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Abstract

Patellamides are a group of cyclic peptides, found in the sea squirt (ascidian) Lissoclinum
patella. These macrocycles are produced by the obligate symbiotic cyanobacterium
Prochloron didemni in large quantities but their biological function remains unclear. Due to
the rigid backbone of patellamides and various possible coordination sites, the complexation
behavior with different metal ions has been studied in the past. The highest affinity and a
wide range of catalytic properties were found with copper(ll) ions. The resulting complexes
show an extremely efficient carbonic anhydrase activity as well as phosphoesterase,
glucosidase, and B-lactamase activity. However, the existence and structure of copper(ll)-
patellamide complexes in the organism have not directly been confirmed experimentally so

far.

This work explores possible biological functions of patellamides, focusing on the detection of
copper(ll)-patellamide complexes in biological samples and testing hypotheses concerning
their bioactivity. To obtain synthetically produced patellamides in appropriate quality and
qguantity, a new method for the synthesis of natural patellamides has been developed. For
biological investigations, a field excursion to Heron Island, Queensland, Australia was
undertaken, to collect colonies of Lissoclinum patella. A key observation is that injecting
copper(ll) into the living organism leads to a significant increase in the concentration of
different patellamides. Furthermore, copper K-edge XAS measurements of the biological
samples suggest that most of the copper within the organism is indeed bound as copper(ll).
Interestingly, with algae of the genus Nannochloropsis spp. it was observed that, while metal-
free patellamides appear to have little effect on the algae, together with copper(ll) they can
have strong effects: while a rapid death of the algae at high copper(ll) concentrations (0.5
mM copper, 0.05 mM patellamide) was observed, no adverse effects and a higher
photosynthesis rate were observed at the physiological, low copper(ll) concentrations (0.015

mM copper, 0.05 mM patellamides).

Based on these and previously published results, it is hypothesized that a main biological

function is as a carbonate transporter from the cloacal cavity into the Prochloron cells.



Zusammenfassung

Patellamide sind eine Gruppe zyklischer Peptide, die in der Seescheide (Aszidie) Lissoclinum
patella vorkommen. Sie werden von ihrem obligat symbiotischen Cyanobakterium Prochloron
didemni, in groRen Mengen produziert, jedoch zu unbekanntem Zweck. Aufgrund des starren
Riickgrats mit verschiedenen potenziellen Koordinationsstellen, wurde bereits frih ihr
Komplexierungsverhalten mit verschiedenen Metallionen untersucht. Die hochste
Metallaffinitat und vielféltige katalytische Aktivitdten wurden mit Kupfer(ll) festgestellt,
darunter die als eine der schnellsten bekannten Carboanhydrasen, sowie als
Phosphoesterase, Glucosidase and pB-Lactamase. Bisher wurden Kupferkomplexe der
natirlichen Patellamide und deren Struktur jedoch nicht experimentell in den Seescheiden

nachgewiesen.

In dieser Arbeit wird die biologische Funktion der Patellamide untersucht, mit Schwerpunkten
auf den Nachweis von Kupfer(ll)-Komplexen in biologischen Proben und der Priifung
verschiedener Hypothesen zu moglichen Bioaktivitditen. Um reine Patellamide in
ausreichender Menge als Referenzsubstanz zu erhalten, wurde eine neue Methode zur
Synthese natirlicher Patellamide entwickelt. Fir biologische Versuche wurde eine Exkursion
nach Heron Island, Queensland, Australien unternommen, um Kolonien von Lissoclinum
patella zu sammeln. Es wurde beobachtet, dass die Injektion von Kupfer(ll) in den lebenden
Organismus zu einem signifikanten Anstieg der Konzentration verschiedener Patellamide
flhrt. Zudem legen Kupfer K-Kanten Réntgenabsorptionsmessungen Messungen nahe, dass
der GrofRteil des Kupfer(ll) im Organismus an Patellamide gebunden ist. Bei Experimenten mit
Algen des Genums Nannochloropsis spp. wurde beobachtet, dass Patellamide selbst keinen
Effekt auf die Algen haben, jedoch zusammen mit Kupfer(ll) starke Effekte haben: hohe
Konzentrationen (0.5 mM Kupfer, 0.05 mM Patellamid) flihren zu einem schnellen Tod der
Algen wahrend bei niedrigen Konzentrationen (0.015 mM Kupfer, 0.05 mM Patellamid) kein

Absterben sondern eine Zunahme der Photosynthese-Rate beobachtet wurde.

Basierend auf diesen und literaturbeschriebenen Resultaten wird die Hypothese aufgestellt,
dass eine Hauptfunktion der Patellamide die eines Transporters fiir Carbonat aus der Kloake

der Seescheide in die Prochloron-Zellen ist.
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Introduction

1. Introduction

In the pursuit of steadily expanding the array of available medication, especially against

cancer and infectious diseases, researchers look for new molecules with pharmaceutical
properties wherever is deemed promising. Apart from exploiting new computational and
synthetic techniques, the search is increasingly expanded to natural substances found
between the highest mountains® and the deepest seas!®. Some of the most successful drugs
such as Aspirin{*?, Digoxin!*Yl, and morphines!*?! are derived from terrestrial natural products.
While the sea covers over 70% of our planet only little is known about many of the organisms

that inhabit it — and about potentially useful substances they might contain.

