14 March 2025
Pages 3955-4382

Volume 54
Number 10

IONS

Copper coordination chemistry of the patellamides -
cyanobactins in the ascidian-Prochloron symbiosis

Philipp Baur and Peter Comba

ISSN 1477-9226
PERSPECTIVE

7 A
\ e
) 0 (e \\M I
I
T ALl (

ROYAL SOCIETY
OF CHEMISTRY

>
j -
-+
Rl
-
0]
C
O
jS)
-
©
(@)
_
@]
<
g—
O
=
C
j -
S
o)
=
cC
@]
=
©
C
j -
0]
-+
£
-
<

e
O
O
7y,
s
S

T

Dalton

rsc.li/dalton




7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

PERSPECTIVE

Copper coordination chemistry of the
patellamides — cyanobactins in the
ascidian-Prochloron symbiosis+t

{ '.) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
3968

*ab 3nd Peter Comba () *P€

Philipp Baur
Prochloron didemni, an obligate symbiont of certain ascidians (sea squirts found in tropical areas), pro-
duces various cyclic pseudo-octapeptides in large quantities. These secondary metabolites have attracted
the attention of medicinal chemists and, due to their four azol(in)e and four amide donor groups, coordi-
nation chemists have become interested in these molecules. The structures of the metal-free macro-
cycles and their dinuclear copper(i) complexes are known, and solution equilibria, spectroscopic pro-
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perties and a range of biologically relevant reactions have been studied in detail. However, until recently,
the properties of the patellamides and structures of the copper(i) complexes in living systems have not
been known unambiguously. These are reviewed in the present Perspective and, as a result, it now is
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Introduction

With the aim of identifying new medically interesting sub-
stances, a group of cyclic peptides found in large amounts in
the ascidian Lissoclinum patella was discovered." Unlike many
marine cyclic peptides, they did not show significant cyto-
toxicity or palatability changes towards any of the tested
marine organisms.” In drug discovery screens, they exhibited
cytotoxicity against different human cancer 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 patel-
lamide family show a similar structure, being cyclized pseudo-
octapeptides with two oxazoline and two thiazole heterocycles
as well as hydrophobic side chains, with the two side chains
next to the thiazoles showing inverted stereochemistry (see
Chart 1 for the structure of ascidiacyclamide).

As one would expect from the structure of the patellamides
with an arrangement of amides alternating with the four het-

“Institute for Molecular Bioscience, The University of Queensland, 305 Carmondy
Road, 4067 St Lucia, QLD, Australia. E-mail: philipp. baur@uq.edu.au
bAnorganisch—Chemisches Institut, Universitdt Heidelberg, Im Neuenheimer Feld 270,
69120 Heidelberg, Germany. E-mail: peter.comba@aci.uni-heidelberg.de
“Interdisciplinary Center for Scientific Computing (IWR), Heidelberg University,

Im Neuenheimer Feld 270, 69120 Heidelberg, Germany

+1n part adapted from the PhD Thesis of PB (Heidelberg University, 2023).

3968 | Dalton Trans., 2025, 54, 3968-3976

possible to discuss possible biological functions of these species.

erocycles in a rigid cyclic scaffold, the pseudo-octapeptide
macrocycles were soon discovered as versatile ligands for
metal ions.>” Metal binding studies have shown that patella-
mides have the highest affinity towards copper(u) and that they
can bind two Cu" ions cooperatively.®**" The resulting dinuc-
lear Cu" complexes of the patellamides have been shown to
have high catalytic activity towards different substrates.'>"*"*
While Cu™ patellamide complexes have not been identified
unambiguously in natura, a 2017 study that used a fluo-
rescence-tagged patellamide analogue showed the ability to
bind Cu" in vivo."® More recently, EXAFS studies on biological
material clearly showed that two Cu" ions are coordinated to
ascidiacyclamide in living Prochloron cells."®
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Chart 1 Structure of ascidiacyclamide, one of the most abundant
members of the patellamide family.
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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 exceedingly large amounts."®"® While Prochloron
didemni has proven to be an obligate symbiont for the ascidian
host, no studies address whether the patellamides serve any
function for the host or whether they are produced by the cya-
nobacterium merely for its own benefit.

