BG-11 media per well (one ['*NJNaNO; control group and two 100%
['"N]NaNO; experimental groups for each species) and sampled over a 10-day period.
On days 1-5, 7 and 10, 1-2 filaments (approximately 0.5 mg wet weight) were
removed and stored at - 20 °C. After the 10 days, each sample was mixed with 1 pL.
per ug MALDI matrix (50:50 mixture of DHB and HCCA), and the resulting crude
solution was spotted on a MALDI plate and subjected to MALDI MS with the detector
set to collect the m/z region between 300-2000 (see methods section). A variety of
known metabolites displayed evidence of '°N labeling, indicating active compound
production and turnover (figure 2.1). Other nitrogen containing metabolites that have
not been identified also underwent mass shifts. From these spectra, we were able to
accurately calculate, with weighted isotopic averages,® the overall '°N percent
labeling for pheophytin a (1) and the natural products jamaicamide B (2) and A (3) in
Lyngbya majuscula JHB, curazole (4) and carmabin A (5) in Lyngbya majuscula 3L,

and apratoxin A (6) in Lyngbya bouillonii (structures and figure 2.1b).
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Figure 2.2. Comparison of percent 15N labeling of some known nitrogen-containing
metabolites from Lyngbya majuscula 3L, JHB and Lyngbya bouillonii.

The culture conditions and time of inoculation were identical for all cultures of both
species. (a) Isotope heat map view of m/z 300-950 MALDI spectra taken daily, with 4
replicates per day, during the course of a 10-day feeding experiment (days 0-5, 7, 10
shown). Shifting of the vertical spectral bands for each species indicates nitrogen-
containing metabolites undergoing production and turnover. The red boxes and
corresponding numbers highlight described metabolites, although many other
metabolites can be seen undergoing nitrogen shifts. (b) Enlarged heat map showing
region pertaining to carmabin A (5), the spectra for to Day 1 and Day 10 are shown on
the left with the shift of 5 Da (pertaining to the 5 nitrogen atoms in carmabin A) being
easily visible, the dark spots in the heat map correspond to the same isotopic peaks
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Figure 2.2 cont. (c) Percent °N labeling after 5 days for the compounds indicated by
the red boxes, including the metabolite pheophytin a for all species and jamaicamide
A and B from Lyngbya majuscula JHB, carmabin A and curazole in L. majuscula 3L,
and apratoxin A in L. bouillonii. The percentage is calculated from weighted isotopic
averages, N = 4.

2.2.2 Growth, and turnover of pheophytin a and jamaicamide B in Lyngbya majuscula
JHB

Lyngbya majuscula JHB, a strain responsible for producing the jamaicamides,
hybrid PKS/NRPS natural products with neurotoxic and ichthyotoxic activity,*’ was
chosen for more detailed study due to its reliable growth and spectrum of produced
metabolites. In order to further compare the turnover of selected compounds, the
growth rate for JHB filaments was defined under typical culture conditions (figure
2.3a, and Supporting Information). Metabolite turnover was investigated by
inoculating six L. majuscula JHB cultures from the same parent culture in a six-well

culture plate with one control culture containing regular ['“N] NaNOjs saltwater BG-11
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medium and five with ['°N]NaNO; BG-11 saltwater medium. On days 0-5, 7 and 10,
small samples (approximately 0.5 mg wet weight) were removed and frozen for future
analysis. After day 10, the samples were analyzed using MALDI-TOF MS. The
resulting spectra were analyzed with particular attention to the isotopic shifts of the
nitrogen-containing molecules jamaicamide B and pheophytin a. Jamaicamide B was
chosen for these comparisons due to its robust ionization and detection by MALDI,
and because no matrix related ion peaks interfered with its analysis. Pheophytin g, a
more stable breakdown product of chlorophyll a, was chosen for its role as a primary
metabolite critical to energy production in these organisms (its only difference from
chlorophyll a is that it lacks the central magnesium atom, likely removed during the
acidic MALDI preparation).*’ A comparison of the control and experimental isotopic

profiles for each molecule over 10 days is shown in figure 2.3b. The resulting
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Figure 2.3. Comparison of growth, jamaicamide B and pheophytin @ turnover during
10 days from small cultures of Lyngbya majuscula JHB grown in '°N media.

(a) Optical images (8x) show the growth of a single filament over the course of 10
days. (b) MALDI MS spectra from micro-extractions showing the relative changes in
the pheophytin a (left) and jamaicamide B (right) isotope clusters over time. Top
panels contain control spectra for each molecule. The decrease in the unlabeled,
mono-isotopic peaks indicates the reduced abundance of the '*N containing species,
while the increase in other peaks is indicative of newly synthesized, "°N labeled
species. (¢) Comparison of growth and percentage of "°N labeling of jamaicamide B
and pheophytin a over 10 days. At Day 6, approximately 50% of the growth is new
and 50% of the pheophytin a present in the sample is labeled, whereas nearly 90% of
the jamaicamide B is labeled, indicating significantly different rates of turnover
between the two molecules. [Error bars are S.E.M. For "N labeling N = 5, for growth
N =16 (Day 2), 10 (Day 4), 7 (Day 6), 5 (Day 8), 3 (Day 10)]. Equation for
percentage of new growth = ((Ly — Lo)*L;") * 100, where Ly o = lengths at day x, 0,
and total respectively.
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percentage of "°N labeling over time, calculated from weighted isotopic averages is
shown in figure 2.3c, with comparison to new growth. Because the percentage of
labeled molecule at any time point is a result of both newly biosynthesized '*N-labeled
molecules accumulating over the course of the experiment and elimination (via any
mechanism, such as catabolism or excretion) of the older '*N-labeled species, the
combination of these values represents a measure of the net turnover of the metabolite.
The average ratio of jamaicamide B to pheophytin a '°N labeling during the 10 days
was 2.1 £0.2 (S.E.M.), indicating that jamaicamide B is turned-over at twice the rate
of pheophytin a in these cultures.

While the fate of jamaicamide B after biosynthesis was not clear from these
experiments, the measured rates of turnover suggested that jamaicamide B is not
accumulated within the cells, since by day 10, "°N labeled (or newly biosynthesized)
jamaicamide B represents nearly all of the molecule present. To determine whether
jamaicamide B was being actively secreted from L. majuscula filaments into the
culture medium, 6 mL of the media from a dense JHB culture maintained in a Petri
dish for 17 days was extracted and analyzed by MALDI-TOF MS. Neither
jamaicamide B nor any other known natural products from L. majuscula JHB were
present in sufficient concentrations to be detected in this extract (S.1.).

The utility of the '°N labeling / MALDI-TOF approach was further explored
by manipulation of culture conditions and comparing the resulting effect on

jamaicamide B and pheophytin a turnover. Reducing the available nitrate in the media
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and exposure to UV light were two factors that showed appreciable impact, reducing

the production of these metabolites (S.I. figure 2.1 and S.I. text and methods).

2.2.3 Comparison of "°N labeling states of jamaicamide B with the brominated natural
product jamaicamide A over 10 days

The consistent difference in the rates of '°N labeling of jamaicamide B and
pheophytin a was surprising and provoked a similar analysis of the related compound
jamaicamide A from the data sets depicted in figure 2.3. Jamaicamide A (3) is the
brominated analog of jamaicamide B (2), and the terminal alkynyl bromide of
jamaicamide A is thought to be incorporated via an uncharacterized halogenase in the
jamaicamide gene cluster.*’ Because the isotopic cluster for jamaicamide A in the
MALDI spectra overlaps with another chlorophyll breakdown product (likely
pheophorbide a**), calculating an accurate weighted average of the cluster was not
possible. Instead, a different but common calculation strategy*’ was employed in
order to examine the differences in the rate of '°N incorporation between these
molecules. Since both molecules contain only 2 nitrogens, it was possible to calculate
the percentage of unlabeled vs. single, double, and total labeled molecules present at
each time point by using only the first three peaks of both the jamaicamide A and B
parent isotopic clusters (figure 2.4a and b).

The results in figure 2.4c show that jamaicamide A is turned over more slowly
than jamaicamide B. There is a delay of approximately 1.5 days before the sharp
increase in "°N labeling of jamaicamide A when compared to jamaicamide B (T, for

jamaicamide B = 2.5 days, Tso for jamaicamide A = 4.0 days). One conceivable
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Figure 2.4. Different '°N labeling states of jamaicamide B and A over 10 days in L.
majuscula JHB. (a) Time course of single, double, total and unlabeled jamaicamide B
over 10 days, calculated from same data as in figure 2B. The arrows points to Tso, or
the time at which 50% of the molecules are '°N labeled, which is 2.5 days. (b) Time
course of single, double, total and unlabeled jamaicamide A over 10 days from the
same data set. Tso here is equal to 3.9 days (arrow). (¢) Comparison of total °N
labeled jamaicamide B and A. At Day 6, approximately 78% of the jamaicamide A
present in the sample is labeled, while nearly 95% of jamaicamide B is labeled,
indicating considerably different rates of turnover between these molecules. The
initiation of "°N labeling in jamaicamide A is delayed by approximately 1.5 days when
compared to jamaicamide B. (Errors are S.EM., N =5).
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hypothesis to explain this observation is that the bromination reaction to form
jamaicamide A occurs after the biosynthesis of jamaicamide B is completed.*®

To further investigate the relationship between jamaicamide A and B
biosynthesis, a series of '°N feeding experiments were conducted with L. majuscula
JHB using small cultures inoculated in 24 well plates. First, to determine if bromine
might be a limiting nutrient in the biosynthesis of jamaicamide A, additional bromine
was added to the "N culture media. The simple addition of NaBr to the media in
either 0.5 g/L or 1.0 g/L resulted in a significant and step-wise increase in the
percentage of "N labeled jamaicamide A (figure 2.5a), indicating that the
concentration of bromine in seawater (65 ppm) is a limiting nutrient in jamaicamide
biosynthesis. However, the addition of bromine still did not result in an equal °N
labeling rate to that of jamaicamide B.

To support the possibility that the bromination of jamaicamide A occurs after
the assembly of jamaicamide B,*" an additional experiment was performed using a
similar '°N feeding time course with the inclusion of a dark phase. In preliminary
trials, it was found that moving L. majuscula JHB cultures to a completely and
continuously dark environment effectively stopped turnover of jamaicamide B and
pheophytin a, a finding that supports the notion of light regulation of these
pathways.”® Two, 24-well culture plates were each inoculated with 8 L. majuscula
JHB cultures in "N media supplemented with 1.0 g/L NaBr, and placed under typical
light conditions and sampled on days 0-4. On the fourth day, one of the plates was

placed in the dark, while the other reference plate remained in control 16 h light / 8 h
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Figure 2.5. Further investigation of jamaicamide A and B biosynthesis.

(a) Total percent "°N labeling of jamaicamide A is enhanced by addition of NaBr to
media. Bars indicate percent '°N labeling of pheophytin a, jamaicamide A, and
jamaicamide B in small L. majuscula JHB cultures incubated for 5 days in media
containing 100% ['’NJNaNO; and either 0.5 g/L or 1.0 g/L NaBr (N = 6, error bars
are S.E.M.). (b) Total percentage '°N-labeled jamaicamide B (solid line) and A
(dashed line) over 14 days in 16 h light / 8 h dark conditions. (¢) New production
(total "°N labeling) is terminated for jamaicamide B (solid line) but continues for
jamaicamide A (dashed line) when L. majuscula JHB is subjected to continuous dark
for a 5-day period from day 4 to day 9 (opaque box) (N = 8, error bars are S.E.M.). (d)
Ratio of jamaicamide A to jamaicamide B after 6 days in regular light conditions (16 h
light / 8 dark) and continuous dark (24 h dark) from larger scale experiments. Ratios
of jamaicamide A to jamaicamide B were determined after 6 days of culture in both
cases. Quantities of jamaicamide A and B were determined using total ion count
measurements from LC-MS analysis.
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dark conditions. On the ninth day the experimental cultures were reverted to the
control light cycle. Samples were taken from the reference and experimental cultures
on days 9, 10 and 14. At the conclusion of the study, the samples were run by MALDI
and the percentage of total '’N of jamaicamides B and A was calculated for each
sample (figure 2.5b (control) and c (experimental)). From this experiment, it is clear
that production of jamaicamide A continues in the dark, whereas production of
jamaicamide B is completely abrogated. These results support the hypothesis that
jamaicamide A bromination occurs after the assembly of jamaicamide B, and
implicates jamaicamide B as the substrate for bromination. This prediction of the
timing of bromination is consistent with previously reported experiments that
demonstrated the inclusion of only non-brominated substrates during the initial steps
of jamaicamide biosynthesis.*’ This experiment was also repeated using a simpler
design (S.L. figure 2.7), and those results also support the initial experiment with "°N
labeling of jamaicamide A continuing in the dark condition, while "N labeling of
jamaicamide B is inhibited.

To confirm these MALDI results, a larger scale experiment was conducted for
analysis by liquid chromatography — mass spectrometry (LC-MS). Two 6 well plates
were fully inoculated with L. majuscula JHB cultures in regular ['*N] BG-11 media.
The control plate was maintained in regular light conditions and the other was
subjected to complete darkness (wrapped in aluminum foil). After six days the
experimental plate was unwrapped, and vertically adjacent cultures in each plate were

combined, to give three larger samples for each of the control and experimental plates.
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Each of these six samples was extracted using a mixture of ethyl acetate and
hexanes, and following a similar purification scheme to that originally used in
jamaicamide isolation,” the extracts were each redissolved in MeOH/H,O, run
through separate solid phase extraction cartridges (C-18), and profiled using a
MeOH/H,0 gradient by LC-MS. Elution peaks for jamaicamides A and B were
identified using their associated chromatographic peaks and isotopic profiles, and the
corresponding sum of the ion counts for all possible adducts of jamaicamide B and A
[such as (M+H)", (M+Na)", and (M+K)" ] were obtained. The ratios of total
jamaicamide A to jamaicamide B in each extract are shown in figure 2.5d, and
indicate that while jamaicamide A biosynthesis persists in total darkness, the rate of

jamaicamide B turnover drops considerably (P = 0.067).

2.3 Discussion

Isolation of natural products from sessile marine organisms for drug discovery
or biotechnology applications, either from laboratory cultures or field collections,
frequently results in the recovery of variable amounts of a metabolite from a parent
extract. Many secondary metabolites are under strict environmental and epigenetic
modes of regulation®’ while others are produced constitutively and can represent a
large percentage of the harvested biomass.”® The observation that the Lyngbya natural
products included in this study had variable rates of '°N labeling from [’N]NaNOs
feeding and MALDI analysis, and thus different turnover rates, is therefore not
surprising. However, until now there has not been a consistent and robust approach to

actually measure these production differences in vivo. Here, the use of MALDI-TOF



59

MS of crude preparations, in conjunction with '°N feeding, has revealed itself to be a
valuable approach, allowing the dynamics of biosynthesis of various metabolites in
marine Lyngbya strains to be examined concurrently.