One of these studies, aiming at identifying new medically interesting substances!
discovered a group of cyclic peptides found in large amounts within the ascidian Lissoclinum
patella. Unlike many marine cyclic peptides, they did not show significant cytotoxicity or
palatability changes towards any of the tested marine organisms!'4. They showed cytotoxicity
towards different human cell lines®>! and Patellamide D has been shown to act as a selective
antagonist in multidrug-resistant leukemia cell lines*®. However, none of these properties
seemed likely to be correlated to their natural function, as the effects were related to
competitive binding to overexpressed transport proteins. All molecules from the patellamide
family show a similar structure, being cyclized pseudo-octapeptides with two oxazoline and
two thiazole heterocycles as well as hydrophobic side chains with two amino acids next to the
thiazole showing inverted stereochemistry (the structure and biosynthesis are introduced in

detail in 2.2).

Notably, the evaluation of the genome of the ascidian as well as its obligate symbiont, the
cyanobacterium Prochloron didemni, revealed that only the cyanobacterium has the genes
required for the synthesis of the patellamides!’”!. Thus, the question arose for which purpose
the molecule is made, especially on its role in the symbiosis and why it is exported to the host
in such large amounts[*81°, While Prochloron didemni has proven to be an obligate symbiont
for the ascidian host (the biological background will be introduced in detail in 2.1), no studies
are addressing the question of whether the patellamides have a function for the host or

whether they are produced by the cyanobacterium for its benefit.
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Already few years after the discovery of the patellamides, their metal-binding properties were
studied, as one would expect the molecule to form stable metal complexes due to the rigid
cyclic backbone with eight nitrogen donors. Metal binding studies!?>??) have shown that
patellamides have the highest affinity towards copper(ll) and that copper(l) does not only
bind stronger than other metals but that it can bind two Cu?*-ions cooperatively (this is
discussed in detail in 2.2.2) The resulting dinuclear copper(ll) complexes of the patellamides
have shown to be highly catalytically active towards different substrates 2324, While the
copper(ll)-patellamide complexes have so far not been found in natura, a recent study used

a fluorescence-tagged patellamide analogue showing the ability to bind copper(ll) in vivol?.

Despite the numerous patellamide studies in vitro in the last years, the biological function of
the molecules remained unclear. This thesis aims to apply new synthetic and experimental
approaches to clarify whether dicopper(ll)-patellamide complexes do exist in vivo and what

their biological function might be.
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2. State of the Art

2.1Biological background

The patellamides are found in the organism Lissoclinum patella, produced by their most
important symbiont, Prochloron didemni. Both species have some interesting properties that
set them apart from other members of their respective families. Their most important

properties are discussed in the following sections.

2.1.1 Lissoclinum patella

Figure 1: One colony of Lissoclinum patella growing on a coral (photo taken in 2022 at a depth of 1.2m at the
Blue Pools Dive Site, Heron Island).

The didemnid ascidian Lissoclinum patella (L.p.) is a colonial tunicate organism (Figure 1),
found near different reefs in the Western Pacific/?®l. While most ascidians are sea squirts that
sustain themselves by filtering nutrients out of the surrounding water, most didemnids such
as L.p. contain a photosynthetic symbiont, in this case the cyanobacterium Prochloron
didemni (P.d.). The cyanobacterium is an obligate symbiont for L.p., and there have been no
confirmed cases of the two organisms found without the other. L.p. usually reproduces
sexually by cross- and self- fertilization, where different behavioral and structural

mechanisms 2728 ensure transmission of the symbiont.
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Inside and on the outside of the ascidian a complex microbiome of resident microflora is
found. The symbionts assume important functions such as nitrogen fixation!?>3% or
photosymbiosis (Prochloron didemni) or produce cytotoxic substances (e.g. Candidatus
Endolissoclinum faulkneri BY produces the highly cytotoxic patellazoles for the ascidian).
Especially the presence of these photosynthetic symbionts seems to be essential for the

organism, as shading of the colony and the resulting drop in photosynthesis rates leads to

slower growth of the ascidian(32l,

Prochloron cells
inside cloacal cavity (obligate)

Prochioron cells
Surface

Cloacal _
cavity

Underside - it
Biofilm

Figure 2: Left: Cross-section through a colony of Lissoclinum patella, Right: Schematic representation of the
ascidian anatomy.

Each ascidian colony consists of multiple individual animals (“zooids”), embedded in a
common tunic, which is immobilized on the coral or rock the organism is growing on [26:33],
Several individual ascidians share one common colonial cloaca, which is inhabited by P.d.[34.
The individual colonies can grow quite large to sizes of up to one square meter”, but more
commonly are significantly smaller, in the range of 10-50 cm?, and are up to 1 cm thick!?°l,
They have a firm gelatinous, smooth, white surface with multiple opaque rounded ridges and
transparent concave indentations in between, which contain the cloacal and zooid openings
of one sub-colony of ascidian zooids (Figure 2). For one subcolony, the number of openings
to the common cloaca is small compared to ascidians who rely on filter-feeding®>!. The
individual zooids are vertical and parallel to each other and have an ingestion opening with
16 oral tentacles (this opening is visible as the bright spots in the transparent area of the
surface, seen in Figure 2). The thorax is between 4 rows of 14 elongated stigmata, the stomach
and the intestine form a simple loop, which is flexed ventrally at an angle to the thorax. The

reproductive organs are located beneath the loop of the gut.l?® 361 At the bottom of the