In the current perspective we give a short overview on the
biological background and medicinal properties and review
synthetic aspects and the Cu" coordination chemistry of the
patellamides before discussing the state-of-the-art view on the
biological function of the patellamides and their Cu"
complexes.

The biology behind the patellamides
Lissoclinum patella

The didemnid ascidian Lissoclinum patella (L.p.) is a colonial
tunicate organism (Fig. 1), found near different reefs in the
Western Pacific.”® Most ascidians are sea squirts that sustain
themselves by filtering nutrients out of the surrounding water,
and most didemnids contain a photosynthetic symbiont, in
this case the cyanobacterium Prochloron didemni (P.d.). The
symbionts assume important functions such as nitrogen
fixation>">* or photosymbiosis. Especially the presence of the
photosynthetic symbiont seems to be essential for the organ-
isms, as shading of an ascidian colony and the resulting drop
in photosynthesis rates leads to slower growth of the
ascidian.”®

Each ascidian colony consists of multiple individual
animals (“zooids”), embedded in a common tunic immobi-
lized on the coral or rock the organism is growing on,*>** and
shares common colonial cloacal cavities, which are inhabited
by P.d.?® Individual colonies can grow quite large to sizes of up
to one square meter but more commonly are significantly

Fig. 1 A colony of Lissoclinum patella growing on a coral (photo taken
in 2022 at a depth of 1.2 m at the Blue Pools Dive Site, Heron lIsland,
Australia).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Left: Cross-section through a colony of Lissoclinum patella, and
one colony in natura with well visible subcolony indentations. Right:
Schematic representation of the ascidian anatomy.?®

smaller, in the range of 10-50 cm® and are around 1 cm
thick.?® 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 sub-colonies of ascidian zooids (Fig. 2).

Prochloron didemni

Having evolved over 3 billion years,>” cyanobacteria are one of
the oldest species on earth and key contributors to the great
oxygenation event 2-2.4 billion years ago that initiated the
evolution of higher species. In general, cyanobacteria only
possess chlorophyll a and use phycobilisomes as antennae to
increase the light-harvesting efficiency,”® which gives them a
red-brown color. However, P.d. was discovered as a species in a
new family of green-colored cyanobacteria, having both chloro-
phyll @ and b but no phycobilisomes.* P.d. was initially discov-
ered as symbiotic cyanobacterium associated with the surface
of Didemnum colonies in the pacific and with Diplosoma virens
near Hawaii*® but it was soon discovered in other species,
including L.p.****

The benefit of the symbiosis for L.p. is obvious as P.d. pro-
vides the host with photosynthesis products and intermedi-
ates®” to an extent that up to 60% of the host’s demand for
carbon is met.”> P.d. was also found to participate in the re-
cycling of nitrogen®***?* and possibly even in nitrogen fix-
ation.>> Besides getting a habitat in a controlled environment,
a possible export of nitrogen-containing waste from the host to
the symbiont could be some of the benefits P.d. obtains from
the symbiosis.

Besides assisting the host in the carbon- and nitrogen
metabolism, P.d. 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.'” The patellamides
are classified as secondary metabolites, which generally are
not involved in the growth, development or reproduction of an
organism, and are relevant for long-term strategies such as
control of the local environment or defense.’” This makes
some initially proposed functions such as an enzymatic role in
the primary metabolism of carbon or nitrogen unlikely.

Dalton Trans., 2025, 54, 3968-3976 | 3969
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Medicinal properties of the
patellamides

Many marine cyclic peptides were discovered by medical
researchers looking for potentially interesting new drugs - and
generally most tests done with the molecules were toxicity
assays.’® Therefore, in most cases the possible function dis-
cussed in literature is molecular defense. In case of the patella-
mides, these cyclic peptides do not have noteworthy toxicity
against any microbial enemy or competitor of P.d.>* and do
not seem to affect the feeding behavior of larger predators.’