To better gain insight into the turnover rates of specific metabolites in marine
organisms, it is important to understand how both growth and primary metabolism
might be influenced by changes in culture conditions. Using Lyngbya majuscula JHB
as a model organism, several factors were explored using filaments from the same
parent culture. Under our typical culture conditions (see methods), the percent
production of pheophytin @ was found to directly parallel the growth rate calculated
for single filaments (figure 2.3c), suggesting that pheophytin a turnover is a
reasonable proxy for growth. More importantly, under these conditions pheophytin a
turnover provides a useful measure of primary metabolic activity to which the
turnover of specific natural products can be compared. A surprising observation in
these cultures of L. majuscula JHB was that a greater percentage of '°N labeled
jamaicamide B was detected throughout the course of the experiments than '°N
labeled pheophytin a, indicating unequal rates of turnover for these two metabolites.
It can be concluded that jamaicamide B is being produced significantly faster than
chlorophyll in these cultures, and that the rate of its biosynthesis outpaces filament
growth. Because of the predicted metabolic cost of natural product biosynthesis,” >
variations in the relative rates of turnover for different natural products in the same
organism may be indicative of their relative ecological importance under a given set of

environmental parameters. Although jamaicamide B was previously found to have



60

sodium channel blocking activity and fish toxicity™ its true ecological role has yet to
be determined, and these results suggest that significant energy and resources are
being devoted to its metabolism and turnover even in the absence of macroscopic
predators. The possibility exists that its high turnover level is a result of microbial
interaction/defense, as the polysaccharide sheath of Lyngbya strains tend to harbor
various heterotrophic bacteria®® or, equally plausible, evolution may have simply
favored a robust, constitutive expression level for the jamaicamide B pathway.

One insight into the preferential expression of jamaicamide B was gained by
measuring the "°N labeling rate of both jamaicamide B and pheophtyin a under
conditions where available "N nitrate was limiting. It is reasonable to expect that if
the production of jamaicamide B was not favored, then available nitrogen should be
preferentially shifted towards the production of chlorophyll (measured in terms of
pheophytin a). The effect of reducing available nitrate on the turnover of jamaicamide
B and pheophytin a is remarkably consistent between these two molecules, resulting in
a parallel reduction for both compounds (SI figure 2.6a). However, providing nitrate
in excess did not considerably affect the turnover rate of these nitrogen containing
metabolites, indicating that the media concentration of nitrogen is not a limiting factor
in the biosynthesis of these molecules.

In contrast, ultraviolet light exposure reduced the '°N labeling rate of both
jamaicamide B and pheophytin a (approximately 25 percent less turnover after 5
days). Since UV exposure in the environment is much more prevalent than in

laboratory cultures, these data suggest that it may be an important factor in limiting
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secondary metabolite production in L. majuscula JHB field populations. This would
be contrary to other cyanobacterial natural products, such as the UV absorbing
pigment scytonemin,”’ where expression levels increase upon UV exposure.
Jamaicamide B and the brominated analog jamaicamide A are most certainly
products of the same PKS/NRPS biosynthetic gene cluster.”® The unexpected finding
that the two molecules have significant differences in their '°N labeling rates (figure
2.4) led us to more carefully consider the resources being dedicated to the creation of
each molecule, as well as the possible timing of bromination in jamaicamide A
biosynthesis. One possible scenario is that the composition of the surrounding media
defines the arsenal of secondary metabolites produced by Lyngbya majuscula. In the
present case, bromine is a limiting element in the biosynthesis of jamaicamide A, as
has been observed for the natural product phormidolide in the mat forming
cyanobacterium Phormidium sp.”® Another conceivable explanation for the observed
production difference between jamaicamide A and B is that the halogenase required in
the bromination of jamaicamide A may not be active in every round of jamaicamide
biosynthesis, perhaps due to an additional energetic cost of halogenation that results in
relatively fewer jamaicamide A molecules being created and turned over. A third
explanation is that jamaicamide B represents an initial, shorter-lived and dynamic pool
while jamaicamide A represents the end-product of the pathway and is metabolically a
more stable molecule. Interestingly, this latter scenario provides a potential insight
into an unknown aspect of jamaicamide biosynthesis. Although many features of the

biosynthesis of the jamaicamides have been described,’” ®' the timing, identity and
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genomic location of the putative halogenase responsible for incorporation of bromine
into jamaicamide A has been a source of speculation but has not yet been defined.
Under normal culture conditions, the turnover rate of jamaicamide B occurs
approximately 1.4 times faster than jamaicamide A. When the medium is
supplemented with NaBr, the amount of '°N-labeled jamaicamide A increases while
that of jamaicamide B and pheophytin a do not, supporting the hypothesis that
bromine is a limiting element in the biosynthesis of jamaicamide A. However, even
with additional bromine the amount of total '°N labeling for jamaicamide A remains
lower than that of the other two molecules (figure 2.5a). Furthermore, when cultures
are moved to a completely dark environment, thereby inhibiting photosynthesis, the
turnover rate of jamaicamide B sharply decreases, while jamaicamide A turnover
continues at a rate nearly comparable to JHB cultures in the light condition (figure 2.5
b,c,d). These data support the third scenario wherein a percentage of the newly
biosynthesized jamaicamide B pool is converted to jamaicamide A by replacement of
the alkynyl hydrogen with bromine, potentially catalyzed by the protein product of
JjamD from the jamaicamide biosynthetic pathway.** In this case, a previously
expressed and functional halogenase could catalyze the enzymatic addition of bromine
in the absence of light driven metabolism. Previous records show that jamaicamide A
is often found in higher abundance than jamaicamide B in extracts of this strain
(unpublished data). Given the above findings, it appears that jamaicamide B is only
formed during daylight hours, whereas jamaicamide A is produced throughout a

light/dark cycle, and accumulates to higher concentrations. We were able to observe
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the same trends (figure 2.5d) when conducting larger scale experiments and analyzing
them using more conventional methods (LC-MS), although the difference in the ratio
of jamaicamide B to jamaicamide A between the dark and the light conditions was
only marginally significant (p = 0.067). These results reinforce the utility of MALDI-
MS for natural product turnover comparisons, as the increased sensitivity afforded by
the MALDI instrument provided us with insights into the timing of jamaicamide
biosynthesis that might otherwise have been overlooked.

The primary strength of the approach described in this report lies in the
multiplex ability of MALDI-TOF MS to track the '*N-labeling of multiple metabolites
concurrently in a single experiment and within individual samples, thereby avoiding
unknown variables that might influence metabolite turnover in separate experiments.
This allows for careful measurements of the influence of abiotic and biotic factors on
the production of individual metabolites, as well as the temporal relationships between
metabolites, providing powerful insight into the origin of chemical variability in
marine life forms and the in vivo metabolic processes of natural products. The marine
genus Lyngbya provided an ideal system for measuring natural product turnover and
the testing of specific ecologically relevant variables on culture conditions because
small amounts of living material were easily manipulated and could be efficiently
extracted using a MALDI matrix solution. Future experiments using these methods
could help identify the main drivers of metabolite production, including possible
factors leading to harmful cyanobacterial blooms, and thus assist in developing a

better understanding of the biosynthesis of nitrogen containing molecules produced by
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marine microalgae. In addition, this approach may find application in a variety of
fields or in different organisms, including providing an experimental framework that
could aid in assigning ecological roles to secondary metabolites, and represents a
valuable tool in efforts aimed at increasing natural product yields from laboratory

cultures of organisms with biomedical and biotechnological relevance.
2.4 Materials and Methods

2.4.1 Cyanobacteria strains and culture maintenance

Lyngbya majuscula strain JHB was originally collected in Hector’s Bay,
Jamaica in 2002. L. majuscula 3L was collected in Curacao, Netherlands Antilles in
1996, and L. bouillonii was collected in Papua New Guinea in 2005. Pan (10 L) and
Erlenmeyer flask (1 L) cultures of each strain were maintained at Scripps Institution of
Oceanography, UCSD in SW BG-11 media® at 29°C, under 16 h light / 8 h dark
cycles at approximately 5 pE m™ s™. All experiments except those testing the effects
of UV exposure and light cycles were also conducted using these temperature and
light conditions. For all experimental cultures, SW-BG-11 was used, containing 5 g /

L of either ['"*N]NaNOs (controls) or [’N]NaNOs (98%, Cambridge Isotopes).

2.4.2 Experimental culture conditions
2.4.2.1 L. majuscula JHB, L. majuscula 3L and L. bouillonii study

Approximately 10 milligram cultures of each species were inoculated in 6 well
plates (Corning Life Sciences/ Costar) at the same time as follows: 2 experimental

(["*’NINaNOs) and 1 control (['*NJNaNOs) well for each species and maintained at



65

standard culture conditions described above. On days 0-5, 7, and 10, two samples were
taken from each well for each species, resulting in two technical replicates and two

experimental replicates.

2.4.3 Sampling

Using aseptic technique and small tweezers, 2-4 filaments (0.2-0.4 ng wet
weight) from small cultures were placed in a PCR tube and flash frozen with dry ice.
Sampling intervals varied between experiments, as explained in each experimental
description.
2.4.3.1 10-day experiment with Lyngbya majuscula JHB

Each well of a 6-well culture plate was inoculated with 10 mg wet weight of
starting material from a parent culture of Lyngbya majuscula JHB. The filaments
were cut using a razor blade into approximately 1 cm long clusters before starting the
experiment. Five of the wells contained 10 mL of '’N SW-BG-11, with 1 well of
control (**N) SW-BG-11.
2.4.3.2 Bromine Feeding in Lyngbya majuscula JHB

In a 24 well plate, 6 wells containing 2 mL regular ['"N]NaNO; medium, 6
containing the [°N]NaNO; medium with 0.5 g/ L NaBr, and 6 containing the
['"NJNaNO; medium with 1.0 g/ L NaBr were inoculated with approximately 2.5 mg
wet weight from a parent culture of Lyngbya majuscula JHB (filaments cut to 0.5-1.0

cm length). Samples were taken on day 0 and day 5.
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2.4.3.3 Dark phase with bromine supplementation in Lyngbya majuscula JHB

Two 24-well culture plates were each inoculated with 8 small (2.5 mg) L.
majuscula JHB (filaments cut to 0.5-1.0 cm length) cultures in 2 mL "N media
containing 1.0 g/L NaBr, placed under the control culture conditions (above) and
sampled on days 0-4. On the fourth day, one of the plates was wrapped completely
with aluminum foil, while the other reference plate remained in control conditions. On
the 9™ day, the experimental plate was un-wrapped, with samples taken from the
reference and experimental cultures on day 9 as well as days 10 and 14. At the
conclusion of the study, the samples were run by MALDI and the percentage of total

>N labeled jamaicamide B and A was calculated for each sample at each time point.

2.4.4 LC-MS comparison of jamaicamide B and A in 16 h light/8 h dark vs. 24 h dark
Two 6-well plates were inoculated with 6 small L. majuscula JHB cultures (10
mg) in regular N BG-11 media. The control plate was maintained in regular light
conditions and the other was completely wrapped in aluminum foil. After six days the
experimental plate was unwrapped and the vertically adjacent cultures in both plates
were combined, to give three, larger samples per plate. All of the samples were
extracted with 80% EtOAC/hexanes for approximately 1 h with stirring at 25 °C.
Each of these extracts were dried and redissolved in 80% MeOH/HZO,64 and run over
C-18 solid phase extraction cartridges (Varian or Analytichem International, 100 mg)
in the same solvent system. All extracts were dried under liquid nitrogen, weighed,
and suspended in MeOH at a concentration of approximately 3 mg/mL. The extracts

were profiled using a gradient program of 70-100% MeOH/H,O with an analytical
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column (Phenomenex Jupiter C-18, 5 u 300 A) and LC-MS (Thermo-Finnigan
Surveyor pump and PDA and LCQ Advantage Max). Retention times for
jamaicamide A and B were identified by UV detection, and the total ion counts for all
associated adducts (found to repeatedly include (M+H)", (M+Na)’, (M+K)+ and
(M+45)") of jamaicamide B and A were combined and integrated using Xcalibur
software (Thermo Electron) to determine the ratio of jamaicamide A to jamaicamide B

in each sample.

2.4.5 MALDI MS sample preparation

Approximately 1 L. of MALDI matrix solution (Per 1 mL: 35 mg a-cyano-4-
hydroxycinnamic acid (CHCA), 35 mg 2,5-Dihydroxybenzoic acid (DHB) (Universal
MALDI matrix, Sigma Aldrich), 750 pL acetonitrile, 248 pL milliQ H»0, 2 uLL TFA)
per 0.1 pg of biomass was mixed in a tube or well. After 20-30 seconds, 1 uL of this
crude matrix solution was deposited on a well (spot) of the Bruker Microflex MSP 96
Stainless Steel Target Plate. After each spot had dried at room temperature, the plate
was analyzed using a Bruker Microflex MALDI-TOF mass spectrometer equipped

with flexControl 3.0.

2.4.6 Calculations
2.4.6.1 Weighted averages (percent 15N labeled)
For a particular compound in a sample, the mean mass was computed using the

weighted average of the observed isotope cluster.®’



2.4.6.2 For percent total, single, double and unlabeled '°N jamaicamide
For comparisons of jamaicamide A and B (percent single, double, total and
unlabeled, figures 2.4 and 2.5), calculations were performed as the percent

contribution of "N nitrogen in each isotopic peak.®

68



69

2.5 CHAPTER 2 ACKNOWLEDGEMENTS

We thank Dr. Hyukjae Choi for assistance in analyzing LC-MS data. Support
was provided by a graduate fellowship to EE from the National Institutes of Health
Training Program in Marine Biotechnology (T32GM067550), a graduate fellowship to
AC]J from the Los Angeles Chapter of the Achievement Rewards for College
Scientists (ARCS) Foundation, and NOAA Grant NAOSOAR4170669, California
SeaGrant College Program Project SG-100-TECH-N, through NOAA's National Sea
Grant College Program, US Department of Commerce. The statements, findings,
conclusions, and recommendations provided here are those of the authors and do not
necessarily reflect the views of the National Institutes of Health, California Sea Grant
or the US Department of Commerce.
Author Contributions

E.E and A.J. performed research. T.B. maintained cultures. E.E. A.J. P.C.D.
and W.H.G. designed research and wrote the manuscript.

The authors declare no conflicts of interest.

Chapter 2, in essence, includes a part that has been submitted to the
Proceedings of the National Academy of Sciences in 2010. Eduardo Esquenazi, Adam
Jones, Tara Byrum, Pieter C. Dorrestein and William H. Gerwick. The dissertation

author is the primary investigator and author of this paper.



70

2.6 CHAPTER 2 SUPPORTING INFORMATION

The Impact of Nitrate Concentration and UV Exposure on the Rate of '°N Labeling of
Jamaicamide B and Pheophytin a in L. majuscula JHB

To study the relationship between pheophytin @ and jamaicamide B
production, the impact of the reduction of nitrate in the media was evaluated by
combined [°NJNaNO; feeding and MALDI analysis. L. majuscula JHB cultures were
incubated in 1.0, 0.1, 0.01 and 0.001 times the normal nitrate concentration using
['"N]NaNO; (4 cultures per condition) for 7 days. The percentage of '°N labeling for
jamaicamide B and pheophytin a was calculated from the weighted average of the
1sotope clusters. A parallel stepwise reduction of labeling, and thus turnover, was seen
for both metabolites (S.I. figure 2.6a). When cultures were grown in media containing
twice the amount of ['’N]JNaNO; compared to control cultures, no appreciable
difference in the percent '°N labeling was observed (1X [°N]NaNojs control: 67.4 +
2.8 for jamaicamide B and 43.4 + 2.4 for pheophytin ; 2X ["N]NaNo; experimental:
61.2 + 2.8 for jamaicamide B and 36.5 + 2.1 for pheophytin, N = 5, errors are S.E.M.),

indicating that at 5 g/L, NOs  is not a limiting nutrient in these cultures.