* Based on personal correspondence with Prof. Bernard Degnhan
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colony, an additional red-colored biofilm is found, inhabited mostly by cyanobacteria and
proteobacteria as well as Bacteroidetes. As most of the visible light is absorbed in the surface
and the cloacal cavity of the ascidian, the remaining light on the bottom is mostly in the near

infrared-region(37),

Behrendt et al. (2012) found that unlike in other parts of the organism, the colonial cloacal
cavity shows strongly varying parameters such as pH and oxygen saturation!?®], depending on
the photon irradiance. The pH can vary between 6-7 in darkness and 8.5-10.5 in light, while
the oxygen saturation (relative to the saturation in equilibrium with the atmosphere) can vary
between around 60% under irradiation and nearly 0% in darkness?®!. However, it is unclear
what mechanism causes these fluctuations and whether they are caused by L.p. or are

imposed onto it by the photosymbiont P.d..

Ascidians in general are known to accumulate different metals and particularly vanadium is
found in unusually high amountsB8l. In some organisms and for some elements these
accumulations correspond to the metal ion concentrations in the surrounding water3® which
might indicate that the accumulation is a non-selective, passive side effect of the filter
feeding. Most species of ascidians rely on filter-feeding and resultingly have a quite different
anatomy to species such as L.p., which rely on a symbiotic cyanobacterium in the cloacal
cavity. Filter-feeding ascidians often are vase-shaped and have a large cloaca and large cloacal
openings and exits, as they pump up to several hundred milliliters of sea water per minute
per gram of animal through the cloaca®l. In the case of L.p., the exact water transport rate
has not been measured but can be assumed to be much lower. Free flow of water is limited
as the common cloaca is surrounded on all sides by ascidian mantle tunic to immobilize the
cyanobacteria. On the outer surface of L.p., the cloacal openings with the feeding apparatus
of the individual zooids can easily be seen as pale spots on the surface, while an exit hole

usually is not visible (but has been reported in some cases*).
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Figure 3: Larvae of the ascidian Lissoclinum patella. Both have a green color due to the presence of Prochloron.
The larvae on the right shows the tadpole tail used for movement, the one at the left starts its transition to the
immobile, adult phase!. (Photo credit: Oxford Scientific Films).

While a subcolony split from its original colony can survive and grow on its own, colonial
didemnid ascidians such as L.p. usually reproduce sexually. Each individual zooid has
reproductive organs, usually a testis and an egg or early embryo, which in the course of its
development is moved into the basal tunic for brooding!*!. In the later stages of embryonic
development, a tail is developed, which allows the larvae (Figure 3) or “tadpole” to swim for
up to a few minutes, usually not dispersing further than 2m from the parent colony. As the
colonies rely on the photosynthetic cyanobacterial symbionts*?, the larvae have a
photoreceptor and show a preference to settle in a location with a certain irradiation level,
usually preferring a depth between 15m and 20m where possible[*2l. If the larvae are forced
to settle in shallow waters with high photon fluxes, the cyanobacterial symbionts usually die,
leading to the death of the new colony. The ascidians’ adaptation to the light demands of the
photosynthetic symbionts becomes evident from the time of the larval release at midday,
unlike that of most nonsymbiotic ascidians, which spawn at dawn or dusk!*3l. Additionally,
adult colonies were found to produce dark bladder cells to protect the symbionts from high
irradiation levels (Figure 4). Also, the swimming behavior of the larvae is different, as they
start by swimming upwards for ~1m, followed by a descend to a preferred depth[*2l. In shallow
waters with many potential predators, typical for the habitats of the ascidians, a vast majority

of about 95% of the larvae are eaten by other organisms such as fish, or get entangled within
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the tentacles of corals (zoanthids)“Z. In deeper waters, this number can decrease to 70%,
leading to an overall success rate of 5%-25% for the reproduction, depending on the depth.
This ratio might seem low, but is high compared to many marine species e.g. turtles, where

only 1 in 1000 turtle hatchlings reaches adulthood and maturity#+4°,

During the development of the larvae, several adaptations ensure that all larvae leaving the
colony have some of the symbiotic cyanobacteria P.d. in them. During the development of
the ascidian embryo, the outer membrane of the developing egg initially is adhesive, trapping

cyanobacteria onto it!* 27-281,

Figure 4: Left: Cut through a colony of Lissoclinum patella. The dark spheres inside the rectangles are bladder
cells produced by the ascidian to protect from UV radiation. Center and Right: The trapping of Prochloron didemni
cyanobacteria within the outer surface of the ascidian larvae. This anatomic preorganization, ensuring the
transmission of the symbiont, indicative of the obligate nature of the symbiosis (Photo used with persmission of
L. Cheng!).
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2.1.2  Prochloron didemni

Figure 5: Left: Prochloron didemni inside the colonial cloacal cavity of L.p., a didemnid ascidian (2022, Heron
Island). Right: Microscopy of an individual cyanobacterium. (Photo with permission of L. Cheng!*)