The patellamides were discovered by collecting large
amounts 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 ug mL™', and of patellamide A against the acute lympho-
blastic leukemia cell line CeM with an IC;, value of 0.028 g
mL~"." A more striking activity is that patellamide D at 3.3 uM
concentrations acts as a selective antagonist in multidrug-
resistant CEM/VLB;, cell lines, where the ICs, value of
different chemotherapeutics in some cases could be reduced
from 1000 ng mL ™" to 110 ng mL™".

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, typi-
cally an efficient synthesis is required. There are various
examples where, after a synthesis for the natural product was
developed, the compound found use in clinical routine,*
while others are still being tested.*'** In addition to the patel-
lamides, several structurally similar cyclic peptides show
pharmaceutical potential.*>*®

Chemistry and biochemistry of the
patellamides
Synthesis, biosynthesis and structural elements

When the patellamides originally were discovered in 1981," the
assumed structure involved directly fused thiazole and oxazo-
line heterocycles. In the first synthetic attempt for different
patellamides in 1985, it was noticed that the resulting com-
pounds analytically differed from the natural patellamides,
and consequently a corrected version of the patellamide struc-
ture was proposed.*”*® This was later confirmed by crystallo-
graphy of the metal-free macrocycles,’® and crystallography as
well as spectroscopy of Cu™ complexes.’®*! In the following
years, different synthetic approaches, mostly combining con-
temporary peptide coupling approaches with modern, efficient
heterocyclizations, have been developed, shifting away from
tedious older heterocyclization strategies.*”*®**>* An impor-
tant new development was a building block-based approach
that enabled a straightforward and cheap synthetic route to
different analogues of the patellamides,” and this was used to
produce a series of patellamide analogues for functional
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studies, especially also derivatives containing 1,5-dimethyl-
imidazole heterocycles instead of the natural ones,'***°° as
well as the westiellamide-derived pseudo-hexapeptide
macrocycles.®’ ®® Using Lawesson’s reagent in this method for
the synthesis of thiazole heterocycles, only 5-methylthiazole
derivatives are available, as the starting material needs to have
two secondary carbonyl groups. A new synthetic approach, also
compatible with the mostly used Fmoc based peptide syn-
thesis, solved this problem.®* Based on the building block
approach and Fmoc-based peptide chemistry, a new synthetic
scheme was developed that allows to prepare any desired
natural or non-natural patellamide, while moving the poten-
tially yield-determining oxazoline heterocyclization step to the
third step of the respective building block synthesis.®®

As an alternative to the chemical approaches for the syn-
thesis 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, ampli-
fied, and subsequently introduced into E. coli to successfully
produce the patellamides in other organisms (Fig. 3)."” It was
discovered that, apart from the eight amino acids used as pre-
cursor peptide for the biosynthesis, the majority of the gene
encodes enzymes required for many of the modifications
needed to obtain the correct product, such as a protease, a het-
erocyclase/cyclodehydratase, an oxidase, a macrocyclase, and
possibly more enzymes in parts of the gene that are yet to be
understood.®® The macrocyclase and the heterocyclase have
been found to be quite flexible and powerful enzymatic tools
for macrocyclizations®®®® and heterocyclizations’””"  of
different substrates, making them interesting for different bio-
synthetic applications.

Generally, the biosynthesis involves the synthesis of the
enzymes encoded in the subgenes patA, patB, patC, patD, patF,
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, cut from the pre-
cursor peptide with three additional amino acids that are
removed in the macrocyclization step. After being cut out by

patA patB patC patD patE

patA: subtilisin-like protease

patF patG

patD: adenylation/heterocyclization protein
heterocyclase/cyclodehyratase

patF: unknown function, structural homologue of

patG: thiazoline oxidase, protease/macrocyclase

Fig. 3 Contents of the pat gene, containing all the known enzymes and
the precursor peptides required for the biosynthesis of the patellamides.
The function of the genes patB, patC and pat F is unclear.®%%”

This journal is © The Royal Society of Chemistry 2025
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the protease, the precursor peptide needs to undergo a hetero-
cyclization step of the cysteines to the thiazolines and an oxi-
dation 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 under-
stood, as is the exact order, in which these enzymatic reactions
occur.”?

