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1. General Introduction

1.1 Harmful algal blooms (HABs) — definition, environmental and societal context

The marine environment accounts for 70% of the world’s surface area (Raymont, 2014).
Microbial eukaryotes are an important component of this biome, contribute substantially to
global primary production (roughly 50%) and form an important part of the marine food chain
(Hallegraeff, 2010; Reynolds, 2007). In most cases, a massive proliferation of the marine
phytoplankton, which represents a bloom event, has a positive influence on marine
ecosystems (Raymont, 2014). However, in certain cases microbial eukaryotes produce
secondary metabolites that are toxic to other organisms in the food chain (such as fish, marine
mammals and humans) and pose a negative impact on the ecosystem. Hence, these events
are called Harmful Algal Blooms (HABs) (Hallegraeff, 1993).

Commencing with the book Exodus in the Bible (New International Version, Exod. 10) (Biblica,
2011), events which could be recognized as HABs are reported throughout history. The
transformation of the river Nile into a bloodlike appearance was the first of the ten plagues of
Egypt. These phenomena are known as “red tides”, a special type of HABs characterized by
discoloration of the water, often with algae of the class Dinophyceae as causative organisms
(Schoental, 1984). The massive proliferation of dinoflagellates may lead to a discoloration of
the water and a mass mortality of aquatic organisms either through production of toxic
compounds or through generation of anoxic conditions (Hallegraeff, 1993). It is likely that even
the name Red Sea derives from blooms of dinoflagellates and the resulting discoloration of the
water (Culotta, 1992).

On his expedition to the coast of British Colombia, Captain George Vancouver had to mourn
the death of one man among his crew after consumption of shellfish. The chronic of this
disease highly resembled a classical description of a fatal episode of paralytic shellfish
poisoning (PSP) (Acres and Gray, 1978). The mussels were harvested in June 1793 in a small
cove near Baranof Island (Alaska, USA) (Acres and Gray, 1978). Vancouver subsequently
named the bay Poison Cove (Acres and Gray, 1978). Only three years earlier the Russian
expedition of Alexander Baranow suffered the loss of some 100 men due to a disease they
called “mussel poisoning” on Baranof Island (Anderson, 1960). Further, Vancouver reported
about a taboo of local Indian tribes, where it is off-limits to eat shellfish when the seawater

became phosphorescent due to dinoflagellate blooms (Hallegraeff, 1993).

In recent history, during the middle of the past century, the frequency and intensity of HABs
with noxious and/or toxic dinoflagellates as causative organism has increased (Figure 1.1)

(Anderson, 1989; Imai et al., 2006). A recent example was a massive bloom of Karenia brevis,
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which led to a state of emergency in Florida (USA) in summer 2018. The bloom began in
November 2017 and lasted until after October 2018. The bloom affected the coast at a length
of 240 km and killed many marine animals due to the neurotoxic brevetoxin. Besides a dead
whale shark at the shore, the death of at least a hundred manatees, a dozen dolphins,
thousands of fish and 300 sea turtles was reported (Resnick, 2018). The tourism industry
suffered due to the smell of rotting marine animals and the risk of skin and eye irritation from
swimming in red tide waters. The neurotoxin can be even part of aerosol particles that are
formed directly from the ocean, the so called sea spray, and affected people with asthma or
other respiratory issues onshore. Lifeguards had to wear gas masks at the hardest-hit
stretches of shoreline. Possible long-term effects of breathing air with the toxin are completely
unknown (Resnick, 2018).

This example illustrates the broad impact of HABs on human health and economy. The main
economic sectors impacted by HABs are:

1. Tourism: smell, deterrent effect of dead animals, health concern for swimmer
2. Fishery: massive loss of fish stocks and resulting lower fishing quotas
3. Shellfish production: ban of shellfish harvest, risk of loss of shellfish stocks

Despite the ban of shellfish harvest during the presence of toxin producing microalgae, over
60,000 cases of food poisoning with toxins produced by microalgae are reported annually (van
Dolah, 2000). This number could be an underestimation because some symptoms associated
with microalgal toxins, particularly those involving gastrointestinal symptoms, are often
incorrectly diagnosed for example as food poisoning from spoiled seafood (Zingone and
Enevoldsen, 2000). Estimates of fatal episodes of this kind of poisoning exceed several
hundred cases annually (Zingone and Enevoldsen, 2000). A mortally rate of 15% was
estimated for paralytic shellfish poisoning, a type of intoxication with contaminated shellfish
(Hallegraeff, 1993).

Various factors, primarily of anthropogenic nature, are linked to the frequency and intensity of
HAB events (van Dolah, 2000). Toxic dinoflagellates were observed in previously unaffected
regions (Dickman and Zhang, 1999; Hallegraeff, 1998; Zhang and Dickman, 1999). Ballast
water, which is used to enhance stability of ships without full loading, is a possible vector for
introduction of nonindigenous and invasive species to new ecosystems (Cariton and Geller,
1993; Dickman and Zhang, 1999; Hallegraeff, 1998; Zhang and Dickman, 1999). Atmospheric
deposition from agricultural, urban, and industrial sources, which bypasses estuarine
processes that filter terrestrial sources of nitrogen, caused an long term increase in
concentrations of dissolved inorganic nitrogen, which is a limiting nutrient in oceanic, estuarine,

and coastal waters (Nixon, 2012; Paerl and Whitall, 1999; van Dolah, 2000). In coastal waters
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of developing countries, nitrogen as well as phosphorus concentrations increased by more
than four-fold in comparison to several decades ago (Nixon, 2012). Evidence showed a
connection between enhanced nutrient load and increased incidence of certain harmful algal
blooms (Hallegraeff, 1993; Paerl and Whitall, 1999; van Dolah, 2000). In addition to the
eutrophication, the increased total nutrient load, nutrient ratios were altered by anthropogenic
sources (Hallegraeff, 1993; Paerl and Whitall, 1999; van Dolah, 2000). Especially low ratios of
silica to nitrogen (Si:N) and phosphorous (Si:P) favored growth of dinoflagellates over silica-

dependent diatoms (Smayda, 1990).

After a maximum number of red tide incidents in 1976, a decreasing trend of HAB events was
observed in the Seto Inland Sea (Figure 1.1) (Imai et al., 2006). This development was a result
of the legislative in 1973 to decrease the anthropogenic loading, which had a positively
influence the progression of red tide species in this area (Imai et al., 2006). Here, the red tide
induced economical damage called for the intervention of the legislative authority. This

example demonstrates the long term influence human activities can exert on HAB events.
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Figure 1.1: Occurrence of red tides in the Seto Inland Sea from 1967 to 2004. Black filled columns indicate
incidents with fishery damage such as fish-kills (Imai et al., 2006).

Climatic factors are also linked to the appearance of HABs (van Dolah, 2000). Unusual climatic
conditions, such as drought, storm events that produce heavy rainfall, and El Nifio Southern
Oscillation (ENSO), alter the local conditions and could thereby trigger blooms of
dinoflagellates in areas previously unknown for such incidents (Hallegraeff, 2010). For
example, conditions caused by the phenomenon of ENSO seem to favor the growth of
dinoflagellates in some regions, while in other regions they had a negative correlation between

appearance of dinoflagellate blooms and ENSO conditions (Ochoa, 2003).
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In addition to short-term climatic events, such as ENSO, long term (global) changes also seem
to influence HAB occurrences and intensities (van Dolah, 2000). Increased global average
temperature due to climate change, also enhance surface stratification, alter ocean currents,
intensify or weaken local nutrient upwelling, stimulate photosynthesis due to elevated CO;
levels and reduce calcification due to decreased seawater pH (“the other CO. problem”)
(Hallegraeff, 2010). However, a direct relationship between global climate change and
increase of HAB incidences can be confounded by factors such as increased population and
industrialization during the same time-span, complicating a direct assignment of HAB

increases to climate change (van Dolah, 2000).

HABs will likely further increase in the futureas the human population is assumed to rise by
over 30% until 2050 (Wilmoth, 2017). To sustain the increased human population, an
expansion of production of food resources by agriculture and aquaculture is inevitable,
including advance of technologies (van Dolah, 2000). This would further enhance the

eutrophication of coastal waters, favoring HABs.
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1.2 Chemical Ecology of dinoflagellates

In total, the class Dinophyceae covers approximately 2377 species (Gomez, 2012). About 200
species of this phylum are attributed with the ability to form red tides (Smayda and Reynolds,
2003). The red tides, induced by these species, include benign red tides as well as harmful
blooms. Only roughly 90 species of the class Dinophyceae are attributed with the ability to form
toxic HABs (Moestrup et al., 2009 onwards). The Dinophyceae are an ancient group of
unicellular microbial eukaryotes, named due to a characteristic whirling movement by two
flagella. Besides insertion of flagellar, golden-brown plastids, assimilative cell with indented
waist, and relatively large nucleus that contains visible chromosomes are also typical
characteristics of this genus (Carty and Parrow, 2015). Some members are armored with
cellulose plates, which are colloquially called “thecate”, while other species exist unarmored
(“athcate”). Even though the members of this group of microalgae are comparatively inefficient
at nutrient uptake and show slower growth than other planktic members, they can dominate
the plankton (John et al., 2015; Smayda and Reynolds, 2003). Their ecological success is
supposed to be the result of their extraordinary physiological diversity and adaptation to
specific ecological niches (Dyhrman, 2008). Many dinoflagellates exhibit a mixotrophic life
style, that is they employ phototrophic autotrophy (usage of solar energy and inorganic
nutrients) and phagotrophic heterotrophy (ingestion of particulate organic matter) as modes to
acquire of energy, micro- and macronutrients (Glibert et al., 2008; Stoecker, 1999). Many
dinoflagellates act as symbionts or parasites (Hoppenrath et al., 2014). Notably, they produce
complex chemical compounds which impact on interactions with competitors and predators
(Selander et al., 2006; Tillmann et al., 2008).

Further, different individuals of a single species can differentially express traits, such as cell
size, cell shape and the production of secondary metabolites (Wohlrab et al., 2016). This
variability reaches even the genetic level of populations on a global level as well as within
spatially restricted populations (Wohlrab et al., 2016). Each genetic variant represents a single
genotype and these genotypes possess the ability to express traits differently than the other
genotypes (Alpermann et al., 2010). Through the differently expressed traits, the single
genotypes have an advantage under specific environmental conditions. However, periods with
advantageous environmental conditions for one genotype do not suffice to outcompete the
other genotypes (Alpermann et al., 2010; Wohlrab et al., 2016). The resulting presence of
various genotypes on global scale and within spatially restricted populations, is considered as

one of the paradoxes of the plankton (Fox et al., 2010; Hebert and Crease, 1980).

A diverse suite of toxic compounds are known to be produced by dinoflagellates. “Different
genotypes within one population can differentially express traits, such as cell size, cell shape

and the production of secondary metabolites.” (Wohlrab et al., 2016) In addition to a
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guantitative dimension, the production of secondary metabolites differs at the qualitative level.
For toxic compounds of dinoflagellates, a broad range of chemical compounds is known (see
1.3). Even though the possible effect of most known compounds on humans is well studied,
their ecological purpose remains enigmatic (Sheng et al., 2010). Studies of paralytic shellfish
poisoning inducing toxins (PST) exemplify here a possible ecological function of dinoflagellate

toxins.

Paralytic shellfish toxins (PST) have been hypothesized to act as a chemical defense against
grazing zooplankton (Selander et al.,, 2006). The predator-prey interactions between
dinoflagellates and grazers, such as copepods, are complex (Turner and Tester, 1997). Some
copepods ingested PST producing dinoflagellates with no apparent adverse effect, they even
seemed to store the toxins several days in their bodies past the time of gut clearance (White,
1981). These toxin containing copepods can be a vector of the toxins to higher trophic levels
(White, 1981). In other experiments, however, showed adverse effects of PST-producing
dinoflagellates on copepods (Turner and Tester, 1997).

In grazing experiments, copepods showed lower feeding rates on PST producing
dinoflagellates than on non-toxic diatoms (Huntley, 1982). Even the bioluminescence of
dinoflagellates had a detrimental effect on the feeding behavior of copepods in lab experiments
(White, 1979). In coastal waters, areas with high densities of toxic dinoflagellates have been
reported to be actively avoided by some copepods (Fiedler, 1982). Further, the interaction
between dinoflagellates and copepods seem to also have an influence on the physiology of
some dinoflagellates. These dinoflagellates react to the presence of copepods with an

increased production of toxic compounds (Selander et al., 2015).

In addition to antigrazing defense, some dinoflagellates use their toxins to hunt for prey
themselves (Place et al., 2012). Predation of Storeatula major, an unicellular algae, by the
dinoflagellate Karlodinium micrum, for example, is significant higher in presence of Karlotoxin
(KmTX) (Adolf et al., 2006) which immobilizes prey cells (Sheng et al., 2010).

In the studies mentioned above , various genotypes have been tested and the observed effects
varied significantly for the different genotypes (e. g. Sheng et al., 2010; Turner and Tester,
1997; White, 1979). The interspecies interactions of dinoflagellates could differ for various

genotypes, as the genotypes show qualitatively and quantitatively different toxin profiles.
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1.3 Biological and chemical diversity of microalgal toxins

Microalgal toxins, primarily of the polyketide group, exhibit a remarkable range of potent
biological activities, including ion channel modulation, phosphatase inhibition, hemolysis,
mycotoxicity and cytotoxicity (van Wagoner et al., 2014). The marine biotoxins responsible for
food poisoning have been historically divided into six groups based on symptoms, origin, and
chemical structure (Table 1.1) (Stivala et al., 2015). However, the range of dinoflagellates that
produced secondary metabolites exceeds the selection of compounds with oral toxicity (Figure
1.2). Spiroimine toxins, for example, are characterized by a macrocycle and an imine group
embedded in a ring system, are potent neurotoxins but nonpoisonous to humans after oral

ingestion (and therefore not represented in Table 1.1).

Each group of dinoflagellate secondary metabolites compromise several derivatives. Both
groups of azaspiracids and derivatives of saxitoxins (responsible for paralytic shellfish
poisoning (PSP)) comprise more than 20 known derivatives (Alpermann et al., 2010; Hess et
al., 2014). Even though dinoflagellates may produce the whole range of structural derivatives,
the toxin profile of single genotypes is dominated by only a few derivatives (Alpermann et al.,
2010). This poses a challenge for food safety monitoring: Each HAB is characterized by its
own toxin profile. Therefore, in the case of AZAs for example, over 40 derivatives would have
to be consistently monitored to ensure food safety (Hess et al., 2014; Kilcoyne et al., 2018;
Rehmann et al., 2008). Toxins often differ only in a small parts of the molecule, but these
modifications alter the bioactivity of the compounds (Hess et al., 2014; Kilcoyne et al., 2018).
This thesis mainly covers structural derivatives of spirolides, gymnodimines (both chapter
1.3.1), and azaspiracids (chapter 1.3.2) which are introduced in more details in the following

sections.
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Table 1.1: Categories of important biotoxin poisonings: paralytic shellfish poisoning (PSP), amnesic shellfish poisoning (ASP), diarrheic shellfish poisoning (DSP), azaspiracid
poisoning (AZP), neurotoxic shellfish poisoning (NSP), ciguatera fish poisoning (CFP); modified after Biirk et al. and Yasumoto (Burk et al., 1998; Chevallier et al., 2015; Yasumoto,

2000).

ASP

DSP

CFP

Biological origin

Alexandrium

Gymnodinium

Pseudonitzschia

Dinophysis

Prorocentrum

Azadinium Gymnodinium breve

Gambierdiscus

o _ toxicus
Pyrodinium Protoceratium
okadaic acid (OA)
_ _ pectenotoxin (PTX) o _ ciguatoxin
Toxin aroups _ domoic acid (DA) _ _ _ azaspiracid (AZA) brevetoxin (BTX) ) _
group and derivates dinophysistoxin (DTX) maitotoxin

yessotoxin (YTX)

Symptoms

paraesthesia;

memory loss;
gastrointestinal
disorders

gastrointestinal disorders

gastrointestinal paraesthesia;

ichthyotoxin

paraesthesia;
gastrointestinal
disorders

Mode of action

blockage of

excitatory

inhibition of protein

inhibition of sodium activation of sodium

activation of

sodium channels neurotransmitter phosphatases sodium channels
Contaminated shellfish shellfish fish
food

160 pg/kg shellfish for OA,

Concentration  ggq ,g/kg shellfish 20 mg/kg shellfish PTX 160 pg/kg shellfish none
limit (EU) 1 mg/kg shellfish for YTX
OA; PTX 1,2;DTX1,2,3

Regulated toxins DA (inclusive Esters); YTX, AZAL 2 3 none

(EV)

Homo YTX, 45-OH YTX
and 45-OH Homo YTX
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1.3.1 Diversity of spirolides and gymnodimines

In 1993 during a routine monitoring of shellfish in New Zealand, oysters were found to be
contaminated with a potent mouse neurotoxin (MacKenzie et al., 1995). Shortly after this
incidence gymnodimine (GYM) A (1) was first described in the marine dinoflagellate
Gymnodinium sp. (later renamed to Karenia selliformis) and identified as the causative
compound (Seki et al., 1995). The exact stereochemistry of (1) was elucidated by X-ray crystal
structure analysis (Stewart et al., 1997). In 2000, GYM B (2) was described in K. selliformis as
a derivative of GYM A (1), but with an exocyclic methylene at C-17 and an allylic hydroxyl
group at C-18 (Miles et al., 2000). Only three years later, the same authors reported the
presence of GYM C (3) in K. selliformis, which is an isomer of GYM B at C-18 (Miles et al.,

2003). Currently, six gymnodimines are fully structurally elucidated (cf. Figure 1.3).

Concurrently with the discovery of GYM B and GYM C in Atlantic Canada, Alexandrium
ostenfeldii was identified as the source of spirolides (Cembella, 2001). These toxins have a
similar toxicological effect on mice than gymnodimines and were structurally related to this
toxin group (Cembella, 2001). In 2011, van Wagoner et al. (van Wagoner et al., 2011) reported
the production of 12-methyl GYM A in an isolate of Alexandrium peruvianum from New River,
NC, USA. A. peruvianum is now regarded as conspecific with Alexandrium ostenfeldii (Kremp
et al., 2014). The occurrence of GYMs in A. ostenfeldii was notable as for the first time another
genus than Karenia was associated with the biosynthesis of gymnodimines. Due to the
occurrence in the same dinoflagellate and the high structural similarity to gymnodimines and
spirolides, a common biosynthetic pathway for these cyclic imines was proposed (cf. chapter
1.3.4) (van Wagoner et al., 2014).

GYMs and SPXs belong to the group of cyclic imine toxins, characterized by a macrocycle and
an imine group embedded in a ring system (Molgé et al., 2017). In addition to GYMs and SPXs,
the group of cyclic imine toxins comprises pinnatoxins (Vulcanodinium rugosum)/pteriatoxins
(unknown), portimines (Vulcanodinium rugosum), prorocentrolides (Prorocentrum lima), and
spiro-prorocentrimines (Prorocentrum sp.) (Molgé et al., 2017; Selwood et al., 2013; Stivala et
al., 2015).

The structural comparison of SPXs and GYMs reveals some conserved features for all known
GYMs and SPXs. For example all GYMs and SPXs share the moiety of a five membered ester
ring (Figure 1.3, ring A) attached to a cyclohexene ring (Figure 1.3, ring B). The two compound
classes are distinguished by ring C (Figure 1.3). While ring C of GYMs consists of a six-
membered cyclic imine moiety without attached methyl groups, ring C of SPXs is a seven-
membered cyclic imine moiety with one or two attached methyl groups. The side chain of SPXs

(C-8 to C-27) exhibits a spiro fused ether ring system. Three different variations are observed
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of the side chain for known SPXs. Therefore, SPXs are differentiated by the degree of
methylation of ring C and the chemical composition of the side chain. For discrimination of
different GYMs, only the structure of the side chain matters (Figure 1.3) (Stivala et al., 2015),
which is divided in two parts. For each part of the gymnodimine side chain, two possible
moieties are observed (Figure 1.3 left side: blue and green).

This structural diversity is not reflected in the mouse bioassay, as both GYMs or SPXs result
in an “all or nothing’-effect after intraperitoneal injection only at different amounts of toxin
(Otero et al., 2011). Either the mice died within 20 min after intoxication or a complete recovery
without observed consequential damages was observed (Otero et al., 2011). Initially,
gymnodimines were described as neurotoxic (Seki et al., 1995), but later it became evident
that they bind specifically to muscular and neuronal nicotinic acetylcholine receptors (Bourne
et al., 2010; Gill et al., 2003; Kharrat et al., 2008). For the human nicotinic acetylcholine
receptors 13-desmethyl SPX C (SPX 1, 4), the best-studied representative of the group of
SPXs, is a competitive irreversible antagonism, while GYM A is a competitive reversible
antagonism (Richard et al., 2001; Wandscheer et al., 2010). Further 13-desmethyl SPX C is
identified as weak activator of L type calcium channels (Hu et al., 1995).
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Figure 1.3: Most prominent member and structural derivatives of spirolides and gymnodimines. In case of
SPX E and SPX F, theimine group is replaced by the structure fragment marked with an asterisk (according

to Stivala et al., 2015).
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1.3.2 Diversity of azaspiracids

An intoxication event in 1995 in the Netherlands led to discovery of the first azaspiracid (AZA,
5) (Satake et al., 1998). At least eight people experienced symptoms known for DSP such as
nausea, vomiting, severe diarrhea and stomach cramps after consumption of blue mussels
(Mytilus edulis) cultivated in West Ireland. Mussels revealed a positive result in the mouse
bioassay (MBA) even though the major DSP toxins okadaic acid (OA) and dinophysistoxins
(DTXs) were not detected at elevated levels. The causative marine biotoxin was named
azaspiracid and described as a nitrogen-containing polyether with a unique spiral ring
assembly, a cyclic amine and a carboxylic acid (Satake et al., 1998). The initially proposed
structure of AZA-1 (5a, Figure 1.4) had to be revised by comparison of NMR data of the natural
toxin (5, Figure 1.4) with that of the synthetic molecule (Nicolaou et al., 2004). The identification
of Azadinium spinosum, a small (< 20 um) photosynthetic dinoflagellate with a thin theca, as a
source of AZA was achieved a decade later (Tillmann et al., 2009). Today AZAs are also found
in other dinoflagellates of the family Amphidomataceae, e. g. Azadinium poporum, Azadinium
dexteroporum, and Amphidoma languida (Krock et al., 2012; Rossi et al., 2017).

HOLC

AZA-1 (5)

revised

AZA-1 (5a)

Figure 1.4: Initial incorrect structure (left) and revised structure (right) of AZA-1. Shown are fragmentation
patterns of CID fragmentation (characteristic fragments in bold).