Having evolved over 3 billion years!*®!, cyanobacteria are one of the oldest species on earth
and key contributors to the great oxygenation event 2.4-2 billion years ago that initiated the
subsequent evolution of higher species. In general, cyanobacteria only possess chlorophyll A
and use phycobilisomes’ as antennae to increase the light-harvesting efficiency!®’l, which
gives them a red-brown color. However, Lewin et al. have discovered Prochloron didemni as
a species in a new family of green-colored cyanobacteria having both chlorophyll a and b but
no phycobilisomes!®. Initially, it was suggested that the prochloron family might be an
important missing link in the endosymbiotic evolutionary path from unicellular organisms to
plants!*>->0, Given the presence of both types of chlorophyll together with other aspects such
as appressed thylakoids it was assumed that Prochloron might be an oxygenic phototrophic
bacterium, from which green plastids had evolved. This inspired the name Prochloron and led
to its classification as a prochlorophyte®l. To this bacterial group other cyanobacteria, i.e.,
Prochlorococcus and Prochlorothrix, with similar, unusual photo pigmentation were later
added. However, more current studies based on molecular ecology, have shown that
prochlorophytes most likely represent a different line among cyanobacteria, and no evidence
was found that green plastids are evolutionarily linked to Prochloron®?-3l. P. didemni was

initially discovered as symbiotic cyanobacterium associated with the surface of Didemnum

" Phycobilisomes: the light harvesting antennae of photosystem Il in cyanobacteria.
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colonies in the pacific and with Diplosoma virens near Hawaiil*®], but it was soon discovered

in other species, including Lissoclinum patella®>*>%],

Generally, Prochloron are single-celled, spherical cyanobacteria (~*10-25 um) that engage in
symbiosis with different didemnid ascidians (tunicates) and in some cases with marine
invertebrates such as Porifera and holothurians (sponges and sea cucumbers)™. The obligate
symbiotic relationship between the ascidians and Prochloron is the only known example of
obligate photo-symbiosis in chordates*. There are some examples of Prochloron found in coral
reef water, able to persist in a free-living statel®®, it is usually found on the interior or exterior
surface of didemnid ascidians®*>> 571 and needs a host organism to survive. There are
different variants of the symbiotic relationship between the two organisms 152 where the
cyanobacterium can either be i) an obligate symbiont hosted intracellularly in tunic cells (e.g.
in Lissoclinum punctatum) or, more commonly, in shared inner colonial cloacal cavities (see
Figure 5 e.g. in Lissoclinum patella, Diplosoma spp.) and tunic (e.g. some Didemnum and
Trididemnum species) of the ascidian, or ii) facultatively associated, where Prochloron is found
in a biofilm on the external tunic surface like on Didemnum candidum and some non-

didemnid ascidians.

As Prochloron inhabits the cloacal cavity of L.p. with its widely varying pH and oxygen
saturation levels and high metal concentrations, it must be well adapted to these
conditions?? or might even influence them. Given that the cultivation of the cyanobacterium
under standard conditions has been mostly unsuccessful with only one report describing a
successful cultivation in a low salinity medium and with slightly increased concentrations of
different metal salts such as Cu", Fe", Mn"B8l p.d. might even depend on the availability of
these metals. While P.d. lives within the cloacal cavity of L.p., there are other types of
phycobilisome-containing cyanobacteria inhabiting the biofilm at the bottom side of the
ascidian. In direct comparison to P.d., they show much lower PSIl quantum yield and relative
photosynthesis rates, which is an indication, that the prevailing conditions are ideal for P.d.[?%],
For the fixation and utilization of carbon, P.d. like most similar organisms uses
carboxysomes!®®, small microcompartments containing carbonic anhydrase and RuBisCO that

have formed to prevent a substrate competition of O, with CO2 for RuBisCO!®°!,

* chordates: members of the animal phylum of chordates, to which most animals belong.
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While both, the ascidian host and Prochloron have been shown to be in an obligate symbiotic
relationship, both are unable to thrive without each other. The benefit of the symbiosis for
L.p. is more obvious as P.d. provides the host with photosynthesis products and
intermediates!®! to an extent, that up to 60% of the host's demand for carbon is metB%. This
agrees with the observation that limiting the photosynthetic activity by shading the ascidian
slows the growth!32l, However, the reliance of the host on the photosynthesis products is
likely to vary with different biological and environmental factors 3% 62 to a hitherto unknown
degree. Prochloron was found to participate in the recycling of nitrogen3% 63-64 and possibly
even in nitrogen fixation®®l. Besides getting a habitat in a controlled environment, a possible
export of nitrogen-based waste from the host to the symbiont could be one of the benefits

Prochloron obtains from the symbiosis.