The general structure of the patellamide family is given in
Chart 2 and Table 1. The hydrophobic side chains next to the
oxazolines have an S-stereocenter, while those next to the thia-
zoles always have R-configuration, although the corresponding
free p-amino acids are present in the organism.

The structures of the patellamides have been extensively
studied, both in solution and in the solid state.*®*%74777
These form a 24-membered ring, which in its metal-free state
commonly assumes a figure-of-eight conformation, in which
the two thiazoles are parallel and close to each other, while
the amide hydrogens are forming hydrogen bonds to proxi-
mate oxygen atoms from the peptide carbonyl groups and the
heterocycles (Chart 3).”> In addition to the figure-of-eight
conformer, a saddle/square-shaped conformer was identified,
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Chart 2 Fundamental structure of the patellamides. All contain
cysteine (yellow) heterocyclized with a hydrophobic amino acid with
p-stereochemistry (green) and threonine (serine in case of Patellamide
A), heterocyclized with a hydrophobic amino acid with
L-stereochemistry (blue). Table 1 shows all known patellamides with the
nature of their respective hydrophobic side chains (T near thiazole, Y
near oxazoline) and the amino acid encoded in the sequence.”®

Table 1 Structures of patellamides (see Chart 2)

Patellamide Ty T, Y; Y, X
Ascidiacyclamide  iPr (V) iPr(v) sBu(I) sBu (I) Me (T)
A iPr (V) iPr(v) sBu(l) sBu(I) H(S)
B Me(A) Bz (F) iBu (L) sBu(I) Me (T)
C Me (A) Bz (F) iPr (V) sBu (I) Me (T)
D iPr (V) Bz (F) sBu (I) sBu (I) Me (T)
E iPr (V) Bz (F) iPr (V) sBu (I) Me (T)
F Me(A) Bz(F) iPr(V) iPr(V) Me(T)
G iPr (V) Bz (F) sBu (I) iBu(L) Me(T)
Stereochemistry D L L

This journal is © The Royal Society of Chemistry 2025
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Chart 3 Comparison of the saddle-shaped (square, left) and the figure-
of eight configurations (right) of the fully protonated patellamides.?678

with hydrogen bonds between the amide hydrogens and the
neighboring nitrogens from the heterocycles.”>”® Due to the
structural restrictions from the macrocycle as well as the
rigidity of the heterocycles, the nitrogen atoms of the hetero-
cycles and the peptide bonds point in this conformation to
the inside of the macrocycle, and the peptide side chains to
the outside, making the molecule well suited for metal-
binding.

In addition to the patellamides produced by P.d., there are
several other cyclic molecules found in the ascidians that
share some structural features with the patellamides. Among
these are the lissoclinamides and ulicyclamide, which consist
of seven amino acids instead of the eight found in the patella-
mides, with similar hydrophobic amino acids, such as
phenylalanine and valine, but with three instead of four azol
(in)es, two thiazoles and an oxazoline (instead of a second
oxazoline, there is a proline pyrrolidine ring built into the
backbone).*® The different members of the lissoclinamide
and ulicyclamide families 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.
Ulithiacyclamide, shares many of the structural character-
istics 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 form a di-
sulfide bridge through the middle of the macrocycle, hinder-
ing metal binding but increasing the rigidity and stability of
the macrocycle.”® Lissoclinamides, ulicyclamides, and
ulithiacyclamides are also produced by P.d., and the genes for
their biosynthesis are in the same cluster as for the patella-
mides.?’ In the ascidian Lissoclinum bistratum, P.d. produces
a family of structurally similar cyclic hexapeptides, the
bistratamides.