Since the discovery of AZA-1, the number of structure derivatives discovered by mass
spectrometry has increased greatly (Krock et al., 2019). The new derivatives are by general
convention chronologically enumerated based on the time of their discovery, a practice
resulting in a mixture of AZAs produced by dinoflagellate and metabolites of shellfish (Krock
et al., 2019). Still, most of the derivatives had their structures proposed solely by mass
spectrometric investigations without conformation e.g. by NMR spectroscopy (cf. section 1.5).
The proposed structures are shown in Figure 1.5 and structures elucidated by NMR are

highlighted in grey (Hess et al., 2014). Further, only for three derivatives, concentration
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thresholds in shellfish are established, namely for AZA-1, AZA-2 and AZA-3 (European Union,

2004).

left hand side

right hand side

Type R: 7,8 R; Rs R4 Rs Rs [M+H]* Origin
AZA-1 al H A H H CHs H CHs 8425 A. spinosum
37-epi o
Al al H A H H CHs H CHs; 8425 Abiotic
AZA-2 al H A CHsz: H CHs H CHs 856.5 A. spinosum
AZA-3 al H A H H H H CHs 828.5 | Shellfish/Abiotic*
AZA-4 al OH A H H H H CHs; 844.5 | Shellfish/Abiotic*
AZA-5 al H A H H H OH CHs; 844.5 | Shellfish/Abiotic*
AZA-6 al H A CH: H H H CHs 842.5 | Shellfish/Abiotic*
AZA-7 al OH A H H CHs H CHs 8585 Shellfish
AZA-8 al H A H H CHs OH CHs 8585 Shellfish
AZA-9 al OH A CHs H H H CHs 858.5 | Shellfish/Abiotic*
AZA-10 al H A CHs: H H OH CHs 858.5 | Shellfish/Abiotic*
AZA-11 al OH A CHs; H CHs H CHs; 8725 Shellfish
AZA-12 al H A CHs H CHs OH CHs; 8725 Shellfish
AZA-13 al OH A H H H OH CHs; 860.5 | Shellfish/Abiotic*
AZA-14 al OH A H H CHs OH CHs; 8745 Shellfish
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Type R: 7,8 R; Rs R4 Rs Rs [M+H]* Origin
AZA-15 al OH A CH: H H OH CHs 874.5 | Shellfish/Abiotic*
AZA-16 al OH A CH: H CH: OH CHs 888.5 Shellfish
AZA-17 al H A H H |[COH H CHs 8725 Shellfish
AZA-19 al H A CHs H |CO:H H CHs: 886.5 Shellfish
AZA-21 al OH A H H |[COH H CHs 8885 Shellfish
AZA-23 al OH A CHs H |CO:H H CHs 9025 Shellfish
AZA-25 a2 H A H - H H CHs 810.5 | Shellfish/Abiotic*
AZA-26 a2 H A H - H =0 CHs 824.5 | Shellfish/Abiotic*
AZA-27 a2 CH: A H - H H CHs 824.5 | Shellfish/Abiotic*
AZA-28 a2 CHs: A H - H =0 CHs 838.5 | Shellfish/Abiotic*
AZA-29 al H A H CHs H H CHs 8425 Shellfish
AZA-30 al H A H CHsz:| CHs H CHs 856.5 A. spinosum
AZA-32 al H A CHs CHs3| CHs H CHs 8705 A. spinosum
AZA-33 bl - A - H CH: H CHs 716.5 A. spinosum
AZA-34 cl - A - H CHs; H CHsz 8165 A. spinosum
AZA-35 al H A # H CHs H CHs 830.5 | A. dexteroporum
AZA-36 al OH A CHs H CH: H H 858.5 A. poporum
AZA-37 al OH - H H CH: H H 846.5 A. poporum
AZA-38* al H - CH: H CH: H H 830.5 Am. languida
AZA-39' al H - # H CH: H H 816.5 | Am. Languida
AZA-40 al CHs A H H CHs; H H 842.5 A. poporum
AZA-41 al H A H H CHs; H # 854.5 A. poporum
AZA-42 no proposed structure 870.5 A. poporum
AZA-43 no proposed structure 828.5 Am. languida
AZA-44 al H A H H |[CO:H OH CHs 8885 Shellfish
AZA-45 al CHs A H H |[CO:H OH CHz 9025 Shellfish
AZA-46 al H A OH H |COH OH CHsz 9045 Shellfish
AZA-47 al CHs: A OH H |[COH OH CHs 9185 Shellfish
AZA-48 a2 H A OH - H H CHs 826.5 | Shellfish/Abiotic*
AZA-49 a2 CH: A OH - H H CHs 840.5 | Shellfish/Abiotic*
AZA-507? al H A CHs CHs H CHs; 8425 A. spinosum
AZA-51? al OH A CHs; H CH; H CHs 8585 A. spinosum
AZA-52 no proposed structure 830.5 | Am. Languida
AZA-53 no proposed structure 830.5 Am. languida
AZA-54 al H A # H CHs H CHs 870.5 | A. dexteroporum
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Type R: 7,8 R; Rs R4 Rs Rs [M+H]* Origin
AZA-55 al H A H CHs H # 868.5 | A. dexteroporum
AZA-56 al H A H CHz H CHs 884.5 | A. dexteroporum
AZA-57 al H A H CH: H CHs 844.5 | A. dexteroporum
AZA-58 al H A H CHz H CHs 8285 | A. dexteroporum
AZA-59 al H - OH H CHs H CHs 860.5 A. poporum
AZA-60 a2 H A H - H OH CHs 826.5 | Shellfish/Abiotic*
AZA-61 a2 CHs A H - H OH CHs 840.5 | Shellfish/Abiotic*
AZA-62 no proposed structure 870.5 A. poporum

Figure 1.5: Proposed derivatives of AZAs with respective mass of the protonated ion ([M+H]*) and origin
reviewed by Hess et al. (Hess et al., 2014) and Kilcoyne et al. (Kilcoyne et al., 2018), updated with (Kim et
al., 2017; Krock et al., 2019; Krock et al., 2014; Krock et al., 2012; Rossi et al., 2017; Tillmann et al., 2018;
Tillmann et al., 2017). Compounds confirmed by NMR are highlighted in grey; compounds highlighted in
blue have confirmed structures following decarboxylation to known products; compounds highlighted in
yellow have confirmed structures following heat/acid-catalysis to known compounds; compounds
highlighted in white have structures inferred by mass spectrometry only; the Type refers to variations of
the left hand side and right hand side parts of the molecule. AZA-18, -20, -22, -24, and -27 proposed by
Rehmann et al. (Rehmann et al., 2008) have been confirmed not to exist naturally; * potential degradation
product of natural precursor toxin; # for Rz:proposed with modification of the side chain and/or at ring A
(C-1 to C-10); # for R6: with modification at ring H or ring I; : proposed with demethylation at C-14;

proposed with demethylation at C-23.
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1.3.3 Biosynthesis of dinoflagellate polyketides

The majority of the toxic compounds produced by dinoflagellates are lipophilic polyketides (van
Wagoner et al., 2014). Only few small organic precursors, hamely glycolate and glycine, are
used beside acetate units by dinoflagellates in the production of polyketides (MacKinnon et al.,
2006; van Wagoner et al., 2014; Yamazaki et al., 2011). In comparison to the variety of building
blocks utilized by bacteria and fungi, the group of precursors in dinoflagellate polyketide
synthesis is limited, whereby the remarkable complexity and variety of dinoflagellate

polyketides is even more extraordinary (van Wagoner et al., 2014).

Marine biotoxins occur in a remarkable structural variety with unigue features, such as five-,
six-, seven-, eight-, and nine-membered ether rings (van Wagoner et al., 2014). In
dinoflagellate polyketides, ether rings occur isolated, in spiroketal formations or fused together
(van Wagoner et al., 2014). Fused ether rings can contain only two rings (e. g. Azaspiracid 1
(5) (Satake et al., 1998)) or as many as eleven as in brevetoxin (Lee et al., 1986; Lin et al.,
1981). Often dinoflagellate biotoxins contain series of trans fused ether rings, with syn
stereochemistry across the top and bottom of the molecules, such as in brevetoxin (Rein and
Borrone, 1999). The ether oxygen atoms, which acts as one-atom bridge, alternate between
the top and bottom side of the molecule (Rein and Borrone, 1999).

These common features can be explained by a biosynthetic pathway for fused ether ring
systems in dinoflagellates (Rein and Borrone, 1999). In general polyketides are built, similar
to fatty acids, as series of CLAISEN ester condensations with “activated acetate” units in form
of malonyl coenzyme A to a start of an acetyl coenzyme A unit until a polyketide chain of the
required length and functionality is obtained (Figure 1.6A) (van Wagoner et al., 2014). In
contrast to fatty acid biosynthesis, where a saturated acyl chain with little functionality is
obtained through ketoreduction, dehydration, and enoyl reduction for each acetate unit,
polyketide secondary metabolites show a broad structural variety (van Wagoner et al., 2014).
The functional variety of these compounds arises when some or all of the polyketide
processing steps are omitted or skipped, resulting in nascent polyketide chains (NPC)
containing carbonyl groups (lack of ketoreduction function), hydroxyl groups (lack of
dehydration function) and double bonds (lack of an enoyl reduction function) (van Wagoner et
al., 2014). In some cases, other small carboxylic acids are used during for NPCs (van Wagoner
et al., 2014), carbons of the NPC can be removed (carbon deletion) and methyl group can be
added in various ways (B-alkylation, pseudo a-alkylation or methionine derived methyl) (review
by van Wagoner et al., 2014). Fused ether ring systems are supposed to form via epoxidation
of polyene in the NPC followed by polyepoxide cyclisation (see Figure 1.6B) (Rein and

Borrone, 1999). Observations of the incorporation of molecular oxygen in ring systems of a
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dinoflagellate polyketide by labeling experiments supports the hypothesized epoxide

intermediate (Murata et al., 1998).
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Figure 1.6: Prolongation of polyketide chains (A) and proposed ring closure reaction at the example of
brevetoxin (B).

1.3.4 Biosynthesis of spirolides and gymnodimines

The high structural similarity and production through the same organism indicates a common
biosynthetic pathway for SPXs and GYMs (van Wagoner et al., 2011). For both groups of
polyketides, NPCs have been proposed (Harju et al., 2016; van Wagoner et al., 2014). In case
of SPX 1, the polyketide nature has been verified by incorporation experiments with isotope
labeled precursors (MacKinnon et al., 2006). These experiments gave insight into the origin of
carbon atoms in SPX 1 (see Figure 1.7). Originating from the unfolded nascent polyketide
chain (4a) the formation of ring A by ester formation and ring C by nucleophilic attack was
suggested (van Wagoner et al., 2014). These reactions were followed by the formation of the
spiro fused ether ring system by usage of carbonyls and DIELS ALDER reaction leading to
13-desmethyl SPX C (cf. Figure 1.7) (van Wagoner et al., 2014). The formation of GYM D side
chain was proposed by an ether formation via epoxidation establishing ring D and E, as shown

in Figure 1.6 for brevetoxin (Harju et al., 2016). Similarly, NPCs as 4a have been proposed for
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GYM A, 12-methylGYM A, and GYM D (Harju et al., 2016; van Wagoner et al., 2011; Zurhelle
et al., 2018).

@== intact acetat unit methyl via BETA-alkylation

=== gcetate direction uncertain @® methyl via pseudo ALPHA alkylation
@ origin of carbon undetermined # methionine-derived methyl
® methyl carbon of a cleaved acetate unit glycine

13-desMe SPX C (4)

Figure 1.7: Biosynthesis of SPX1 (4) based on the proposed NPC (4a) and origin of carbons according to
MacKinnon et al. and van Wagoner et al. (MacKinnon et al., 2006; van Wagoner et al., 2014).

1.3.5 Biosynthesis of azaspiracids

The biosynthesis pathway of AZAs is yet to be established. Current work suggests biosynthesis
via a polyketide pathway analogue to other dinoflagellate secondary metabolites (Kalaitzis et
al., 2010). The application of biosynthetic principles, observed for other dinoflagellate
polyketides, on AZAs suggests a ring formation as shown in Figure 1.8. The nitrogen atom
could derive from a glycine unit as in spirolides (cf. chapter 1.3.4). However, in order to confirm
the hypothetical biosynthesis of AZAs, feeding studies are required (Kalaitzis et al., 2010).

For the synthesis of AZAs, a convergent strategy was applied. The key steps are a dithiane
coupling between a molecule fragment with ABCD ring system and a molecule fragment with
ring E, and a Stille coupling between the product of the preceding reaction and molecule

fragment with FGHI ring system (Nicolaou et al., 2006; Nicolaou et al., 2004).
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AcO

Figure 1.8: Proposed biosynthetic pathway for the formation of the ring systems in AZA-1 based on ring
formation reactions of other dinoflagellate polyketides in green and concept of the synthesis pathway of
AZA-1 by Nicolaou et al. in blue (Nicolaou et al., 2006; Nicolaou et al., 2004).
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14 Legislative regulation of microalgal toxins

Since the 1930ies, the mouse bioassay (MBA) is used to detect marine biotoxins in shellfish
(Christian and Luckas, 2008). The assay has been refined and standardized by the Association
of Official Analytical Chemists (AOAC) (Marine biotoxins, 2004). In the MBA a quota of the
sample was injected into twenty gram mice and the time till death was recorded. A timeframe
of 5 to 15 minutes is preferable, samples with a higher toxicity (lower death time) should be
diluted. The toxicity on the basis of the death time is expressed as mouse units. One mouse
unit is defined as amount of toxin, which can kill a mouse (20 g) in a certain time. (Marine
biotoxins, 2004)

In the EU, liquid chromatography coupled to mass spectroscopy (LC-MS) replaced the MBA
as routine method for testing toxic compounds in shellfish (Hess, 2010). The Federal Institute
for Risk Assessment (BfR) and the German National Reference Laboratory (NRL) for the
Control of Marine Biotoxins expressed concern regarding MBA as definite reference test for
marine biotoxins (Bundesinstitut flir Risikobewertung, 2005). The MBA has failed to show a
good reproducibility between laboratories of member states and even between repeated tests
in the same laboratory (Bundesinstitut fur Risikobewertung, 2005; Le Doux and Sherwood,
2000; Toti et al., 1991). MBA results may differ due to the variability between animal lineages,
sex, age and bodyweight (Nagashima et al., 1991; Prakash et al., 1971, Stabell et al., 1992).
In some cases, the MBA has even failed to be sensitive to detect toxins within legal
concentration limits (Hess, 2010). In 2005 the EU declared the MBA as unsuitable for routine
surveillance of marine biotoxins in shellfish (European Union, 2011). The MBA is still used for

verification of presence and assessment of risk for novel toxins (European Union, 2011).

Given its high sensitivity and reproducibility, LC-MS is able to distinguish between individual
toxic compounds, while quantifying these compounds simultaneously (Christian and Luckas,
2008). Further, a reliable detection of toxins by LC-MS in comparison to MBA was
demonstrated (Suzuki et al., 2005). Even in some samples, which were negative for toxin
presence in MBA due to removal of toxins in sample preparation, the presence of toxins was
successfully revealed with the LC-MS method (Suzuki et al., 2005).

After LC-MS analysis, the toxicity of a sample is determined for each toxin group by a weighted
summation of all toxin concentrations. The weighting factor is the toxic equivalency factor
(TEF), which represents the toxicity of a compound in comparison to the main toxin, e. g. 1.8
for AZA-2 in comparison to AZA-1 with a toxicity equivalency factor of 1.0 (cf. Table 1.2 for
AZAs) (Marine biotoxins in shellfish — Azaspiracid group - Scientific Opinion of the Panel on
Contaminants in the Food chain, 2008). The determination of toxic equivalency factor can base

on acute toxicity to human or animals as in the MBA or other means of assessing toxicity such
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as in vitro experiments (Louzao et al., 2017). However, results of living animals are still
preferred over in vitro experiments, because this simplified system (in comparison to the living
animal) has to reflect the mode of action of the toxin as in the living animal. In some recent
studies, an oral application instead of the intraperitoneal injection is used in MBA, considering
the potential human exposure by oral route. However, in the case of AZAs the toxicity of a
number of known derivatives is solely based on the Jurkat T lymphocyte cell assay (Kilcoyne
et al., 2018; Kilcoyne et al., 2015; Kilcoyne et al., 2014a; Kilcoyne et al., 2014b; Krock et al.,
2015). This cell line test requires less toxin material in comparison to the MBA. Even though
the order of potency coincides for Jurkat T lymphocyte cell assay and the regulations of the
european food safety authority (EFSA), the toxic equivalency factors (TEFs) determined with
the Jurakat T cell assay differs in value from the TEFs established by the EFSA and contradict
results of the MBA (see Table 1.2) (Kilcoyne et al., 2014a; Pelin et al., 2018; Twiner et al.,
2012; Marine biotoxins in shellfish — Azaspiracid group - Scientific Opinion of the Panel on
Contaminants in the Food chain, 2008). Based on the toxicity of the compound in relation to
the lead structure of the toxin group, expressed as the toxic equivalency factor, an addition to
routine surveillance might reasonable.

Table 1.2: Toxic equivalency factors (TEFs) for the regulated AZAs based on Jurkat T lymphocyte assay
(Twiner et al., 2012), MBA with intraperitoneal (i.p.) injection (Kilcoyne et al., 2014a), and oral application
(Pelin et al., 2018) in comparison to TEFs established by the european food fafety authority (EFSA) (Marine

biotoxins in shellfish — Azaspiracid group - Scientific Opinion of the Panel on Contaminants in the Food
chain, 2008).

compound EFSA Jurakat T MBA (i.p.) MBA (oral)
AZA-1 1.0 1.0 1.0 1.0
AZA-2 1.8 8.3 0.6 0.7
AZA-3 1.4 4.5 0.5 0.5

Beside the group of AZAs only three other of the six toxin groups in Table 1.1 are regulated in
the European Union (EU). Depending on the type of toxin, the concentration limits in shellfish
range from 0.16 mg/kg (AZAs) to 20 mg/kg (DA) (European Union, 2004). The food safety for
products of shellfish production sites located in the German Blight is ensured by a cooperation

of the three following authorities:

- Institut fur Fische und Fischereierzeugnisse (IFF) Cuxhaven of the Niedersachsisches
Landesamt fur Verbraucherschutz und Lebensmittelsicherheit (LAVES)

- Niedersachsischer Landesbetrieb fir Wasserwirtschaft, Kusten- und Naturschutz
(NLWKN)

- municipal veterinary and food surveillance authority
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The NLWKN maintains an early warning system for toxin producing microalgae that can
potentially reach the harvest sites. During July to October, the presence of toxin producing
algae in seawater samples is periodically analyzed by microscopy. At shellfish production sites
prior to and during harvesting, samples are assessed by the IFF Cuxhaven of the LAVES. The
clearance for shellfish harvest requires the negative results in a mussel sample and a seawater
sample. The presence of marine biotoxins is determined in shellfish, while the seawater sample
is examined for toxin producing algae by microscopy (e. g. Dinophysis sp., Pseudonitzschia
sp., Alexandrium sp., Prorocentrum sp., Protoperidinium sp. and Lingulodinium sp.).
(Niedersachsisches Ministerium fur Erndhrung und Landwirtschaft und Verbraucherschutz,
2016).

The detection and quantification of biotoxins in shellfish (or in algal biomass) is specifically
shown here for AZA-1 at the example of a triple quadrupole MS. This represents a tandem in
space mass spectrometer, which is usually used in toxin quantification. The first quadrupole
selects the parent ion, which is in case of AZA-1 (shown in Figure 1.9) the proton adduct with
a m/z ratio of 842. The second quadrupole induces a fragmentation of the parent ions due to
a collision with inert gas atoms. The energy of the collision can be varied. Daughter ions of
interest are selected at the third quadrupole. In case of AZA-1 the daughter ion with a loss of
one water molecule (m/z = 824) is used for quantification, while the daughter ion (m/z = 672)
with an additional dissociation of a neutral particle with CgH1202 due to a RETRO-DIELS-ALDER
reaction in ring A (Figure 1.9 red line) serves as verification of the analyte as AZA-1. The
sample concentration is determined by comparison of the peak areas of the quantification
mass transition (m/z 842 -> m/z 824) for the sample with a dilution series of an analytical

standards.
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Figure 1.9: Schematic workflow of AZA-1 analysis by LC-MS/MS; Extraction of toxins from biological matrix
(represented as mussel; top right); separation of toxins through liquid chromatography (LC; top center);
ionization; parent ion of AZA-1 (m/z 842; left side) with fragmentation position due to RETRO-DIELS-ALDER
reaction marked with red line and daughter ions for quantification (m/z 824; upper right side) and for
validation (m/z 672; lower right side); triple quadrupole in the center with m/z selecting quadrupoles
indicated by four cylinders (first on the left, third on the right) and collision quadrupole in the center (red
star), with dissociated neutral particles below.

Even though LC-MS has many advantages as routine method for surveillance of toxins in

seafood compared to the MBA, the specific disadvantages are:

- Analytical standards of each toxin are necessary for quantification

- Specific detection is possible only for known toxins

In contrast to MBA, where only one representative toxin for a toxin class is used as standard,
a reliable LC-MS quantification requires an analytical standard for each derivative of the toxin
class, because the signal intensity for given concentrations differs in MS for each one.
Structural features determine the degree of ionization as well as the fragmentation pathways
of the analytes. Therefore chemical derivatives of the same concentration potentially show
different signal intensities in mass spectrometry due to a different behavior (e. g. ionization
efficiencies). Further, external factors, such as environmental conditions (e. g. humidity in the
laboratory), affect the performance of LC-MS (Sargent, 2013), but this problem is easy to
address by the measurement of standards and/or quality control samples routinely over time.
The continuous measurement of analytical standards for each toxin requires a supply of
standards, which have an accurately and independently determined concentration (e. g. by

NMR spectroscopy).
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Even though selectivity for specific compounds is an advantage of LC-MS, regarding toxin
detection in food items, an excessive selectivity can be considered as disadvantage. Since the
mass transitions are selected before the start of the measurement, unregulated or even
unknown toxins would be beyond the scope of LC-MS quantification. A limitation to regulated
toxins is based on availability of standards and for economic reasons. A lower number of
screened toxins helps to provide fast feedback about the condition of the shellfish to the
respective production sites, while it reduces expenses for analytical standards of toxins, which
were previously not observed in these areas. However, the occurrence of a novel toxin, e. g.
through introduction of non-indigenous microalgae species via currents or in ballast water of
ships, could introduce new toxins in an area, which are not covered through routine
surveillance of toxins in shellfish. For example in the group of AZAs, only the three most
prominent derivatives in terms of occurrence (AZA-1, AZA-2 and AZA-3) are regulated and
monitored, despite more than twenty derivatives have their structure elucidated (Figure 1.5)
(European Union, 2011; Marine biotoxins in shellfish — Azaspiracid group - Scientific Opinion

of the Panel on Contaminants in the Food chain, 2008).

These non-indigenous species could attract attention in the microscopic analysis of the water
samples, even though the focus is set on acquainted species (Niedersachsisches Ministerium
fur Ernahrung und Landwirtschaft und Verbraucherschutz, 2016). The presence of
dinoflagellates, which are known for production of toxins, can trigger the same measures (e. g.
closure of the harvesting areas) as presence of toxins in shellfish (Niederséchsisches
Ministerium fir Ern&hrung und Landwirtschaft und Verbraucherschutz, 2016).
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1.5 Risk assessments of novel toxin derivatives

In case of a novel derivatives of a marine biotoxin in a shellfish sample, an initial toxicity can
be assessed by the MBA, however, this is not suited for routine surveillance because of the
reasons stated in chapter 1.4. In order to include new derivatives in a LC-MS based monitoring,

the following steps are necessary:

Identification of the toxin group
Structure elucidation of the toxin

Production of analytical standards

A w N PE

Assessment of toxicity

Even through some derivatives are observed only in very small cellular concentrations and
thus may not substantially contribute to the toxicity for humans, their structure elucidations are

of great interest as exemplary shown for the group of AZAs by Krock et al. (Krock et al., 2019):

- Increased knowledge of derivatives gives insight to the biosynthetic pathway for
production of the toxins.

- Some rare derivatives may serve as geographical marker for the presence of the
producing species. In remote areas, where the identification by microscopic and/or
genetic tools is not possible, the toxins can serve as chemotaxonomic markers.

- The improved insight in fragmentation patterns of the toxin class, which will be a result
of the higher number of derivatives with confirmed structure, will lead to a better
prediction of structures of novel derivatives based on the interpretation of their collision
induced dissociation (CID) spectra.

- Knowledge of all produced compounds with toxicity to humans will lead to a better risk

assessment for the toxins in seafood.

1.5.1 Identification of the toxin group

Each toxin group exhibits a characteristic CID mass fragmentation pattern. The pathways
leading to these fragments are similar for the derivatives of the same toxin classes, in some
cases even the m/z ratios of the fragments are the same. Therefore a scanning method for the
characteristic fragmentation could lead to the discovery of novel derivatives. As an example
for such fragmentation, Figure 1.10 shows the characteristic CID fragments of AZA-1. The
group 2 fragment (m/z 672), which results of the dissociation of one water molecule and the
molecular part containing C-1 to C-9 due to a RETRO-DIELS-ALDER reaction, is used as a

gualifier ion for AZA-1 quantification.
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m/z 672 (group 2)
LR A A

m/z 168 (group 6)_ 4

Figure 1.10: Structure of protonated AZA-1 and m/z ratios of characteristic fragmentation groups; dashed
lines indicate position of bond cleavages during fragmentation (Adapted after Krock et al., 2012).