Besides assisting the host in the carbon- and nitrogen metabolism, Prochloron didemni
produces large amounts of cyclic peptides, the patellamides, and exports them to the host[®®!,
The cyclic peptides have been reported to be present in amounts of up to several percent of
the animal’s dry mass{'”!, Since P.d. itself only accounts for a small percentage of the animals'
dry mass, the production of patellamides must be quite resource intense for the
cyanobacteria. Due to the large amounts of patellamides found in all parts of the animal(®!
they obtained their initial name after the putative producer Lissoclinum patella*3l. Only later
studies proposed P.d. as the likely producer®®, The analysis of the full genome of both
organisms revealed that only P.d. has the genes required for the patellamide biosynthesis 7],
The characteristic properties of the patG gene, it is coding for multiple enzymes required for
the synthesis of the patellamides that are not substrate specific and disassembled afterward,
the patellamides were classified as secondary metabolites. Generally, secondary metabolites
are not involved in the growth, development, or reproduction of the organisms, and are
relevant for long-term strategies such as control of the local environment or defensel®”l. This
makes some initially proposed functions such as an enzymatic role in the primary metabolism

of carbon or nitrogen unlikely.
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2.2 Chemical background

2.2.1  Structural elements of patellamides and other cyanobactins
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Figure 6: Fundamental Structure of all patellamides. All patellamides contain cysteine (yellow) heterocyclized
with a hydrophobic amino acid with D-stereochemistry (green) and threonine (red serin in case of Patellamide
A) heterocyclized with a hydrophobic amino acid with L-stereochemistry (blue). The table shows all known
patellamides with the nature of their respective hydrophobic side chains and the amino acid encoded in the
sequencel”),

All molecules from the patellamide family share common structural characteristics (Figure 6).
They are quasi-octapeptidic macrocycles consisting of four heterocycles with side chains,
alternating between two thiazoles and two oxazolines with a methyl group in a-position of
the oxygen and trans relative to the amide. They are made from eight amino acids, alternating
between a hydrophilic amino acid (cysteine, serine, threonine) and a hydrophobic amino acid
(alanine, isoleucine, leucine, phenylalanine, valine). Each of the hydrophilic amino acid side
chain heteroatoms forms a heterocycle with the carbonyl group of the peptide bond of the
neighboring (N-sided) neighboring amino acid to form thiazole or methyl-oxazoline (oxazoline
in the case of patellamide A). The hydrophobic side chains next to the oxazolines have an S-
stereocenter while the hydrophobic side chains next to the thiazole always have an R-
stereocenter, despite the respective free D-amino acid not being present in the organism i.e.,

only the corresponding L-amino acid is encoded in the gene.

The structure of the patellamides has been extensively studied, both in solution and in the
solid statel®®73l. The resulting systems form a 24-membered ring which in its metal-free state
commonly assumes a figure-of-eight configuration, in which the two thiazoles are parallel and
close to each other while the amide hydrogens are forming hydrogen bonds to proximate

oxygen atoms from the peptide carbonyl groups and the heterocycles(Figure 7). In addition
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to the figure-of-eight conformer, a saddle/square-shaped conformer with hydrogen bonds
between the amide hydrogen and the neighboring nitrogen from the heterocycles was
identified!> %%, Due to the structural restrictions from the macrocyclic shape as well as the
rigidity of the heterocycles, the nitrogen atoms of the heterocycles and the peptide bonds
point to the inside of the macrocycle, and the peptide side chains to the outside, making the
molecule well suited for metal-binding. This structural preorganization as well as the
accumulation of different metal ions within ascidians enticed researchers for many years to
extensively study the metal ion chemistry of the patellamides and their analogues as well as
the resulting coordination properties of the metal complexes both experimentally and

theoretically!? > 20, 23,74-83],
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Figure 7: Comparison of the saddle-shaped and the figure-of eight configurations of the fully protonated
patellamides!*-2,

In addition to the patellamides produced by Prochloron didemni, there are several other cyclic
molecules, found within L.p. that share some structural features with the patellamides (Figure
8). Amongst these are the lissoclinamides and ulicyclamide, which consist of seven amino
acids instead of the eight found in the patellamides, with similar hydrophobic amino acids
such as phenylalanine and valine, but with three instead of four azol(in)es, two thiazoles, one
oxazoline (instead of a second oxazoline, there is a proline pyrrolidine ring built into the
backbone)®4, The different lissoclinamides and ulicyclamide only differ in the hydrophobic
side chains and the oxidation state of the thiazole rings, of which none, one, or both can be
thiazolines instead. Another example is ulithiacyclamide, which shares many of the structural
characteristics with the patellamides like the number and nature of heterocycles and
macrocyclic ring size. However, the side chains next to the oxazoline are cysteines, which have

been found to form a disulfide bridge through the middle of the macrocycle, which would
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make metal binding unlikely!®® but increases the rigidity and stability of the macrocycle.
Lissoclinamides, ulicyclamides, and ulithiacyclamides are also produced by Prochloron

didemni and the genes for their biosynthesis are in the same cluster as for the patellamides!®l.

Bistratamide A Nostocyclamide Microcyclamide A Westiellamide Dendroamide B

Figure 8: Selected examples of heterocycle-containing cyclic peptides from marine sources.