Other families of cyanobacteria are known to produce a
wide range of cyclic peptides, many of them containing
similar azol(in)e motifs (westiellamides from Westiellopsis pro-
lifica,®" nostocyclamides from Nostoc 31, tenuecyclamides
from Nostoc spongiaeforme,®> and raocyclamides from
Oscillatoria raoi,®* to name just a few examples). To the
majority of these azol(in)e containing cyclic peptides from
marine sources usually a defensive function is attributed, as
only cytotoxicity has been evaluated after or during the discov-
ery process. This makes it possible if not likely, that many

Dalton Trans., 2025, 54, 3968-3976 | 3971
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metal-related biological functions and possible applications
have so far been underexplored.

Metal complexation

Based on the structural similarities to aza-crownether macro-
cycles and the structural properties discussed above, but also
due to the observation of increased metal ion concentrations,
specifically of copper, in ascidians, compared to the surround-
ing sea water,”"®* patellamides have captured the interest of
coordination chemists in the last three decades.®*°"8°
Recent studies indicate that the concentration of copper in the
ascidians is on average around 0.3 ppm, while in the surround-
ing seawater it is around 0.2 ppb, i.e., there is an increase with
respect to the surrounding seawater of around 1000-2000,
2000-3000 or 200-300 for the whole specimen, Prochloron and
the cloacal cavity.”"** Solution equilibria, extensively studied
by UV-vis-NIR, CD, EPR spectroscopies and ESI-MS of the
natural products and a series of synthetic analogues have pro-
duced a general scheme, with a number of structures of impor-
tance for reactivities and putative biological function (see
Scheme 1).2°” Complex stabilities with Cu™ and Zn" as well as
with other metal ions (e.g. Ca™) have been determined by CD,
NMR, UV-vis spectroscopies and calorimetrically (see® for a
relevant recent compilation of complex stabilities), and the
Cu" stability constants with log K values around 5 generally are
slightly higher than those for other metal ions. The coordi-
nation chemistry of patellamides with other metal ions than
Cu" has not been studied in great detail so far. However, in
support of the suggestion that Cu™ might be more relevant
than other metal ions is the observation from phosphatase
kinetics that the Zn** and mixed Zn>*/Cu®" species are slightly
less reactive than the corresponding dinuclear Cu*
complexes."**® This parallels the slightly larger stability
constants with Cu** compared to Zn**. The only other complex

+ Cu*
+ Hy,O

+ Cu2+
+H,0

[o) r’%ﬁ‘;x o) t[;%ix o) N\CU?\(
2; N -H* ;(N A N -H* 2; A
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stability data available are with Ca®", and these are also signifi-
cantly lower than those with Cu®".%® A structure of a K*
complex of partially hydrolyzed ascidiacyclamide has also been
reported.’” Importantly, from some of the complexation
studies as well as from solution spectroscopy and compu-
tational work, it appears that complexation of the first Cu"
center preorganizes the macrocycle for the second metal ion,
i.e., there is cooperativity in the formation of the dicopper(u)
complexes.®>>¢78

There are some X-ray crystal structures from metal com-
plexes of the patellamides,’®®”®*® and EPR spectroscopy has
been used extensively to obtain structural information, in par-
ticular of the dicopper(n) compounds, where dipole-dipole
coupling of the two Cu" centers leads to EPR transitions that
can be simulated with the spin Hamiltonian parameters in
addition to the Cu"..-Cu" distance and the relative angular
orientation of the two g tensors.®® The combination of (frozen)
solution EPR spectroscopy, spectra simulation and molecular
modeling,”® based on force field®** as well as DFT calcu-
lations, has been used extensively to obtain experimental solu-
tion structures of dicopper(u) complexes of the
patellamides.®>®>” Importantly, it has been shown that, where
applicable, the MM-EPR (or DFT-EPR) solution structures are
in good agreement with crystal structural data.’®®” Recent
EXAFS studies on frozen Prochloron cells fully support this.'®
Unfortunately, EPR spectroscopy on biological samples is ham-
pered by a very low signal intensity and the exceedingly high
intensity of signals of Mn" species in natural samples.
Therefore, the recent EXAFS studies are of importance as they
clearly show that (i) two Cu" ions are coordinated to ascidiacy-
clamide in Prochloron cells, (ii) that carbonate bridges the two
copper centers, and (iii) that the structure is identical to the
published crystal structure® as well as the published solution
structure.””