Next, the effect of UV light on the production of jamaicamide B and
pheophytin a in Lyngbya majuscula JHB was explored. A set of 5 cultures in
['"N]NaNO; media were exposed to UV light (see S.I. methods section) for 5 days, at
which time the percentage of '°N labeled molecules was determined (S.1. figure 2.6b).

The percent labeling of both jamaicamide B and pheophytin a were significantly lower



Figure 2.6. Effect of nitrate concentration and UV light on percent '°N labeling of
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labeling for jamaicamide B (left bars) and pheophytin a (right bars) (N = 5, errors are

S.E.M).
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between the experimental and the control cultures after the UV light treatment.
However, for both the UV light exposure and variable nitrate concentration
experiments described above, the ratio between jamaicamide B and pheophytin a
remained constant between the control and the experiment samples (S.1. Table 2.1),
suggesting that the biosynthesis of both molecules may share a similar regulatory

mechanism.

Table 2.1. The Impact of UV Exposure and Two-Fold Nitrate Concentration in the
Media on the Production of Pheophytin A And Jamaicamide B in L.majuscula JHB

Experiment Metabolite % Labeling Std. error Ratio (Jam B / Pheo a)
uv Jam B (control)  60.11316555 2.524971072 1.274723048
Pheo (control)  47.15782433  1.696386669
Jam B (exp) 45.45144582 3.161929934 1.317116039
Pheo (exp) 34.50830792  0.990046453
2X NaNO3 Jam B (control) 67.36767869 2.759420468 1.553752815
Pheo (control)  43.35804128 2.400706583
Jam B (exp) 61.23058640 2.843221840 1.676021014
Pheo (exp) 36.53330470 2.003388766

2.7 Supplemental Information: Methods

2.7.1 Growth rates

Because the filament width of L. majuscula remains constant at approximately
50-60 um, all observed growth over this time period was due to increases in filament
length (figure 2.3a). The growth rate for Lyngbya majuscula JHB filaments was

determined by recording the changes in length of a subset of individual filaments
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Figure 2.7. Y-axis is percent labeling.

In this experiment, 16 cultures were inoculated in '’N media containing 1.0 g/L NaBr
under typical light conditions. After three days, reference samples were taken, and
eight of the cultures were placed in continuous dark for 5 days, with the other eight
remaining in the regular light cycle. On the ninth day, the sixteen cultures and the
reference samples were subjected to MALDI mass spectrometry and the percent "N
labeling was calculated. There was no significant labeling of jamaicamide B in the
dark (Day 3 JamB and Dark Day 9 JamB) while jamaicamide A showed robust and
continued labeling in the dark. (Day 3 JamA and Dark Day 9 JamA)

grown in °’N SW-BG-11 media. Twenty individual filaments were each placed in a
separate well of a 24-well culture plate with 2 mL of media. Using a dissecting scope
equipped with a camera (XLiCap V. 17, XL Imaging 3M Camera MK2), images were
captured at (8X) magnification at 0 hours and every 48 hours thereafter. The filaments
in the images for each time point were measured using ImageJ software.®’ At each 48
h time point, 4 filaments were removed, flash frozen using dry ice and kept frozen for

MALDI analysis at the completion of the study. Because of the removal of these
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subset of filaments for MALDI analysis, and because a few filaments died during the
course of the experiment (removed from the study altogether) each subsequent time
point contained a reduced numbers of replicates. Thus, from Day 0-Day 2, N =16
filaments measured; for Day 2-4, N = 10; for Day 4-6, N = 10; for Day 6-8, N = 5;
Day 8-10 N=3. Filament length was measured in each image using ImageJ software.”®
Individual filaments were found to have a doubling rate of 6 days (figure 2.3c), which

is somewhat faster than rates observed previously in other L. majuscula cultures.®

2.7.2 Media extracts

Six mL of medium was removed from a 17 day old, dense culture of Lyngbya
majuscula JHB growing in a petri dish. This media was filtered to remove any
filament or cell material, and extracted at room temperature with 12 mL of ethyl
acetate. The ethyl acetate partition was removed with a separatory funnel, evaporated
until dry in a 5 mL glass vial under nitrogen, the resulting extract was prepared with
the same matrix used previously and subjected to MALDI-MS.

Decreasing nitrate concentration: In a 24 well plate, 5 wells for each of the
conditions (1.0X, 0.1X, 0.01X, 0.001X of control concentration of [15N]NaN03) and 4
control wells were inoculated using 2 mL of the media and approximately 2.5 mg wet
weight from a parent culture of Lyngbya majuscula JHB (filaments cut to 0.5-1.0 cm
length). Samples were taken on days 0 and 7. Light and culture conditions were the
same as described above.

Two-fold nitrate study in Lyngbya majuscula JHB: Experimental and controls

were inoculated as described for the 10 day study (N =5), with the experimental
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condition receiving media containing twice the amount of ["NJNaNO; (0.5 g/L
control and 1g / L experimental). Cultures were kept at the conditions described above
and sampled on days 0 and 5.

UV study of Lyngbya majuscula JHB: Both UV and control plates were
inoculated as described above for the 10 day experiment (N = 5). Both plates were
kept at 33 pE m™ sec™ light intensity (measured with a ILT-1400A light meter,
International Light Technologies, Peabody, MA). The UV levels were 165.7 pw cm™
UVA (Omega Engineering, Stamford, CT) and 400 uw cm™ UVA+B (Solarmeter 5.0,
Solartech, Inc., MI). Other than these light factors, cultures were kept in the same

conditions described above and sampled on days 0 and 5.

2.7.3 MALDI-TOF settings

The instrument and program settings for these experiments were as follows:
General: Flex-Control Method- RP_pepmix.par. Processing: Flexanalysis Method-
none, Biotools MS method- none. Laser Power: 25-55 %. Sample Carrier: nothing.
Spectrometer: On, Ion Source 1- 19.0 0 mV, Ion Source 2- 16.40 mV, Lens- 9.45
mV, Reflector 20.00, Pulsed Ion Extraction- 190 ns, Polarity- Positive. Matrix
Suppression: Deflection, Suppress up to: m/z 300. Detection: Mass Range- 300-1600,
Detector Gain- Reflector 3.7- 4.2 X. Sample Rate- 2.00 GS/s, Mode- low range,
Electronic Gain-Enhanced, 100 mV. Real time Smooth- Off. Spectrometer, Size:
81040, Delay 42968. Processing Method: Factory method RP_2465. Setup: Mass
Range- Low. Laser Frequency- 20 Hz, Autoteaching- off. Instrument Specific

Settings: Digitizer- Trigger Level- 2000 mV, Digital Off Linear- 127 cnt, Digital Off,
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Reflector- 127 cnt. Detector Gain Voltage Offset, Linear- 1300 V, Reflector- 1400 V.
Laser Attenuator, Offset -23 %, Range- 50 %, Electronic Gain Button Definitions,
Regular: 100 mv (offset lin) 100 mV (offset ref) 200mV/full scale. Enh: 51 mV (offset
lin), 51 mV (offset ref) 100 mV/full scale. Highest: 25 mV (offsetlin) 25 mV (offset
ref) 50 mV/full scale. Calibration: Calibration was done using Bruker’s peptide
Calibration Mixture # 4. Zoom Range +-1.0%, Peak Assignment Tolerance- User

Defined-500 ppm
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2.9 CHAPTER 2 APPENDIX

Other "N feeding studies and results
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Figure 2.8. Effect of light intensity on jamaicamide B '°N labeling.

Highest light level (plate A) corresponds to 30 pE m™ sec”, plate B is 20 pE m™ sec”,
plate C is 10 pE m™ sec”! (closest to control conditions), plate D is 2 pE m™ sec”', and
plate E is complete darkness. The differences between plates A-D are not significant.
Most notably, there appears to be no new production of jamaicamide B in the dark,
hence no "°N labeled compound is present. This finding was replicated in the final set
of experiments discussed in chapter 1. N =5
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Figure 2.9. Effect of different visible wavelengths on jamaicamide and pheophytin
labeling. The hypothesis here is that the wavelength of ambient light might have an
effect on the regulation of jamaicamide biosynthesis. This was idea was hatched by
Adam Jones when he realized a putative jamaicamide B regulatory protein shares
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sequence identity with RcaD. The RcaD protein is involved in chromatic adaptation in
Tolypothrix and responds to red light. These results indicate that there is no
significant difference in the labeling or production of jamaicamide B (top graph) under

different wavelengths (Clear, Red, Blue, Green) however, the amount of labeled

pheophytin (bottom graph) appears to decrease, hinting that there might be measurably

different allocation of light energy to jamaicamide B biosynthesis and prompting

repeat experiments. All cultures kept under light level of 10 pE m™ sec”', N =5 errors

are S.E.M.
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Figure 2.10. Further experiments into the effect of green wavelength on L.majuscula
JHB. Comparison between green and full spectrum light on '°N labeling of
jamaicamide B (top), pheophytin (middle) and growth (bottom). These results are
inconsistent with the previous set (figure x) and suggest a much preferred allocation of
resources to the production of jamaicamide B initially under the green condition. This
1s assumed because the production of pheophytin and growth stayed the same or
decreased while jamaicamide B increased, at least during the first two time points. N =
5 errors are S.E.M.
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Figure 2.11. The previous (figure 2.10) experiment was repeated, this time using foil
to block out all other light. These results are easier to interpret. It appears that the
green light simply decreases both °N labeleling of both pheophytin @ and
jamaicamide B and does not support the initial hypothesis of wavelength dependent
regulation of the jamaicamide pathway. However, it does support one of the growing
hypothesis from these studies that the ratio of turnover of jamaicamide B to
pheophytin a is somehow related. N =5 errors are S.E.M.

70 1
60 1

50 1

—_——
40 1 Control

- = -y
30 1

Percent Labeling

20 1

Days

Figure 2.12. Effect of UV light on the "°N labeling rate of jamaicamide B.

This is the full result set from the experiment shown in figure x of the supporting
information of chapter 1. UV exposure at the same light intensity (33 uE m™ sec™)
reduces the turnover of jamaicaimide B. N = 5 errors are S.E.M.
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Figure 2.13. Effect of filament density on percent '’N Labeling of jamaicamide B and
pheophytin a after 5 days. The top graph indicates the amount of 15N labeling for both
jamaicamide B (black) and pheophytin a (white) after 5 days for each condition. The
bottom panel shows an image of each of the conditions (the culture density) after 5
days. Filament density appears to have a slightly different impact on pheophytin a
than jamaicamide B and suggests possible quorum control of jamaicamide B
production. Further studies here might reveal that there is an optimal culture density
for natural product production and could provide insight into ecology of toxic cyano

blooms.
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Figure 2.14. Summary- Impact of all the different culture conditions tested on the °N
labeling of jamaicamide B (black) and pheophytin a (grey). Comparison of percent
labeling after 5 days (bars) the numbers above indicate the ratio of labeled
jamaicamide B to pheophytin a. With one exception (Light 3), these ratios are
remarkably consistent within each experiment, suggesting a relationship between the
production of jamaicamide B and the production of chlorophyll (measured as
pheophytin a)

The story of cryptomaldamide.

The N feeding studies with L.majuscula JHB had a pleasant by-product.
During the course of a large scale study (Figure 2.1 and 2.14 and 2.15) the presence of
an abundant and unknown peak with a molecular weight of m/z 400 was detected
undergoing a 5 Da shift. This shift is important for several reasons- it allowed this
signal to stand out from the rest of matrix associated and small molecule adduct
signals present in the sub m/z 450 region, it also indicated active biosynthesis and

finally the presence of 5 nitrogens.
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Figure 2.15. MALDI spectrum of Lyngbya majuscula JHB showing the presence the
known metabolites jamaicamides A and B, hectochlorin and pheophytin a, as well as
an unknown peak at m/z 400.
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Figure 2.16. Large scale "°N feeding study in Lyngbya majuscula JHB showing shifts
of known and unknown metabolites. A. Heatmap representation of the global nitrogen
containing metabolome shifting over 10 days. Red boxes and numbers indicate the
known metabolites in Figure 2.14, the blue box is the unknown metabolite at m/z 400.
B. Enlarged area (m/z 395-440) showing the presence of a Na" adduct at m/z 422. C.
Spectrum view of Na' adduct at m/z 422 showing 5 Da shift.

The Lyngbya majuscula JHB culture was scaled up and the biomass extracted
and fractionated (Figure 2.16), with the resulting fractions checked by MALDI TOF
MS dried droplet (see methods in Chapter 2) as the compound was not detected by
ESI-LCMS. Further purification was MALDI guided and performed in conjunction
with Dr. Robin Kinnel, the compound was found in the aqueous fractions (Figure

2.16), the structure elucidation of cryptomaldamide was performed by Dr. Kinnel. The

structure is shown in Figure 2.17.



Cultured Lyngbya majuscula JHB: Robin Kinnel’s Purification and
elucidation
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Figure 2.17. Purification tree following the m/z 400 compound, cryptomaldamide
performed by Robin Kinnel. (Figure courtesy of W.H.Gewick and R. Kinnel).
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Structural Comparison of Cryptomaldamide and
the Anticancer Lead Hemiasterlin
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Figure 2.18. Structure and bioactivity comparison between cryptomaldamide and the
anticancer lead compound hemiasterlin (Figure courtesy of W.H.Gewick).
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3L and JHB Growth Comparison
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Figure 2.19. Comparison of L.majuscula JHB and 3L growth rates.