While all these molecules have four heterocycles, the patellamides and ulithiacyclamide are
octapeptides but the lissoclinamides and uliciclamides are heptapeptides. There is another
class of similar hexapeptide compounds, found in other species that often share the same
habitat. Within Lissoclinum bistratum, one can find the bistratamides, produced also by
Prochloron didemni, which are smaller macrocycles with three heterocycles (thiazole, methyl-
oxazoline or oxazole) and the same side chains but in all cases with the naturally occurring L-
stereoisomers of the hydrophobic amino acids. In the ascidian Didemnum mole, the similar
didmolamides are found, one of which supposedly features a non-heterocyclized threonine
side chain and can be found with the D-stereocisomers of the amino acids as well. In the
cyanobacterium Westiellopsis prolifica the westiellamide is found, which unlike the others
has three identical methyloxazoline heterocycles®’l. The nostocyclamides found in the
nitrogen-fixating cyanobacterium Nostoc 31 and the tenuecyclamides(®! from Nostoc
spongiaeforme unlike all others feature a side chain-less glycine!®. In Oscillatoria raoi the

raocyclamides were isolated, which contain oxazoline without methyl groups®?. One of the
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microcyclamides isolated from Microcystis aeruginosa possesses N-methylated histidine as a
side chain. Some further members of the family of heterocycle-containing cyclic hexapeptides
are the venturamides from the cyanobacterium Oscillatoria s.p., the aerucyclamides from
Microcystis aeruginosa® and the dendroamides from the cyanobacterium Stigonema
dendroideum®. While these azol(in)e containing macrocycles are produced by many
different cyanobacteria, in most cases the possible function attributed to them in literature is

molecular defense.

2.2.2 Metal complexation

The described structural aspects, specifically the rigid heterocycle-containing macrocyclic
backbone with several potential nitrogen donors remind of an expanded version of the
commonly found porphyrin rings, however, they are less rigid and do not have an aromatic
backbone. As a result, many researchers started to study the metal-binding properties of
these molecules shortly after their discovery!?-22 741 Metal binding studies have shown, that
while many metal ions can weakly bind to the patellamides®3, zinc(Il) and especially
copper(ll) bind more strongly, and in the case of copper(ll), not only one, but two copper(ll)
ions can bind. Furthermore, copper(ll) was assumed to be present at concentrations
increased by a factor of 10* in the animals with respect to the surrounding sea water 20 74
(during experiments in this work, this value was found to be incorrect as described in 4.2).
Notably, the binding of the first copper(ll) to the patellamide results in a structural change
into a saddle-shape which facilitates the binding of a second copper(l1)3 %4, This cooperative
binding in addition to the higher affinity indicated that this might be an essential feature. As
the most common oxidation state of copper in an aqueous environment is two, the research
on the complex chemistry of patellamides focused on copper(ll). The resulting complexes
have been studied extensively by crystallography, EPR- UV/Vis and CD- spectroscopy as well
as computationally in order to understand the structural characteristics and the resulting

properties of different dicopper(ll)-patellamide complexes in solution and as solids.
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Figure 9: Crystal structure of the dinuclear copper(ll) complex of ascidiacyclamide, bridged by carbonate. The
isobutyl side chains from the D-valines lie in one plane with the methyl group from the oxazolines (colored blue),
parallel to the plane containing the Cu'"-COs%-Cu" sitel®!.

Both copper(ll) ions bind to three nitrogen atoms from the patellamide backbone, two from
the azol(in)e heterocycles, and one from a deprotonated peptide bond, and the patellamide,
therefore, is in a dianionic state. In an aqueous solution, the remaining binding sites of the
copper(ll) ions are usually coordinated to a bridging carbonate and/or OH; or OH". The
structural rearrangement following the binding of the first copper(ll) ion, causes the final
complex to assume a saddle-shaped structurel?. In the resulting structure, the hydrophobic
side chains next to the thiazoles, due to the non-natural D-configuration point outwards of
the coordination plane, parallel to the plane containing the Cu"-CO3%-Cu" site!!! (Figure 9, blue
planes), while the hydrophobic side chains with L-configuration next to the oxazolines are
oriented towards the inside of the saddle, posing a certain steric obstacle in that area (Figure
9, orange circle). The valine-containing planes might therefor act as a pocket for the

catalytically active site, helping to stabilize the intermediate.

As many of the patellamides differ only in the size of the hydrophobic side chains, the
differences in metal binding affinities that have been observed for very similar molecules, can
therefore only be influenced by differences in the hydrophobic side chains. In the case of
patellamides C and A, the stability constants for copper(ll) are 2.0 x 10* for patellamide A and
6.8 x 10* for patellamide C, respectively?®l. Furthermore, major side chain differences cannot
only lead to a different steric arrangement around the binding site but are expected to affect
the bending angle and rigidity of the entire saddle-shaped structure. The azol(in)e-type

heterocycles are important for the binding properties, and this was demonstrated in a
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recently published study®> showing that for a similar cyclic cyanobactin, the lissoclinamide,
the ability to bind copper(ll) is significantly decreased by interchanging the heteroatoms in
the thiazole ring: when binding copper(ll), the backbone strongly deformed to allow
coordination to the nitrogen donors. Apart from structural differences between flat, aromatic
azoles and the bent, non-aromatic azolines, the difference in pK, between the different
heterocycles (pKa of pKa, imidazole: 7.0, thiazole: 2.5, oxazoline: 4.75, oxazole: 0.8)® °¢! |eads

to different binding behavior.