After discovery of a novel toxin, commonly the standard toxin of this class (e. g. AZA-1 for all
new AZASs) is used as external analytical standard to quantify the novel derivatives. The
resulting concentration is expressed as equivalent concentration of the standard toxin. Even
though this method is prone to systematic mistakes, due to variations in the response for the
different compounds by mass spectrometry, this method enables the comparison of results
obtained at different times.

1.5.2 Structure elucidation of the toxin

The measurement of a CID spectra exhibit structural information’s, especially the comparison
of CID spectra of a novel derivative of a toxin class with the CID spectra of known derivatives
allows statements about the structure of the novel compound. By usage of a high resolution
CID spectra, the assignment of sum formulas is possible for the fragments. But alone the
comparison of CID spectra is not suitable for the structure elucidation. The fragmentation
reactions for CID spectra were not systematically investigated, therefore fragments (observed

in CID spectra) can often only described as plausible retrospectively (Hesse et al., 2012).

Application of further techniques such as X-ray crystallography (XRD) or nuclear magnetic
resonance (NMR) spectroscopy are necessary. Both techniques require purified toxin material,
which is obtained through the chromatographic purification of a toxin containing extract either
of a mass culture of the toxin producing algae or shellfish biomass. The different experiments

in NMR spectroscopy vary in the structural information they contain. However, through
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combination of the structural information’s obtained in different NMR experiments the structure

of the novel derivatives can be elucidated.

Further, in silico methods offer the possibility to simulate the NMR properties, the simulated
shielding tensors can be correlated with the chemical shift of the compounds. A determination
of the stereo centers, in addition to a verification of the determined structure, is possible
(Bifulco et al., 2007).

1.5.3 Production of analytical standards

A suitable analytical standard can be produced using the purified toxin for structure elucidation.
The pure toxin needs to be quantified. If the available amount of toxin is high enough,
gravimetrical determination is suitable. Lower amounts are quantified by NMR spectroscopy.
The quantification by NMR uses the direct proportionality of the signal intensity and the
concentration of the measured compound (Friebolin, 2011). The integrals of the analyte signals
are compared with the integrals of tetramethylsilane (TMS), which is quantified by a gravimetric

determined amount of an external standard (Cironi et al., 2000).

1.5.4 Assessment of toxicity

In addition to the production of analytical standards, material of the purified novel derivative is
used in experiments to assess its toxicity, such as the MBA or cell line tests. With the toxicity
of the novel derivative known, the comparison of toxicities could determine the TEF of the

novel derivative as required for regular shellfish surveillance (cf. section 1.4).
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1.6  Aims and objectives of this thesis

Marine biotoxins produced by dinoflagellates exhibit a remarkable structural diversity and
mode of action. However, only few toxins are fully characterized and their ecological roles are

poorly understood.

I will focus on two classes of toxins: Cyclic imines (specifically gymnodimines and spirolides)
and polycyclic ethers (e. g. azaspiracids). While the former class is not toxic to humans after
oral application, it shows strong neurotoxic effects in other mammalian assays and has been
suggested as a potential target for neurodegenerative disease treatment. The latter class
possesses an acute oral toxicity in humans and is therefore relevant for food safety
surveillance. Additionally, both classes of toxins and their respective producers have received
significant attention for their role as ecosystem engineers and marine food chain. Despite this,
little is known about the effect of chemical structural diversity on biological activity (e. g. toxicity

and mode of action) and ecological function.

Experimental strategies that may point to the ecological role of dinoflagellate toxins range from
in vitro co-cultivation experiments to interaction studies using known receptors and toxin
derivatives. For these experiments, purified toxin is either directly required to test its effect on
other organisms (e. g. potential predators) or indirectly needed as an analytical standard to
ensure accurate quantification of the toxin in a biological experiment or for environmental
monitoring. Novel or unavailable toxins are often quantified via analytical standards of closely
related toxins from the same class. However, this may be inaccurate because structural
differences can influence signal intensities in mass spectrometry. Therefore, analytical
standards of each respective toxin require an independent verification with absolute detectors
(e. g. NMR).

My goals are to purify enough of each novel toxin produced by Alexandrium ostenfeldii
(chapter 2) and Azadinium poporum (chapter 3) to allow structural characterization, to produce
analytical standards for their accurate quantification and to enable in vitro and in vivo

assessment of toxicity.

In silico stereo-chemical modeling can verify results of the NMR-based structure elucidation
(chapter 4). This methodology can also provide further insight in other physical and chemical
properties (e.g. stereo chemistry, conformation, and electrostatic potential) that are
prerequisite for improving our understanding on how these compounds bind to specific proteins
or membranes. The goal in the last data chapter of this thesis is to compare measured and

simulated spectroscopic properties of cyclic imines to verify their stereo chemistry.
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Together, the results from this thesis will facilitate the characterization of structure-activity
relationships and will enable the identification of common binding sites. This will ultimately lead
to a better understanding of how the large structural diversity of marine dinoflagellate toxins
contributes to the success of this protist subgroup.
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2. Identification of novel neurotoxic gymnodimines and spirolides from

the marine dinoflagellate Alexandrium ostenfeldii

Several novel gymnodimines and spirolides were recently discovered by mass spectrometry
in a genotype of Alexandrium ostenfeldii originally cultured from the North Sea of the coast of
the Netherlands (Martens et al., 2017). In this chapter | report the structure elucidation, make
theoretical assumptions about likely biosynthetic pathways of their production and discuss the
potential ecological impact of these compounds. These results were compiled in a publication
describing the structure elucidation of two novel GYMs and two novel SPXs. In this publication,
I was responsible for measurement of the NMR spectra, the structure elucidation of the
compounds, setting up and the analysis of the quantum chemical calculation, the identification
of the biosynthetic implications of the novel compounds, the extraction, the measurement, and
the analysis of the novel compounds in natural plankton assemblages, and visualization and
writing of the original draft.
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Abstract: Cyclic imine toxins are neurotoxic, macrocyclic compounds produced by marine
dinoflagellates. Mass spectrometric screenings of extracts from natural plankton assemblages
revealed a high chemical diversity among this toxin class, yet only few toxins are structurally
known. Here we report the structural characterization of four novel cyclic-imine toxins (two
gymnodimines (GYMs) and two spirolides (SPXs)) from cultures of Alexandrium ostenfeldii. A GYM
with m/z 510 (1) was identified as 16-desmethylGYM D. A GYM with m/z 526 was identified
as the hydroxylated degradation product of (1) with an exocyclic methylene at C-17 and an
allylic hydroxyl group at C-18. This compound was named GYM E (2). We further identified
a SPX with m/z 694 as 20-hydroxy-13,19-didesmethylSPX C (10) and a SPX with m/z 696 as
20-hydroxy-13,19-didesmethylSPX D (11). This is the first report of GYMs without a methyl group
at ring D and SPXs with hydroxyl groups at position C-20. These compounds can be conceived as
derivatives of the same nascent polyketide chain, supporting the hypothesis that GYMs and SPXs are
produced through common biosynthetic genes. Both novel GYMs 1 and 2 were detected in significant
amounts in extracts from natural plankton assemblages (1: 447 pg; 2: 1250 pg; 11: 40 pg per mL
filtered seawater respectively).

Keywords: gymnodimine; spirolide; structure elucidation; neuro-toxin; Alexandrium ostenfeldii;
harmful algal boom (HAB)

1. Introduction

Cyclic imines are fast acting phycotoxins associated with harmful marine algal blooms and
shellfish toxicity. Their chemical structures have a macrocycle of 14 to 27 atoms in common and two
conserved features that include the cyclic imine group and spiroketal ring system. These toxins have
been detected in extracts from plankton net tows, in vitro dinoflagellate cultures, and in shellfish tissue.
Cyeclic imine toxins are further divided into gymnodimines, pinnatoxins/pteriatoxins, portimine,
prorocentrolides, spirolides, and spiro-prorocentrimine; for reviews see [1,2]. Currently, 36 of these
toxins have been structurally elucidated; however, a much greater structural diversity has been inferred
from mass spectrometric fragmentation data of microalgal and shellfish extracts [3,4].

Fifteen spirolide derivatives (herein referred to as SI’Xs) and six gymnodimine derivatives
(GYMs) are structurally characterized (Figure 1). Structurally, SPXs and GYMs are highly similar.

Mar. Drugs 2018, 16, 446; doi:10.3390/md16110446 www.mdpi.com/journal /marinedrugs
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The dinoflagellate Karenia selliformis produces GYMs [1] while some strains of Alexandrium ostenfeldii
produce both GMYs and SPXs [5,6]. Van Wagoner et al. [7] suggested that this structural similarity
is due to common biosynthetic genes. SPXs and GYMs are derived from a linear nascent polyketide
chain which is formed by incorporation of small acid units such as acetate and glycine [7]. Originating
from an unfolded nascent polyketide chain (NPC), ring B is formed by a Diels Alder reaction, ring A
by ester formation, and ring C by nucleophilic attack of a terminal amine group on a carbonyl carbon
(C-21in GYM A), resulting in an imine group [8]. An ether formation via epoxidation is suggested as
mechanism to form ring D to F in 13-desmethyl SPX C or ring D and E in GYM D [7,8].

Cyclic imines are classified as “fast-acting”, because they induce rapid onset of neurological
symptoms followed by death within minutes in mouse bioassays [9]. Both GYMs and SPXs bind to
acetylcholine receptors [10,11]. The effect of 13-desmethyl SPX C was diminished after protection of
the primary binding site of muscarinic acetylcholine receptors with high concentrations of atropine,
suggesting an interaction of the spirolide with the orthologous binding site of the muscarinic
acetylcholine receptor [11]. Competition-binding assays confirmed that GYM A reversibly inhibits
broad range of nicotinic acetylcholine receptors [10].

Martens et al. [6] postulated the presence of various unknown SPXs and two unknown GYMs in
addition to GYM A (originally characterized by Seki et al. [12]) and SPX 1 [13] from LC-MS analysis of
extracts obtained from cultures of A. ostenfeldii. The overarching objective of this work was to purify
and structurally characterize these novel cyclic imines and to investigate if all structural derivatives of
SPXs and GYMs can be linked back to the same nascent polyketide chain.

SPXH B;A>Rs=CH;
SPX 1 B: Rs=CH;

HO

OH
SPX G C; A R5=CH3,Ry=H
20-Me SPX G C; A Ry5=CHj

GYM A (4) Ry=H
2-Me GYM A (7) R;=CH;

o 0 Ho O
=
HO .
SPX A A;A™ R, =CH; Ryy5=H
SPX B Al Ryp=CH3 Rygs=H
GYM A 4) Al:R,=H,R,=CH; SPX C A A%3R, y 5= CHa, Rog = H
12-Me GYM A (7) Al;R,,=CH; SPX D A RygmCH, RysqmH
GYMB (5) A2 R;=H,R,=CH; ] 1= E s
SPX E* AiA R 5=CHy, Rygs=H
12-Me GYM B (8) A2 Ry, =CH; 12 3 R345
GYMC (6) A2:R, =H, R, = CHs SPXF* Ai Rip=CHyRyys=H
’ e L A23 _ _
GYMD (3) BI; Ry = CHy 13-desMe SPX C (9) A.A”R:,_%—CH?- Riza=H
16-desMe GYM D (1)  BI;R,=H 27-OH-13-desMe SPX C A; ARy 5= CHy, Ry3=H. Ry = OH
GYME (2) B2:R,=H 13,19-didesMe SPX C A: A™ Ry = CHy, Ri234=H
27-OH-13,19-didesMe SPX C A: A% Rs=CHs, Ry23=H,Ry = OH

27-Ox0-13,19-didesMe SPX C A: A Rs=CH3. Rj53=H.,Ry =0
20-OH-13,19-didesMe SPX C (10) A; A>*Rs=CH;, R;4=H,R;=0H
20-OH-13,19-didesMe SPX D (11) A;  Rs=CH;, R;,4=H.R;=0H

Figure 1. Structural variants of spirolides and gymnodimines. In case of SPX E and SPX F, the imine
group is replaced by the structure fragment marked with an asterisk. SPX, spirolide derivative.
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2. Results and Discussion

2.1. Structure Elucidation of 16-Desmethylgymnodimine D (1)

The empirical formula of compound 1 was determined as C3;Hg3NOs by high resolution mass
spectrometry (HR-ESI-MS) experiments. HR-MS/MS data (Table 1) indicated one less CH; group
between C16-21 compared to GYM D. The 600 MHz NMR spectroscopic data of 1 in Pyr-d5 are
summarized in Table 2. The NMR-data confirmed a high similarity between the new GYM 1 and
GYM D [8]. Larger deviation between carbon shifts of 1 and GYM D was only observed for C-6 and
both furan rings (D and E, Figure 2). Due to the overlap of chemical shifts of C-6 and the pyridine
signal, a direct determination of the 1BC-chemical signal was not possible. The carbon shift for C-6
was estimated from HMBC data. The highest deviation in chemical shifts in comparison to GYM-D
was observed at C-15 and C-16. No methyl group was observed at C-16. This was confirmed by
a DEPT experiment, which showed a negative signal for C-21, characteristic for a CH,-group. Initial
multiplicity-edited HSQC measurements showed a positive signal for C-21, suggesting a methine or
methyl group at that position. We suspect that a partial proton transfer from C-21 to the nitrogen atom
caused the positive signal in that experiment.

The relative stereochemistry of 1 was determined by NOESY and ROESY experiments. C-19 and
C-20 showed E conformation based on the nuclear Overhauser effect (NOE) between H-20,;, and H-29.
Further NOE signals were observed between H-9 and H-21. Both showed a NOE with H-7 and H-19
suggesting these protons were directed to the center of macro cyclic ring. The NOE between H-7 and
H-21 suggested a small dihedral angle between H7, C-7, C-23 and C-22. Therefore, H-10 and H13
(ring E), as well as H-14 and H-17 (ring D), were on the same side of the tetrahydrofuran rings. H-10
showed a spatial proximity to H-27, suggesting an outward direction of H-10, H-13, H-14, and H-17
from the macro cyclic ring. The complete assignment of centers of chirality at ring E was not possible
due to the missing methyl-group at C-16 in comparison to GYM D and the accompanying distinction
of groups bound to C-16. No coupling was observed between H-9 and H-10, suggesting a dihedral
angle between C-9 and H-9, as well as C-10 and H-10 of circa 90°. To determine stereochemistry at
C-4, the circular dichroism (CD) spectrum of 1 was compared to the CD spectrum of GYM A and
compared with simulated CD spectra for both (B3LYP optimized) stereoisomers. The experimental CD
spectra and simulated CD spectra (Figure 523) of 1 suggest an S configuration at C-4, the same as for
GYM A (4). Based on all available data, the proposed structure of 16-desmethyl GYM D is shown in
Figure 2.

1 16-desmethylGYM D

Figure 2. Structure of 16-desmethylgymnodimine D (1, numeration as per gymnodimine D).
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Table 1. Exact and measured accurate masses (m/z) for [M + H]* at m/z 510 and m /z 526 and their

product ions obtained with LC-HRMS.

16-Desmethylgymnodimine D (1)

Gymnodimine E (2)

Formula  Measured Calculated  A/ppm Formula  Measured Calculated  A/ppm

C31Hu4OsN - 510.3212 510.3214 -0.33 C31HyyOsN  526.3163 526.3163 —0.04
C31HypOsN - 508.3060 508.3057 0.43

CyHpOyN 4923111 492.3108 —0.54 Ca1HypO4N  490.2951 490.2952 -0.12

CypHyuaO4N 4823264 482.3265 -0.07 C30Hs2O4N  480.3108 480.3108 —0.14

CaoHpO3N 4643159 464.3159 —0.12

CoaHzppO4N  386.2324 386.2326 —0.46

CopH3pO3N 3322218 332.2220 —0.18 CyoH230O3N  330.2063 330.2064 -0.12

CigHosON  262.1800 262.1802 016  CigHpO,N 2601645  260.1645 017

Ci7H24ON 260.2007 260.2009 -0.17 Cy7Hp40ON 258.1852 258.18524 -0.12
Cy4HyoN 202.1589 202.1590 —-0.09 Cy4HpgN 202.1590 202.1590 0.09
Cy4HygN 200.1433 200.1434 —0.05 CyyHigN 200.1434 200.1434 0.14
C12H160ON 190.1227 190.1226 0.07
Ci3HgN 188.1433 188.1434 —-0.05 Ci3HigN 188.1434 188.1434 0.16
Cq3HigN 186.1277 186.1277 —0.02 Cy3HigN 186.1278 186.1277 025
CyzHusN 184.1120 184.1120 0.19
CpHigN 1741277 1741277 002  CpHN 1741277 1741277 021
CpHuN 1721120 1721121 —005  CpHEN 1721121 172.1121 0.09
Ci1HigN 162.1276 162.1277 —0.08 Cy1HigN 162.1277 162.1277 0.1
CpHN 1601121 160.1121 002  CpHuN 1601121 160.1121 02
CiiHppN 1580965  158.0964 0.03 CnH;pN - 158.0965  158.0964 0.36

Table 2. NMR spectroscopic data of 16-desmethylgymnodimine D (1). * Position numbering is analog

to gymnodimine D.

Positon® g SCHUppm  cosy  MSQCTOCSY HMBC
1 175.5
2 130.2
3 148.6 7.05 4,2 4,26 1,2,4,26
4 816 593 3,26 3,26 2,3,5,6,25
5 125.9
6 136 (by HMBC)
7 436 3.16 8,24 8,25, 27 5,6,8,9,22,23
8 318 1.9 1.43 8 7,11 11,13
9 716 3.66 10,11 10,8 7,8,10
10 834 3.94 9,15 9,15, 8 8,9,12,14
11 27 1.79 1.56 10 8,9, 12 9
12 249 1.77 13 13,14,15
13 78.6 436 11,14 11,14, 16 14,12
14 825 413 16 11,13,16 12,13
15 294 1.99 1.76 12 9,14
16 321 1.79 15 14,15
17 829 415 15 12,15, 16 18, 19, 28
18 133.1
19 1249 599 17, gg 2L 20,21 18,28,17, 20,21
20 219 3 2.1 21,20, 19 19,21, 29 18,19, 21,22
21 318 2.76 20 20 19,20, 22
22 173.3
23 27
24 336 159 1.37 7,8/21,25,25,27 7,22,23,25,30
25 19.7 1.49 1.94 27,30, 24, 32
2% 11 1.99 3,4 3,4 1,2,3
27 18.1 1.92 25,8,24,7 5,6,7
29 15.3 1.61 20,21 17,18, 19
30 26 154 1.44 32,31 23,32
31 205 147 32, 30, 24? 23,32
32 503 371 348 32,31 31,30 22,30, 31
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2.2. Structure Elucidation of Gymnodimine E (2)

The structure of GYM E was determined by HRMS/MS spectra, NMR spectra (\H-NMR,
COSY, HSQC, HSQC-TOCSY) and comparison of NMR data of 2 with GYM B (5), GYM D (3),
and 16-desmethylGYM D (1). The empirical formula of 2 was determined as C31H43NOg by HR-ESIMS.
The HRMS/MS spectra of 2 and 1 were almost identical with an up-shift of 15.9950 Da for the fragments
larger than m/z 300, suggesting one additional oxygen (Table 1). HR-MS/MS spectra of 2 also showed
a downshift of 2 Da of the fragments above n/z 258 in comparison with 1 (Table 1) suggesting an
additional double bond associated with ring D, introduced by elimination of an additional hydroxyl
group in the parent ion. These data suggested that 2 had a similar structure as 1 with an additional
hydroxyl group located either at the sidechain between ring C and ring D, or at ring D.

Proton and carbon chemical shifts of 2 revealed a high similarity to 1, with the exception for C-19,
C-20 and C-29 (Table 3). The signal at C-19 suggested a hydroxyl group in comparison to a double bond
for 1 at that position. Additionally, 2 showed a characteristic signal for an exocyclic double bond at
C-29. Chemical shifts for sidechain between ring C and ring D (C-19 to C-21 and C-29) exhibited closer
similarity of chemical shifts to GYM B and GYM C than to 1 (see Table 3, [14,15]). The spin systems
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Table 3. Proton and carbon chemical shifts of 1 and 2 in comparison to GYM D [8], GYM B [14]
and GYM C [15]. The signals for the sidechain between ring C and D are underlined. GYM,

gymnodimine derivative.

1 GYMD [8] 2 GYM B [14] GYMC[15]
No. 13C IH 13(: IH 13C 1H 13C IH lH
1 1755 175.2 174.7
2 1302 130.2 130.3
3 148.6 7.05 1485 6.96 1498 6.93 1471 691 6.91
4 816 595 811 595 81 588 5.84 5.85
5 1259 1257 125.2

by
6 1360 HM 137.4 1328

BC
7 436 316 42 309 45 311 363 3.63
8§ 318 19 143 309 182 143 303 174 122 1259 528 531
9 716 366 725 396 749 3.66 140.4
10 834 394 843 402 845 392 80 394 3.94
1 270 179 156 284 199 18 29 174 208 148 197 157
12 249 177 259 185 252 173 152 14 115 136 117
13 786 436 803 427 811 412 409 4
14 825 413 787 4.09 81.6 3.89 348 177-182 178 171
15 294 199 176 345 191 122 264 176 156 411 271 265
16 321 179 36 23 23 297 184 909 385 3.89
17 829 415 845 409 821 421
18 1331 129.7 817 411 3.97
19 125 599 127.8 5.98 734 458 24 149 206 157
20 219 3 21 218 3 214 369 236 264 223 262 221
21 318 276 321 264 238 324 279
2 1733 172.8
23 427 435 177 154 177 157
24 336 159 137 336 164 133 303 151 13 206 154 206 157
25197 149 198 193 153 199 188 142 1.96 1.96
26 110 1.9 107 196 107 185 171 171
27 181 192 179 206 173 2.03 191 1.78
28 167 0.86 0.96 0.98
29 153 161 154 156 1092 569 5 532 519 518 499
30 260 154 144 269 152 144 252 172 162 195 154 191 157
31 205 147 203 144 202 136 124 154 154 157 157
32 503 371 348 501 373 351 503 375 33 357 34 352-3.45

2.3. Structure Elucidation of 20-Hydroxy-13,19-didesmethyl-SPX C (10)

The empirical formula of compound 10 was determined as Cy4HgOsN by HR-ESIMS.
Based on CID spectra, Martens et al. (2017) previously proposed a structure similar to
11,23-dihydroxy-19-dehydroxy-13-desmethyl-SPX C for this compound. The CID spectra showed a
downshift of 16 Da in the A-type fragment cluster (m/z 444 to m/z 428), indicating two hydroxyl-groups
between C-1 to C-11 and one between C-22 and C-23.

The NMR experiments revealed no methyl group at C-19, but instead an additional
hydroxyl-group at C-20 (Table 4, Figure 4). The COSY and HMBC experiments clearly revealed
correlations from H-23 to C-21 (HMBC) and from H-20 to H-19 and H-21 (COSY), supporting
a six-membered ether diol (ring D) structure element (Figure 5). The signals corresponding to C-27
were not detected in MeOD. This was likely due to imine-enamine tautomerism induced proton
exchange at this position and reminiscent of similar observations with GYM A [12]. For this reason,
GYMs are generally measured in Pyr-d5. Upon re-analysis of 10 in Pyr-d5, the signal for C-27 was
clearly detected (Table 4). The signal intensity for C-28 also improved in Pyr-d5. The NMR data
contradicted the earlier structural determination of 10 by CID [6]. Therefore, we reanalyzed 10 by
HR-MS/MS (Table 5) and propose a fragmentation pathway as shown in Figure 6. Martens et al.
interpreted the fragment at m/z 446 as a Group 1-type fragment corresponding to the m/z 444 fragment
in 9 (Figure 6) [6]. Instead, we suggest, this fragment is formed by dissociation of the bond between
C-11 and C-12 leading to the A-type fragment with two hydroxyl groups. This is supported by the
observation of the dehydration of the hydroxyl groups resulting in fragments m/z 428 (CpaHz0O5N™)
and m1/z 410 (CogH3gO4N"). In conclusion, we interpret the A-type fragment upshift in comparison
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to 9 as 2 Da contrary to the previously proposed downshift by 16 Da [6]. The observed fragment
of m/z 464 (CysHypOs5N™*) as analogous to the m/z 462 fragment observed for 9. Therefore, both
NMR and HR-MS/MS data supported 20-Hydroxy-13,19-didesMethyl-SPX C as proposed structure
of compound 10. Yields were insufficient to assign the stereochemistry of 10; therefore, the planar
structure of 10 is shown in Figure 4.