The two strains appear to have similar growth rates under the same culture conditions,
with 3L perhaps having slightly faster rate. During the night of day 3, the culture
room experienced an unexpected heat event to above 31C, the impact of this event is
shown- having a delayed but large effect on the health of the 3L culture (JHB was run
at previous to the heat event.) N =12
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Figure 2.20. Impact of increased temperature on the '°N labeling after 5 days of
various metabolites and growth in Lyngbya majuscula 3L. An increase of 3C in
culture room temperature (from 28C to 31C) for 5 days results in a greater than 50%
decrease in the production of pheophytin a, curacin A, and carmabin A as well as a
significant reduction in growth.
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Figure 2.21. Effect of nitrate-free media on L.majuscula 3L growth and morphology.
A. Percent new growth after 10 days in both control and nitrate free media (as

measured by ImagelJ software, N = 6). B. Comparison of gross cellular morphology
between both conditions.
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Table 2.2. Effect of 10 days in Nitrate-Free Media on Number of Cells Per Unit
Length of Filament, Cell Width and Filament Width.

cells/I000pix  Cell Width (pix)  Filament Width (pix)

Control 31.0 209 250

Nitrate free 1 18.5 198 240

Nitrate free 2 12.0 180 228




3.0 CHAPTER 3
VISUALIZING THE SPATIAL DISTRIBUTION OF SECONDARY
METABOLITES PRODUCED BY MARINE CYANOBACTERIA AND SPONGES

VIA MALDI-TOF IMAGING

3.0.1 Abstract

Marine cyanobacteria and sponges are prolific sources of natural products with
therapeutic applications. In this paper we introduce a mass spectrometry based
approach to characterize the spatial distribution of these natural products from intact
organisms of differing complexities. The natural product MALDI-TOF-imaging
(npMALDI-I) approach readily identified a number of metabolites from the
cyanobacteria Lyngbya majuscula 3L and JHB, Oscillatoria nigro-viridis, Lyngbya
bouillonii, and a Phormidium species, even when they were present as mixtures. For
example, jamaicamide B, a well established natural product from the cyanobacterium
Lyngbya majuscula JHB, was readily detected as were the ions that correspond to the
natural products curacin A and curazole from Lyngbya majuscula 3L. In addition to
these known natural products, a large number of unknown ions co-localized with the
different cyanobacteria, providing an indication that this method can be used for
dereplication and drug discovery strategies. Finally, npMALDI-I was used to observe
the secondary metabolites found within the sponge Dysidea herbacea. From these
sponge data, more than 40 ions were shown to be co-localized, many of which were
halogenated. The npMALDI-I data on the sponge indicates that, based on the

differential distribution of secondary metabolites, sponges have differential chemical
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micro-environments within their tissues. Our data demonstrate that npMALDI-I can be
used to provide spatial distribution of natural products, from single strands of

cyanobacteria to the very complex marine assemblage of a sponge.

3.1 Introduction

Today, nearly 50% of all anti-cancer agents and 75% of all antimicrobial
agents in use are, or have origins from, natural products.' Even so, the pharmaceutical
industry has gone through a series of ebbs and flows with respect to their reliance on
naturally derived or inspired compounds, in more recent times almost entirely
depending on combinatorial chemistry for leads because of its cost effectiveness.
However, in the last decade the interest in natural products has gained renewed
interest.” The lack of novel chemistry coming from combinatorial approaches, the
growing body of knowledge and availability of genome sequencing, and the increase
(at least in public awareness) in diseases such as cancer or drug resistant pathogenic
microorganisms, suggests that secondary metabolites could be the source of many
significant breakthroughs in therapeutics, and underscores the importance of
developing new approaches to characterize and observe secondary metabolites.

Historically, most natural product research has been directed towards terrestrial
organisms, mainly plant, fungi and microbes. Among these important discoveries are
the plant related anti-tumor agents taxol and colchicine, and numerous antibiotics
including amphotericin B, tetracycline, erythromycin and vancomycin.>*
Alternatively, the marine environment remains a largely unexplored resource for novel

bioactive natural products, despite the fact that our planet is composed of 70% water
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and that life has evolved for a much longer time in the marine environment.”
Nevertheless, there are a few marine natural products that have been approved by the
FDA, including cytarabine in 1969 to the conotoxins and bryostatins of today, and a
number of others that have entered clinical trials and hold promise for a variety of
diseases.®” Itis clear, however, that we still stand to uncover a wealth of new
therapeutic agents from the marine environment, especially if we can streamline the
bio-discovery process and combine and maximize the efforts of marine biologists and
chemists with the power of genomics and bioinformatics.

One tool that has bridged marine biologists with chemists is MALDI-TOF
mass spectrometry. MALDI-TOF is a method that can be used to analyze
cyanobacterial extracts with minimal work-up.'® This approach involves extraction of
the cyanobacteria, mixing the extract with matrix and subsequent analysis for peptides
and other structural classes by MALDI-TOF mass spectrometry. This approach is an
excellent complement to standard LC-MS approaches, and is easier to implement."’
Using MALDI-TOF, several new cyanopeptides were observed and characterized.
Recently, MALDI-TOF was used to directly analyze cyanobacteria for the presence of
cyanopeptides and toxins from 850 individual colonies.'? In this study, a small colony
of the cyanobacterium was placed on a MALDI-TOF-plate and covered with a small
amount of 2,5-dihydroxybenzoic acid matrix before they were analyzed by MALDI-
TOF mass spectrometry. A total of 90 individual peptides were identified from these
850 individual cyanobacteria colonies, including 18 that appear to be unique from

their masses. Finally, MALDI-TOF mass spectrometry has also been used to observe
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sponge derived metabolites from sponge bacterial isolates or even a homogenized
sponge tissue itself."> "

In this communication we expand upon the approaches described above which
were primarily developed by the von Dohren lab, and demonstrate that MALDI-TOF-
imaging can be applied to the detection of natural products even from very complex
marine systems such as sponges. In this paper we show that MALDI-TOF imaging is a
valuable tool in the de-replication of cyanobacteria for low intensity signals, allowing
the detection of a broad range of known and unknown metabolites in both
homogenous and heterogeneous assemblages. This approach provides not only the
mass information on the ions analyzed but also the spatial localization of these
metabolites. Such an imaging approach has been used to identify biomarkers of
disease as well as the accumulation of drugs in whole animals but has not yet been
applied to the analysis of natural products.'®'® The visualization and spatial
information this technique provides could allow the identification and enrichment of
specific organisms, allowing the isolation and characterization of genomes via single
cell genomic sequencing. It could also become an important tool in the study of host-
microbe interactions, such as those involving complex assemblages of species (e.g.
sponges, tunicates). Finally the new MALDI-TOF-imaging approach outlined in this
paper could aid in the discovery of new therapeutic agents as numerous

uncharacterized ions are detected in these experiments.
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3.2 Results and Discussion:

3.2.1 MALDI-TOF-imaging of natural products from single cyanobacterial filaments

We first needed to establish the reasonableness of our goal to determine the
presence and localization of natural products from samples of marine origin with
MALDI-TOF-imaging. Because the lower m/z region is typically obscured from ions
deriving from matrix, it is usually not recommended that MALDI-TOF mass
spectrometry be used when the ions under examination are in the low m/z region of the
spectrum. Unfortunately, most natural products are observed in this region. The
observations of matrix clusters within the lower m/z window is particularly
problematic when small amounts of material are analyzed, as would be expected from
single cyanobacterial filaments.'”*° To demonstrate that secondary metabolites can be
observed from intact marine organisms, Lyngbya majuscula JHB was analyzed via
MALDI-TOF-imaging, referred to here as Natural Product MALDI-TOF-imaging or
npMALDI-I throughout the rest of the manuscript. Lyngbya majuscula JHB is known
to produce several bioactive natural products with masses below m/z 600. For
example, jamaicamides A-C are sodium channel blockers (figure 3.1A).2' Therefore,
this strain serves as an excellent example to demonstrate that npMALDI-I can be
utilized to show the location of secondary metabolites even when the molecular
species is less than m/z 600,(the M+H" of jamaicamide B has a mass of 489 Da).

To image natural products from intact cyanobacteria, a small colony of
Lyngbya majuscula JHB was grown for ~20 days. Single filaments were removed,

washed in distilled water to remove most of the salty growth media and placed on top
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Figure 3.1. MALDI-TOF-imaging of the intact marine cyanobacterium Lyngbya
majuscula JHB filament. (A) The molecular structures of jamaicamide A, B and
yanucamide B. (B) The average mass spectrum of a 0.6 x1.5 mm area of the MALDI
imaging experiment. The colors indicate the regions visualized in C. (C) The
differential localization of the indicated masses with respect to the cyanobacterial
filament, a shows the raster points in this experiment. (D) Comparison of the
theoretical isotopic distribution of jamaicamide B and yanucamide B indicated by the
black dots with the observed average spectrum in this experiment. (E) The spatial
distribution for several molecular ions co-localized with Lyngbya majuscula JHB.
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of the MALDI plate. The plate was dried and a matrix (composed of a-cyano-4-
hydroxycinnamic acid, 2,5 dihydroxybenzoic acid) was airbrushed on the plate until a
uniform crystalline layer appeared. This matrix composition was deemed to be
optimal for minimizing the crystal size and therefore increased our spatial resolution,
while retaining enough ionization so that a mass spectrum can be obtained directly
from a single filament (we estimate that we are only analyzing 25-40 individual
cyanobacterial cells at one time as the cells are 20-50 um in width and 2-4 um in
length).

To demonstrate the npMALDI-I approach, a 0.6 *1.5 mm area that contained a
section of a single Lyngbya majuscula JHB filament was imaged with a 100*100 um
raster area (figure 3.1B and 3.1C). At each of those raster points, a single MALDI
spectrum from m/z 350 to 1000 was obtained. Following the acquisition of all the
spectra, an average spectrum was generated from all the individual spectra. The
individual masses can then be displayed on a pre-imported image of the cyanobacterial
filament by designating a specific color to an m/z window (figure 3.1C). The higher
the relative intensity of a specific species with respect to other ions at any one raster
point, the darker the color. Manual scanning at m/z 0.5-3.0 windows revealed that
several masses co-localized with the cyanobacterial filament, while others were
localized throughout the entire sample. Once a particular isotope peak is shown to co-
localize with the filament, the m/z window is expanded to include the neighboring
peaks as long as they show the same co-localization pattern. Keeping in mind the

resolution of the instrument- R, by the FWHM method, is determined to be about 5000
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for each individual raster point and closer to 4000 for the average spectrum, it is
difficult to distinguish between different metabolites with similar masses, however the
isotopic signatures combined with the localization pattern is usually enough to suggest
if there is more than one compound present in a particular m/z window. For example,
the ions m/z 511 and 612 are localized with the filament while other ions such as m/z
441, originating from the matrix, are localized throughout the sample (figure 3.1C).
The masses and the isotopic distributions at m/z 511 and 612 are in agreement with the
natural products jamaicamide B and yanucamide, and demonstrate that even low
molecular weight natural products can be observed by npMALDI-I of intact marine
cyanobacterial filaments (figure 3.1D).** In addition to ions that are in agreement with
jamaicamide B and yanucamide B, other ions at m/z 589 (jamaicamide A), 526, 629
were also observed and co-localized with the cyanobacterium (figure 3.1E.). It is not
yet known what molecular entities are represented by the ions at m/z 526 and 629.
Following the detection of ions with the same isotopic profile that correspond
to the expected mass of jamaicamide A and B, and yanucamide B in the Lyngbya
majuscula JHB, it was important to demonstrate that npMALDI-I would work on
other marine cyanobacteria, to establish that this may in fact be a general method for
observing natural products from these organisms. To demonstrate the generality of
this approach, the marine cyanobacteria, Lyngbya majuscula 3L, Oscillatoria nigro-
viridis, Lynbya bouillonii, and Phormidium species were investigated in a similar
fashion as Lyngbya majuscula JHB described in the previous section. Imaging

showed that some of the ion intensities co-localized with the cyanobacteria and a
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selection is shown in figure 3.2. Some of the masses that co-localized to the Lyngbya
majuscula 3L filament were observed at m/z 372, 374, 592 and 610. The m/z 372 and
m/z ions are in agreement with the natural products curazole and curacin (Fig. 3.2).”
Ions m/z 592 and 610 are unknown but have to come from the filament as they are co-
localized. Among the ions that were observed to co-localize with the image of the
cyanobacteria Oscillatoria nigro-viridis were m/z 593, 871 and 885. Of these masses,
m/z 871 and 885 are in agreement with the unpublished natural products viridamides A
and B (Fig. 3.1E), demonstrating that this approach could be used to discover new
natural products (Gerwick, unpublished results). The m/z 593 ion represents an
unknown that is associated with this cyanobacteria and similar ions of this mass were
detected in a previous MALDI-TOF study of cyanobacteria.*

Phormidium sp. and Lynbya bouillonii, just like the previous cyanobacteria,
showed a large number of associated unidentified ions. Because there are a large
number of ions observed (e.g. 24 unique ions were observed for Phormidium), only
some representative co-localizations are shown in Figure 3.2 F and G, demonstrating
that npMALDI-I of intact cyanobacterial species can be used to detect metabolites in a
spatial fashion. In some cases additional information can be gleaned from just
analyzing the mass spectrum alone. For example, the m/z 364 ion is halogenated,
judged from the isotopic pattern that this ion displays (Fig. 3.2H). Since none of these
metabolites could be correlated to specific natural products, it underscores the

untapped therapeutic potential that the ocean represents.
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Figure 3.2. The spatial distribution of selected ions observed to co-localize with
Lyngbya majuscula 3L (A), Oscillatoria nigro-viridis (D), a Phormidium species (F),
and Lyngbya bouillonii (G). The average mass spectral trace showing curacin and
curazole and the respective colors indicated is shown in B. The structures of curacin,
curazole (C) and viridamides (E) are also shown. (H) The isotopic distribution for the
364 m/z molecular ion.

One of the main challenges with the npMALDI-I approach is the spatial
resolution of the instrument and sample preparation. Currently our technique is
limited to about 100-200 uM resolution, hinging on the size of the matrix crystals
applied to the specimens. While the size of the crystals is one of the factors in
determining resolution, the Nj-laser used for these experiments is also a limitation. A
typical N laser has a diameter of 50-100 uM, although in the near future it should be

possible to get 10 pm resolution.”> Many laboratories are still developing new
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approaches to matrix application and, undoubtedly, future implementation of these
techniques will greatly improve the resolution in our experiments.*®=*

Even though npMALDI-I has this inherent spatial resolution, npMALDI-I can
indeed identify ions for which the masses are in agreement with unique natural
products even at low m/z regions (we have shown ions as low as m/z 372 can be
observed by this approach). We currently do not see the low m/z as a major limitation
for npMALDI-I as we can confidently say that the ions detected are associated with

the cyanobacteria via co-localization. Therefore, the npMALDI-I approach is

applicable in dereplication or taxonomic strategies.

3.2.2 Using MALDI-TOF imaging for the dereplication of individual marine
cyanobacteria from mixed assemblages

Thus far, we have only demonstrated that the npMALDI-I approach works on
single cyanobacteria but if the analysis from heterogeneous mixtures or the ability to
dereplicate individual cyanobacteria is desired, it is important to show that the spatial
information is not lost when multiple organisms are present in one image. Therefore, a
mixture of Lyngbya majuscula 3L and JHB, Oscillatoria nigro-viridis, Lyngbya
bouillonii, were laid down on the MALDI-plate and imaged using MALDI-TOF in an
identical fashion described for the individual cyanobacteria. The ions at m/z 511
(Lyngbya majuscula JHB), 592 (Lyngbya majuscula 3L), 611 (Lyngbya bouillonii),
and 885 (Oscillatoria nigro-viridis) were displayed with a different color. npMALDI-I

could readily distinguish these known ion masses known to be associated with each
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Figure 3.3. npMALDI-I of a complex mixture of cyanobacteria: a single npMALDI-I
run on a mixture of Lyngbya majuscula JHB (orange), and 3L(green), Lynbya
bouillonii (Red) Oscillatoria nigro-viridis (Blue). The top panels represent detection of
two known masses-Jamaicamide B (orange structure shown) and viridamide A (blue-
structure shown) as well as two unknown masses (red and green), each specifically
and differentially locates to a particular organism. The bottom panels emphasizes the
scale and spatial resolution, as well as the ability to visualize various different
secondary metabolites from multiple organisms.

cyanobacteria. This proof-of-principle experiment demonstrates that we can observe

natural products in a spatial fashion within mixed assemblages.