2.2.3  Synthesis and biosynthesis of patellamides

When the patellamides originally were discovered in 1981 by Ireland et al.*3], they published
a first initial guess of their structure, which involved directly fused thiazole and oxazoline
heterocycles. When Hamada et al. in 1985 developed the first synthesis for different
patellamides, they noticed that the resulting compounds analytically differed from the natural
patellamides and proposed a corrected version of the patellamide structure®”-%8l, This was
later confirmed by crystallography and EPR-spectroscopy!’?. In the following years, different
synthetic approaches, mostly combining peptide coupling approaches with heterocyclizations
have been developed, shifting away from tedious or dangerous heterocyclization reactions
such as the Hantzsch synthesisl®’%8 or even heterocyclization using an overpressure of H,S-
gas. Haberhauer et al. developed a building block-based approach in 2003 enabling a
straightforward and cheap synthetic route to different analogues of the patellamides®. This
resulted in good availability of the produced analogues for functional studies, especially of
analogues containing 1,5-dimethylimidazole heterocycles instead of the natural ones. The
proposed method for the synthesis of thiazole heterocycles however, using Lawesson’s
reagent can only lead to 5-methylthiazole, as the starting material needs to have two
secondary carbonyls. A few years later in 2008 Garcia-Reynaga et al. developed a new total

synthetic approach using the more modern Fmoc-based peptide synthesis*%),

Based on the building block-approach and the Fmoc-based peptide chemistry, a new synthetic
approach was developed in course of this work: it is versatile and allows to prepare any
desired natural or non-natural patellamide while moving the potentially yield-determining

oxazoline heterocyclization step to the third step of the respective building block synthesis!®.
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As an alternative to the chemical approaches for the synthesis of patellamides, the
biosynthetic route undertaken by the cyanobacteria was studied to understand and
reproduce the synthesis. Firstly, the gene cluster “pat” responsible for the synthesis of
patellamides was identified, isolated, amplified, and subsequently introduced into E. coli to
successfully produce the patellamides in other organisms!’l. It was discovered that, apart
from the eight amino acids used as precursor peptide for the biosynthesis, the majority of the
gene encodes different enzymes required for many of the modifications needed to obtain the
final patellamide, such as a protease, a heterocyclase/cyclodehydratase, an oxidase, a
macrocyclase and possibly more enzymes in parts of the gene that are yet to be
understood°l, The macrocyclase and the heterocyclase have been found to be quite flexible
and powerful enzymatic tools for macrocyclizations!® %2 or heterocyclizations [193-104] of

different substrates, making them interesting for different biosynthetic applications.

patA patB patC patD patE patF patG

S I O m— s

PatD
(X)s7 GLEAS VTACITFC -GVEPS ITVCISVC. GE heterocyclase / cyclodehydratase
Leader Core Macro Core PatF
peptide signature peptide prenyl transferase
I P
Patellamide C Patellamide A oxidase macrocyclase DUF

Figure 10: Contents of the pat gene, containing all the enzymes and the precursor peptides required for the
biosynthesis of the patellamides (adapted from Koehnke, Naismith et al.)?l.

Generally, the biosynthesis involves the synthesis of the enzymes encoded in the subgenes
patA, patB, patC, patD, patF and patG and of large amounts of the precursor peptide
contained in subgene patE. This precursor peptide contains the eight amino acids forming the
final patellamides, which is cut from the precursor peptide with three additional amino acids
(AYD), that are removed in the macrocyclization step. After being cut out by the protease, the
precursor peptide needs to undergo a heterocyclization step of the cysteines to the
thiazolines and an oxidation of the thiazolines to the thiazoles!'%%, a heterocyclization of the
threonines/serines to the oxazolines as well as the macrocyclization. The function of the
different domains of unknown function within patA and patG is not fully understood, as is the
exact order in which these enzymatic reactions occur. However, it is assumed that the

heterocyclization steps occur first!1%I,
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2.3 Properties of patellamides

2.3.1 Medical properties

Many marine cyclic peptides were discovered by medical researchers, looking for potentially
interesting new drugs — and generally the tests done with the molecules were toxicity
assays!1%l, Resultingly, in most cases the possible function discussed in literature is molecular
defense. In case of the patellamides, these cyclic peptides do not have noteworthy toxicity
against any microbial enemy or competitor of P.d.['%1 and do not seem to affect the feeding
behavior of larger predators®*, which raises the interesting and so far unanswered question
for what purpose the molecules are made. The period of the ascidian life cycle, in which they
are most at risk, is the embryotic stage, during which a majority of the larvae are eaten by

predators at similar rates as larvae of other ascidian species not containing patellamides!®?.

The patellamides were discovered by collecting several kilograms of ascidians and
homogenizing them, extracting, and separating the natural products. They were noticed due
to their cytotoxicity against L1210 murine leukemia cells at 2-4 pg/mL and of patellamide A
against the acute lymphoblastic leukemia cell line CeM with an ICso of 0.028 pg/mL™3!. A more
striking activity was discovered by Williams et al., who have shown that patellamide D at 3.3
UM concentrations acts as a selective antagonist in multidrug-resistant CEM/VLB1oo cell
lines!*®). They observed that the ICsovalue of different chemotherapeutics in some cases could
be reduced from 1000 ng/mL to 110 ng/mL, the effectiveness generally was comparable to
verapamil, a previously used drug resistance modifier. The authors hypothesize that the anti-
MDR activity works via competitive binding to p-glycoprotein, preventing the efflux of the
drug. A key issue with pharmaceutically interesting compounds from biological sources is
that, while extraction can be done on a drug-discovery scale, for medical use a stable supply
of a large amount in consistent quality is needed. Therefore, typically an efficient synthesis is
required. To date, there are various examples where, after a synthesis for the natural product
was developed, the compound found use in clinical routine (198, while others are still being
tested!10%1121 |n addition to the patellamides, several structurally similar cyclic peptides
mentioned previously show pharmaceutical potential, such as the dendroamides®? and the

lissoclinamides(&4.
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2.3.2 Reactivity and possible biological functions