20-Hydroxy-13,19-didesMethyl-SPX C (10) 20-Hydroxy-13,19-didesMethyl-SPX D (11)

Figure 4. Planar structures of the two novel spirolides 20-Hydroxy-13,19-didesmethyl-SPX C (10) and
20-Hydroxy-13,19-didesmethyl-SPX D (11).

OH OH OH

TS o 0 s OH HO,C-CH;

"'{ "{ "'51‘/ m— A cetate
E D ) E D E
0} (6] . .
) = Acetate (direction
1 ‘?{ uncertain)
24 247 ¢ origin undetermined
*

selected COSY selected HMBC Biosynthetic origin

correlations correlations of carbons in

H-—>H H——>»C 13-Desmethyl SPX C (9)

Figure 5. Selected COSY and HMBC correlations in the D-ring system for determining the position of
hydroxyl-groups and part of biosynthetic origin of carbons of 13-desmethyISPX C (9) [16].
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Table 4. Proton and carbon chemical shift of SPX A, SPX C, 13-desmethyl SPX C (all in CD30D by Hu
et al.), 20-hydroxy-13,19-didesmethyl-SPX D (11, CD30D), and 20-hydroxy-13,19-didesmethyl-SPX C
(10, recorded in CD30D and C5DsN); * was not detected in MeQOD.

10 (CD;0D) 10 (CsDsN) 11 SPX A [13]
No. 13C lH 13C 1]_[ 13C lH 13C lH
1 1767 175.7 182.3 177.1
2 1307 130 363 2.84 130.8
3 1495 718 1483 7 357 258 169 150 712
4 82 6 809 582 79 543 825 594
5 126 1249 129.7 125.9
6 1334 133.5 131 134.9
7 482 376 476 339 476 372 488 357
8 1233 522 1236 525 1234 521 1244 534
9 1459 1435 144 8 1445
10 765 41 764 438 766  4.09 767 416
11 454 234 135 454 273 166 448 234 134 397 161 214
12 796 437 794 471 796 437 817 433
13 322 233 166 318 216 32 232 166 353 242
14 374 231 203 372 19 177 372 231 202 457 213 226
15 1185 117.0 118.8 117.3
16 347 21 348 23 21 346 21 36.6  2.04 219
17 358 229 203 355 25 219 362 23 2 315 176 214
18 1107 1103 110.9 1125
19 714 345 713 3.68 712 346 71.2
20 697 396 693 418 69.8 395 358 147 1.84
21 383 195 141 384 206 136 378 196 14 302 123 159
2 646 417 637 454 644 416 694 4
23 463 242 214 469 269 229 462 242 214 475 202 234
24 1454 147.5 146 147.8
25 364 199 356 255 175 371 204 359 16 212
26 243 196 17 230 247 146 24 194 17 237 139 202
27 * * * 349 23 21 358 225 356 234 241
28 * 174.4 181 179.3
29 516 52.7 52.1 51.4
30 369 195 175 375 147 364 197 176 28 165 19
31 37 1.08 358 122 367  1.09 321 1.06 1.78
32 392 158 406 125 392 158 336 188
33 52 407 357 528 367 361 519 41 357 531 348 372
34 318 196 178 314 164 132 332 182 322 155 18
35 20 225 167 192 207 147 202 241 209 204 156 211
3 102 193 107 185 145 126 104 1.88
37 166 177 167 153 164 1.67 17 171
38 123 192 126 198 122 1.92 122 185
39 158 12
40 25 119
41 1138 492 489 110.6 483 481 1135 493 1114 477 475
42 191 1.09 201 129 192 1.09 21 092
4320 109 200 085 192 1.09

SPX C[13]
B g
177.1
130.7
1499 712
825 595
126
134.7
491 3.56
1242 52
1446
768 415
39.6 157
81.7 431
354 241
458 214
117.4
36.5 2.04
315 174
1125
71.1
358 149
302 1.24
69.3 397
47.6  2.01
147.8

36 1.58
234 14
356 232
178.6
50.8
383 155
369 116
41.2 136
533 3.4
324 152
203 151
104 186
171 172
123 187
156 119
225 119
1113 475
194 098
211 095

2.14

2.26
222
211
1.81
1.55
2.37
2.1

2.02
243

173

3.76

2.14

4.78

13-DesMe SPX C [13]

3¢

176.8
131
149.5
82
126.4
133.2
48.1
1225
146
76.8
45.2
79.8
32.8
38.2
118.1
35.2
321
1122
71.1
35.7
299
69.1
46.3
145.6
34.6
21.8
36
201.3
524
36.7
37.5
38.8
51.8
32.4
20.3
10.5
16.7
129

22.7

112.6
18.9

20.1

7.13
5.98

3.78
5.16

4.15
1.37
4.3
1.7
1.95

2.07
1.79

149
1.28
3.97
2.06

1.83

2.82

1.79
1.04
1.67
3.55
1.67
1.72

1.74
191

1.2
4.81

111

1H

2.27
2.29

2.21
22

1.81
1.58

2.05
2.01

2.01

4.18
1.98
2.27

4.92

39
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OH o goup3

Figure 6. Structures of characteristic fragments in CID-spectra of compound 10; fragmentation sites
marked with dashed line; resulting structure is indicated by arrow in the same color.

Table 5. Exact and measured accurate masses (m/z) for [M + H]* at m/z 694 and m/z 696 and their
product ions obtained with LC-HRMS.

10 11

Formula Measured Calculated  Afppm Formula  Measured Calculated  A/ppm
C4y1Hg2OgN - 696.44727 696.4470 0.4 CyHgOgN  694.4307 694.4313 —0.98
CyHgoO7N  678.4365 678.4364 0.14 CyHs507N  676.4203 676.4208 —0.64
CyHsgOgN  660.4261 660.4259 0.34 CyHs,0N  658.4100 658.4102 —0.37
CyH5605N  642.4155 642.4153 0.35 CyH5405N  640.3995 640.3997 —-0.27
CyHs5404N  624.4050 624.4047 0.47 CyH5O04N  622.3890 622.3891 —-0.17
CoHOgN 4643011 464.3007 0.84 CogHpOgN 4643007  464.3007 0.12
CogHyoOsN - 446.2903 446.2901 0.55 Co6HioOsN  446.2900 446.2901 —0.14
CaeHigO4N 4282798  428.2795 0.73 CagHigOuN  428.2794 428.2795 0.2
CosHzsO3N  410.2692 410.2690 0.47 CogH3sO3N  410.2689 410.269 -02
CosH34ON  392.2585 392.2584 0.35 CogHa4OoN  392.2584 392.2584 0.04
CigHz0ON 2922271 292.2271 0.13 CisHyO0aN  292.2269 2922271 0.7
CigHpgON 2742166 274.2165 0.04 CisHsON 2742164 274.2165 —-0.51
CisHpgON  248.2009 248.2009 021 CigHpgON  248.2008 248.2009 —0.41

CisHuaN 230.1904 230.1903 0.45 CigHuN 230.1903 230.1903 -0.21

Ci4HnN 204.1748 204.1747 0.8 Ci4HpnN 204.1747 204.1747 —0.04

Cy1HigsN 164.1435 164.1434 0.876 Ci1HigN 164.1434 164.1434 0.16

2.4. Structure Elucidation of 20-Hydroxy-13,19-didesmethyl-SPX D

The empirical formula of compound 11 was determined as Cy;HgOgN by HR-ESI-MS.
CID-spectra showed the same fragmentation pathway as for 10 except for an upshift of 2 Da, suggesting
a reduced double bond between C-1 and C-12. NMR data supported this, showing a reduced double
bond in the butenolide ring (C-2/3, Table 4) in comparison to 10 and in accordance with the spectra
for SPX D [17]. Therefore, we propose the structure of 11 as 20-Hydroxy-13,19-didesmethyl-SPX D as
shown in Figure 4.

2.5. Biosynthesis of GYMs and SPXs

SPXs and GYMs share many structural features (Figure 1) [5,8,12-15,17-24] and are likely
biosynthesized by common genes [7]. The compounds elucidated in this study introduce a new

40
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degree of variability to the structural diversity of GYMs and SPXs. This is the first report of a GYM
without a methyl group at ring D, and that of a SPX with an additional hydroxyl group at C-20.
In future studies aiming at the discovery of novel toxins, this new structural diversity should be taken
into consideration.

HoN

GYMD R =CH;
16-desmethylGYM D R=H

HoN

GYM A R=H
12-methylGYM A R = CHj

Rs
HoN

SPXH A%
SPX 1

HoN

SPX G R,=H
20-Methyl SPX G R, =CHj3
Rg Rs

HzN

o  FTion R o6 o OH COH

SPXA A™R;,=Me.Rys6=H 27-OH-13-desMe SPX C 3,Ry6=Me. R, 3 =H, Rs = OH

SPX B Ri>=Me, Ry56=H 13,19-didesMe SPX C 3 Rg=Me,Rj235=H

SPXC A3 Rj26=Me, Rys=H 27-OH-13.19-didesMe SPX C $A23 Rg=Me. R; 3 =H, Rs = OH

SPX D Ri26=Me, Rys=H 27-Oxo-13,19-didesMe SPX C:A23 Rg=Me, Ry 23 =H.Rs=0
20-OH-13,19-didesMe SPX C EAU,R(, =Me. R;»5=H,R3=0H
20-OH-13,19-didesMe SPX D¢ Rg=Me.R;>5=H,Ry=OH

# OH 0

(0]

13-desMe SPX C P I o Dl
@=== intact acctat unit methyl via BETA-alkylation
mmm  acctate direction uncertain @ mcthyl via pscudo ALPHA alkylation
@® origin of carbon undetermined # methionine-derived methyl
@® methyl carbon of a cleaved acetate unit N glycine

HzN CcO

Figure 7. Stacked view of proposed nascent polyketide chains for spirolides and gymnodimines; part
with high similarity cornered in red; ring D of GYMs cornered in black; difference between nascent
polyketide chains of spirolides are cornered in light blue and origins for rings D, E and F are cornered
in violet. The proposed nascent polyketide chain of 13-Desmethyl spirolide C is shown at the bottom
with the colored biological origin of nuclei.
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Compound 1 and GYM D [8] can be conceived from the same putative nascent polyketide chain
(NPC), the only difference being the missing methyl alkylation at C-16. In comparison to GYM A, both
of these compounds have one additional carbon between C-7 and C-12 and one less methyl group
around C-9 (Figure 7). In the assembled toxin, this difference in NPCs, leads to one additional ring
(Figure 1). An additional carbon could indicate a cleaved acetate unit in GYM A, which is a common
moiety in dinoflagellate polyketides [7].

The novel spirolides 10 and 11 differ by an unsaturated bond between C-2 and C-3. These
SPXs can be conceived from the same NPC with an additional hydroxyl-group at C-20 and one less
methyl-group at C-19 in comparison to 13-desmethylSPX C (9). In 9, C-20 and C-21 originate from
an intact acetate (Figure 5, C20 from the carboxylic acid, C21 from the methyl group of the acetate) [16].
An incomplete reduction during assembly of NPC would lead to a hydroxylation at C-20 as in 10 and
11 (Figure 7). Therefore, only small changes in the biosynthetic pathway may explain most structural
differences between GYMs and SPXs, supporting the hypothesis that these compounds are synthesized
by expression of common genes.

2.6. Formation of GYM E

An artificial degradation of GYM A to either GYM B or GYM C is generally considered as unlikely,
because this would require both isomerization and oxidation [15]. However, we found evidence for an
abiotic reaction of 16-desmethyl GYM D to GYM E. The formation of GYM E in a methanolic extract
was observed by sequential mass spectrometric quantification of a 16-desmethyl GYM D containing
extract, whereby the relative amount of 16-desmethyl GYM D decreased whereas the concentration of
GYM E increased (Data not shown). The proposed mechanism of this reaction (Figure 8) combines

isomerization and oxidation in a single reaction step.
CH; HO,
OH OH
n"__g/(.{‘: [ HO pH
" O
¢-Hg()
(8]

1 2

(g

H,CO
Figure 8. Proposed reaction mechanism of degradation of 16-desmethyl GYM D to GYM E.
2.7. Quantification of the Novel Cyclic Imines in Natural Plankton Assemblagess

To confirm the presence of the novel toxins in natural plankton assemblages, extracts of plankton
filtered onto glass fiber filters were analyzed by LC-MS/MS with the transitions for 1, 2, 10 and 11
(Table 6). The samples were collected in July 2013 during a bloom in Ouwerkerkse Kreek (51°62’
N, 3°99’ E, The Netherlands) from which the cultured strain A. ostenfeldii OKNL48 was also first
isolated [25]. GYM 1 (447 pg-mL~!) was detected in concentrations similar to GYM A (561 pg-mL~!)
while concentrations of GYM 2 (1250 pg-mL~!) even exceeded concentrations of GYM A.

Table 6. Concentrations of GYM A (4), 16-desmethylgymnodimine D (1), Gymnodimine E (2), SPX
1 (9), 20-Hydroxy-13,19-didesMethyl-SPX C (10), and 20-Hydroxy-13,19-didesMethyl-SPX D (11) in
a re-analysis of plankton net samples collected from three stations during previous study by van der
Waal et al. [25].

Station GYM A 1 2 SPX1 10 11
All in pg per mL Filtered Sea Water

SL92-1 204 160 619 61 2 15
SL92-2 561 447 1250 211 8 40
S1.92-3 2 1 3 0 0 0
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3. Materials and Methods

3.1. Cell Culture and Sample Preparation

Alexandrium ostenfeldii was isolated in July 2013 during a bloom in Ouwerkerkse Kreek,
The Netherlands and characterized by LC-MS (as strain OKNL48) [6]. Batches of 15 L of OKNL48
were treated with Acetone (7% final concentration) and the toxin content extracted with conditioned
HP-20 (25 g per 15 L, 48 h, Diaion Supelco). The resin was collected by filtration and desalted, dried,
and stored at —20 °C. The pooled resin (460 g) from a total of 270 L was eluted with methanol, dried
under vacuo, and applied to preparative reversed phase chromatography (C18, 25 mm x 310 mm,
5 mL min ') and eluted with a stepwise gradient from water-ACN (80:20) to 100% ACN (30 fractions
total). The presence of 1 and 2 was confirmed by LC-MS and the toxin-containing fraction dried, taken
up in water-ACN (1:1) (2 mL) and applied to HPLC reversed-phase purification on a C8 column (10 x
150 mm, Machery & Nagel) with solvent A: water and solvent B: acetonitrile (ACN) both containing
0.1% FA. After injection, the samples were eluted isocratically at 15% B for 5 min, followed by a 20 min
gradient to 100% B and held for 5 min. The reequilibration phase at 15% B was 5 min. The A final
purification step was performed under isocratic elution with water—ACN 45:55 over for 30 min on
a Phenyl-Hexyl column (4.6 mm x 150 mm, 1.5 mL-min~?, Machery & Nagel). The yields of these
fractions were insufficient for structure elucidation of 10 and 11, therefore, a total of 60 L additional
culture was extracted and purified as described above.

Water samples for the analysis of natural plankton assemblages were taken with a bucket from the
surface at three Ouwerkerkse Kreek stations: 51.92-1 (51°37/33.7” N 3°59/23.7” E), S1.92-2 (51°37'45.5” N
3°59/35.9” E), and S1.92-3 (51°37/44.0” N 3°59/25.8” E). The water was filtered onto GFF filters (0.4 m)
and frozen until analysis. Briefly, GFF filters were extracted by reciprocal shaking at maximum speed
(6.5m-s71) for45sina FP 120 FastPrep instrument (Bio101, Thermo Savant, Illkirch, France) containing
0.5 g lysing matrix D (Thermo Savant, Illkirch, France), and 750 pL methanol (Merck, Darmstadt,
Germany). After homogenization, the samples were centrifuged (16,000 g, 15 min, 4 °C, Centrifuge
5415R, Eppendorf, Hamburg, Germany). Each supernatant was transferred to a spin-filter (pore-size
0.45 mm, Millipore Ultrafree, Eschborn, Germany) and centrifuged for 30 s at 3220 g. Filtrates were
transferred into HPLC vials (Agilent Technologies, Waldbronn, Germany) for LC-MS/MS analysis.

3.2. Analyses of Cyclic Imines by Chromatography Tandem Mass Spectrometry (LC-MS/MS)

Chromatographic fractions were diluted 1:1000 in 96-well plates and analyzed on a LC-MS/MS
system in SRM mode (UPLC: I-Class, MS/MS: Xevo, Waters). The flow-rate was 0.6 mL-min~!
isocratic elution with ACN-water (95:5) containing 2.0 mM ammonium formate and 50 mM formic acid
resulting in immediate co-elution of all analytes. The runtime was 0.5 min. Cyclic imine containing
fractions, filter extracts and the purified toxins were quantified against 13-desMethyl-spirolide C and
GYM A (certified reference material; NRC, Halifax, NS, Canada) and expressed as reference standard
equivalents (GYM A or SPX1 equivalents) [6] on the same instrumentation as above as follows: A UPLC
BEH C18 reverse phase column (Acquity 50 mm x 2.1 mm, 1.7 um, Waters, Milford, CT, USA) was
used with a flow-rate of 0.6 mL-min~! at 40 °C. A gradient elution was performed with two eluants,
where eluant A was water and eluent B was acetonitrile/water (95:5 v/v), both containing 2.0 mM
ammonium formate and 50 mM formic acid. Initial conditions were 0.5 min column equilibration with
30% B, followed by a linear gradient to 100% B in 3 min, and isocratic elution for 1 min with 100% B.
The system was then returned to initial conditions. The fragments used for the detection of the cyclic
imines are given in Table S1.

3.3. HR-MS/MS

Accurate mass measurements and fragmentation spectra were acquired with a QExactive Plus
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), using electrospray ionization at
a flow-rate of 5 uL per minute. MS measurements were performed in full MS mode with a resolution
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of 280,000, a scan range of 150 to 2000 n1/z in positive mode using a spray voltage of 3 kV. Capillary
temperature was set to 320 “C and the sheath gas was set to 5. Calibration was done against the Calmix
standard (Thermo Fisher Scientific).

3.4. NMR Analyses

Purified compounds were dried under vacuo and taken up in 45 puL deuterated pyridine (Pyr-ds)
containing 0.03% TMS (compounds GYM A, 1, 2 and 10) or 45 uL deuterated methanol (MeOD; SPX
STD, 10 and 11). NMR experiments were performed in 1.7 mm microtubes at 292 K with a AVANCE
1I 600 MHz NMR spectrometer (BRUKER) and a CPTCI microcryoprobe. Chemical shift referencing
was performed against TMS. BRUKER standard pulse programs were used except for heteronuclear
multiple bond correlation (IMPACT-HMBC) [26].

3.5. Quantum Chemical Simulation of CD Spectra

Minimal energy geometry was calculated with the GAMESS software package [27,28]. GAMESS
was run in parallel on the Linux cluster Cray CS400 “Ollie” at Alfred Wegener Institute’s computing
centre, using 36 MPI-tasks on one compute node with two Intel Xeon E5-2697v4 “Broadwell”
18-core CPUs. A semi empirical PM3 level optimization was used prior to density functional
theory (DFT) optimization. B3LYP was used in combination with the 6-31G(d) basis set and the
“COnductor-like continuum Solvent MOdel” (COSMO) in the “Self-Consistent Reaction Field” method
(SCRF). Geometries with minimal energy were used for calculation of rotatory strengths applying time
depended DFT with B3LYP, 6-31G(d), and SCRF with COSMO in the ORCA software package [29].
The simulated CD spectrum of 1 was obtained by applying Gaussian broadening to each transition as
previously described by Li et al. [30] and adjusted manually to the height of experimental data.

4. Conclusions

Here, we report the structural elucidation of two novel gymnodimines (16-desmethyl
GYM D and GYM E) and two novel spirolides (20-Hydroxy-13,19-didesMethyl-SPX C and
20-Hydroxy-13,19-didesMethyl-SPX D) originally detected in cultures of A. ostenfeldii [6]. The analysis
of a plankton sample obtained during an A. ostenfeldii bloom revealed high concentrations of the two
novel gymnodimines and one of the spirolides in natural plankton assemblages. 16-desmethyl GYM D
and GYM E add new structural variability to the class of GYM toxins. The nascent polyketide chain
of GYM D, 16-desmethyl GYM D and GYM E has one more carbon between ring B (C-7) and a furan
ring D (C-14) in comparison to all other known SPXs and GYMs. We suggest that this difference in
chain length is due to a biosynthetic cleavage of the acetate unit at C-9. This applies to all other cyclic
imine toxins whereas this acetate unit is preserved in GYM D-type gymnodimines and spirolides.
In comparison, 20-Hydroxy-13,19-didesMethyl-SPX C and 20-Hydroxy-13,19-didesMethyl-SPX D are
synthesized from an incomplete reduction of the acetate at C-20. Notably, despite a high structural
similarity of SPXs and GYMs, only strains of A. ostenfeldii have been confirmed to produce both
compound classes. A comparison of the genetic or proteomic differences between Karenia selliformis
(only GYMs reported) and A. ostenfeldii (producing either only SPXs or both toxin groups) may be
a promising approach to identify the biosynthetic mechanisms underlying these structural differences.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1660-3397/16/11/446/
s1, Figure S1: Structures of known and novel gymnodimines; Figure S2: Structures of known and novel spirolides;
Figures S4-522 NMR-spectra of 1; Figure 523: CD-spectra of 1 and 4 and simulated CD spectra of 1, 524-531
NMR-spectra of 2; Figures 532-S53 NMR-spectra of 10; Figures S54-S62 NMR-spectra of 11; Table S1: Mass
transitions of spiroimines included in LC-MS/MS analysis; Figure 563: LC-MS/MS chromatogram of station
SL92-2. Raw NMR data (Topspin) and annotated Mestre files are available in the data repository PANGAEA
https:/ /doi.pangaea.de/10.1594/PANGAEA .895116.
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3. Identification of novel Azaspiracids from Azadinium poporum

This chapter describes the structure elucidation of two novel Azaspiracids (AZAs), namely
AZA-40, and AZA-59, produced by two genotypes of the dinoflagellate Azadinium poporum
originally isolated from Fangchenggang, South China Sea and Puget Sound, Washington
State, USA respectively. The data presented in this chapter will be published as part of two
collaborative publications focusing on the toxicity of these novel compounds and implications
for human health and food safety. My contribution was prerequisite for these studies and
provided pure toxin sufficient for mouse bioassays by intraperitoneal injection ((Kilcoyne et al.,
2014a), performed by Silvio Sosa), ELISA method development ((Samdal et al., 2015),
performed by Ingunn Anita Samdal) and in vitro cell line toxicity ((Escher et al., 2012; Miller et
al., 2010; Wang et al., 2006), performed by Beate Escher). In both papers, | was responsible
for the mass-culturing of the dinoflagellates, purification of the toxins, structure elucidation and

the calibration/quantification.

The structure elucidation and in vitro toxicity of two novel azaspiracids from cultures of the
South China Sea
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Structural elucidation, acute oral toxicity of the novel azaspiracid AZA-59 from Puget Sound,
USA
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3.1 Introduction

Since the discovery of azaspiracids (AZAs) in 1998, 40 structure derivatives have been
reported, 17 of which have been confirmed by NMR (see Figure 1.5). This study reports the
structure elucidation of two unknown AZAs, namely AZA-40, and AZA-59.

The compounds AZA-40 were first detected by mass-spectrometry in cultures of Azadinium
poporum from the South China Sea (Krock et al., 2014). AZA-40 can be mistaken for AZA-1 in
liquid chromatography-mass spectrometric analyses because of similar retention times and

fragmentation into the same the quantifier ion (m/z 842 -> 824).