-H*

(Hzpat) [Cu(Hpat)]* [Cuy(pat)]®* [Cuy(pat)(OH)I* [Cua(pat)(OH),]
- —+ “H,0
R X 0 +CO +CO.
%M 0 H,0
SN /N HN-{\R
2/ /\C“H\OH 7~X o o — —
N \ N
X~ cul R X R X o
N \_ P )
}NH Né/l,? ° 0, %N HN 0 Ti’}m B
o)\<\_>< R XN\C@A;OH x " K\(/\(\:% ‘S/ix
| = N = N O’ =

[Cug(pat)(OH)T*

Scheme 1 Solution equilibria of patellamides (general derivative pat with unspecified side chains and side-chain configurations) with Cu'".
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As many of the patellamides differ only in the size and
structure of the hydrophobic side chains, the differences
in metal binding affinities that have been observed for very
similar molecules, must be influenced by differences in
these side chains. In the case of patellamides A and C, the
stability constants for mononuclear Cu" complexes are 2.0
x 10* M~" for patellamide A and 6.8 x 10* M™" for patella-
mide C, respectively.”> The side chain differences are not
expected to lead to a significantly different steric arrange-
ment 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
recently published study,”® showing that for a similar
cyclic cyanobactin, the lissoclinamide, the ability to bind
Cu" is significantly decreased by interchanging the hetero-
atoms in the thiazole ring: when binding Cu", the back-
bone strongly deforms to allow coordination to the nitro-
gen donors. Apart from structural differences between
flat, aromatic azoles and the bent, non-aromatic azolines,
the difference in pK, between the different heterocycles
contributes to the observed differences in the binding be-
havior (pK,, imidazole: 7.0, thiazole: 2.5, oxazoline: 4.75,
oxazole: 0.8°%°%),

Fig. 4 is a plot of the crystal structure of the carbo-
nato-bridged dicopper(i1) complex of ascidiacyclamide. The
hydrophobic side chains next to the thiazoles, due to the
non-natural R-configuration, point outwards of the coordi-
nation plane, parallel to the plane of the Cu™-CO;* -Cu"
site (blue planes in Fig. 4), while the hydrophobic side
chains with r-configuration next to the oxazolines are
oriented towards the inside of the saddle, posing a
certain steric obstacle in that area (orange circle in
Fig. 4).° In carbonic anhydrase activity (see below), the
valine-containing planes might therefore act as a pocket
for the catalytically active site, helping to stabilize the
intermediate and adding a certain amount of substrate
preference.

Fig. 4 Crystal structure of the dinuclear Cu" complex of ascidiacycla-
mide, bridged by carbonate (in green).8® The isobutyl side chains from
the p-valines lie in a plane with the methyl group from the oxazolines
(colored in blue), parallel to the plane containing the cu'-coz>-cu"
site. This preorganization allows for easy access to the dinuclear copper
center of small, flat or linear molecules such as carbonate/CO, from
one side (highlighted in green).®®

This journal is © The Royal Society of Chemistry 2025

View Article Online

Perspective

Reactivity and possible biological functions of the
patellamides and their copper complexes