As the patellamides, like many cyanobactins, have been discovered by medical researchers
evaluating the antibacterial and antineoplastic properties of compounds in marine organisms.
These properties were the only ones explored initially, and for the ascidian they were
proposed to assume a defensive function!*3. However, in the case of the patellamides, no
toxic properties or even palatability changes could be identified for the metal-free peptides!'*
421 After the discovery of their interesting metal binding properties!™ 741, researchers started
to consider the possibility that the function of the patellamides might be related to their
copper(ll) binding properties. It was noticed that, whenever the copper(ll) complexes of the
patellamides are measured in presence of air, carbonato-bridged complexes were commonly
found® 3!, which led researchers to evaluate the carbonic anhydrase reactivity of the
complexes!7-80: 1131 |t was concluded, that the patellamides indeed have a quite high carbonic
anhydrase activity, showing activities only two orders of magnitude slower than the highly
efficient zinc-based carbonic anhydrases’® 113 despite being solely copper-based and
dinuclear. The reaction mechanism has been extensively studied using stopped-flow kinetic
measurements, isotope labeling as well as quantum-chemical calculations. In these
measurements, only a range of analogues, such as PANNgs, PANNss, and PASOgs have been
studied and it could not be evaluated whether this activity of the patellamides is of biological

relevance for the cyanobacterium or its host.

Apart from carbonic anhydrase activity, the copper(ll)-patellamide complexes show several
other catalytic activities, including phosphoesterase [23 811141 35 well as glucosidase and B-
lactamasel?¥l, While the phosphodiesterase reaction like the carbonic anhydrase reaction
occurs at physiologically relevant pH ranges of 6-7[23 811 the other activities have only been
observed at high pH values (over 10), and are thus unlikely to be of relevancel?). For any
relevance in vivo of these reactions, the copper(ll) patellamide complexes would need to exist
within the animal. While they have not directly been measured yet, a recent study has shown
that the binding of copper(ll) to fluorescence-tagged patellamide analogues occurs in vivo,
which suggests a possible existence of the copper(ll) complexes of patellamides in situ?®!. All
the catalytic properties studied so far have been studied in vitro under controlled conditions
and often in solvents or buffer conditions that differ from the natural conditions. To study

these reactions in vivo other, more biocompatible methods are needed. Furthermore, while
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for all reactions different patellamide analogue derivatives have shown differing reactivities,
in agreement with the respective calculations, little is known about the influence of
differences in heterocycles or side chains. A further indication of a possible enzyme-like
function is the close proximity of the two copper(ll)-ions within the macrocycle, which can be

between 3.5 A and 4.5 A, similar to most dicopper-based enzymes!1°],

Apart from assumptions of an enzyme-like catalytic function, there have been other
hypotheses concerning possible biological functions of the patellamides and their
complexation behavior!?ll. An interesting hypothesis is the activation and mobilization of
CO,74., A possible purpose of this transport function is the formation of CaCOs for the internal
skeleton, but so far no indication of this has been found. However, the purpose of activation
and transport of CO,/CO3 between the cloacal cavity and the cyanobacterial cytoplasm to
maximize the amount of available carbonate for photosynthesis would explain both the large

amounts of patellamides produced as well as the CO; binding and carbonic anhydrase activity.

Another hypothesized function is to render the free copper(ll) within the cloaca harmless?Y,
as would be necessary for survival within the cloaca, given the reported high copper
concentrations within the ascidians and the fact that copper is toxic to many (marine)

microorganisms!t6,

A further, possible function could be the transport of copper(ll) within the ascidian or in the
colonial cloaca. While the stability constants of the patellamides for copper(ll) are generally
moderate compared to other copper(ll)-binding molecules, Cu'" is the metal ion for which they
show the highest affinity, 1-2 orders of magnitude higher than for zinc(ll) and several orders
of magnitude higher than for calcium(Il)i*" 113. 1171 However, new data on the actual copper
concentrations in the animal makes this hypothesis less likely, also since the ascidians might

have other, easier mechanisms to selectively translocate or accumulate copper(ll).
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3. Patellamide synthesis

3.1Introduction

Investigating versatile and interesting copper(ll) binding chemistry of the patellamides
requires synthetic access to the molecules. Various synthetic approaches have been
developed for the synthesis of these patellamide analogues(® %4 % 118l The few approaches
for the synthesis of the natural patellamides reported in literature [°7-98 100,119 gften use long,
outdated, or not easily adaptable synthetic methods. Thus, as part of this work, a new
synthetic approach for the synthesis of natural patellamides was developed, combining the
adaptability and efficiency of convergent buildin