3.2.3 Spatial distribution of secondary metabolites within the marine sponge, Dysidea
herbacea
Sponges are often regarded as one of the oldest, most successful and most

complex assemblages in the marine environment, with some species often comprised
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of a several species of cyanobacteria, red algae, and many other microorganisms. Up
to 40% of a sponge’s mass is widely thought to be attributed to coexisting

: 2 1
organisms.”” %>

This observation, combined with the fact that sponges are a rich
source of new natural products with potent bioactivities, leads us to the question as to
which organisms are responsible for the observed bioactive compounds. Our goal was
to determine if npMALDI-I could be accomplished on a sponge and if the resulting
data could provide us with insight regarding not only the presence of natural products,
but their localization as well. We choose to study the sponge, Dysidea herbacea,
because it is known to be rich in cyanobacteria and numerous natural products have
been isolated from this sponge.*** To accomplish the imaging on the sponge, a 14
uM thick section was prepared using a cryo-microtome and mounted onto a MALDI
plate, the sample was then dessicated and covered with a uniform crystalline matrix
and subjected to npMALDI-I. Using this approach, at least 40 ions localized
specifically to the sponge, many of which are halogenated judging from the isotopic
profile (figure 3.4A). In addition, differential localization of ions throughout is
observed. The relative variation in the MALDI-TOF signal from region to region can
be directly observed from the individual spectra. Three mass spectral traces from the
indicated raster points as shown in figure 3.4B indicate that they have dramatically
different ion concentration profiles, these abundances are then reflected by the use of
colors on those relative (but not absolute) ion intensities to provide a spatial

localization. Some representative ions we have observed with differential localization

are shown in figure 3.4C (and supporting information figure 3.5). The data in figure
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Figure 3.4. npMALDI-I on the sponge Dysidea herbacea. (A) The average mass
spectrum. The colors indicate all the ions that specifically localized to the sponge
section, the colors themselves have no meaning other than that they are a means to
show the differential localization. (B) An image of the Dysidea section with the laser
raster points and selected masses shown. In this image we show the relative ion
intensities in the region from 560 to 660 m/z for three different areas of the sampling
area. This image shows the different ion localizations and ion clusters associated with
the matrix. lons indicated with a # are co-localized throughout the sponge, ions that
are localized near the edges of the sponge are indicated with a * and ions found on the
inner section of the sponge are shown with a *. (C) Some representative differential
localizations and ion masses associated with the sponge, suggesting differential
chemical microenvironments. ‘‘a’’ shows the raster on the image. *‘b’’ shows the
photomicrograph of the sponge-section itself.
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3.4C clearly provides evidence that there is a differential distribution of secondary
metabolites within a cross section of the sponge. Some ions are localized on the outer
edges, tentatively the pinacoderm and edges of the ostia, while others have a more
complete and uniform distribution, and others appear to have distinct, internal
localization concentrated in what appears to be possibly the mesohyl. The idea that
secondary metabolites have different spatial distributions within the sponge tissue is
not surprising given that it has been shown that co-existing microorganism tend to
populate specific regions of sponge tissue and that it is becoming increasingly clear
that these same microorganisms are at least responsible for the biosynthesis of some of
the secondary metabolites.** >’ A detailed report on npMALDI-I, combined with
microscopy studies, single cell genomics and LC-MS analysis of the Dysidea sponge

is forthcoming (Gerwick, Dorrestein unpublished).

3.3 Conclusions

In this paper we have introduced npMALDI-I to observe, in a spatial fashion,
natural products from intact marine organisms such as cyanobacteria and heterogenous
assemblages such as the Dysidea herbacea sponge. We have demonstrated that it can
be used to observe these metabolites from intact cyanobacterial filaments and sponges
with high spatial resolution even though the ions are in the low m/z window. In
addition, npMALDI-I has advantages over traditional MALDI-TOF screening because
we can say with confidence that even the very low intensity ions are originating from
the sample because of the specific co-localization with the target tissue. The data on

the sponge Dysidea herbacea indicates that, based on the differential distribution of



113

secondary metabolites, sponges have differential (chemical) micro-environments
within their tissues. Our laboratories are planning to use npMALDI-I to localize
previously described specific natural products with potent therapeutic properties from
heterogeneous marine assemblages, a step towards allowing us to collect the genetic
material and pinpoint the specific gene clusters responsible for their synthesis. Finally,
the approach outlined in this paper should be readily adapted to secondary
metabolomic studies, the chemical communication of symbionts or therapeutic

discovery programs.

3.4 Materials and Methods

3.4.1 Cyanobacteria cultures

3L Lyngbya was collected at Las Palmas beach near the CARMABI Research
Station in Curacao, Netherlands. JHB was collected in Hector's Bay, Jamaica.
Oscillatoria nigroviridis was isolated as a contaminant of the 3L Lyngbya majuscula
strain Lyngbya bouilonii was collected on Pigeon Island in Papau New Guinea.
Phormidium sp. was collected in Indonesia. All cultures were subsequently isolated to
a monoclonal culture using standard microbiological isolation techniques (Rossi et al
1997, Edwards et al 2004). Approximately 3 g of each strain were inoculated into 2-L
Fernbach flasks containing 1 L of SWBG11 medium. These static cultures were grown
at 28°C under uniform illumination (4.67 pmol photon s*-1 m”-2) with a 16hr/8hr
light/dark cycle for 30 days. About 10-20 individual filaments were transferred to

50ml polystyrene tissue culture flasks.
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3.4.2 Filament sample preparation

Using blunt-tip tweezers, a single filament was removed from the small
colonies in the 50ml flasks and transferred to a petri dish containing distilled water to
remove excess salt water attached to the cyanobacterial filaments. Again, using blunt-
tip tweezers, the filament was removed and carefully laid out onto a Bruker MSP 96
anchor plate, making sure that the filament laid flat against the plate. Any excess
liquid on the surface was absorbed using the corner of a Kimwipe ®. If multiple
filaments were being examined, particular attention was given to the orientation and
location of the filaments on the plate. The plate was then placed in a desiccator at
38°C for 5-10 minutes or until visibly dry. Prior to matrix application, a photograph
(Nikon Coolpix, 1-3 mp image) of the plate was taken to use as teach reference for the
Bruker MALDI MS.
3.4.2.1 MALDI matrix deposition

After the desiccation and image capture, matrix composed of 35mg/ml a-
cyano-hydroxycinnamic acid, 15 mg/ml DHB, 78% ACN and 0.1% TFA was coated
onto the MALDI MSP 96 plate using an airbrush (Error! Hyperlink reference not
valid.) and repeated side to side strokes until an even, thin crystalline layer occluded
the background of the plate The Bruker MSP 96 anchor plate containing the sample
and matrix was placed in an empty Petri dish until analysis.3.4.2.2 MALDI MS and
imaging

The Bruker MSP 96 anchor plate containing the sample was inserted into a

Microflex Bruker Daltonics mass spectrometer outfitted with Compass 1.2 software
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suite (Consists of FlexImaging 2.0, FlexControl 3.0, and FlexAnalysis 3.0). The
sample was run in positive mode, with 100pum raster intervals in XY and roughly 35-
62% laser power. Briefly, a photomicrograph of the sample to be imaged by mass
spectrometry was loaded onto the Fleximaging command window. Three teach points
were selected in order to align the background image with the sample target plate.
After the target plate calibration was complete, the AutoXecute command was used to
analyzed the samples. The settings under the FlexControl panel where as follows: For
the Autoexecute. Method: Our own. Consisting of the following settings: General:
Flex-Control Method- RP_pepMix.par. Laser: Fuzzy Control-On, Weight - 1.00;
Laser Power- varied between 35-62%; Matrix Blaster- 0. Evaluation: Peak Selection-
Masses from m/z 350-3000, mass control list- Off. Peak Exclusion-Off. Peak
Evaluation- Processing Method- Default, Smoothing-Off, Baseline Subtraction-On,
Peak- Resolution higher than 100. Accumulation: Parent Mode: On, Sum up to 20
satisfactory shots in 20 shots, Dynamic Termination- Off. Movement: Random Walk-
2 shots at raster spot. Quit sample after- 2 subsequent failed attempts. Processing:
Flexanalysis Method- none, Biotools MS method- none. Sample Carrier: nothing
Spectrometer: On, Ion Source 1- 19.00mV, Ion Source 2- 16.40mV, Lens- 9.45mV,
Reflector 20.00, Pulsed lon Extraction- 190ns, Polarity- Positive. Matrix Suppression:
Deflection, Suppress up to: m/z 350. Detection: Mass Range- 350-1000, Detector
Gain- Reflector 3.7X. Sample Rate- 2.00 GS/s, Mode- low range, Electronic Gain-
Enhanced, 100mV. Real time Smooth- Off. Spectrometer, Size: 81040, Delay 42968.

Processing Method: Factory method RP_2465. Setup: Mass Range- Low. Laser
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Frequency- 20Hz, Autoteaching-off. Instrument Specific Settings: Digitizer- Trigger
Level- 2000mV, Digital Off Linear- 127 cnt, Digital Off Reflector- 127¢cnt. Detector
Gain Voltage Offset, Linear- 1300V, Reflector- 1400V. Laser Attenuator, Offset -
12%, Range- 30%, Electronic Gain Button Definitions, Regular: 100mv (offset lin)
100mV (offset ref) 200mV/full scale. Enh: 5ImV (offset lin), 5SImV (offset ref)
100mV/full scale. Highest: 25mV (offsetlin) 25mV (offset ref) 50 mV/full scale.
Calibration: Calibration was accomplished using a BSA digest as external standard.
Zoom Range +-1.0%Peak Assignment Tolerance- User Defined-500ppm.

After data acquisition, the data was analyzed using the FlexImaging software. The
resulting mass spectrum was filtered manually in 0.5-3.0 Da increments with

individual colors assigned to the specific masses associated with the filaments.

3.4.3 Dysidea herbacea preparation
3.4.3.1 Sample collection and storage

Dysidea herbacea (Collection code 02158) was collected in Papua New
Guinea in 2002 by Phil Crews lab (UCSC). It was stored and frozen in EtOH/Sea
water (1:1)
3.4.3.2 Cryosectioning of sponge tissue

The sample was thawed and precut then embedded in 1X Dulbecco’s PBS and
placed in the cryostat at -20C. Once the tissue and embedding block had frozen
completely, 14-20 um thick coronal sections were cut and mounted on to a semi-

thawed MALDI MSP 96 plate. The plate was desiccated at 38°C for 10 minutes. Prior
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to matrix application, a photograph (Nikon Coolpix, 3mp image) of the plate is taken
as teach reference for the Bruker MALDI MS.
3.4.3.3 MALDI imaging of Dysidea herbacea.

The Data acquisition, Flex control settings and data processing was performed
as described for the analysis of single filaments with a few notable exceptions. The
sample was run in positive mode, with 100 um raster intervals in XY and 55-65%
laser power. Autoexecute. Method: Movement: Random Walk- 3 shots at raster spot.

Sum up to 30 satisfactory shots in 30 shots.
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3.7 CHAPTER 3 APPENDIX

Other MALDI Imaging Results and Pilot Studies

3 mm

Epifluorescgnsg Blue = m/z 846
590 nm excitation Yellow = m/z 831

Figure 3.5. Large scale MALDI imaging of Dysidea herbacea combined with
epiflourescence images. Left Panel: a broad scale composite image of approximately
20 epiflourescene images taken at 20X (590nm filter) capturing the entire 14 um thick
cryotome section of a Dysidea herbacea sample. The images were stitched together
with Adobe photoshop (CS4). Inset shows blown up region inside white box, present
are numerous red, rod-shaped organisms, most likely Oscillatoria spongelia, a known
cyanobacterial symbiont of this sponge. Right Panel: MALDI imaging results
showing two unknown ions that co-localize to the sponge tissue but have different
distributions. The blue ion (m/z 846) appears to be found on the lower half and
periphery of the sponge section, while the yellow ion (m/z 831) is found in areas with
dense sponge tissue. These results support the initial findings that there are different
chemical microenvironments within Dysidea herbacea and likely other marine tropical
sponges.
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m/z 445

m/z 846

Figure 3.6. More MALDI imaging results from the Dysidea herbacea sample shown
in figure 3.5. The distribution of the ions at m/z 846 and 831 is more clearly apparent
in the unmerged results. The purple ion at m/z 445 has an almost entirely peripheral
distribution while the green at m/z 501 is found in dense amounts throughout the
section.
Pilot Study: Elysia and Kahalalide
Background and methods

Kahalalide F is large, marine depsipeptide originally isolated from the
nudibranch Elysia rufescens. There has been much excitement regarding this
compound since it isolation in 1993 (1) as it is a strong cytotoxic compound to
numerous different cancer cell lines, with preferential activity. More specifically it
has ICsy values ranging from 0.07 MM (PC3) to 0.28 MM (DU145, LNCaP, SKBR-3,
BT474, MCF7) while non-tumor human cells (MCF10A, HUVEC, HMEC-1, IMR90)

were up to 40 times less sensitive to the drug (2,3). Although not yet fully established,
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the mechanism of action leads to severe disruption of crucial organelles while leaving
the nuclear structure intact. The compound is in various stages of clinical trials for
several cancers (3,4) and has been licensed by Pharmamar.

This compound is a classic example of how complex and nuanced the field of
marine natural products is. The compound has been isolated from Elysia rufescens,
however there is no evidence that the organism actually biosynthesizes the entire
molecule. More to the point, its main diet the green alga Bryopsis pennata, which has
been shown to produce very similar peptides (kahalalide G and F among others). At
this point it has been hypothesized that the mollusk sequesters the algae’s peptides
either as different isoforms, which are then converted, or directly as kahalalide F (3),
as well as several other kahalalides (5). There’s also been suggestions that the
molecules are originating from a microbial symbiont of both the species (5).

A MALDI imaging and dried droplet analysis was performed on frozen
samples of Bryopsis sp. and Elysia rufescens given to us by Mark Hamann. The
results are shown below. The methods for the MALDI imaging and dried droplet
experiments were performed as described in chapter 1 (for dried droplet) and Chapter
2 (for imaging). Although some insight was obtained, it is my opinion that a fresher

specimen of Elysia would result in better, more insightful results.
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Figure 3.7. Coronal cryotome section of the nudibranch Elysia rufescens.

Left panel: Image of a nudibranch on reef, white line shows approximate location of
coronal section (right panel). Right panel: epiflourescent (ex 590 nm) image of a 20
um thick section on a MALDI target plate. Small red dots scattered throughout (dorsal
and ventral) are likely chloroplasts accumulated by the nudibranch from
photosynthetic food sources (Bryopsis), the large red spots are mantle dermal
formations.
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Figure 3.8. MALDI imaging results of section in far left panel (see figure 3.7).

The ions at m/z 761, 747, 770, 797 and 936 all appear to localize on the mid-ventral
(bottom) of the nudibranch. The ion at m/z 1500 (is consistent with kahalalide F, no
other kahalalide variant was seen by imaging) and localizes to the mid-dorsal (top)
area of the sample.



128

Figure 3.9. kahalalide F structure and distribution on Elysia rufescens.