AZA-59 was first discovered in cultures of a genotypes of A. poporum isolated from Puget
Sound, , USA, WA (Kim et al., 2017). Anecdotal evidence by consumers of gastrointestinal
disorders after consumption of Puget Sound shellfish supported the presence of a potentially
new toxin since no regulated toxins were detected by food-safety monitoring and no
aquaculture closures were issued (Kim et al., 2017). These incidents triggered this study to
chemically characterize the putative novel toxin and provide analytical reference material for

bioassays and chemical analyses to include this toxin in food-safety monitoring.
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3.2 Results and discussion

3.2.1 Structure elucidation of AZA-40

Previously, AZA-40 (6) a novel Azaspiracid (AZA) with identical m/z of 842 as AZA-1 and
similar chromatographic characteristics was identified in cultures of Azadinium poporum
obtained from the South China Sea (Krock et al., 2014). The absence of the characteristic
gualifier transition observed in AZA-1 (m/z 842 -> 672) suggested the presence of an unknown
AZA. The MS2-spectra of the novel molecule revealed a similar MS fragmentation pattern as
compared to AZA-1 but with a mass difference of minus14 Da (CH), indicating an additional
methyl-group between C-1 and C-9 and a missing methyl-group in part of the molecule
consisting C-33 to C-39 (rings H, I). A more precise localization was not possible by MS
characterization (Krock et al., 2014).

Apart from the lower mass, high similarity between the CID-spectra of AZA-1 and AZA-40
suggested a high structure similarity of these molecules (cf. Table 3.1). The NMR spectra of
both molecules confirmed the structural similarities.

Table 3.1: Calculated and measured accurate masses (m/z) for [M + H]* of AZA-40 and its product ions
obtained with HRMS in comparison to the parent ion and corresponding fragments of AZA-1.

AZA-40 AZA-1

Formula Measured Calculated A/ppm Formula m/z
C47H72NO12  842.50524  842.50490 0.41 C47H72NO12 842
Ca7H7oNO11 824.49479  824.49434 0.55 Ca7H70NO11 824
C37H56NOg 658.39530 658.39496 0.52 C3gHssNOg 672
C37H54NOg 640.38476  640.38439 0.57 C3sHs6NOsg 654
C26H42NOs 448.30605 448.30575 0.67 C27H44NOs 462
C26HaoNO4 430.29546  430.29519 0.63 C22H36NO3 362
C21H34NO3 348.25347  348.25332 0.43 C16H26NO3 280
Ci15H22NO2 248.16460 248.16451 0.38 C16H24NO2 262

CoH16NO 154.12273 154.12264 0.58 C10H1sNO 168

The spin system of ring | of AZA-40 (Figure 3.1) was identified by TOCSY and HSQC-TOCSY
experiments. The chemical shift of C-37 in the 135° DEPT experiment revealed a positive
signal, whereas the chemical shift of C-39 showed a negative signal, confirming a single methyl
group at C-37 in ring | of AZA-40. Therefore, AZA-40 lacks the methyl group at C-39 in
comparison to AZA-1. The additional methyl-group of AZA-40 between C-1 to C-9 identified by
CID, was annotated to either C-7 or C-8 by NMR. The COSY correlation between proton at
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C-6 and the additional methyl-group suggested C-7 as the most likely position of the methyl
group. However, a COSY correlation between proton of C-6 and C-9 revealed a close spatial
proximity between C-6 and C-9, suggesting a methylene group (C-9) at position 7 and a double
bond between positions 8 and 9. This COSY correlation (C-6/C-9) was also observed during
the first structural elucidation of AZA-1 by Satake et al. (Satake et al., 1998)(cf. Chapter 1.3.2,
Figure 1.4). This initial annotation was later corrected (Figure 3.1) by comparison of the natural
toxin with a synthetized version and its precursor (Nicolaou et al., 2004). This long-range
COSY coupling (C-6 to C-9 in 6; Figure 3.2) was also observed in a simpler structure, such as
lissoketal (7: C-1 to C-4) (Hopmann and Faulkner, 1997). Therefore, the COSY coupling
between the methyl group and the proton at C-6 did not equivocally assign the position of the
methyl group to C-7. Further HMBC correlations of the additional methyl group to C-7, C-8 and
C-9 suggested C-8 as the most likely position for this methyl group. Generally, a methyl group
at C-8 is a known feature for AZAs. For example, AZA-2 (8), AZA-9 and AZA-10 carry methyl
groups at C-8 (cf. Figure 3.2) and both show a COSY coupling between proton at C-6 and
protons of the methyl group attached to C-8 (Kilcoyne et al., 2015).

m/z 480 => m/z 462 m/z 448<= m/z 466

Ha!

HO,C HO,C

m/z 690 m/z 676
- H0 - H20 miz 348

m/z 658

m/z 362
m/z 672

m/z 280

m/z 168 “H0 miz 154

m/z 262 m/z 248

AZA-1 (5) AZA-40 (6)

HO,C

AZA-40 (incorrect, 6a)

Figure 3.1: Structures of AZA-1 and AZA-40 with characteristic CID fragments (bold m/z values) according
to Krock et al. (Krock et al., 2014) and the incorrect structure of AZA-40 as indicated by COSY correlation
between methylene group and C-6 (6a). Numbers and letters indicate the atom position and ring position
respectively.
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AZA-2 (8) Ri=H; R;=CHsRs=H
AZA-9 R;=OH; R,=H, Rs=H
AZA-10 Ri=H, R.=H, Rs:=OH

lissoketal (7)

Figure 3.2: Structures of lissoketal (7), AZA-2 (8), AZA-9 and AZA-10. Numbers and letters indicate the atom
position and ring position respectively.

Finally, the comparison of the chemical shifts of AZA-40 with literature NMR data of AZA-2
(Table 3.2) revealed high similarity of chemical shifts especially for nuclei of ring A (Nicolaou
et al., 2006; Ofuji et al., 1999). Therefore, the position of the methyl group was unequivocally
established at C-8, concluding that AZA-40 is structurally similar to AZA-1, but lacking the
methyl group at C-39 and with an additional methyl group at C-8.
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Table 3.2: The NMR chemical shifts (&) of the novel AZA-40 (cf. section 9.2.1 for spectra) in comparison with

the NMR chemical shifts (8) of AZA-2 (Ofuji et al., 1999).

AZA-2 (8) AZA-40 (6) AZA-2 (8) AZA-40 (6)
No. | 3C H 15C H No. | C H 13C H
1 [177.8° 181.5 22-Me | 17.2 0.89 142 0.92
2 | 356 234 234|384 224 23 | 39 1.43 1.43| 383 142
3 | 295 231 231|302 233 24 | 431 1.33 415 1.38
4 |132.8 5.68 133.2 5.74 24-Me | 18.9 0.83 17.8 0.83
5 |132.1 5.42 130.7 5.41 25 | 80.4 3.97 79.5 3.94
6 | 73.3 4.72 72.4 4.74 26 |149.1 147.4
7 | 1236 5.32 122.7 5.36 =CH2 |118.1 5.35 5.17|115.2 5.25 5.11
8 |132.8 130.7 27 | 50.1 2.42 2.24| 49.0 2.36 2.17
8-Me | 23.8 1.67 228 1.71 28 | 99.5 97.7
9 | 411 242 197 | 40.1 2.44 1.99| 29 |44.9 2.03 1.36| 445 1.99 1.32
10 | 108.3 107.1 30 | 272 222 26.4 227
11 | 34 233 1.65 | 37.1 2.18 1.97|30-Me| 24.1 0.93 23.6 0.95
12 | 383 216 1.96 | 32.9 236 1.67| 31 |36.1 1.82 1.51| 356 1.8 1.49
13 | 1121 111.1 32 | 736 4.35 726 4.27
14 | 31.7 2.00 30.6 2.04 33 | 824 406 79.1 3.76
;46' 17.4 0.93 16.5 0.95 34 | 756 5.00 75.3 4.82
15 | 334 1.83 1.73 | 32.2 1.83 1.77| 35 |42.4 262 2.49| 428 2.4 1.95
16 | 79 3.87 775 3.9 36 | 975 96.3
17 | 742 4.2 72.9 4.19 37 | 365 1.97 37.3 1.74
18 | 37.7 1.98 1.98 | 37.9 2.13 2.04|37-Me| 16.2 0.97 159 0.9
19 | 79.9 4.42 78.7 4.42 38 |38.4 1.68 1.29| 25.6 1.59
20 | 77.6 3.93 76.6 3.53 39 |30.2 1.86 30.8 1.57
21 | 101 99.5 39-Me | 19.3 0.94
22 | 37.6 2.07 38.5 2.26 40 | 46.9 291 2.83| 40.1 2.95 2.56

a 13C chemical shifts at C-1 were deduced from HMBC.
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3.2.2 Structure elucidation of AZA-59 (10)

While AZA-40 were found in cultures of A. poporum from the South China Sea, another
putative novel AZA was discovered in cultures of A. poporum originating from Puget Sound
(Seattle) (Kim et al., 2017). It was reported as AZA-59 with a m/z 860 for the protonated form,
which revealed CID fragments typical for AZA-1 (5), namely m/z 462, m/z 362, m/z 262 and
m/z 158 (Figure 3.3) (Kim et al., 2017). Based on the comparison of the CID-spectra, Kim et
al. proposed AZA-59 to be similar to AZA-1 with a hydroxyl-group at C-3 and hydration of
double bond between C-7 and C-8 as showed in Figure 3.3 (Kim et al., 2017).

miz 704 E=> miz 686
-H,0

miz 718 > miz 700
2 - H20

HO,C HO,C

m/z 348

m/z 362

m/z 266
-H,0

m/z 280

J}- H,0

m/z 262

m/z 154

AZA-37 (9)

m/z 168 (group 6)

AZA-59 (10)

m/z 248

Figure 3.3: Structures and characteristic CID-fragments (bold m/z values) of AZA-37 and AZA-59 (Kim et al.,
2017; Krock et al., 2012).

AZA-59 was suggested to be structurally similar to AZA-37 with an additional methyl group at
C-39. The sum formulas of all fragment ions for AZA-59 revealed an additional CH; in
comparison to AZA-37 (Table 3.3), which supports the proposed position of the methyl group.
Table 3.3: Exact and measured accurate masses (m/z) for [M + H]* of AZA-59 and its product ions obtained

with HRMS in comparison to parent ion and corresponding fragments of AZA-37 (group 6 fragments (cf.
Figure 3.3) were not detected).

AZA-59 (10) AZA-37 (9)

Formula Measured Calculated A/ppm Formula m/z
Cs7H72NO13  860.51612 860.51547  0.76 CaH72NO13 846
Cs7H72NO1,  842.50437 842.5049 -0.64 CaH7oNO1, 828
CaoHe2NOg  700.44205 700.44191 0.2 C3z9HeoNOg 686
CaoHeoNOs  682.43152 682.43134  0.26 C39HssNOs 668
Co7HaaNOs  462.3216  462.3214 0.43 C26H42NOs 448
CxH3sNO3  362.26899 362.26897  0.04 C21H3aNO3 348
Ci6H24NO, 262.18019 262.18016  0.13 C1sH22NO- 248
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The proposed structure of AZA-59 was confirmed by NMR. Chemical shifts of proton and

carbon nuclei of compound 10 were highly similar to the corresponding proton and carbon

chemical shifts of AZA-37, except for nuclei of ring | (Table 3.4, Figure 3.3). The highest
discrepancy of chemical shifts between AZA-59 and AZA-37 was observed at C-38 to C-40.
Notably, C-39 in AZA-59 was identified by 135° DEPT as CH-group unlike a CH2-group in
AZA-37. An additional methyl group at C-39 distinguished AZA-59 from AZA-37.

Table 3.4: Comparison of NMR chemical shifts (8) of novel AZA-59 (cf. section 9.2.2 for spectra) and AZA-37
(Krock et al., 2015).

AZA-37 (9) AZA-59 (10) AZA-37 (9) AZA-59 (10)

No. | ®3C H 13C 'H No. | C H 13C H

1 [1803 1785 22-Me | 17.2 0.92 16.66 0.94

2 | 461 2.33 44.94 2.39 23 | 39.1 1.43 1.43|38.39 145

3 | 714 4.39 70.55 4.45 24 | 43 135 42.57 1.36

4 |134.6 5.70 133.44 5.72 24-Me | 18.9 0.84 18.31 0.86

5 |133.1 565 132.89 5.68 25 |80.3 4.00 79.75 4.00

6 | 733 435 72.56 4.38 26 | 149 149.9

7 | 384 1.87 143|3229 1.68 1.34| =CH2 |117.8 533 5.15|117.21 5.37 5.19
8 | 222 1.77 1.70| 2154 1.93 1.76| 27 |50.4 242 2.25| 49.6 2.44 2.27
8-Me 28 | 99.4 99.5

9 | 366 1.83 1.70|37.73 1.70 29 | 45 205 1.36|44.29 2.07 1.4
10 |109.1 109.3 30 |27.2 223 26.57 2.25

11 | 339 2.33 1.69| 37.8 2.08 1.90| 30-Me | 24.3 0.96 23.73 0.97

12 | 328 203 1.83| 332 231 1.64| 31 |36.1 1.84 1.52(3545 1.86 154
13 |11138 112 32 | 73.7 437 72.94 438

14 | 318 201 31.17 2.01 33 | 821 4.05 81.76 4.09
14-Me | 17.5 0.9 16.87 0.91 34 | 757 5 74.99 5.03

15 | 335 1.87 1.76| 32.93 1.88 1.82| 35 | 427 2.60 2.49| 419 2.66 2.51
16 | 78.9 3.94 78.42 3.95 36 | 98 97.5

17 | 743 429 73.61 4.29 37 | 367 1.98 36.07 2.03

18 | 37.6 2.07 2.00| 36.95 2.11 2.03|37-Me | 16.4 0.97 15.68 1.01

19 | 79.9 4.44 79.34 4.45 38 | 29.7 1.67 1.63|37.76 173 1.32
20 | 77.4 3.93 76.95 3.96 39 |238 1.70 295 1.93

21 | 101 101.1 39-Me 18.69 0.98

22 | 376 207 36.8 2.05 40 | 41.2 3.17 2.99| 46.34 2.92 2.85
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3.2.3 Quantitative comparison of AZA-1 by LC-MS and NMR

AZA-1is commonly used as analytical LC-MS standard for other AZA derivatives. While NMR-
based quantification only relies on the concentration and the number of nuclei responsible for
the NMR signal, LC-MS quantification varies due to the ionization efficiency and fragmentation

resulting in highly variable signal intensities even for molecules with similar structural features.

The correlation between both quantifications is shown in Figure 3.4. The slope of nearly 1 for
AZA-40 and AZA-59 highlighted the equivalence of both methods, suggesting that AZA-1

serves as a reliable analytical standard for the quantification of AZA-40 and AZA-59.
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Figure 3.4: Quantitative comparison of AZA-40 and -59 by LC-MS analysis with AZA-1 as external analytical
standard (y-axis) and NMR (x-axis).

The quantifier ion in LC-MS based quantification of AZAs corresponds in structure to the parent
ion after a dehydration. A dehydration reaction in CID-fragmentation is usually induced by a
hydroxyl group or a carboxylic acid. The comparison between the chemical environments of
the AZA hydroxyl groups show a high degree of similarity for these three AZA derivatives, only
AZA-59 differs with an additional hydroxyl group at C-3. However, the structural alteration was
not reflected in the LC-MS analysis (Figure 3.4). In conclusion, the quantification of AZA-40
and AZA-59 as AZA-1 equivalent by LC-MS differs in median only 33 pg/uL and 7 pg/uL from
guantification by NMR.
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3.3 Conclusion

We elucidated the structure of two novel AZAs, namely AZA-40 and AZA-59. AZA-40 is
structurally closely related to AZA-1, with an additional methyl group at C-8 but no methyl group
at C-39. AZA-59 most closely resembled AZA-37 but with an additional methyl group at C-39.

The purified toxin was used to compare the accurate concentration (by NMR) and LC-MS
analysis with AZA-1 as external, analytical standard. This comparison revealed a very good
correlation of both means of quantification. The structural differences between these three AZA

derivatives seem to have no influence on the quantification.

Both, the purification and the structure elucidation are prerequisites for toxicity studies.

34 Material and Methods

3.4.1 Cell culture and sample preparation of AZA-40

Azadinium poporum strain AZBH 03, was isolated May 2010 in the South China Sea (21°23’
N, 109°07’ E), China and shown to produce novel AZA-40 (Krock et al., 2014). Mass cultures
of 800 L were grown in half-strength K-medium (Keller et al., 1987), without ammonia and full
strength concentration of vitamins and salts. Cells were separated by a flow-through
centrifugation and the flow through was directly run through a pre-conditioned HP-20 column
(ca. 300 g, Diaion Supelco). The retentate was desalted and eluted with methanol. The
concentrated algal cell pellet was freeze dried and extracted with acetone. The acetone extract
was diluted with MilliQ to a final concentration of 7% acetone, loaded onto a HP-20 column
(dimensions 40 mm x 150 mm), desalted and eluted with methanol.

3.4.2 Cell culture and sample preparation of AZA-59

A. poporum cultures producing AZA-59 were obtained from sediment samples of Puget Sound,
Washington State (USA) and characterized by LC-MS/MS (as strain 121E10) (Kim et al.,
2017). A mass culture of strain 121E10 was grown in half-strength K-medium with
modifications as in 3.4.1 (Keller et al., 1987) and harvested accordingly. The supernatant and
the extracted cell pellet were applied to pre-conditioned HP-20 (ca. 300 g, Diaion Supelco).
The supernatant was chromatographed at original concentration, the acetone extracted cell
pellet was dissolved in 7% acetone and chromatographed accordingly on HP-20. The retentate

was desalted and eluted with methanol.
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3.4.3 Sample preparation and separation

The toxin-containing fractions were dried under vacuo with a small amount of silica gel prior
applying to silica chromatography. Compounds were eluted by stepwise elution (20%
increments) from 100% hexane to 100% ethyl acetate to 100% methanol. All azaspiracid
containing fractions were pooled and subjected to LC reversed-phase purification on a C18
column (15 x 310 mm, MERCK LOBAR) with solvent A: water with ammonium formiate (AF)/
formic acid (FA) buffer, solvent B: Methanol with AF/FA buffer and solvent C: acetonitrile (AcN).
After injection, the samples were eluted isocratically at 50% A and 50% B for 10 min, followed
by a 30 min gradient to 100% B and held for 10 min, and a 20 min elution at 100% C. A final
purification step was performed at HPLC with solvent A: water and solvent B: AcN both with
AF/FA buffer on an ISIS C18 column (10 mm x 150 mm, 4 mL min—1, Machery & Nagel). After
an initial phase of 55% solvent B for 9 min, a gradient to 60% B in 1 min was applied and
another gradient in 1 min to 100% B. These conditions were held for 4 min. Salt and buffer
were removed by small SPE cartridge. Purity of toxins was determined by NMR spectroscopy
(cf. chapter 3.4.5).

3.4.4 LC-HRMS

Accurate mass measurements of AZA-40 and AZA-59 were acquired in a direct measurement
with a QExactive Plus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), using
a heated electrospray ionization (HESI-Il) source at a flow-rate of 5 pL per minute. MS
measurement were performed in full MS mode with a resolution of 280,000, a scan range of

150 to 2000 m/z in positive mode using a spray voltage of 3.5 kV.

3.4.5 NMR Analyses

Purified compounds 6 and 10 were dried under vacuo and dissolved in 40 yL deuterated
methanol (3.33 ppm of residual CHD,OD for *H-NMR and 49.0 ppm for 3C). BRUKER standard
pulse programs as well as IMPACT-HMBC as described by Furrer (Furrer, 2010) were used.
NMR experiments were measured at 292 K with a BRUKER AVANCE Il 600 MHz NMR
spectrometer equipped with a 1.7 mm CPTCI cryoprobe. The spectra were referenced to the

solvent residual peak.

For NMR quantification of AZA-59, the dried sample was dissolved in 60 uL deuterated
methanol containing 5.78 mmol/L 1,4-dioxane, confirmed by external calibration, and
transferred to a 1.7 mm NMR tube. Proton spectra were acquired with ns = 32, ag = 3 s and
d1 =17 s. For bioactivity assays, 250 ug were stored away in a combusted Wheaton ampule

under argon atmosphere.
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For NMR quantification of AZA-40, the dried sample was dissolved in 40 yuL deuterated
methanol containing 1.90 mmol/L tetramethylsilane, confirmed by prompt external calibration,
and transferred to a 1.7 mm NMR tube. Proton spectra were acquired with ns =32, aq=3s
and d1 =27 s.

Further dilution series of AZA-40 and AZA-59, respectively, were prepared for the comparison

of accurate quantification by NMR with LC-MS based quantification.

3.4.6 Quantification of Azaspiracids by liquid chromatography tandem mass spectrometry
(LC-MS/MS)

The LC-MS analysis was performed on a LC-MS/MS system in selected reaction monitoring
mode (HPLC: model 1100, Agilent, Waldbronn, Germany), equipped with a reverse-phase
analytical C8 column (Hypersil BDS 120 A, 50 x 2 mm, 3 um, Phenomenex, Aschaffenburg,
Germany) at 20°C with a flow-rate of 0.2 mL-mint as previously described by Kim et al. (Kim
etal., 2017). A gradient elution was performed with two eluents, where eluent A was water and
eluent B was acetonitrile/water (95:5 v/v), both containing 2.0 mM ammonium formate and
50 mM formic acid. Initial conditions were 8 min column equilibration with 30% B, followed by
a linear gradient to 100% B in 8 min, and isocratic elution for 10 min with 100% B. The system
was then returned to initial conditions. The detection parameters of the AZAs were shown in
Table 3.5.

Table 3.5: Selected reaction monitoring parameters for the quantification (Krock et al., 2019).

mass transition | common name | retention time time collision energy
(m/z) /min /msec N
842 > 824 AZA-1 2.25 20.0 40
842 > 824 AZA-40 1.97 20.0 40
860 > 842 AZA-59 1.65 20.0 40
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4, Full relative assignment of stereochemistry and conformational
analysis of GYMs and SPXs by NMR- and molecular modeling-based

techniques

Based on the structural elucidation of GYMs and SPXs in Chapter 2, this chapter deals with a
combination of in silico methods and NMR spectroscopy to determine the stereochemistry of
these biotoxins. The established method will eventually be applied to AZA-40 and AZA-59
(chapter 3), but is beyond the scope of this thesis due to the significantly higher computational
time requirements for AZAs in comparison to GYMs and SPXs.

4.1 Introduction

The stereochemistry of bioactive compounds can significantly influence the biological effect, a
prominent example is the compound thalidomide (Contergan ©). A compound with only one
stereogenic center, whereas both isomers show a completely different effect in the human
body. While the R-isomer of thalidomide has a sedative effect, a teratogenic effect is
associated with the S-isomer (Maio, 2001). Further, the knowledge of the stereochemistry
enables the usage of in silico tools to determine the molecular properties. The simulations of
biological and chemical experiments on a computer are often labeled with the term in silico.
To a certain degree, the toxicity of a compound can be explained with a single known primary
target protein as previously reported for saxitoxin and its analogues. The comparison between
the interactions between the toxin and the target protein (the change in Gibbs free energy) of
various compounds of the toxin class can reveal the toxicity prior in vitro and in vivo studies.
However, additional in vitro and in vivo studies are still necessary to validate the simulated
data, because between the binding interactions and the toxicity is no linear correlation. (Durén-
Riveroll et al., 2016)

Another usage of the in silico simulated molecular properties is the determination of the
stereochemistry by comparison of the experimental data with simulated properties of all
possible sterecisomers. The molecular properties observed in circular dichroism (CD) as well
as NMR spectra are reported to depend on the stereochemistry and were already applied in
the field of microalgal toxins (Ciminiello et al., 2009; Zurhelle et al., 2018). The simulation of
CD spectra was used to determine the stereochemistry of 16-desmethyl GYM D (11), which is
in addition to GYM A (determined by X-ray crystal structure analysis) the only GYM with fully

elucidated stereochemistry. The comparison between the strength of nuclear overhauser
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effects (NOESs) and spatial closeness derived from simulations led to the stereochemistry at
13,19-didesmethyl SPX C (Ciminiello et al., 2009).