As the patellamides, like many cyanobactins, have been dis-
covered when evaluating their cytotoxic properties (see above)
the proposed function for the ascidians was defense.’
However, as no toxic properties or palatability changes were
identified for the metal-free peptides®®® the continued
search for possible functions lead to the discovery of their
interesting metal binding properties.”®*® This raised the
question, whether the function of the patellamides might be
related to their Cu" binding properties. An interesting obser-
vation was that, whenever Cu" patellamide complexes were
exposed to air, carbonato-bridged complexes were
formed,”®®® which instigated the evaluation of carbonic
anhydrase reactivity of the complexes.”®?¢°® The dicopper(u)
complexes of the patellamides indeed have a remarkably high
carbonic anhydrase activity, they are only two orders of mag-
nitude slower than the enzymes, which all are mononuclear
zinc complexes, and they are faster than any zinc-based
model system.”®?® The reaction mechanism was thoroughly
studied by stopped-flow kinetic measurements, isotope label-
ing and quantum-chemical calculations.'**”°° Apart from
carbonic anhydrase activity, the Cu™ patellamide complexes
show several other catalytic activities, including
phosphoesterase,'*°%:¢>10%191 ¢]ycosidase and p-lactamase.®
While the phosphodiesterase reaction like the carbonic anhy-
drase reaction occurs at high rates and physiologically rele-
vant pH ranges of 6-7,"> the other activities have only been
observed at low rates at high pH values (over 10), and are thus
unlikely to be of relevance.™

An important conclusion of a recent computational study of
the carbonic anhydrase mechanism of patellamide-dicopper(u)
complexes is that HCO3;~ product release, rather than the
nucleophilic attack of OH™, coordinated to one of the Cu"
centers, on the carbon atom of CO,, interacting with the other
Cu" center, is rate limiting (see Fig. 5), and this is strongly pH
dependent: at pH values above approx. 7, the carbonato bridge
is deprotonated and inhibits catalysis. Therefore, carbonate
transport from the ascidian to the photosynthetic symbiont
Prochloron is proposed as biological function of the patella-
mides.”® This is supported by the observation that patella-
mides are produced in large quantities by Prochloron (see
above).'?

An additional observation from the computational study
was that both the stereochemistry of the side chains and the
type of azol(in)e rings in the patellamides affect the carbonate
binding behavior significantly. Although it is not fully under-
stood how the inversion of stereochemistry at the side chains
occurs in the biosynthetic pathway,'”” the alternating R,S
stereochemistry of the side chains and the choice of thiazole
and oxazoline heterocycles seems to be ideal for some possible
functions. The patE region of the genome encodes the precur-
sor amino acid sequence and leads to a quite large flexibility
of the patellamides with 20 different versions found in 46
samples.'*
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Fig. 5 Free energy profile (kJ mol™) for the CO, hydration catalyzed by patellamide-dicopper(i) complexes. For the calculations two model ana-
logues with the natural R,S stereochemistry and non-natural S,S stereochemistry were used to try to understand what advantages inverted stereo-

chemistry in the natural patellamides might have.®®

Conclusions

Patellamides, secondary metabolites produced by P.d., an obli-
gate symbiont of its host L.p., are intriguing molecules, specifi-
cally due to the quantities in that they are produced, their
molecular structures and the properties of their Cu" com-
plexes. Over the last 30 years, coordination chemists have been
drawn to their resemblance to other metal-binding macro-
cycles and their preference for Cu". A key feature of patella-
mides is cooperative binding of two Cu" centers and the preor-
ganization of the dicopper(u) complexes for bridging anions,
specifically CO5>". One of the most remarkable observations is
that dicopper(u)-patellamide complexes are very efficient car-
bonic anhydrase catalysts with turnover frequencies close to
enzymes. However, at the pH in the cloaca of the ascidians,
release of CO, is inhibited. This, together with the exceedingly
large concentration of the patellamides in the ascidians -
much larger than expected for enzymatic activities — makes it
unlikely that the catalytic hydrolysis of CO, is of natural rele-
vance, and we propose that CO, transport to the cyanobacter-
ium is the biological function. This is strongly supported by a
DFT based computational in comparison with experimental
reactivity studies of a range derivatives of the natural products.
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