Left panel: shows the large, 1500 Da molecule kahalalide F- the target molecule that
has shown very strong anti-cancer properties in clinical trials. Right panel: the
distribution of the mass consistent with kahalalide F and the unknown ion at m/z 720
overlaid on the epiflourescent image of a crytome section of Elysia rufescens.
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Figure 3.10. Dried droplet MALDI analysis (m/z 1480-1550) of the various players in
the kahalalide story. The top red spectrum shows the ions found in the coating of the
slime associated with Elysia rufescens. Here we see kahalalide F, along with a plus
oxygen mass, and a minus methyl mass. The middle, blue spectrum, shows the ions
associated with its foodsource, a Bryopsis sp. This spectrum shows the presence of
kahalalide G, G plus oxygen, a trace amount the F variant as well as trace of two lesser
analogs. The bottom red spectrum shows the results of the MALDI imaging of the
section of Elysia r. which is consistent with the the results from the slime dried droplet
results- showing the presence of F, F+0O, and F-Me. From these results, it is unknown
whether the valuable kahalaide F is truly found within the nudibranch, or possibly just
found in the slime.



130

Pilot experiment: Differential distribution of natural products in marine cyanobacteria.
Background and methods

Whether or not there is homogenous production of secondary metabolites in cultures
of cyanobacteria is unknown. There have been studies supporting heterogenous
production of certain metabolites in agar cultures of soil bacteria using GFP tagged
natural product clusters. However, because the majority of the target marine
cyanobacteria (Lyngbya, Phormidium, etc) are still genetically intractable, the same
experiments cannot be performed on these organisms. The following MALDI studies
were performed with these ideas in mind.

The MALDI imaging of filaments was performed as described in Chapter 2,
the imaging of the agar culture was prepared using the sieve method and dry universal
matrix (Sigma) as described in reference 7. The dried droplet was performed as
described in Chapter 1.

These initial experiments support the idea that there is a heterogenous
distribution of natural products in marine cyanobacteria. These results are also
consistent with the single cell results in Chapter 4 which indicate that different
individual cells of Lyngbya majuscla 3L either express only certain metabolites, or
have undetectable concentrations of some metabolites with high concentrations of

others.
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Figure 3.11. Evidence of differential distribution of metabolites in a filament of
L.majuscula JHB. The central image is a series of epifluorescent (ex 590)
micrographs taken at 100X an tiled together with photoshop and shows presence of
chlorophyll, this image serves as the alignment of the MALDI results. This 10 mm
filament was subjected to MALDI imaging and is the longest one successfully imaged.
A. spatial distribution of an unknown metabolite at m/z 497. B jamacamide B C.

unknown D. consistent with scytonemin (unverified) E. jamaicamide A F.
pheobarbide.
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Figure 3.12. Heat map representation of MALDI imaging data of a filament of L
majuscula JHB. The right panel shows the merged distributions of the compounds in
the top panel. The y-axis spectra line indicates how the individual spectra were picked
for the heat map- the image is aligned with the results on the left. The letters (A-F) are
indicative of the compounds in figure x (previous). Adding a spatial dimension to the
heatmap is a powerful way to visualize imaging data, allowing all the compounds
which colocalize (A,B,E and C, D, F) to be quickly determined, and also reveal two
unknown compounds (A and C).
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m/z 1013 m/z775 m/z 871 m/z 1338 m/z 1500

1013+775 merged culture spot on agar 1500+871 merged

Figure 3.13. Nostoc punctiforme spatial distribution of metabolites.

This culture of Nostoc p was grown on BG-11 saltwater agar (bottom middle) and
prepared for MALDI using the sieve method (ref). m/z 871 is consistent with
pheophytin a, the rest of the metabolites are unknown.
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Figure 3.14. Dried droplet MALDI analysis of different areas of a pan grown
Phormidium sp. culture. The numbers 1-5 on the right image are different samples
taken from the culure. 1,2,4 were all found growing on the bottom of the pan while 3
and 5 were floating on the surface. The spectra on the left correspond to the numbers.
Compounds A and B are unknown, but are often found in MALDI preparation of algal
biomass (perhaps pigments) compounds C and D are likely phormidamide and an
adduct (O). From this data it appears that phormidamide is only found on biomass
growing on the bottom of the pan- perhaps indicating an older constituent of the
culture or different heterotroph composition.



4.0 CHAPTER 4
BIOSYNTHESIS OF MAJOR METABOLITES IN SINGLE CYANOBACTERIAL

CELLS

4.0.1 Abstract

Marine organisms are a prolific and largely untapped source of medically
relevant natural products. Many of these secondary metabolites are the focus of
isolation, purification and bioassay efforts that often reveal tantalizing chemistry with
novel mechanisms of action. However two factors prevent further sourcing of these
compounds, impeding more thorough development into clinically viable drug leads;
the potential organisms to which they are often attributed live in complex association
with a multitude of microorganisms, making identification of the biosynthetic
machinery difficult, and synthetic chemistry of the compounds is often too complex
and expensive to be a viable option. Organisms of the genus Lyngbya, giant
filamentous marine cyanobacteria, typically exist in close association with
heterotrophic bacteria and other micro and macro organisms, and are reported to be
the source of scores of bioactive natural products. Reported here is an approach that
relies on Matrix Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-
MS) to detect abundant natural products in the metabolomes of single Lyngbya cells,
providing further evidence of their origin of biosynthesis. Furthermore, single cells
from cultures inoculated with '’N-nitrate show evidence of '°N incorporation into

known secondary metabolites, confirming active biosynthesis.
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4.1 Introduction

Marine organisms have consistently been shown to be the source of many
powerfully bioactive, clinically and commercially important secondary metabolites
(natural products). A look through the literature suggest the range of bioactive
compounds isolated from marine organisms is stunning, with at least 20 marine
derived natural products currently or recently in clinical trials for the treatment of
cancer, with many more discovered with potent anti-bacterial, anti-fungal and anti-
inflammatory activity '*. Many of these structures and chemistries are novel when
compared to their terrestrial counterparts, probably stemming from competition and
evolution in a marine environment that likely has very different selection pressures.’

Several long-standing issues have hindered the full development of the marine
natural products field. Many of these secondary metabolites exist in small amounts
and require large collections of biomass from remote and sensitive environments only
to yield a small amount of purified compound. In order to generate enough material
for assessing the true capacity of these compounds, the field has had to rely on
culturing of these organisms, which works in only small percentage of attempts, and is
further complicated by slow growth or on very difficult and expensive synthetic
chemistry *. To truly maximize the promise of marine natural products, this supply
issue needs to be resolved. At this point, heterologous expression of the known gene
clusters for these compounds in a suitable host system is the most promising solution

to the supply issue, but one that depends on knowing the locus of the biosynthetic
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genes. Thus, knowing the true origin of the biosynthesis of these molecules will not
only help solve the sourcing of these compounds but also provide insight into the
evolution of chemical defense and communication, and our environmental and
ecological understanding of the marine environment.

As was the case with paclitaxel in the terrestrial environment °, the true
biosynthetic origin of these marine natural products can be easy to incorrectly assume.
A typical collection, be it a sponge, algae or cyanobacterial mat, is rarely a single
organism and most often an intricate and poorly understood mixture of several species
67 Even in a collection of a relatively pure sample, such as the nudibranch
responsible with kahalalide ® the residence of the actual biosynthetic capability is
elusive to pinpoint. Thus, the true biosynthetic source of the compounds can only be
vaguely determined and even then, is sometimes subsequently shown to be wrong °.
Intimate knowledge of the architecture of many of these compounds, and the pathways
from which they arise, can help preclude certain species as possible origins. *’
However, it is not uncommon for organisms housing similar biosynthetic capabilities
to live in close association and produce similar molecules.

Marine cyanobacteria, especially of the genus Lyngbya, are thought to be the
source of a large number of bioactive and clinically interesting metabolites; between
2001 and 2006, a total of 128, mainly mixed PKS/NRPS, nitrogen containing,
bioactive molecules have been isolated from marine cyanobacteria '°. All of the
reported cyanobacteria live in close association with heterotrophic bacteria, (often a-

proteobacter) and in certain cases a reported natural product is attributed to a mixed
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assemblage of two or more cyanobacterial species '''°. Work supporting the ability of
Matrix Assisted Laser Desorption lonization Time of Flight Mass Spectrometry
(MALDI-TOF-MS) to identify and dereplicate natural products in cyanobacteria is
well documented '*'®. Because of its ease of preparation, ability to deal with complex
mixtures and high sensitivity, MALDI-TOF has also been used to assay single cells, as
has been reported by Sweedler et al. with peptide queries in mammalian neuronal cells
19-20 35 well as reported success for analyzing metabolites in yeast *'. Described here
is a single cell isolation with subsequent MALDI-TOF-MS analysis for Lyngbya
specimens that are reported to be the source of many important biomedically relevant
natural products but are commonly found as assemblages of marine micro-organisms
115 These preparations allowed the metabolomes of single cells to be analyzed and
compared, yielding the locus of abundant known and unknown natural products to be
more clearly defined then ever before. Furthermore, inoculating cultures of these
strains in media in which the available nitrate has been replaced with '*N-nitrate

resulted in "N incorporation into known metabolites, providing the ability to verify

both active biosynthesis and relative age of metabolite content.

4.2 Results and Discussion

An individual cell from a filamentous cyanobacteria, especially from the
Lyngbya majuscula varieties, can be up to 70 um and larger in diameter and thus can
be manipulated with a micro-manipulator under a dissecting microscope. The single
cell process is depicted in Figure 4.1 and 4.2, briefly a filament of cyanobacteria is

mechanically disrupted and single cells are forced out of the polysaccharide sheath.
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Once freed from the sheath, a micropipette is used to pick a single cell that is then
immediately placed on the MALDI target plate. At this point the excess media is
aspirated and 0.5 ul of MALDI matrix is placed on top of the cell. Once dry, the

preparation is ready to be analyzed.

Figure 4.1
B

SN

Figure 4.1. The marine filamentous cyanobacteria single cell isolation and MALDI
target plate preparation. A. A few filaments are transferred to a petri dish containing
regular growth media. B. Using a razor blade, the filaments are chopped finely (0.5
cm pieces) C. Using a glass micropipette (or 40 gauge needle) single cells are
dislodged from the small filament fragments and sheath, and then aspirated
individually. D. The individual cells are transferred to a drop of fresh media in a new
petri dish containing 3-4 isolated drops of fresh media. The cells are transferred to a
new drop of media 3-4 times (can be done in groups) resulting in a sequentially
cleaner preparation. The cells can be examined using a microscope at this point to
check for contamination. E. The clean cells are transferred to a MALDI target plate
(small amounts of media are ok). F. After the media has dried, the desired matrix is
applied in small amounts over the cells (0.3-0.5 uL). G. The plate and cells are ready
for insertation into the MALDI-TOF instrument. Depending on the system, a raster of
the laser over a broad area containing the cells can be successful or a visual targeting
of the laser onto the individual cells, which are sometimes visable in the matrix, can be
performed.
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The results suggest that the combination between the sensitivity of the instrument with
high metabolite concentration is strong enough to generate mass data on the most
abundant metabolites found in single cells, especially ones from larger species of
filamentous cyanobacteria. It can also be concluded that the detected metabolites are
being stored inside the cell in sufficient concentration, about 1-100 nM, to be detected

by our instrument.

Figure 4.2
Single cyanobacterial cell
in micropipette

Chlorophyll A E MALDI MS
epiflourescence of -«— Spectra of
same cell (ex 590) Single Cell
——= Spectra from
surrounding
matrix

Figure 4.2. Actual single cell preparation from Lyngbya majuscula 3L.

A. Dissociated, single cell in micropipette. B. Same cell on MALDI target plate. C.
Cell covered with matrix. D. Confirmation of presence of chlorophyll a by
epifluorescence. E. MALDI spectra of single cell, with signal consistent with
pheophytin a (breakdown product of chlorophyll a).

The single cell MALDI approach becomes even more attractive for pinpointing
the origin of natural products when one considers the common presence of various
heterotrophic bacteria residing on the polysaccharide sheath of the cyanobacteria.

Figures 4.3A and 4.3B shows a DAPI stained single filament of Lyngbya majuscula



141

3L, the stain is specific to bacterial DNA and confirms the presence of heterotrops.
Although it has yet to be demonstrated, these heterotrophs could be responsible for the
biosynthesis of at least some of the molecules reported in the literature. The aim of the
single cell isolations performed thus far has been to disengage and separate the cell
from the sheath material on which the heterotrophs reside. Figures 4.3C and 4.3D
show DAPI staining of live single cell preparations, confirming the dissociation of
heterotrophs from the cyanobacteria. This would suggest that the MALDI signal and
any metabolite contained within are either originating from the isolated cell or finding

their way into the cell in very high concentrations.
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Figure 4.3
A

Figure 4.3. Photo micrographs of DAPI staining of live intact filaments and single
cells of L.majuscula 3L. A. Live intact filament, with polysaccharide sheath, showing
presence of foreign material (greenish moss-like). B. Same filament after DAPI
staining and viewed at ex. 358 nm, lighter areas show presence of bacterial DNA,
likely highlighting the location of heterotrophs. C and D. Isolated live, single cell (C)
and dividing cells (D) with DAPI staining under regular light (lefts panel) and at 358
nm (right panels). There is no sign of any staining on the surface of the cells,
indicating absence of foreign DNA in the preparation.

In order to further explore the idea that these single cells are actively producing
the detected metabolites, a culture of L.majuscula 3L was grown in media in which all
the available nitrate has been replaced with isotopically labeled ["N]NaNO3. After 4
days, filaments were removed from this culture and 6 single cells were isolated and
subjected to MALDI mass spectrometry along with 5 whole filaments to serve as a
baseline (Figure 4.4A). Of the 6 cells, all contained signals consistent with curacin A

(m/z 372) and the percent °N incorporation calculated into the curacin pool was very
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similar among each cell (15-24%) and to the percentage determined for the whole
filament sample (15%). For the chlorophyll breakdown product pheophytin a (m/z
871), 3 of the cells yielded a detecable signal, with the percentage of '*N incorporation
ranging between 7-14% which is comparable to the whole filament average of 17%.
For carmabin A only 2 of the cells yielded a detectable signal, with the percentage of
>N incorporation ranging between 41-42%, which is consistent with the whole
filament average of 41%. These signals all showed evidence of significant levels of
>N isotopic labeling consistent with the nitrogen content of each molecule (Figure
4.4B). This numbers indicate active biosynthesis of these molecules, and makes the
possibility that these metabolites are simply accumulating inside the cells and
originating from foreign sources much less likely, as the isotopic labeling would be

would not be prevalent.
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Figure 4.4. Single cells from an L.majuscula 3L culture incubated with ['’N]NaNO3
suggest active biosynthesis of metabolites.
A Six cells were successfully analyzed (labeled SC 1-6). The presence and percent
"N incorporation was calculated for pheophytin a (top graph), curacin A (middle
graph) and carmabin A (bottom graph). Whole filaments of the same cultures were
also analyzed for presence and percent '°N incorporation of the same metabolites
(labeled WF). The panels in B shows representative spectra for each of the metabolites
with labeled and unlabeled. Top panel shows MALDI spectra consistent with
pheophytin a in a whole filament, while bottom panel is from a single cell of a culture
grown in media in which the available nitrate is '°N labeled, the spectra shows
evidence of incorporation of °N into the pheophtyin a molecule (m/z 871 contains
4N). B and C show further evidence of "N labeling into other molecules and were
generated from the same data sets, with B showing curazole (a- m/z 372 contains 1N)
and curacin (b- m/z 374 contains 1N) and C showing carmabin A (m/z 726 contains
5N).