The accurate simulation of the molecular parameters requires careful selection of input
geometries (procedure according to Ciminiello et al., 2009). Therefore, a preoptimized 3D
structure is subjected to a simulated annealing procedure, whereby the compound is
repeatedly simulated at high temperature to surpass rotary boundaries, followed by a cooling
period to almost room temperature (300 K) in order to find geometries with minimized potential
energy. The structures obtained by the simulated annealing procedure are subsequently
subjected to geometry optimizations in force field and semi-empirical ab-initio calculations
(AM1 level of theory). The geometries with highest abundance, determined by the potential
energy obtained in semi-empirical structure optimization, are compared. The representative
structures are selected and subjected to determination of shielding tensors on the B3LYP level
of theory. The obtained shielding tensors are equivalent to chemical shift observed in NMR

spectroscopy.

In this chapter, | evaluate in silico simulated NMR data of GYM E and 20-hydroxy-13,19-
didesmethylSPX C to determine the stereochemistry after establishment of the method with
16-desmethylGYM D (11) and 13-desmethyl SPX C (4). To establish the simulation of
shielding constants compound 11 was chosen. This compound requires lower computing time
for similar levels of theory due to fewer atoms in comparison to SPXs, while possessing the
same structure motif at C-4 as SPXs, whose stereochemistry is not possible to elucidate solely
with NMR spectroscopy. Since the stereochemistry at C-4 of 13-desmethyl SPX C, the lead
structure of SPXs, is yet to be elucidated, the application of validated methods such as CD

spectrometry is necessary.
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4.2 Results and discussion

4.2.1 Method development with 16-desmethy GYM D (11)

A decisive factor for the accurate simulation of shielding constants is the careful selection of
the input structure. In order to cover a sufficiently wide range of possible input structures, a
simulated annealing procedure was applied. The heating and cooling rates were optimized to
achieve a broad variety of geometries (n = 200) for further optimization (data not shown).
Starting with these 200 possible input structures, two strategies were pursued to select the
most important ones to limit computing time (cf. Figure 4.1). One strategy comprised the
optimization on the semi empiric AM1 level for all geometries obtained by simulated annealing
(cf. Figure 4.1 a). The second strategy (cf. Figure 4.1 b) was the selection of 50 geometries
with highest difference based on dihedral angles. The comparison of geometries based on
dihedral angles offers a deep insight in the geometry, while being independent of rotation and
translation of the whole molecule. After division of the whole set of geometries into 50 groups
by hierarchical clustering (HCA) of each group, one geometry was selected by application of
a principal component analysis (PCA). The selected geometries were subjected to geometry
optimization on semi-empiric AM1 level and all 200 structures derived from the simulated

annealing procedure were subjected to single point calculation (AM1 level).

The geometries obtained by each strategy were screened for the geometry with the lowest
AM1 energy. Dominant geometries with AM1 energies 10 kJ/mol above the lowest AM1 were
selected for further structure optimizations and determination of shielding parameters on
various levels of theory. This resulted in five and three selected geometries for each strategy
respectively (Figure 4.1 a, b). Both, the restricted Hartree-Fock (RHF) method as well as
density functional theory (DFT) with B3LYP or TPSSH approximation were then used as levels
of theory.
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Figure 4.1: Workflow of NMR simulations by different methods using shielding constants of 16-desmethyl
GYM D; RHF calculations were performed with the 6-31+G(d) basis set; DFT calculations were performed
with the def2-TZVPP basis set and def2/JK auxiliary basis set.

The shielding tensors, obtained for each level of theory, were averaged according to the
BoLTzMANN distribution and correlated with the corresponding chemical shift. Theoretical
chemical shifts were then derived from the resulting linear regression of the averaged shielding
tensors. These were compared with measured chemical shifts (cf. Table 9.1; Zurhelle et al.,
2018) resulting in a Ad value. The proton chemical shifts showed deviations of up to
Ad = 0.96 ppm between simulated and measured data at RHF level of theory and of up to
Ad = 0.54 ppm at the highest level of theory. The standard deviations of the Ad varied only
slightly for the used levels of theory. However, for carbon chemical shifts the differences

between simulated and measured data varied significantly for the used levels of theory.

The lowest Ad values were observed for simulation of shielding constants by application of
density functional theory (DFT, B3LYP functional) after an additional optimization at the same
level of theory for the selected geometries of strategy “a” (cf. Figure 4.1 and Table 4.1 in green).
The usage of “conductor like polarizable continuum model” (CPCM, Figure 4.1 and Table 4.1
in blue) to simulate the effect of a solvent was better suited to reduce the discrepancies
between measured and simulated data (max. Ad), but the increased computational time

requirements did not justify the slight improvement in accuracy.
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Table 4.1: Comparison of measured NMR data with simulated shielding constants for different levels of
theory (St. Indicates the used strategy of pre-optimization; Std. div: standard deviation; max.: maximum).

theoretical level 13C H
St. opt. Type NMR Std. div A5 max. AS | Std. div A5 max. Ad
a B3LYP, CPCM  B3LYP, CPCM | 2.02 4.75 0.24 0.56
a B3LYP B3LYP 2.00 5.00 0.24 0.58
b B3LYP B3LYP 3.27 8.80 0.24 0.68
a B3LYP PBEO 2.40 5.64 0.26 0.67
a B3LYP RHF 3.89 8.39 0.28 0.76
a RHF RHF 4.10 8.85 0.29 0.96
a B3LYP, CPCM | 3.09 7.00 0.28 0.68
b B3LYP, CPCM | 2.52 4.94 0.21 0.54
a TPSSh, CPCM | 3.20 7.35 0.27 0.61
a B3LYP 2.86 7.94 0.31 0.77
a RHF 4.88 9.44 0.33 0.86

After the selection of relevant geometries using strategy “a”, the geometry optimization and
simulation of shielding tensors was performed on DFT level of theory with B3LYP as
approximations to the exchange—correlation energy (cf. Figure 4.1 green path). This simulation

showed a comparatively good agreement between simulated and real data.

In order to test the usefulness of this method, two theoretical stereoisomers of compound 11
were used. The inversion of stereo centers of the side chain (cf. Figure 4.2 top right) should
greatly influence the chemical environment, and consequently the chemical shift for both
tetrahydrofuran moieties resulting in a clear difference to the chemical shift of the natural
isomer. A better agreement between simulated and measured NMR data was also expected
from the change of the configuration of C-4 (cf. Figure 4.2 top center). Notably, the

stereochemistry at C-4 is not assessable by NMR spectroscopy alone.
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Figure 4.2: Structures and comparison of standard deviation (std. dev.) overall and around C-4 and highest
(max.) Ad value for three stereoisomers of 16-desmethyl GYM D; left side without CPCM,; right side with
CPCM (cf. section 9.3.1 for chemical shifts).

The standard deviations and maximal differences between simulated and NMR data is shown
in Figure 4.2 for all three isomers of 16-desmethyl GYM D. The values for both theoretical
isomers are close, while the Ad values of the natural isomer is lower. Therefore, this method
shows the potential to elucidate the configuration of stereo centers, which are not assessable

by NMR spectroscopy.
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4.2.2 Evaluation with 13-desmethyl SPX C (4)

Despite being the best studied spirolide, the stereochemistry of 13-desmethyl SPX C at C-4 is
still unknown. In silico methods with Gauge Including Atomic Orbitals (GIAO) approach in
combination with NMR spectroscopy were successfully applied to the elucidated of C-4 in 16-
desmethyl GYM D (cf. chapter 4.2.1). Further, CD spectroscopy can also be simulated in silico,
allowing a comparison with measured spectroscopic data and assignment of stereo centers
close to chromophores as C-4 (Maksimenka, 2010). In case of 13-desmethyl SPX C, the
comparison between measured and simulated CD spectra (cf. Figure 4.3) indicated
S-configuration at C-4.

E

2 0 ——13-desMe SPX C

Z 05 ——13-desMe SPX C [sim.; C4: 5]
——13-desMe SPX C [sim.; C4: R ]

185 235 285 335
Wavelength / nm

Figure 4.3: Measured CD-spectrum of 13-desmethyl SPX C with simulated spectra for both configurations
at C-4.

In contrastto GYM 11, the NMR spectra of compound 4 were recorded in deuterated methanol.
To estimate the effect of this solvent, the simulations of the isomer with S configuration were
performed with and without the CPCM solvation model. The best agreement between
measured and simulated data was obtained with the CPCM solvation model during both
optimization and determination of shielding parameters (Figure 4.4). In contrast to pyridine, the

significant improvement through application of CPCM solvation model justified its usage.
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Figure 4.4: Comparison of standard deviation (std. dev.) of Ad values for different applications of CPCM.

The imine carbon (C-28) showed the highest discrepancy between measured (6 = 201.3 ppm
(Hu et al., 2001)) and simulated (& = 179.7 ppm) data. This discrepancy may result from partial
or complete protonation of the imine group, consequently both protonation states were

included in the investigation.

Especially for carbon chemical shifts, a better agreement between measured and simulated
shifts was observed for the protonated form (Figure 4.5). However, the standard deviation and
maximal Ad for both protonation states were either lower or very similar to the C-4 S isomer.
This was in agreement with the results obtained by CD spectroscopy. In conclusion, the
combination of in silico techniques and NMR spectroscopy unequivocally identified the

stereochemistry of the cyclic imine toxins under investigation.
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Figure 4.5: Comparison of standard deviation (std. dev.) and highest (max.) Ad value for both C-4 isomers
and protonation states of 13-desmethyl SPX C (4) (cf. section 9.3.3 for chemical shifts).

4.2.3 Verification of proposed structure of GYM E (12)

The structure elucidation of GYM E was performed with a low amount of toxin, therefore only
chemical shifts of protons and respective carbons were reported (Zurhelle et al., 2018). Proton
and carbon chemical shifts of 12 revealed a high similarity to 16-desmethyl GYM D (11), with
the exception for C-19, C-20 and C-29 (Zurhelle et al., 2018). These nuclei belong to the
exocyclic methylene group and the allylic hydroxyl group which are absent in 11. Based on the
evidence, that 12 is a potential degradation product of 11, the same stereochemistry was
assumed. This hypothesis is supported by the high similarity of NMR chemical shifts between
12 and 11. Only the stereochemistry for C-19 could not be assigned by comparison of

measured NMR spectra.

The application of in silico methods offers the verification of the proposed structure, while
providing additional insight to the stereochemistry of GYM E. Both configurations at C-19 are
plausible, therefore both were subjected to the in silico simulation of NMR shielding constants.
The simulated NMR spectra with S configuration at C-19 showed a higher similarity to
measured NMR data (cf. Figure 4.6). GYM 12 shared the configuration at C-19 with the

corresponding stereo center in GYM B (Miles et al., 2000). The expected chemical shift for



Full relative assignment of stereochemistry and conformational analysis of GYMs and SPXs

by NMR- and molecular modeling-based techniques 68

R-configuration at the allylic hydroxyl group (C-19 in GYM E) would be lower than the observed

chemical shift of GYM E, based on the comparison with GYM B and GYM C and the simulated
data.

The comparison of the potential energy for the most stable geometry of the natural and
unnatural C-19 conformer showed that the unnatural isomer had a lower potential energy. A
non-stereo selective degeneration mechanism would favor the formation of the product with
lower potential energy, which is represented by the unnatural C-19 isomer. Consequently, the
putative degradation of 11 into GYM E seems to be stereo selective and favors the product

with the higher potential energy.

Since only little knowledge about the configuration at C-4 for GYMs and SPXs is available,
GYM E with R-configuration at C-4 and S-configuration at C-19 was additionally simulated
(Figure 4.6). While the overall standard deviation of Ad values of protons and carbons were
very similar for both configurations of C-4, the standard deviation for the nuclei around C-4
unequivocally revealed S-configuration at C-4.

For GYM E, the effect of stereochemistry at C-4 on Ad values is not as strong as for
16-desmethyl GYM D. This is a result of the higher number of quaternary carbons without
measured chemical shift in the environment of the stereogenic center C-4 than in the
environment of the stereogenic center at C-19. But still, the influence of C-4 on the measured
surrounding nuclei seems to be strong enough to assign the stereochemistry at this position.
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Figure 4.6: Comparison of standard deviation (std. dev.) and highest (max.) Ad value for three
stereoisomers of GYM E (12), each with the lowest potential energy (cf. section 9.3.2 for chemical shifts).

4.2.4 Stereochemistry of 20-Hydroxy-13,19-didesmethyl-SPX C (13)

The preliminary assignment of the stereochemistry of 20-Hydroxy-13,19-didesmethyl-SPX C
(13) with NOEs reduced the number of possible stereoisomers. The NOE between H-7 and H-
38 indicated E-configuration at the double bond between C-8 and C-9. A linkage between the
stereo centers C-7 and C-29 was indicated by a NOE between H-7 and H27, implying either
S-configuration at C-7 together with R-configuration at C-29, or both configurations inverted.
However, the mentioned configuration (C-7: S and C-29: R) was indicated by the NOEs of H-
34b to H-7 and H-34a to H-33. The strong NOE between H-42 and H-43 indicated an equatorial
position of both methyl groups. These methyl groups of the modeled geometries of 13-
desmethyl SPX C have an equatorial orientation. Therefore, both C-31 and C-32 were

assigned with S-configuration in analogy to 13-desmethyl SPX C.

Proton H-22 showed NOEs to other protons in the macrocycle (e. g. H-25, H-11), whereas H-
17 and H-12 did not reveal such NOEs. Therefore, H-22 is directed towards the macrocycle
and H-12 and methylene groups of the ether ring in the middle (C-16 and C-17) are directed

away from the macrocycle. H-19 faces away from the macrocycle as indicated by the NOE
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between H-17 and H-19. Further, the proton H-19 showed a NOE to H-21 and H-20 in addition
to a small coupling constant (3Jun near O Hz). In conclusion, the proton H-19 has axial
orientation, while an equatorial orientation is assigned to H-20. The NOE between H-22 and
both protons of at C-25 indicated equatorial orientation for H-22. In conclusion, S-configuration
was assigned at C-12 and R-configuration at C-15, C-18, C-19, C-20, and C-22. The
configuration at C-4 and C-10 are to be elucidated by the integration of in silico methods.

20-Hydroxy-13,19-didesmethyl-SPX C (13)

Figure 4.7: Stereochemistry of 20-Hydroxy-13, 19-didesmethyl-SPX C with selected NOEs (C-4: S; C-10: S
configuration).

The best agreement between measured and simulated data was observed for the molecule
with S configuration at both positions C-4 and C-10 (cf. Figure 4.8). The isomer with R
configuration at both positions revealed the best fit in terms of the highest discrepancy between
measured and simulated chemical shifts of carbon nuclei. However, for all three modelled
isomers this Ad value exhibited by the carbon at position C-41, suggested a systematic
influence due to the lack of a solvation model. Given the long distance between carbon C-41
and the stereo centers of interest, the observation of high Ad values at C-41 is not related to
the stereochemistry of neither C-4 nor C-10. Therefore, the stereochemistry of 20-Hydroxy-13,
19-didesmethyl-SPX C is suggested to resemble the stereochemistry of 13-desmethyl SPX C.

This conclusion supports the concept of a common biosynthetic for SPXs, whereas the nascent
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polyketide chain differs slightly for the different derivatives (Anttila et al., 2016; van Wagoner
et al., 2014).

12C - std. dev. of Ad H - std. dev. of A
3.0 0.30
2.5 0.25
2.0 0.20
15 0.15
1.0 0.10
0.5 0.05
0.0 0.00
132 - max. Ad TH - max. Ab
8.0 1.00

50 0.80
0.60
40
0.40
2.0 0.20
oo 0.00

B 20-0H-13,19-didesMe SPX C C-4,C-10: 5 ®20-0H-13,19-didesMe SPX C C-4: 5, C-10: R
20-0H-13.19-didesMe SPX C C-4, C10: R

Figure 4.8: Comparison of standard deviation (std. dev.) and highest (max.) A3 value for three stereo
isomers of 20-Hydroxy-13, 19-didesmethyl-SPX C (13) (cf. section 9.3.4 for chemical shifts).

4.2.5 Stereochemistry of C-4 of cyclic imine toxins

The simulated compounds cumulatively suggest for the S-configuration at C-4 for all
considered compounds. Out of all six gymnodimines and spirolides with elucidated
conformation at C-4, only one spirolide namely 13,19-didesmethyl SPX C (Ciminiello et al.,
2009) shows R-configuration at this position.

The simulated NMR chemical shifts were examined for systematic changes of the chemical
shift induced by the configuration at C-4 (cf. Figure 4.9). Even though members of the lactone
ring (C-1 to C-4) did not show different chemical shifts for the configurations at C-4, a
systematic effect was observed for C-6, and the methylene group C-35 (corresponds to C-25
in GYMs). The simulated carbon chemical shifts of C-6 and methylene group C-35 of SPXs
and C-25 of GYMs, respectively, were shifted towards lower field (higher frequencies) for S
configuration at C-4 in comparison to R configuration at C-4. The chemical shifts of the S

configuration showed better agreement with measured chemical shifts. The simulated
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chemical shifts of H-35a for S configuration were shifted towards lower field in comparison to

R configuration. This effect was more pronounced for SPXs in comparison to GYMs. For the

other proton of this methylene group (H-35b), the influence of S configuration at C-4 led to a
shift towards higher field in comparison to R configuration at C-4.

The effect of stereochemistry at C-4 on chemical shifts of methylene group C-35 in SPXs is
based on the combined influence of the lactone oxygen (between C-1 and C-4) and methylene
group C-30 (cf. Figure 4.9). For the C-4 S isomer, both groups were in spatial proximity to H-
35a, which caused a downfield shift in comparison to the isomer with R configuration at C-4,
where only the methylene group interacted with H-35a. The proton H-35b of the C-4 S isomer
was neither influenced by lactone oxygen nor methylene group, while the spatial proximity
between lactone oxygen and the proton H-35b in the C-4 R isomer led to a downfield shift.
This effect on the methylene group at C-25 was weaker for GYMs, because of a greater
distance between both methylene groups given the smaller ring size of imine ring. The
difference in chemical shift at C-6 was caused by the interaction between stereo center at C-7

and the orientation of ester ring.

The influence of chirality at C-4 on chemical shift of nuclei at ring B was an indication for the
influence of stereochemistry at this position on biological activity. As the stereochemistry of C-
4 influences the chemical shift, it also influences the electron density of ring B. Therefore, it
should affect the binding strength between compound and a target protein.
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Figure 4.9: Systematic effects of the stereochemistry at C-4 on selected chemical shifts of neighboring
nuclei and the causative structural motive at the example of 13-desmethyl SPX C. The position C-35in SPXs
corresponds to position C-25 in GYMs. Measured chemical shifts of 13-desmethyl SPX C and 13,19-
didesmethyl SPX C were taken from Hu et al. and Ciminiello et al. (Ciminiello et al., 2009; Hu et al., 2001).
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In addition to the chemical shifts of the modelled cyclic imine toxins, the measured and
simulated chemical shifts of 13,19-didesmethyl SPX C (Ciminiello et al., 2009), the only cyclic
imine toxin with proposed R configuration at C-4, were added to Figure 4.9. Even though the
chemical shift of H-35b was inconclusive, the measured chemical shifts of C-6, C-35 and H-
35a showed a high similarity to the simulated chemical shifts of the S isomer. This outcome
refutes the proposed stereochemistry at C-4 of 13,19-didesmethyl SPX C (Ciminiello et al.,
2009).

The Ciminiello group proposed the configuration of C-4 for 13,19-didesmethyl SPX C by
comparison of modelled intramolecular distances and strength of NOE-signal strength in
addition to carbon—proton vicinal coupling constants. The latter was used to determine the
preferred orientation of the lactone ring in relation to ring B which contains C-6 and C-35. In
the preferred rotation of the bond C-4 and C-5, proton H-4 was characterized by a gauche
conformation to C-6 and C-35. The observed NOEs revealed a spatial proximity between H-3
and methyl protons at C-37 as well as of H-4 to methyl protons at C-37 and H-35b (1.52 ppm),
with the methyl protons closer to H-4 than H-35b. Among the modelled conformers (Ciminiello
et al., 2009), only the gauche™ conformer with R configuration at C-4 (a = -53°; Table 4.2) was
plausible. The S conformer was ruled out, because it was not compatible with the spatial
proximity between H-4 and H-35b. (Ciminiello et al., 2009)

The rationale of Ciminiello et al. (Ciminiello et al., 2009) to assign R configuration only
considered single conformers. However, for systems without one dominant, highly populated
conformer (>85%), the averaging of multiple conformers is necessary (Bifulco et al., 2007).
Besides the modelled distances of single conformers of 13,19-didesmethyl SPX C from
Ciminiello et al. (Ciminiello et al., 2009), Table 4.2 reveals the averaged distances of 13,19-
didesmethyl SPX C, 13-desmethyl SPX C (neutral and protonated) and 20-Hydroxy-13,19-
didesmethyl SPX C. Evidently, the modelled, averaged distances between H-4 and H-35b
were either equal or shorter for the C-4 S isomer. Consequently, the argument to rule out the
S isomer of 13,19-didesmethyl SPX C, is to be refuted for averaged distances. Moreover, the
averaged distances of the S isomer matched the observed NOEs of Ciminiello et al. (Ciminiello
et al., 2009) even better than the averaged distances of the R isomer (Table 4.2), especially
regarding the required spatial proximity between H-3 and H-37. As consequence, C-4 of 13,19-

didesmethyl SPX C was revised and unambiguous assigned with S configuration.
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Table 4.2: Dihedral angle a values and related intramolecular distances measured on AM1 conformers of
C-4 R and S isomers of 13,19-didesmethyl SPX C taken from Ciminiello et al. (Ciminiello et al., 2009).
Averaged intramolecular distances of 13-desmethyl SPX C (neutral and protonated) and 20-Hydroxy-13,19-
didesmethyl SPX C from AM1 conformers.

- Dihedral H-3-H-37 H-4-H-37 H-4-H-35b
Family/Compound

anglea /A IA IA

C-4: R

13,19-didesmethyl SPX C: anti 168° 3.3 3.8 2.5
13,19-didesmethyl SPX C: gauche” -53° 2.5 2.1 3.3
13,19-didesmethyl SPX C: gauche* 43° 4.7 2.3 3.7
13,19-didesmethyl SPX C: averaged 3.7+05 19+04 35+04
13-desMe SPX C [neutral] 3.7+£04 1.8+0.2 35104
13-desMe SPX C [protonated] 2.3+0.2 21+0.1 3.7+£0.1
20-Hydroxy-13,19-didesmethyl SPX C 35204 19+0.2 3.2+0.6
C-4:S

13,19-didesmethyl SPX C: anti -176° 34 3.7 2.2
13,19-didesmethyl SPX C: gauche” 39° 2.3 2.3 3.7
13,19-didesmethyl SPX C: gauche -41° 4.2 2.4 3.7
13,19-didesmethyl SPX C: averaged 2607 2.2+0.3 3.31£0.2
13-desMe SPX C [neutral] 22+0.2 21+£0.2 3.3£0.3
13-desMe SPX C [protonated] 23+0.1 22+0.1 34+0.1

20-Hydroxy-13,19-didesmethyl SPX C 22+0.2 21+£0.2 3.2+£0.3



Full relative assignment of stereochemistry and conformational analysis of GYMs and SPXs
by NMR- and molecular modeling-based techniques 76

4.3 Conclusion

The combination of NMR spectroscopy and in silico simulations of NMR spectra is a necesary
strategy for the assignment of stereochemistry in complex molecules. With regard to the
chosen level of theory, the higher the level of theory, the higher the quality of the simulated
data. Therefore, simulations were performed on the B3LYP/def2-TZVPP/def2/JK level of
theory. The CPCM solvation model increased the accuracy for the solvent methanol, while the
application of this solvent model was not necessary for compounds measured in pyridine. This
method was successfully applied to elucidate the stereochemistry of GYM E, 20-hydroxy-
13,19-didesmethyl SPX C and 13,19-didesmethyl SPX C, and its application to other marine

biotoxins is currently done.