Both the endogenous role of these and many other secondary metabolites and
the nature of the symbiosis between cyanobacteria and other marine organisms is so

complicated and poorly understood that the possibility remains that a molecule present
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in a cell did not originate from it. If such cases exist, the only way to truly confirm the
biosynthetic capacity for a secondary metabolite is to sequence the genome of the
organism in question, identify the responsible gene cluster, and heterogeneously
express it in the appropriate host. However, the reported approach is a useful in that it
strongly suggests origin and provides evidence of active biosynthesis of abundant
metabolites associated with marine filamentous cyanobacteria. The results here
indicate that pheophytin a, carmabin A, curazole and curacin are all actively produced
in single vegetative cells of L.majuscula 3L, a finding which is supported by the recent

annotation of this organism’s genome (Monroe and Jones, in-progress).
4.3 Materials and Methods

4.3.1 Cyanobacteria strains and culture maintenance

Lyngbya majuscula strain JHB was originally collected in Hector’s Bay,
Jamaica in 2002. L. majuscula strain 3L was collected in Curacao, Netherlands
Antilles in 1996. Pan (10 L) and Erlenmeyer flask (1 L) cultures of each strain were
maintained at Scripps Institution of Oceanography, UCSD in SW BG-11 media > at
29°C, under 16 h light / 8 h dark cycles at approximately 5 uE m-2 s-1. All
experiments were conducted using these temperature and light conditions. For all
experimental cultures, SW-BG-11 was used, containing 5 g / L of either [""N]NaNO3

or for °N labeling studies, ["NJNaNO3 (98%, Cambridge Isotopes).
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4.3.2 Media
For all cultures, SW-BG-11 was used (22). For the experimental '°N studies
the entire NaNOj; component of the SW-BG-11 media was replaced with ["N]NaNO3

from Cambridge Isotopes Laboratories (98%+ purity).

4.3.3 Single Cell Isolations

Following aseptic procedure and using small tweezers, 2-4 filaments (5-10 pg
wet weight) were removed from the parent culture placed in a sterile Petri dish
containing clean 2-3 ml of media (either regular or '°N). Under a dissecting
microscope the filaments are chopped into small pieces using a razor blade, single
cells will become dislodged from the sheath and become free floating. Individual cells
are then vacuumed into a pulled glass micropipette (puller, etc) or a pipette-man and a
10 pl tip. These cells are then transferred to a separate Petri dish containing a drop of
clean media. This transfer of cells into clean drops of media can be repeated until the
individual cell suspension is free from any extraneous sheath material or ruptured
cells. Once enough cells (5-10) have been gathered into a droplet of media, the entire

contents can be pipetted onto a MALDI target (Bruker MSP 96 stainless steel plate).
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4.3.4 DAPI staining

Instead of transfer to MALDI target plate (see above), once isolated and
cleaned, the cells were transferred to a glass microscope slide into a drop of media.
The same was done for whole filaments. Reference images were captured at 200 X
under brighfield lighting. A drop of DAPI stain was then added to the two
preparations (whole filament and single cells) and images captured at 200X with

brightfield lighting and with an excitation filter of 358 nm.

4.3.5 MALDI MS Sample preparation

Once the droplet has been transferred to the target plate, the excess liquid must
be aspirated carefully with a small pipette tip or thin glass micropipette, this should
leave individual cells scattered in a small area of the target plate. Alternately, if the
accompanying volume of media is small, the plate can be left to dry at room
temperature. A small amount (0.3-0.5 pl ) of matrix (see below) is then deposited on

the area(s) containing the cells and allowed to dry at room temperature.

Matrix- Per 1ml: 70 mg HCCA/DHB (Universal MALDI matrix from Sigma),

750 pl Acetonitrile, 248 pl milliQ H20, 2 pl TFA.

After each spot has dried, the plate is ready to be run by MALDI -TOF

(Bruker Microflex MALDI-TOF mass spectrometer equipped with flexControl 3.0).
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4.3.6 MALDI-TOF acquisition and settings

Using the camera view, the laser was targeted at areas containing visible cells
or areas marked previously (useful to note were cells are found on the target plate with
a dissecting scope prior to insertion in the mass spectrometer). The number of laser
shots per cell area was set at 30 at a frequency of 20 Hz. The laser was manually
moved within the area containing an individual cell.

The instrument and program settings for these experiments were as follows:
General: Flex-Control Method- RP_pepmix.par. Processing: Flexanalysis Method-
none, Biotools MS method- none. Laser Power: 70-80 %. Sample Carrier: nothing.
Spectrometer: On, lon Source 1- 19.0 0OmV, Ion Source 2- 16.40 mV, Lens- 9.45 mV,
Reflector 20.00, Pulsed lon Extraction- 190 ns, Polarity- Positive. Matrix Suppression:
Deflection, Suppress up to: m/z 350. Detection: Mass Range- 350-1600, Detector
Gain- Reflector 3.7X. Sample Rate- 2.00 GS/s, Mode- low range, Electronic Gain-
Enhanced, 100 mV. Real time Smooth- Off. Spectrometer, Size: 81040, Delay 42968.
Processing Method: Factory method RP_2465. Setup: Mass Range- Low. Laser
Frequency- 20 Hz, Autoteaching- off. Instrument Specific Settings: Digitizer- Trigger
Level- 2000 mV, Digital Off Linear- 127 cnt, Digital Off, Reflector- 127 cnt. Detector
Gain Voltage Offset, Linear- 1300 V, Reflector- 1400 V. Laser Attenuator, Offset -23
%, Range- 50 %, Electronic Gain Button Definitions, Regular: 100 mv (offset lin) 100
mV (offset ref) 200mV/full scale. Enh: 51 mV (offset lin), 51 mV (offset ref) 100

mV/full scale. Highest: 25 mV (offsetlin) 25 mV (offset ref) 50 mV/full scale.
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Calibration: Calibration was accomplished using angiotensin II as an external

standard. Zoom Range +-1.0%, Peak Assignment Tolerance- User Defined-500 ppm

4.3.7 Calculations

Percent "N labeleing was calculated as described in reference 23.
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5.0 CHAPTER 5
ION MOBILITY MASS SPECTROMETRY ENABLES THE EFFICIENT
DETECTION AND IDENTIFICATION OF HALOGENATED NATURAL
PRODUCTS FROM CYANOBACTERIA WITH MINIMAL SAMPLE

PREPARATION

5.0.1 Abstract

Direct observation of halogenated natural products produced by different
strains of marine cyanobacteria was accomplished by electrospray ionization and
matrix assisted laser desorption ionization and gas phase separation via ion mobility

mass spectrometry of extracts as well as intact organisms.

5.1 Introduction

Natural product and natural product inspired compounds account for some
70% of all current pharmaceutical products on the market'. Although the
pharmaceutical industry has wavered in its dependence on natural products as leads
during the last 40 years, there has been a resurgence of interest recently. This is likely
the result of a failure of combinatorial chemistry to deliver very many clinically useful
drugs, the rise of the genomics which is giving a resurgence of interest into natural
products, and the development of user-friendly but powerful mass spectrometry (MS)
and nuclear magnetic resonance (NMR) techniques to identify and de-replicate novel
natural products from a variety of organisms >*. These bioactive compounds, usually

characterized as secondary metabolites, vary widely in chemical structure and
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physiological targets and span a range of potential clinical uses'".

Bacteria and plants have traditionally accounted for the majority of bioactive
metabolites, however, marine organisms, such as sponges, tunicates, cyanobacteria
and assorted microorganisms, have emerged as exciting and relatively unexplored
sources of novel chemistries, likely a product of evolving within a very different set
of environmental conditions °. A number of marine derived natural products have
entered clinical and preclinical trials and hold promise for a variety of diseases, with a
particular emphasis on cancer chemotherapeutics *’.

Although the field of marine natural products drug discovery holds significant
attractions, it is not without its limitations. The producing organisms are frequently
found in close association with one another, forming complex assemblages that result
in challenges in the identification and isolation of the producing organism °. It is
estimated that cyanobacteria and bacteria account for nearly 80% of reported
bioactive marine natural products that have advanced past the pre-clinical phase .
During the discovery process, these assemblages of poorly understood organisms
often result in very complex mixtures of metabolites that represent significant
analytical challenges to the natural products chemist °.

It has recently been suggested that there is an urgent need for the development
of new more powerful and high-throughput methods for the structural analysis of
natural products °. In this regard, ion mobility mass spectrometry has the potential to
accelerate the characterization of natural products. Travelling wave lon Mobility

Mass Spectrometry, which is often paired with Matrix Assisted Laser Desorption
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Ionization (MALDI) and Electrospray lonization (ESI) sources, essentially provides
an additional separation step in the gas phase without the loss of sensitivity '°. This
enables the separation of ions that have similar mass to charge ratios (m/z) but which
possess differing collisional cross-sections. The results are displayed as trend-lines
defined by both m/z value and drift time thru the ion mobility chamber containing an
inert gas (nitrogen, argon, etc). lons with the smallest masses and tightest
configurations or most aerodynamic shape emerge first, and are assigned lower drift
times. Larger and spatially bulky molecules emerge later, and thus have longer drift
times. Overall, this enables the separation of matrix signals (from the MALDI

1011 This is an

preparation) as well as different classes of molecules from one another
especially advantageous addition in the study of small molecules because most
natural products, quorum sensors, pheromones, and other bioactive natural products
involved in cell-to-cell communication and adaptive metabolism are observed in the
region below m/z 2000.

This report describes proof-of-principle experiments characterizing
halogenated metabolites of three species of Lyngbya, a genus of mainly tropical
marine cyanobacteria and prolific producer of potently bioactive metabolites '*. These
natural products can be observed not only in crude extracts but also from intact
cyanobacterial filaments using lon Mobility instrumentation (Waters Synapt G1 Mass
Spectrometers equipped with EST or MALDI surces). The ESI-Ion Mobility

experiments described herein resulted in clear separation of multiply halogenated

metabolites (and possibly the combination of cyclic and halogenated) from other
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metabolites and assorted small molecules. This capability was especially useful in
allowing overlapping isotopic signals to be more clearly resolved into their true
isotopic ratios. The imaging experiments on the MALDI instrument allowed the
highest spatial resolution images yet reported for the distribution of specific natural

1314 Ton mobility data were also gathered on the same

products in a marine organism
organisms, giving a powerful insight into the composition and distribution of these
interesting metabolites. Indeed, natural product imaging results have been powerful
approaches for addressing the origin of biosynthesis of several previously
characterized compounds, and provide further evidence of their distribution along
cyanobacterial filaments '*. The addition of ion mobility allowed us to separate
matrix interference and m/z signals stemming from pigments and assorted small

molecules from halogenated and other natural products in the gas phase without the

need of chromatography.
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Crude extracts of two strains of the cyanobacterium Lyngbya majuscula, JHB
and 3L, were run on an ESI ion-mobility instrument (Figure 5.1). In the JHB extract,

four trend-lines were resolved (highlighted in Figure 5.1A), indicating separation of
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the various classes of metabolites. The spectra for these trend-lines are shown in figure
1B and contain some notable observations; trend-line 1 gives rise to unknown
metabolites, possibly nitrogen containing linear molecules that have slower mobility.
Trend-line 2 contains peptides and metabolites that have a similar charge to
hydrodynamic radii to peptides, moving more quickly relative to their mass than the
ions in trend-line 1, and include the halogenated compounds jamaicamide B (1) and
jamaicamide A (2). However, trend-line 3 contained the halogenated and cyclic
compound, hectochlorin (3), while trend-line 4 contained doubly charged ions. Similar
results were obtained from the crude extract of L.majuscula 3L, however in this case,
the approach yielded three clear trend-lines (Figure 5.1C). Trend-line 1 contains the
majority of the metabolites observed, including the linear, non-halogenated compound
curacin A (4), while trend-line 2 contained barbamide (5), a highly halogenated
compound containing three chlorine atoms, as well as several putative undescribed
analogs of the molecule. Trend-line 3 contained doubly charged ions (Figure 5.1D).
Thus, it is possible to separate out compounds with varying levels of halogenations as
well as those that are cyclic or linear in overall construction.

Live intact filaments of three different strains of cyanobacteria, Lyngbya
majuscula JHB, Lyngbya majuscula 3L and a recently collected Lyngbya majuscula
from Papua New Guinea (PNG), were removed from culture, washed in water,
airbrushed with universal matrix on the target plate, and then subjected to MALDI
imaging with the Synapt system from Waters Co. The resulting data was imported

into BioMap (Novartis) software and analyzed. Over a dozen metabolites associated
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with these filaments were observed; some of the m/z values were present in all three
species while others were found only found in specific strains. In Figure 5.2A, the m/z
511 ion, which corresponded to the sodium adduct of the neurotoxin jamaicamide B
(1) (expected 511.242 [M+Na], observed 511.24), was found associated with the JHB
strain, while the m/z 374 signal corresponded to the anticancer agent curacin A (4)
previously isolated from the 3L strain (expected 374.2520 [M+H], observed

374.2478). Finally, an unknown ion with a mass at m/z 925 corresponded to the less
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Figure 5.1. Ion mobility separation of known natural products from crude extracts of
Lyngbya majuscula.

Panels A and C show the main trend-lines (T#) associated with classes of molecules
containing similar ion-mobility behavior in L. majuscula JHB and 3L, respectively, T4
and T3 respectively, contain doubly charged ions. B. Spectra associated with the
trend-lines in panel A (T1-T3)- T1 likely contains unidentified linear, nitrogen-
containing hydrocarbons. T2 contains the linear halogenated natural products,
jamaicamide B (1) and A (2) as well as the majority of small peptides and metabolites
associated with this strain. T3 contains the cyclic, halogenated compound hectochlorin
(3), and possibly related analogs. D. Contains the spectra associated with panel C (T1
and T2), with trend-line 1 containing the linear natural product curacin A (4) as well
as the majority of small peptides and metabolites associated with this strain. T2
contains the highly halogenated natural product barbamide and related analogs.
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Figure 5.2. MALDI imaging of filaments of L.majuscula paired with ion-mobility.

A. Three filaments from different strains were overlaid and imaged by MALDI,
arrangement is shown in (e). The localization of natural products associated with
specific strains is confirmed in a-c, with an unknown metabolite in PNG (a), curacin A
(4) in 3L (b), and jamaicamide A in (1) JHB (c). Part d shows an unknown
compound, possibly a chlorophyll-derived metabolite common to all three strains. B.
Top, MALDI spectra from the same culture as the imaged filament, inset contains the
region containing the isotopic profile for (2) overlapping another ion cluster. Bottom,
ion mobility drift time analysis for this sample, inset shows the same jamaicamide A
region and the two different ion mobility trends associated with the overlapping
isotopic clusters. C. Analysis of the same two mobilograms (drift times) associated
with trend-line 1 and 2 in the panel above. The peak at 60 (top left) is associated with
the spectra on the top right, and is probably derived from matrix and pheobarbide. The
peak at 52 (bottom left) is associated with the spectra on the bottom right, and matches
the mass and isotopic profile for the halogenated compound jamaicamide A.
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well investigated PNG strain. Each of these data was localized to the single producing
organism and showed very few background signals. In addition, the spatial resolution
of the image was generated by an oversampled rastering of the laser, resulting in 50
um resolution, the highest spatially resolved MALDI images yet obtained for any
cyanobacterium. Therefore, imaging via ion mobility MS provides a very rich data set
from both a data quality and resolution perspective. Additionally, the depth of the
data set obtained by ion mobility is an extra dimension of these experiments.

The above MALDI imaging experiments were run in conjunction with ion-
mobility using whole-cell preparations; thus, it was possible to generate ion mobility
trend-lines for the JHB experiment (Figure 5.2B). Because the carrier gas was
nitrogen in this experiment, the separation wasn’t as robust as in the ESI based
experiments that used argon. Nonetheless, this experiment yielded separation of ions
with similar masses. In whole cell and MALDI imaging preparations on this
instrument, the m/z region between 587 and 593 in L. majuscula JHB is composed of
overlapping isotope clusters from a breakdown product of chlorophyll (pheobarbide a,
m/z 592.1 [M+H]) and other unknown, possibly matrix-associated signals, as well as
that of jamaicamide A (2) (m/z 589.152 [M+Na]), a neurotoxic and ichthyotoxic
metabolite containing both a chlorine and a bromine atom. The results in figure 5.2B
and 2C, show how the ion mobility component of the analysis was able to separate out
jamaicamide A based on its differing mobility from these overlapping signals, in part

due to its multiple halogenations.
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5.2 Methods

Lyngbya majuscula strain JHB was originally collected in Hector’s Bay,
Jamaica in 2002. L. majuscula 3L was collected in Curacao, Netherlands Antilles in
1996, and L. majuscula PNG was collected in Milne Bay Papua New Guinea in 2005.
Pan and Erlenmeyer flask cultures of each strain were maintained at Scripps
Institution of Oceanography, UCSD in SW BG-11 media ° at 29°C, under 16h light/8
h dark cycles at approximately 5 pE m™~ s™.

In ESI experiments, approximately 2.5 g (wet weight) of fresh biomass of
either L. majuscula JHB and 3L were extracted with DCM/MeOH. Both extracts were
sent to Pleasanton, CA for ESI ion mobility mass spectrometry on the Waters® ESI
SYNAPT ™HDMS . Mobility data was viewed in Driftscope (Waters Co.) and
regions showing differences in drift time vs. m/z were selected and analyzed further.

For MALDI imaging, single filaments of each of the three L. majuscula strains
(JHB, 3L, and PNG) were rinsed in a drop of mqH,0 and placed on a glass
microscope slide such that a cross was constructed (Figurel). Using an airbrush, the
sample was uniformly coated with a MALDI matrix solution (70 mg/ml HCCA/DHB
(Universal MALDI matrix from Sigma) in 80% ACN, 19.8% milliQ H»0, and 0.2% pl
TFA) and imaged on a Waters® MALDI SYNAPT ™HDMS"" Data was analyzed
with Biomap software (Novartis).

For the MALDI dried spot preparation, approximately 1 pug of biomass from

each strain was rinsed in milliQ H,0 and placed in a 1.5 ml eppendorf tube using

ethanol-cleansed tweezers. MALDI matrix solution (1.0 pul per 0.1 pg of biomass)
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was added to the wells. After 20 seconds, 1 pl of this matrix extract was deposited on
a 96 well target plate and allowed to dry prior to running on the MALDI SYNAPT
™HDMS™

For more information on experiments see supplemental.

5.3 Conclusion

The identification and dereplication of natural products, especially from crude
extracts deriving from complex marine assemblages, is a difficult endeavour but one
which can be effectively investigated using modern soft-ionization mass spectrometry
techniques. However, in most cases, the complexity of these samples remains
challenging because spectral signals can overlap, increasing the effort required to
identify and dereplicate the underlying compounds. In the proof-of-principle
experiments reported here, the addition of ion-mobility to modern EST and MALDI
approaches greatly simplified the parsing of crude extracts into different structural
classes of molecules. Halogenated compounds are widely known to have enhanced
bioactivity and lipid solubility and are thus attractive as lead compounds '°. Similarly,
complex cyclic compounds are indicative of specialized and highly specific three
dimensional topologies that derive from interesting biosynthetic mechanisms. The ion-
mobility mass spectrometry experiments reported were consistently able to separate
out different structural classes of metabolites, including known halogenated and
possibly cyclic ones, as well as identifying unknown analogs or new compounds, from
both whole cell and crude extracts of different strains of the natural product rich

marine organism L. majuscula. Thus, we conclude that this new method in mass
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spectrometry could greatly simplify the discovery and de-replication of new bioactive

lead compounds in natural product screening and drug discovery programs.
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CHAPTER 5 SUPPORTING INFORMATION

Experimental Procedures
ESI synapt experiments

For ESI SYNAPT ™HDMS™experiments, approximately 2.5 g (wet weight)
of fresh biomass, for both L.majuscula JHB and 3L was placed in a 100ul beaker and
soaked 20 ml of 2:1 DCM/MeOH for 30 minutes on hot plate (low setting). The
biomass and liquid were then filtered with cheesecloth and filter paper. The biomass
was returned to the beaker and the process was repeated 5 times, with the resulting
liquid extraction combined after each step. The resulting extract was place in a rotavap
until dry. A small amount of ACN was used to re-suspend and load the extract into a
C-18 Sep-Pak column pretreated with ACN. Using a round bottom flask as a
collection vessel, the column was washed through twice with ACN, followed by
methanol until clear. The further purified extract was placed in a rotavap until dry.
The dried extract was transferred to a small glass vial using ether, dried under
nitrogen, and placed in a hi-vacuum overnight. Calibration Calibration was performed
with Nal from m/z 50-2000 Instrument Parameters Sample were dissolved in 50:50
H20:MeOH 0.1%Formic Acid and infused using nanospray needles. Data was
acquired in Mobility mode. Capillary Voltage = 1.0 V Cone Voltage = 10-25 V IMS
Wave Height ramped from 5-10 V
MALDI imaging and dried spot experiments

For the MALDI experiments, ~1 g wet weight cultures of each of the three

strains were removed from the parent culture, placed in 50 ml culture flasks and flown
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to the Waters facility in Milford Massachusetts for MALDI imaging. For imaging,
single filaments of each of three Lyngbya majuscula strains (JHB, 3L, and PNG) were
rinsed in a drop of mqH20 and laid down on the glass microscope slide so that a cross
was made (Figurel). A MALDI matrix solution (70 mg/ml HCCA/DHB (Universal
MALDI matrix from Sigma) in 80 % acetonitrile, 19.8 % milliQ H20, and 0.2 % pl
TFA) was prepared and the sample was coated with this matrix using an airbrush.
(make/model) 50 passes of 5 cycles were applied such that an uniform coating was
deposited on the slide. The sample was allowed to dry between in each pass in order to
avoid delocalization of the ions under investigation.

For the MALDI dried spot preparation, for each strain approximately 1 pug of
biomass was rinsed in milliQ H20 and placed in an 1.5 ml eppendorf tube using
ethanol-cleansed tweezers. MALDI matrix solution (1.0 pl per 0.1 ug of biomass) was
added to the wells or tubes. After 20-30 seconds, 1 pl of this matrix extract was

deposited on a 96 well target plate and allowed to dry prior to running on the MALDI

SYNAPT ™HDMS™,
Parameters:
MS System: Waters® MALDI SYNAPT T™MHDMS™
Ionization Mode: Positive lon
Laser Type: Nd:YAG
Repetition Rate: 200 Hz

Acquisition Range: Varied depending on sample being analyzed

Collision Energy: Trap CE=6.0eV
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Instrument Calibration

Matrix: Alpha-Cyano-4-Hydroxycinnamic Acid (CHCA) — 10 mg/mL in
Acetonitrile: Water at 1:1 with 0.1% TFA. Calibration Mixture:
IPEG oligomers (PEG 200, 400, 600, 800, 1000, 2000 and 3000) were prepared at
concentrations of 10 mg/mL in water. Sodium Iodide solution (Nal) was prepared at
2mg/mL in 50:50 Acetonitrile:Water . A mixture was prepared by mixing 10 pL of
each PEG oligomer with 10 pL of the Nal solution. A 10-fold dilution was made of
this mixture into water and this was then mixed 1:1 with matrix and 1 pL spotted.

Calibration data was obtained from 100-2000 Da in IMS mode



6.0 CHAPTER 6
FUTURE DIRECTIONS
Some future directions and conclusions are found in the discussions at the end
of each chapter, and at the end of the introduction. What follows are some expansions
of those conclusions, suggested experiments or broader, theoretically possible

extensions of those approaches and studies.

>N Feeding

The results revealing the timing of bromination of jamaicamide A (Chapter 2)
are in strong agreement that the addition of bromine is occurring after biosynthesis of
jamaicamide B by an uncharacterized halogenating enzyme. Nothing else is known
about this enzyme regarding its specificity for jamaicamide B or its ability to use other
halogens. Several experiments come to mind that could further support these findings
and provide a greater insight into this enzyme. Firstly, several alkyne terminating
compounds could be introduced into a properly buffered preparation of L.majuscula
JHB in the presence of excess NaBr. It should be possible to monitor the bromination
of these substrates by the same dried droplet MALDI technique, although it might
require various experimental conditions to be tested (dark, removal of oxygen, etc).
A second suggested experiment is exploring the ability of this enzyme to use other
halogen atoms. Briefly, the bromide component of the media should be removed
entirely if possible, and new halide component introduced in sufficient concentration.

A culture of L.majuscula JHB is then grown in this media under complete darkness for
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several days. If the new halogen is incorporated into the jamaicamide B molecule, the
resulting mass shift increase should be detectable by MALDI dried droplet analysis.
On a different vein, another promising idea is the use of the '°N approach to
reveal cryptic metabolites. As was the case with cryptomaldamide and L.majuscula
JHB (Chapter 2 Appendix) the '°N temporal shifts visualized with Bruker’s
ClinProTools heatmap function can reveal cryptic metabolites undergoing active
biosynthesis that might have been overlooked in previous extractions. In the Lyngbya
majuscula 3L study it is apparent that there are two peptidic compounds with masses
at 325 and 400 undergoing active turnover. The presence of these compounds has
been confirmed with Robin Kinnel who has done some further extractions but yet
remain uncharacterized. Either these compounds or additional studies utilizing this
isotopic approach in other strains could lead to more novel chemistry from both new

collections or previously studied strains.

More broadly, the °N feeding studies in combination with small whole cell
analysis by MALDI (described in Chapter 2) opens up the ability to study the in-vivo
dynamics of individual secondary metabolite biosynthesis as well as glimpse at how
the entire nitrogen containing metabolome changes over time. Besides the
applications discussed in the chapter, it is my strong belief that further, more refined,
experiments could yield some truly important findings in our understanding of marine
natural products. In general, the endogenous purpose of secondary metabolites,

almost by definition, is very poorly understood. There are several theories (Coley



174

1985, Herms and Mattson 1992, Cronin and Hay 1996) addressing the allocation of
resources to secondary metabolites, most of these without regard to specific classes or
compounds. With the described approach, a much more defined, and specific, set of
rules regarding the production of a particular metabolite under a set of conditions
might be achieved.

One way to facilitate a large scale and high impact study is with a simple
program that can do automatic peak detection, intensity measurement, and calculate
percent isotope incorporation. In this way, the response in production and turnover of
many nitrogen containing metabolites (whether primary, secondary, or cryptic) to
changes in the nutrient composition of the media, the introduction of a predators, or
microbial pathogens, traditional host organisms, or any other factor (ocean
acidification, eutrophication, etc) can be empirically calculated. Besides a greater
insight into marine ecology, combining this information with genomic and proteomic
analyses and molecular biology approaches could provide means by which to regulate
specific genetic elements, and aid in the heterologous expression of natural product

gene clusters.

MALDI imaging

The results and methods of the studies utilizing natural product MALDI
imaging (chapter 3) only represent the beginning of what is already becoming an
important method. The students and post-docs in the Dorrestein Lab at UCSD have

expanded this approach to the study of microbial interactions, these efforts have led to
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the identification of new metabolites and a greater appreciation of adaptive and
dynamic metabolic exchanges between microbes- essentially translating microbial
communication. As instrumentation and preparations becoming more refined (better
resolution, three-dimensional analysis and matrix-free and other imaging mass
spectrometry approaches) the future prospect of this field is very exciting.

In regards to marine natural products, increased resolution in combination
with single cell approaches (chapter 4) and labeling studies (chapter 2) could allow the
symbionts of complex assemblages responsible for intriguing signals to be easily
pinpointed and removed for further analysis. Multiple displacement amplification
(MDA) of these organisms or metagenomic studies could lead to the identification of
novel gene clusters and a largely untapped source of novel chemistry. Furthermore,
increased effort in sample preparation (fresher specimens, embedding and sectioning
methods) could provide the first ever glimpses of the metabolic exchange occurring in
the complex symbiotic systems found on threatened ecosystems (coral reefs) or unique
environments (thermal vents).

Another possible use of isotope feeding studies in conjunction with MALDI
imaging is the possibility of tracking nutrient cycling or metabolite incorporation in a
complex assemblage. One possible experiment could help further address the origin
of the potent anticancer lead kahalalide F (Chapter 3 Appendix). Briefly, a culture of
the Bryopsis sp. (also produces several kahalides and is the foodsource of the
nudibranch Elysia rufescens) is grown in 100% "°N media until all nitrogen has been

isotopically labeled. This isotopically labeled foodsource is then fed to the nudibranch
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and the kahalalide F found in its slime could be analyzed by MALDI dried droplet
(preserves sample for future samples) or by thin-section MALDI imaging (terminates
nudibranch) revealing the amount of '°N incorporation into kahalalide F and perhaps
showing the time course of labeling. This could be insightful on several fronts.

More broadly, the ability to do imaging mass spectrometry (MALDI or
otherwise) on sophisticated experimental samples greatly expands the utility of the
approach. I can envision the use of a microfluidic target plate that could allow the
carefully controlled passage of any entity (microbial strain, nutrient, lead compound,
growth factor, etc) across or through a preparation containing possible interacting
component (s) (another microbial strain, diseased tissue or healthy tissue, etc). A Real
time ambient MS probe would be particularly useful for the detecting analysis of new
signals arising from the interaction.

In conclusion, the results and new insights produced during my graduate
studies are a result of the application of modern mass spectrometry to the producers of
natural products directly. This idea remains largely untapped, especially in the case of
marine organisms or the human microbiome, and thus future application remains
broad and limited only by creative, well-designed experiments. Mass spectrometry in
combination with isotope incorporation, imaging and single cell studies can be
expanded and combined, yielding spatial and temporal insights into not only the
biosynthesis of natural products, but towards a better understanding of the
relationships between organisms and secondary metabolism in general. This type of

broader understanding will help guide and fine-tune drug discovery efforts in the
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future and provide insight into the interface between the microbial and eukaryotic

worlds.