By application of CD spectroscopy, 13-desmethyl SPX C was identified to have S configuration
at C-4. The stereochemistry of 20-Hydroxy-13,19-didesmethyl SPX C was elucidated similar
to 13-desmethyl SPX C with R configuration at C-20. GYM E shares similar stereochemistry
of 16-desmethyl GYM D, with the exception of S configuration at C-19.

All the simulated compounds had S-configuration at C-4. Out of the six gymnodimines and
spirolides with elucidated conformation at C-4, only one spirolide, namely 13,19-didesmethyl
SPX C (Ciminiello et al., 2009), was assigned with R-configuration at this position. Due to the
simulation of chemical shifts, the configuration at C-4 of 13,19-didesmethyl SPX C was revised
and assigned with S configuration. In conclusion, the majority of SPXs and GYMs exhibit
common stereochemistry, as expected for a common biosynthetic pathway of these two

compound classes.

As stated above, the effect of C-4 on the molecule, especially ring B, is strong enough to
influence the chemical shift of the B ring. Therefore, the configuration at C-4 influences the
electron density and is suggested to influence the binding strength to a target protein.
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4.4 Material and Methods

4.4.1 Parameter setup

The planar structures with limited information’s about stereoisomerism were obtained in
previous NMR studies (cf. Chapter 2 and 3). These form the foundation for the simulations,
where the simulated NMR properties of all possible sterecisomers were compared with the
experimental chemical shifts. The initial three dimensional coordinates for all stereocisomers of
the compounds were obtained through AVOGADRO software package (Hanwell et al., 2012).
The structure files, created by AVOGADRO software package (Hanwell et al., 2012), were used
in the software VISUAL MOLECULAR DYNAMICS (VMD) (Humphrey et al., 1996) and SWISSPARAM
(Zoete et al., 2011) to obtain input structures for the molecular dynamics simulation using the
NANOSCALE MOLECULAR DYNAMICS program (NAMD) (Phillips et al., 2005). All simulations were
either performed on a Lenovo ThinkPad workstation or on the Linux cluster Cray CS400 “Ollie”

at Alfred Wegener Institute’s computing center.

4.4.2 Conformational search

A simulated annealing procedure (Kirkpatrick et al., 1983) in the NANOSCALE MOLECULAR
DyNamics (NAMD) software (Phillips et al., 2005) package was applied for the conformal
search according to the parameter described by Ciminiello et al. (Ciminiello et al., 2009). The
simulation was performed with a time steps length of 1 fs. The distance-dependent dielectric
constant was set to the value of methanol (¢ = 33*r). A total of 200 simulated annealing cycles

were performed and each compromised following steps:

Equilibration (10 ps) at 300 K

- Stepwise temperature increase (AT = 10 K) with 4ps equilibration at each step
- Equilibration (20 ps) at 1000 K

- Stepwise temperature decrease (AT = 20 K) with 4ps equilibration at each step
- Equilibration (2 ps) at 300 K

The geometries obtained in each cycle of the simulated annealing were subjected to geometry
optimization, subsequently with force field and with ab initio calculations on AM1 level of theory.
The semi-empirical AM1 structure optimization as well as a following frequency analysis were
performed with the GENERAL ATOMIC MOLECULAR AND ELECTRONIC STRUCTURE SYSTEM
(GAMESS) software package (Gordon and Schmidt, 2005).

The AM1 conformers were ranked on the basis of their conformational energy values and

grouped into families according to the values of dihedral angles. For each group within a
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tolerance of 10 kJ mol?! above the lowest conformational energy, a representative geometry
was chosen. The chosen geometries were subjected to geometry optimization on the B3LYP/
def2-TZVPP/RIJCOSX/def2/J level of theory. For 13-desmethyl SPX C, the NMR solvent
(MeOD) was simulated with the conductor-like polarizable continuum model (CPCM) and

parameters of methanol.

4.4.3 Determination of shielding tensors

The representative geometries were subjected to shielding tensor simulation in the ORCA
software package (Neese, 2018). The simulation utilized GIAO and def2-TZVPP basis sets
with def2/JK auxiliary basis sets, with the RIJK approximation, on the B3LYP level of theory.
For 13-desmethyl SPX C, the NMR solvent (MeOD) was simulated with the CPCM and

parameters of methanol.

The shielding tensors of the conformers were averaged based on a BoLTzZMANN distribution of
their potential energy.

4.4.4 Evaluation of simulated shielding constants

The averaged shielding tensors of each nuclei was correlated with the respective NMR shift
and based on a linear regression translated into a simulated chemical shift. Based on the
comparison of simulated and measured NMR shifts, the standard deviation was determined

according following formula:

N
1 2
std.dev.Ab = NZ( 6i,simulated - Si,measured)
i=1

Further, the highest difference between measured and simulated data was used for

interpretation.

4.4.5 Circular dichroism spectroscopy

The representative geometries of both C-4 isomers of 13-desMe SPX C (4) were subjected to
simulation of rotatory strengths applying time depended DFT on B3LYP level of theory with
def2-TZVPP/def2/J, RIICOSX approximation and CPCM solvation model. The simulated CD
spectrum of 4 was obtained by applying Gaussian broadening to each transition as previously

described by Li et al. (Li et al., 2010) and adjusted manually to the height of experimental data
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5. Summary

Marine biotoxins produced by dinoflagellates exhibit a remarkable structural diversity. During
the course of this thesis, | have elucidated six novel compounds in total, two for each of the
toxin groups of AZAs, GYMs, and SPXs.

16-desMe GYM D

20-0OH-13,19-didesMe SPX C 20-OH-13,19-didesMe SPX D

Figure 5.1: Compounds elucidated in this thesis.

The purified toxin material of AZA-40 and -59 will now be tested for toxicity in comparison to
the reference standard, AZA-1. Pending the confirmation of toxicity (as determined by S. Sosa,
permit application pending) AZA-40 and -59 should then be included in the mandatory list of
toxins in the shellfish monitoring program.

In GYMs and SPXs novel structural features were discovered, namely the missing methyl
group at C-16 for GYMs and an additional hydroxyl group at C-20 for SPXs respectively. As
the example of the AZAs showed, other derivatives with these structural features are likely.
Further, four cyclic imine toxins had their full relative stereochemistry elucidated. The simulated
chemical shifts revealed a systematic effect between the chirality at C-4 and neighboring
nuclei. Based on this systematic effect, reasonable doubts arise towards determination of R
configuration at C-4 in 13,19-didesmethyl SPX C. The configuration of C-4 was assigned with
simulated and measured NMR spectra, suggesting that all tested GYMs and SPXs have the S
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configuration at that position. This assignment supports the hypothesis of a common

biosynthetic pathway for both compound groups.

Given the knowledge of full relative conformation of GYMs and SPXs, the next step is to link
common structural features to bioactivity (e. g. toxicity). Figure 5.2 shows the similarities in
electrostatic potential simulated in silico for the GYMs and SPXs discussed in this thesis (DFT,
B3LYP/def2-TZVPP/def2/JK, calculated with ORCA (Neese, 2018) and Multiwfn (Lu and
Chen, 2012)). These results foreshadow the ultimate goal to simulate theoretical binding
properties for these toxins in silico with their reported receptor proteins (Bourne et al., 2010).
One of the underlying ecological questions for these studies is, why microalgal genotypes
produce a high structural diversity of similar toxins and how these differ in their binding targets
and binding potentials.
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Figure 5.2: Electrostatic potential of 16-desmethyl GYM D (A), GYM E (B), 13-desmethyl SPX C (C), and 20-
hydroxy-13,19-didesmethyl SPX C (D).
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6. Zusammenfassung

Marine Biotoxine von Dinoflagellaten eine beeindruckende strukturelle Vielfalt. Im Rahmen
dieser Arbeit konnte ich die Struktur von sechs dieser Verbindungen aufklaren, jeweils zwei
stammen aus den Toxinklassen der Azaspirazide, Gymnodimine, und Spirolide.

16-desMe GYM D

20-OH-13,19-didesMe SPX C 20-OH-13,19-didesMe SPX D
Abbildung 6.1: Im Rahmen dieser Arbeit aufgeklarte Verbindungen.

Das aufgereinigte Toxinmaterial von AZA-40 und -59 wird nun im Vergleich zum
Referenzstandard AZA-1 auf Toxizitat getestet. In Abhangigkeit von der Toxizitdt der neuen
Verbindungen (wie von S. Sosa ermittelt, Genehmigung ausstehend) empfiehlt sich die

Aufnahme in die regulierte Uberwachung von Muscheln.

Die Gymnodimine und Spirolide in Abbildung 6.1 zeigen fir diese Substanzlassen neue
Strukturmerkmale. Bei den Gymnodiminen ist die fehlende Methylgruppe an C-16 ein neues
Strukturmotiv. Wahrend dies bei den Spiroliden der erste Bericht von einer Alkoholgruppe an
C-20 ist. Wie das Beispiel der Azaspirazide zeigte, sind weitere Derivate mit diesen Merkmalen
wabhrscheinlich. Weiterhin wurde die Stereochemie von vier Cycloimin Toxinen aufgeklart. Die
Konfiguration an C-4 zeigte einen systematischen Einfluss auf die simulierten chemischen
Verschiebungen benachbarter Atome. Dieser Effekt lieR an der von Ciminiello et al.
bestimmten R Konfiguration bei 13,19-didesmethylspirolid C (Ciminiello et al., 2009) zweifeln.
Die S Konfiguration wurde durch den Vergleich zwischen gemessenen und simulierten

chemischen Verschiebungen bei 13,19-didesmethylspirolid C nachgewiesen, was auf eine S
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Konfiguration bei allen getesteten Spiroliden und Gymnodiminen schliel3en lasst. Diese
Zuordnung stitzt die Hypothese eines gemeinsamen Biosynthesewegs fir beide
Verbindungsgruppen

In Anbetracht der Kenntnis der vollstéandigen relativen Konformation bei Gymnodiminen und
Spiroliden besteht der nachste Schritt darin, gemeinsame Strukturmerkmale mit der
Bioaktivitat (z. B. Toxizitat) zu verknlUpfen. Die Abbildung 6.2 zeigt, wie ahnlich sich die
simulierten elektrostatischen Potentiale fir die in dieser Arbeit diskutierten Gymnodimine und
Spirolide sind (DFT, B3LYP/def2-TZVPP/def2/JK, berechnet mit ORCA (Neese, 2018) und
Multiwfn (Lu and Chen, 2012)). Diese Ergebnisse deuten das ultimative Ziel an, die
theoretischen Bindungs-eigenschaften dieser Toxine in silico mit dem entsprechenden
Rezeptorprotein (Bourne et al., 2010) zu simulieren. Eine der zugrunde liegenden
Okologischen Fragen fir diese Studien ist, warum bei Mikroalgen die verschiedenen
Genotypen eine hohe strukturelle Vielfalt &hnlicher Toxine produzieren und wie sich diese in
ihren Bindungszielen und Bindungsstarke unterscheiden.
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Abbildung 6.2: Das elektrostatische Potential von 16-Desmethylgymnodimin D (A), Gymnodimin E (B), 13-
Desmethylsprolid C (C), und 20-Hydroxy-13,19-didesmethylspirolid C (D).
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7. Index of abbreviations

AF
AM1
amu
AOAC
ASP
AZAs
AZP
B3LYP
BfR
BTX
°C

CD

cf.
CFP
CID
COSsY
CPCM

DA
DMSO
DSP
DTX
ec
EFSA
e.g.
ELISA
ENSO
ESI

et al.
EU

eV
Exod.
FA

GYM
HAB

ammonium formiate

Austin Model 1 (a semi empiric method)
atomic mass unit

Association of Official Analytical Chemists
amnesic shellfish poisoning
azaspiracids

azaspiracid poisoning

a DFT exchange-correlation functional (Becke, 3-parameter, Lee-Yang-Parr)
Bundesinstitut fur Risikobewertung
brevetoxin

degree Celsius

circular dichroism

compare with (confer)

ciguatera fish poisoning

collision induced dissociation

correlated spectroscopy

conductor-like polarizable continuum model
chemical shift

domoic acid

dimethyl sulfoxide

diarrheic shellfish poisoning
dinophysistoxin

endcapped

European Food Safety Authority

for example (exempli gratia)
enzyme-linked immunosorbent assay
El Nifio Southern Oscillation
electrospray ionization

et alia

European Union

electron volt

Exodus (Book Il of Mose)

formic acid

gram

gymnodimine

harmful algae blooms



HMBC
HPLC
HRMS
HSQC
Hz
IFF
i.p.
in silico

in vitro

in vivo
J

K
KmTX
LAVES

LC-MS

MBA
Me
MeCN
MeOD
MeOH
mg
MHz
mL

ML
mmol
MS
m/z
neg
NLWKN

nm
NMR
NPC
NRL
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heteronuclear multiple bond correlation

high-performance liquid chromatography

high resolution mass spectrometry

heteronuclear single quantum correlation

Hertz

Institut fir Fische und Fischereierzeugnisse
intraperitoneal

experiments performed on a computer (Pseudo-Latin for “in silicon”)
experiment at microorganisms outside their normal biological context (Latin
for “in the glass”)

experiment at the living animal (Latin for “within the living”)
coupling constant

Kelvin

karlotoxin

Niedersachsisches Landesamt fur Verbraucherschutz und
Lebensmittelsicherheit

liquid chromatography coupled to mass spectroscopy
molar

multiplett

mouse bioassay

methyl

acetonitrile

deuterated methanol

methanol

milligrams

megahertz

milliliter

microliter

millimol

mass spectrometry

mass to charge ratio

negative

Niedersachsischer Landesbetrieb fur Wasserwirtschaft, Kiisten- und
Naturschutz

nanometer

nuclear magnetic resonance

nascent polyketide chain

National Reference Labor



NSP
OA

p. a.
pos

ppm
PSP
PTX

rpm
Ry

RT

sp.
SPE
SPX
STX
TEF
TMS
TPSSh
USA
XRD
YTX

neurotoxic shellfish poisoning
okadaic acid

pro analysi

positive

parts per million

paralytic shellfish poisoning
pectenotoxin

organic Rest

rounds per minute

retention time

room temperature

species

solid phase extraction
spirolide

saxitoxin

toxic equivalency factor
tetramethylsilane

a DFT exchange-correlation functional
United States of America
X-ray crystallography

yessotoxin
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9. Supporting Information’s

9.1 Identification of novel neurotoxic gymnodimines and spirolides from the marine

dinoflagellate Alexandrium ostenfeldii

All raw NMR data (Topspin) and annotated Mestre files of this section are available in the data
repository PANGAEA https://doi.pangaea.de/10.1594/PANGAEA.895116.

4 GYM A: R=H SGYMB: R;=H, R,=H, R3;=0H
7 12-methylGYM A: R=CH, 8 12-MethylGYM B: R,=CHj, R,=H, R4=OH
6 GYM C: R1=H, R2=OH, R3=H

3GYMD: R=CHj; 2GYME
1 16-desmethylGYM D: R=H

Figure 9.1: Structures of known and novel gymnodimines.
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Figure 9.2: Structures of known and novel spirolides.
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9.1.1 NMR-spectra of 16-desmethyl GYM D
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Figure 9.3: 1D Proton spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.4: 1D 3C-spectra of 16-desmethyl GYM D (150 MHz, pyridine-ds).
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Figure 9.5: Multiplicity-edited 2D HSQC spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.6: Slice 1 of multiplicity-edited 2D HSQC spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.7: Slice 2 of multiplicity-edited 2D HSQC spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.8: 2D COSY spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.9: Slice 1 of 2D COSY spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.10: Slice 2 of 2D COSY spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.11: 2D double quantum filtered COSY spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.12: 2D TOCSY spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.13: Slice 1 of 2D TOCSY spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.14: Slice 2 of 2D TOCSY spectra of 16-desmethyl GYM D (600 MHz, pyridine-ds).
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Figure 9.15: HSQC-TOCSY spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.16: Slice 1 of HSQC-TOCSY spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.17: Slice 2 of HSQC-TOCSY spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.18: Slice 3 of HSQC-TOCSY spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.19: 2D IMPACT-HMBC spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.20: Slice 1 of 2D IMPACT-HMBC spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.21: Slice 2 of 2D IMPACT-HMBC spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.22: ROESY spectra of 16-desmethyl GYM D (600 MHz Proton frequency, pyridine-ds).
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Figure 9.23: Measured CD-spectra [expt.] of 16-desmethyl GYM D (1) and GYM A (4) with simulated spectra of 1 with both configuration at C-4.
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9.1.3 NMR-spectra of GYM E
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Figure 9.24: 1D Proton spectra of GYM E (600 MHz, pyridine-ds).
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Figure 9.25: Multiplicity-edited 2D HSQC spectra of GYM E (600 MHz Proton frequency, pyridine-ds).
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Figure 9.26. Slice 1 of Multiplicity-edited 2D HSQC spectra of GYM E (600 MHz Proton frequency, pyridine-ds).
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Figure 9.27: Slice 2 of Multiplicity-edited 2D HSQC spectra of GYM E (600 MHz Proton frequency, pyridine-ds).
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Figure 9.28: 2D COSY spectra of GYM E (600 MHz, pyridine-ds).
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Figure 9.29: Slice of COSY spectra of GYM E (600 MHz Proton frequency, pyridine-ds).
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Figure 9.31: Slice of 2D HSQC-TOCSY spectra of GYM E (600 MHz Proton frequency, pyridine-ds).

130

130



Supporting Information’s 131

9.1.4 NMR-spectra of 20-hydroxy-13,19-didesMethyl SPX C
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Figure 9.32: 1D Proton spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, CDz0D).
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Figure 9.33: 1D 13C-spectra of 20-hydroxy-13,19-didesmethyl SPX C (150 MHz, CDs0D).
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Figure 9.34: Slice of 1D 13C-spectra of 20-hydroxy-13,19-didesmethyl SPX C (150 MHz, CDsOD).
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Figure 9.35: 2D HSQC spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz Proton frequency, CD30OD).
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Figure 9.36: COSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz Proton frequency, CD30OD).
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Figure 9.37: 2D TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, CD30D).

136



IN_SPX_694.14.ser

—j SPX 694 in 40 uL MeOD {4.06,1.09% (3.58,1.09{@ I {1.93,1.0?6 {1.76,1.09}

@ @ | A7

{
{4.38,1.66}2{4.11,1.65} @, | {2.25,1.66,
ﬂ'ﬁ (@(4_0711_5@{3.7@1.77{@ 0 &
{3.96,1.94{@ @{3.46,1.95%; ]
@ @ @ @,{3.96,2.14}

{3.77,2.25}
1 4.11,2. Az1e (B’
© BN
#
(4.17,2.42}

Supporting Information’s

Lol M AL

{2)04,1 35% {1.58,1( AW

.96,1. {3.46,1.407 , || .96, — NP i s
® {é41{@ 6 0&@&1_ I 0{11 ,_ , @

St =

{1.4],2.42}

—
=
_ = — {1.96,3.45 {1.41,3.45
a {1.58,3.5% %@{1.10,3.5({@
{2.25,3.75&) {1-92:3-7‘2{@.67,3.76 )
{1.96,3.95 ﬁ %@1.41,3.95
) {@@ {1.58,4.06
‘ 15 .1(2@ {1.96,4.1@) 1.41,4-15}@
| {2.33/4.37} {2.03,4.36}  {1.354. {1.35,4.09}
&g ¢ %
{1.67,4.36}
% | f b hos
! {1.93,5.99
—% i %
J D @ i
} ° 0 (1.94,7.17}
oA T T —T—— T T T T T AT T T T T T T T —
7.2 6.0 52 44 42 4.0 3.8 3.6 34 24 22 20 18 16 14 1.2 1.0

f2 (ppm)

Figure 9.38: Slice of 2D TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, CDsOD).
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Figure 9.40: Slice of HSQC-TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz Proton frequency, CDsOD).
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Figure 9.41: HMBC spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz Proton frequency, CD30D).
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9.1.5 NMR-spectra of 20-hydroxy-13,19-didesmethyl SPX C in pyridine
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Figure 9.42: 1D Proton spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, pyridine-ds).
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Figure 9.43: 2D HSQC spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz Proton frequency, pyridine-ds).
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Figure 9.46: 2D COSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, pyridine-ds).
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Figure 9.47: Slice of 2D COSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, pyridine-ds).
146



Supporting Information’s 147

f1 (ppm)

WY

.0 0.5 0.0

9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 50 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1
f2 (ppm)

Figure 9.48: 2D TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, pyridine-ds).
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Figure 9.49: Slice of 2D TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz, pyridine-ds).
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Figure 9.51: Slice of 2D HSQC-TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz Proton frequency, pyridine-ds).
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Figure 9.53: Slice of 2D HMBC spectra of 20-hydroxy-13,19-didesmethyl SPX C (600 MHz Proton frequency, pyridine-ds).
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9.1.6 NMR-spectra of 20-Hydroxy-13,19-didesMethyl-SPX D
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Figure 9.54: 1D Proton spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz, CD30D).
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Figure 9.55: 2D HSQC spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz Proton frequency, CD30D).
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Figure 9.56: Slice of 2D HSQC spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz Proton frequency, CDz0D).

1.0

155

155



Supporting Information’s 156

f1 (ppm)

f i)

Wsaw PRI

d
1)
T T T T T T T

=
:

0
9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 0.5
f2 (ppm)

Figure 9.57: 2D COSY spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz, CD30OD).
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Figure 9.58: Slice of 2D COSY spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz, CD30OD).

157



Supporting Information’s 158

A

f1 (ppm)

4

.5 1.0 0.5 0.0

9.5 9.0 85 80 75 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 20 1
f2 (ppm)
Figure 9.59: 2D TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz, CD30D).
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Figure 9.60: Slice of 2D TOCSY spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz, CDsOD).
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Figure 9.61: 2D HMBC spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz Proton frequency, CD30D).
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Figure 9.62: Slice of 2D HMBC spectra of 20-hydroxy-13,19-didesmethyl SPX D (600 MHz Proton frequency, CD3OD).
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9.1.7 LC-MS/MS chromatogram of station SL92-2
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Figure 9.63: LC-MS/MS chromatogram of station SL92-2.
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9.2 Identification of novel Azaspiracids from Azadinium poporum

9.2.1 NMR-spectra of AZA-40 (6)
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Figure 9.64: Structure and 1D proton spectra of AZA-40 (600 MHz, d4-methanol).
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Figure 9.65: 1D DEPT spectra of AZA-40 (600 MHz, d4-methanol).
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Figure 9.66: Slice of 1D DEPT spectra of of AZA-40 (600 MHz, d4-methanol).
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Figure 9.67: 2D HSQC spectra of AZA-40 (600 MHz Proton frequency, d4-methanol).
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Figure 9.68: Slice of 2D HSQC spectra of AZA-40 (600 MHz Proton frequency, d4-methanol).

167



Supporting Information’s 168

Figure 9.69: multiple quantum filtered 2D-DOSY spectra of AZA-40 (600 MHz Proton frequency, d4-methanol).
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Figure 9.70: 2D-DOSY spectra of AZA-40 (600 MHz Proton frequency, d4-methanol).
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Figure 9.71: 2D-TOCSY spectra of AZA-40 (600 MHz Proton frequency, d4-methanol).
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Figure 9.72: 2D-HSQC-TOCSY spectra of AZA-40 (600 MHz Proton frequency, d4-methanol).
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Figure 9.73: 2D-HMBC spectra of AZA-40 (600 MHz Proton frequency, d4-methanol).
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9.2.2 NMR-spectra of AZA-59 (10)
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Figure 9.74: Structure and 1D proton spectra of AZA-59 (600 MHz, d4-methanol).
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Figure 9.75: 1D carbon spectra of AZA-59 (150 MHz, d4-methanol).
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Figure 9.76:1D DEPT spectra of AZA-59 (150 MHz, d4-methanol).
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Figure 9.77: 2D HSQC spectra of AZA-59 (600 MHz Proton frequency, d4-methanol, cf. Figure 9.78 and Figure 9.79 for picked peaks).
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Figure 9.81: 2D HSQC-TOCSY spectra of AZA-59 (600 MHz Proton frequency, d4-methanol, mixing time 10 ms).
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Figure 9.83: 2D HSQC-TOCSY spectra of AZA-59 (600 MHz Proton frequency, d4-methanol, contaminated with a phthalate ester).
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Figure 9.84: 2D HMBC spectra of AZA-59 (600 MHz Proton frequency, d4-methanol).
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Figure 9.85: 2D ROESY spectra of AZA-59 (600 MHz Proton frequency, d4-methanol.
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Table 9.1: Simulated and measured chemical shifts of 16-desmethyl GYM D.
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185

9.3 Full relative assignment of stereochemistry and conformational analysis of

GYMs and SPXs by NMR- and molecular modeling-based techniques

9.3.1 16-desmethyl GYM D (11)

No. | Nuc. C-4, C-10,C-17: S C-10, C-17: S C-4, C-13,C-14: S; easured
C-13,C-14:R C-4,C-13,C-14: R C-10, C-17:R

CPCM noCPCM| CPCM noCPCM| CPCM no CPCM
1 |C 172.3 171.8 171.6 169.2 171.7 169.2 175.5
2 |C 129.0 129.6 129.7 133.1 128.9 132.2 130.2
3 |C 149.8 147.6 148.2 144.5 149.2 145.0 148.6
4 |C 82.5 81.9 80.8 79.2 81.0 80.5 81.6
5 |C 123.5 125.9 126.2 129.2 124.2 126.5 125.9
6 |C 139.9 138.4 142.6 139.6 141.2 137.9 136
7 |C 43.2 43.4 43.0 43.6 44.6 44.5 43.6
8 |C 30.2 30.3 25.2 27.0 30.5 31.0 31.8
9 |C 72.4 72.7 73.1 74.3 77.1 76.3 71.6
10 (C 81.4 82.1 80.8 83.3 84.7 86.4 83.4
11 (C 25.7 26.4 26.5 27.0 29.8 29.0 27
12 |C 29.7 29.9 29.2 29.1 28.7 29.9 24.9
13 (C 79.9 80.5 79.4 80.1 78.5 80.0 78.6
14 (C 79.5 79.3 79.2 81.6 83.4 85.1 82.5
15 (C 27.7 27.8 27.4 27.2 26.8 27.5 29.4
16 (C 32.1 32.4 31.7 29.7 26.9 27.4 32.1
17 |C 82.6 82.8 82.0 82.6 81.8 83.0 82.9
18 |C 136.4 137.9 136.4 136.6 134.9 135.2 133.1
19 |C 123.6 123.9 122.6 125.1 121.0 124.6 124.9
20 (C 23.2 24.6 23.0 22.7 22.2 22.8 21.9
21 (C 32.7 32.3 32.0 32.6 34.4 34.4 31.8
22 |C 173.3 173.3 172.0 171.7 172.1 172.4 173.3
23 |C 46.8 45.5 48.4 45.8 47.2 45.8 42.7
24 |C 32.4 32.1 36.4 36.1 34.5 31.7 33.6
25 [C 20.8 20.4 22.5 20.6 20.3 19.3 19.7
26 |C 10.9 10.3 10.5 10.2 9.2 10.3 11
27 |C 17.4 18.7 14.3 14.0 15.0 14.6 18.1
29 |C 13.9 13.8 13.6 13.4 13.1 13.7 15.3
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No. | Nuc. C-4, C-10,C-17: S C-10, C-17:S C-4,C-13,C-14: S; easured
C-13,C-14:R C-4,C-13,C-14:R C-10,C-17:R
CPCM noCPCM| CPCM noCPCM| CPCM no CPCM
30 |C 23.1 22.6 29.9 29.1 26.4 22.0 26
31 [C 20.5 19.8 19.7 20.6 19.0 19.3 20.5
32 |C 51.4 49.6 50.1 49.3 49.6 50.5 50.3
3 |H 7.02 7.07 7.02 6.84 7.22 6.87 7.05
4 |H 6.13 5.78 6.11 5.95 6.18 5.87 5.93
7 |H 3.34 3.41 3.28 3.34 2.96 3.17 3.16
8 |H 1.36 1.57 1.40 1.64 1.74 1.54 1.43
8 |H 1.88 1.63 2.03 1.79 1.78 1.85 1.9
9 |H 4.17 4.20 3.77 3.60 3.43 3.57 3.66
10 (H 4.21 4.29 4.32 4.14 3.58 3.62 3.94
11 (H 1.85 1.80 1.93 1.83 1.72 1.83 1.56
11 |H 1.96 2.03 2.10 1.97 2.05 1.86 1.79
12 |H 1.88 1.86 1.87 1.87 2.06 2.09 1.77
12 |H 1.95 1.97 2.00 2.19 2.17 2.10 1.77
13 [H 3.76 3.87 3.86 3.99 411 4.08 4.36
14 |H 4.01 4.00 4.01 3.93 3.89 3.81 4.13
15 |H 1.71 1.74 1.72 1.75 1.59 1.46 1.76
15 |H 1.96 1.97 2.00 1.88 1.86 2.01 1.99
16 |H 1.76 1.76 1.77 1.79 2.03 1.93 1.79
16 |H 2.18 2.21 2.22 2.23 2.19 2.25 1.79
17 |H 4.30 4.30 4.33 4.41 4.38 4.39 4.15
19 [H 5.51 5.52 5.54 6.00 5.96 6.26 5.99
20 |H 2.01 1.99 2.06 2.07 2.27 2.16 2.1
20 |H 2.63 2.81 2.75 2.85 2.40 2.57 3
21 |H 2.39 2.22 2.48 2.50 2.50 2.55 2.76
21 |H 2.70 2.98 2.81 2.85 2.67 2.57 2.76
24 |H 1.75 1.50 1.12 1.07 1.35 1.67 1.37
24 |H 1.79 1.75 1.88 1.79 1.80 1.67 1.59
25 |H 1.58 1.40 1.75 1.80 1.72 1.42 1.94
25 |H 2.04 2.02 2.01 1.95 1.88 2.17 1.49
26 |H 1.92 1.92 2.00 1.94 1.94 1.84 1.99
26 |H 1.96 1.99 2.00 1.96 2.03 1.95 1.99
26 |H 2.12 2.11 2.13 2.00 2.03 1.96 1.99
27 |H 1.74 1.78 1.79 1.70 1.93 1.66 1.92
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No. | Nuc. C-4, C-10,C-17: S C-10, C-17:S C-4,C-13,C-14: S; easured
C-13,C-14:R C-4,C-13,C-14:R C-10,C-17:R
CPCM noCPCM| CPCM noCPCM| CPCM no CPCM
27 |H 1.82 2.01 1.94 2.17 2.00 1.90 1.92
27 |H 2.52 2.24 2.49 2.18 2.23 2.62 1.92
29 |H 1.40 1.42 1.43 1.40 1.61 1.34 1.61
29 |H 1.50 1.45 1.50 1.52 1.67 1.84 1.61
29 |H 2.12 2.19 2.20 2.23 2.07 2.10 1.61
30 |H 1.47 1.42 1.28 1.32 1.48 1.44 1.44
30 |H 1.80 1.72 1.60 1.69 1.57 1.82 1.54
31 |H 1.52 1.50 1.50 1.51 1.54 1.52 1.47
31 |H 1.68 1.82 1.57 1.55 1.59 1.59 1.47
32 |H 3.40 3.57 3.35 3.57 3.56 3.62 3.48
32 |H 3.71 3.74 3.63 3.79 3.78 3.98 3.71
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9.3.2 GYME (12)
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Table 9.2: Simulated and measured chemical shifts of GYM E.

No. Nuc.|C-4:S;C-19:R| C4,C-19:S | C4:R; C-19:S measured
1 C 174.2 173.8 174.5
2 C 136.3 136.0 137.8
3 C 149.2 149.3 149.3 149.8
4 C 81.4 80.5 80.4 81.0
5 C 132.9 133.9 134.6
6 C 141.8 142.3 144.6
7 C 43.8 43.8 43.3 44.5
8 C 30.6 31.3 31.0 30.3
9 C 73.2 74.3 74.4 74.9
10 C 84.4 85.7 85.5 84.5
11 C 26.0 28.5 28.9 29.0
12 C 28.6 27.6 27.5 25.2
13 C 83.5 81.7 81.8 81.1
14 C 81.1 81.7 82.1 81.6
15 C 30.1 29.5 29.7 26.4
16 C 33.0 30.3 30.0 29.7
17 C 85.7 82.9 83.1 82.1
18 C 164.0 161.5 163.2
19 C 69.7 74.3 74.2 73.4
20 C 27.7 33.0 32.1 36.9
21 C 28.6 28.3 28.6 32.4
22 C 179.4 178.7 179.2
23 C 46.0 46.3 46.3
24 C 36.9 35.8 354 30.3
25 C 20.5 20.0 20.0 19.9
26 C 10.0 7.9 9.5 10.7
27 C 15.0 14.6 14.3 17.3
29 C 107.4 106.6 106.9 109.2
30 C 29.1 28.9 29.0 25.2
31 C 20.3 19.2 18.8 20.2
32 C 50.1 50.2 49.9 50.3
H 6.74 6.88 6.74 6.93
H 5.86 5.81 5.85 5.88
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Supporting Information’s

No. Nuc.|C-4:S;C-19:R| C4,C-19:S | C4:R; C-19:S measured
7 H 3.32 3.11 3.23 3.11
8 H 1.47 1.31 1.23 1.22
8 H 1.60 1.97 1.90 1.74
9 H 3.96 3.46 3.47 3.66
10 H 4.32 4.04 4.03 3.92
11 H 1.81 1.82 1.88 1.74
11 H 1.88 2.04 2.09 1.74
12 H 1.71 1.72 1.73 1.52
12 H 1.99 2.13 2.09 1.73
13 H 3.71 3.96 3.96 4.12
14 H 4.15 4.07 4.11 3.89
15 H 1.99 1.77 1.80 1.56
15 H 2.12 2.23 2.29 1.76
16 H 2.03 2.23 2.25 1.84
16 H 2.32 2.25 2.25 1.84
17 H 4.96 4.92 494 4.21
19 H 4.62 4.72 4.70 4.58
20 H 1.61 1.85 1.77 2.36
20 H 2.40 2.40 2.41 2.36
21 H 2.20 2.19 2.25 2.79
21 H 2.88 2.34 2.43 2.79
24 H 1.19 1.24 1.08 1.30
24 H 1.78 1.64 1.75 151
25 H 1.54 1.57 1.70 1.42
25 H 2.07 1.88 1.86 1.88
26 H 1.85 1.86 1.90 1.85
26 H 1.96 1.91 2.01 1.85
26 H 1.96 2.21 2.03 1.85
27 H 1.70 1.74 1.62 2.03
27 H 2.06 1.83 2.05 2.03
27 H 2.16 2.22 2.19 2.03
29 H 4.96 5.11 5.13 5.00
29 H 5.01 5.34 5.28 5.69
30 H 1.37 1.35 1.24 1.62
30 H 1.94 1.85 1.77 1.72
31 H 1.47 1.55 1.54 1.24
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Supporting Information’s

No. Nuc.|C-4:S;C-19:R| C4,C-19:S | C4:R; C-19:S measured
31 H 1.51 1.67 1.62 1.36
32 H 3.45 3.71 3.69 3.30
32 H 3.84 3.78 3.82 3.75

190

190



9.3.3 13-desmethyl SPX C (4)

Supporting Information’s

191

Table 9.3: Simulated and measured chemical shifts of 13-desmethyl SPX C (measured data taken from Hu

et al. 2001).

No. Nuc. C-4:S C-4:R | C-4: Scation | C-4: R cation | measured*

no CPCM| CPCM CPCM CPCM CPCM

1 C 173.1 176.3 175.5 172.2 171.6 176.8
2 C 135.6 131.7 131.9 129.7 130.3 131
3 C 148.0 153.1 154.1 150.0 150.4 149.5
4 C 81.6 84.1 82.3 82.5 81.0 82
5 C 131.1 126.6 126.3 125.3 124.5 126.4
6 C 139.1 140.8 144.0 136.7 140.2 133.2
7 C 514 50.5 50.5 51.1 51.0 48.1
8 C 123.2 125.3 125.6 117.8 117.1 122.5
9 C 148.6 145.6 145.1 146.3 146.0 146
10 C 77.8 79.4 79.1 76.6 76.3 76.8
11 C 40.6 43.7 43.6 40.0 40.1 45.2
12 C 83.7 81.0 80.4 82.9 82.9 79.8
13 C 32.4 31.2 31.0 335 33.3 32.8
14 C 38.1 39.3 39.3 37.6 37.6 38.2
15 C 121.6 120.7 120.2 119.2 119.0 118.1
16 C 34.5 34.3 34.2 34.6 34.7 35.2
17 C 31.1 31.8 31.7 32.5 32.8 32.1
18 C 116.5 114.3 113.9 112.3 112.2 112.2
19 C 71.7 72.3 72.0 71.8 71.6 71.1
20 C 36.9 36.6 36.5 36.5 36.5 35.7
21 C 28.7 28.5 28.4 29.0 28.9 29.9
22 C 70.1 69.4 69.2 68.6 68.6 69.1
23 C 47.8 46.9 47.0 47.0 46.6 46.3
24 C 155.2 155.1 154.8 149.8 149.6 145.6
25 C 334 35.0 35.2 33.1 32.9 34.6
26 C 20.9 21.3 22.5 20.5 20.5 21.8
27 C 34.4 35.0 35.1 36.4 36.2 36
28 C 179.0 179.5 179.0 204.1 203.7 201.3
29 C 52.7 53.3 52.9 54.8 55.0 52.4
30 C 37.4 37.3 37.0 36.5 36.4 36.7
31 C 36.3 37.0 36.6 37.6 37.7 37.5
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Supporting Information’'s 192
No. Nuc. C-4:S C-4:R C-4: S cation | C-4: R cation | measured*
no CPCM| CPCM CPCM CPCM CPCM

32 C 42.5 42.5 42.4 40.2 40.0 38.8
33 C 53.5 53.9 53.6 51.8 51.7 51.8
34 C 32.5 32.4 32.4 34.9 34.9 32.4
35 C 19.7 19.8 215 21.3 23.5 20.3
36 C 9.9 9.7 9.9 11.1 11.2 10.5
37 C 15.7 16.5 17.1 17.3 17.9 16.7
38 C 14.4 10.1 9.9 16.2 15.9 12.9
40 C 18.4 18.7 18.7 19.4 19.2 22.7
41 C 107.4 105.3 105.6 105.1 104.9 112.6
42 C 16.8 17.6 17.4 17.6 17.4 18.9
43 C 18.2 18.4 18.2 20.0 20.0 20.1

H 6.63 6.96 6.99 6.90 6.95 7.13

H 5.75 5.97 5.96 5.92 5.89 5.98

H 3.59 3.58 3.59 3.72 3.74 3.78
8 H 5.19 5.20 5.22 4.95 4.99 5.16
10 H 4.26 4.01 4.00 4.22 4.21 4.15
11 H 1.70 1.46 1.41 1.33 1.34 1.37
11 H 1.86 2.31 2.35 2.00 2.00 2.25
12 H 4.24 4.21 4.20 4.23 4.22 4.30
13 H 1.97 1.78 1.76 1.80 1.80 1.70
13 H 2.05 2.20 2.21 2.11 2.11 2.27
14 H 1.78 2.04 2.03 1.83 1.84 1.95
14 H 1.99 2.13 2.12 1.96 1.95 2.29
16 H 1.89 2.14 2.13 2.02 2.02 2.07
16 H 2.56 2.29 2.28 2.29 2.29 2.21
17 H 1.67 1.71 1.72 1.61 1.61 1.79
17 H 2.22 2.20 2.19 2.14 2.17 2.20
20 H 1.52 1.53 1.53 1.45 1.43 1.49
20 H 1.57 1.64 1.63 1.54 1.53 1.81
21 H 1.16 1.25 1.26 1.22 1.22 1.28
21 H 1.57 1.48 1.51 1.36 1.36 1.58
22 H 3.96 3.91 3.89 3.77 3.80 3.97
23 H 1.99 2.08 2.08 2.01 2.01 2.06
23 H 2.44 2.35 2.36 2.27 2.27 2.41
25 H 1.88 1.58 1.66 1.50 1.48 1.83
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Supporting Information’s 193
No. Nuc. C-4:S C-4:R C-4: S cation | C-4: R cation | measured*
no CPCM| CPCM CPCM CPCM CPCM
25 H 1.94 2.00 1.96 2.14 2.16 2.05
26 H 1.13 1.21 1.24 1.79 1.81 1.83
26 H 2.47 2.06 2.00 1.89 1.84 2.01
27 H 2.08 2.09 2.11 2.73 2.76 2.82
27 H 2.25 2.37 2.37 2.79 2.79 3.10
30 H 1.59 1.53 1.46 1.79 1.73 1.79
30 H 1.66 1.66 1.62 1.80 1.75 2.01
31 H 1.26 1.12 1.09 1.15 1.15 1.04
32 H 1.27 1.31 1.30 1.54 1.53 1.67
33 H 3.66 3.41 3.40 3.34 3.30 3.55
33 H 3.75 3.73 3.71 3.95 3.89 4.18
34 H 1.40 1.47 1.51 1.57 1.59 1.67
34 H 1.84 1.75 1.76 1.89 1.87 1.98
35 H 1.46 1.54 1.65 1.69 1.83 1.72
35 H 2.37 2.17 1.97 2.24 2.01 2.27
36 H 1.87 1.87 1.90 1.78 1.82 1.90
36 H 1.87 1.96 1.93 1.84 1.86 1.90
36 H 1.93 1.96 1.97 1.89 1.86 1.90
37 H 1.50 1.63 1.77 1.41 1.38 1.74
37 H 1.70 1.67 1.79 1.65 1.59 1.74
37 H 1.77 1.94 1.86 1.87 2.11 1.74
38 H 1.78 1.85 1.80 1.75 1.68 1.91
38 H 2.00 1.95 1.99 1.94 2.02 1.91
38 H 2.33 1.97 2.01 2.13 2.15 1.91
40 H 0.83 1.06 0.96 0.85 0.91 1.20
40 H 1.04 1.19 1.24 1.14 1.01 1.20
40 H 1.48 1.24 1.28 1.21 1.29 1.20
41 H 4.71 4.67 4.68 4.71 4.72 4.81
41 H 4.81 4.80 4.79 4.81 4.81 4.92
42 H 0.99 0.96 1.01 0.67 0.89 1.05
42 H 1.08 1.04 1.02 1.04 0.92 1.05
42 H 1.19 1.16 1.10 1.15 1.01 1.05
43 H 0.80 0.89 0.82 0.70 0.83 1.11
43 H 0.99 0.93 0.94 1.04 0.98 1.11
43 H 1.13 1.21 1.24 1.33 1.27 1.11

193



Supporting Information’s

9.3.4 20-Hydroxy-13,19-didesmethyl SPX C (13)

Table 9.4: Simulated and measured chemical shifts of 20-Hydroxy-13,19-didesmethyl SPX C.

194

No. |Nuc. C-4, C-20: S C-4: R, C-20: S C-4:S,C-20: R measured
1 C 168.6 167.9 169.1 175.7
2 C 132.6 133.0 133.1 130.0
3 C 143.8 1455 144.4 148.3
4 C 79.8 78.5 80.3 80.9
5 C 128.5 127.4 129.5 124.9
6 C 134.3 139.4 134.8 133.5
7 C 49.0 51.3 50.7 47.6
8 C 125.7 120.9 123.1 123.6
9 C 143.5 144.3 146.0 143.5
10 C 79.0 76.4 73.3 76.4
11 C 45.3 41.0 42.8 45.4
12 C 79.2 82.4 77.8 79.4
13 C 30.3 32.6 31.9 31.8
14 C 37.0 37.6 38.9 37.2
15 C 118.3 119.7 120.7 117
16 C 35.5 33.7 33.3 34.8
17 C 36.6 334 32.8 35.5
18 C 113.4 112.8 111.9 110.3
19 C 72.0 69.5 69.4 71.3
20 C 70.8 70.7 71.1 69.3
21 C 37.2 36.8 37.2 38.4
22 C 64.4 63.7 63.0 63.7
23 C 49.2 47.8 48.4 46.9
24 C 150.0 150.7 150.6 147.5
25 C 36.6 33.6 35.2 35.6
26 C 24.3 21.8 21.9 23.0
27 C 36.1 34.4 35.2 34.9
28 C 172.9 173.6 173.4 174.4
29 C 51.9 51.8 52.3 52.7
30 C 36.6 37.5 37.3 37.5
31 C 35.8 35.9 36.1 35.8
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Supporting Information’s
No. [Nuc.| C-4,C-20:S C-4: R, C-20: S C-4:S,C-20: R measured
32 C 41.9 42.7 42.5 40.6
33 C 52.4 53.0 53.2 52.8
34 C 31.9 325 32.5 31.4
35 C 19.2 21.3 20.0 19.2
36 C 10.1 11.1 10.7 10.7
37 C 15.8 17.2 16.6 16.7
38 C 9.2 15.3 16.5 12.6
41 C 107.6 105.3 106.7 110.6
42 C 17.3 18.3 18.3 20.1
43 C 18.1 19.1 18.8 20.0
H 6.76 6.71 6.66 7.00
H 5.87 5.89 5.78 5.82
H 3.66 3.80 3.74 3.39
H 5.49 5.33 5.40 5.25
10 H 4.07 4.37 4.27 4.38
11 H 1.69 1.83 1.85 1.66
11 H 2.47 2.02 1.86 2.73
12 H 4.58 4.40 4.61 4.71
13 H 1.83 2.04 1.96 2.16
13 H 2.36 2.26 2.10 2.16
14 H 2.21 1.99 2.06 1.77
14 H 2.22 2.31 2.41 1.96
16 H 2.05 2.08 1.97 2.10
16 H 2.39 2.61 2.68 2.30
17 H 2.37 1.91 1.85 2.19
17 H 2.37 2.63 2.64 2.50
19 H 3.41 3.34 3.32 3.68
20 H 3.89 3.88 3.87 4.18
21 H 1.45 1.45 1.45 1.36
21 H 2.27 2.13 2.16 2.06
22 H 4.19 4.22 4.14 4.54
23 H 2.30 2.17 2.27 2.29
23 H 2.65 2.68 2.61 2.69
25 H 1.80 2.09 1.52 1.75
25 H 2.39 2.18 2.37 2.55
26 H 1.50 1.35 1.42 1.46
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Supporting Information’s
No. [Nuc.| C-4,C-20:S C-4: R, C-20: S C-4:S,C-20: R measured
26 H 2.29 2.71 2.62 2.47
27 H 2.25 2.32 2.36 2.10
27 H 2.42 2.45 2.38 2.30
30 H 1.76 1.64 1.77 1.47
30 H 1.82 1.71 1.86 1.47
31 H 1.34 1.41 1.40 1.22
32 H 1.46 1.40 1.48 1.25
33 H 3.86 3.81 3.81 3.61
33 H 3.89 3.84 3.85 3.67
34 H 1.57 1.71 1.60 1.32
34 H 1.98 2.00 2.05 1.64
35 H 1.64 2.07 1.68 1.47
35 H 2.52 2.08 2.55 2.07
36 H 2.06 2.06 2.07 1.85
36 H 2.09 2.07 2.11 1.85
36 H 2.14 2.11 2.13 1.85
37 H 1.83 1.62 1.64 1.53
37 H 1.92 1.74 1.86 1.53
37 H 1.93 2.40 2.05 1.53
38 H 2.01 1.69 2.15 1.98
38 H 2.03 2.35 2.23 1.98
38 H 2.21 2.69 2.57 1.98
41 H 4.97 4.88 4.89 4.81
41 H 5.06 4.94 4.96 4.83
42 H 1.23 1.27 1.31 1.29
42 H 1.32 1.35 1.37 1.29
42 H 1.34 1.38 1.39 1.29
43 H 1.08 0.94 0.99 0.85
43 H 1.22 1.17 1.29 0.85
43 H 1.24 1.29 1.32 0.85
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