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Spontaneity in the patellamide biosynthetic pathway
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Post-translationally modified ribosomal peptides are unusual natural products and many have potent
biological activity. The biosynthetic processes involved in their formation have been delineated for
some, but the patellamides represent a unique group of these metabolites with a combination of a
macrocycle, small heterocycles and D-stereocentres. The genes encoding for the patellamides show very
low homology to known biosynthetic genes and there appear to be no explicit genes for the
macrocyclisation and epimerisation steps. Using a combination of literature data and large-scale

molecular dynamics calculations with explicit solvent, we propose that the macrocyclisation and

epimerisation steps are spontaneous and interdependent and a feature of the structure of the linear
peptide. Our study suggests the steps in the biosynthetic route are heterocyclisation, macrocyclisation,
followed by epimerisation and finally dehydrogenation. This study is presented as testable hypothesis
based on literature and theoretical data to be verified by future detailed experimental

investigations.

Introduction

Marine natural products show promise as candidates in many
therapeutic areas, but the issue of a viable economic supply
has stalled the development of many.! Chemical synthesis is a
solution in some cases, but biotechnological approaches may
be advocated in others. The patellamides (Fig. 1) are a family
of highly conserved thiazole and oxazoline containing cyclic
octapeptides isolated from the Indo-Pacific seasquirt Lissoclinum
patella. The patellamides display a variety of biological activities
including cytotoxicity? and as selective antagonists for reversing
the multidrug resistant CEM/VLB100 human leukemic cell line
towards vinblastine, colchicine and adriamycin treatment.* The
patellamides are part of a family of bioactive thiazole, thiazoline,
oxazole and oxazoline containing natural products including
bleomycin, thiostrepton and diazonamide A.* The biological
activities of this family of alkaloids can be attributed to the
conformational constraints imposed by the heterocycles and
their ability to bind metals or intercalate into DNA.* L. patella
contains an as yet uncultured primitive photosynthetic prokaryote
Prochloron didemni, which is closely related to the cyanobacteria,
but differs in the fact that it possesses both chlorophylls @ and b,
lacks phycobilins and has plant-like thylakoids.?

Recent work has indicated that the patellamides are un-
precedented examples of post-translationally modified ribosomal
peptides,® produced by the Prochloron didemni symbiont.” The
patellamides are the most complex examples of this unusual family
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of peptides which includes the lantibiotics® and microcins,* as they
contain a unique combination of heterocycles (¢f microcin B17),* a
macrocycle (¢f microcin J25)° and D stereocentres. In addition, the
same gene encodes two different products. The gene cluster shows
extremely low sequence homology to genes of known function,®
indicating that the pathway might contain novel enzymes. In
addition, the heterocyclisation of dipeptides (XC, XT, XS) to
give thiazole and oxazoline rings appears to be more tolerant to
changes at X' than that observed in microcin B17, indicating that
this process might be exploitable for biotechnological applications
such as the combinatorial biosynthesis of novel bioactive products
and semi-synthetics.

In brief, the biosynthesis of such post-translationally modified
ribosomal peptides occurs by the tailoring of the pre-propeptide
coding sequence by the post-translational modification machinery,
which recognises the leader sequence and start/stop sequences
(Scheme 1). The gene cluster sequenced by Schmidt et al.
(Scheme 1)® allows ascribing of function to some of the genes,
but raises many questions. In particular, patB, patC and patF
show low or no similarity to proteins of known function. Some
of the biosynthetic steps can be rationalised using the putative
function of the other genes (Scheme 1). It is suggested that parD2
is involved in the heterocyclisation to form the oxazoline and
thiazoline rings, the latter of which is oxidised to the thiazole
by patGl. Cleavage of the mature patE could occur under the
influence of patG2 or pat A, followed by adenylation by patD1 and
macrocyclisation. One step that is unclear is the epimerisation of
the stereocentres adjacent to the thiazole rings, although synthetic
studies have shown that this type of system can self-organise into
the correct epimer at the thiazoline stage."! Macrocyclisation of
the mature peptide could occur under the influence of one of the
genes of unassigned function, or the linear mature octapeptide may
self-organise to allow macrocyclisation with simple activation of
the C-terminus. In this paper we present literature and theoretical
data that suggests that the epimerisation and macrocyclisation
processes may be spontaneous and interdependent.
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R: Rz R3 R4 Sequence : O Ry
1 Pat A CHMeEt CHMe, CHMeEL CHMe, 1-no Me ITVCISVC /_\HI\NH- S
2 DPat B CH,CHMe, CHMeEt CHMeEt CH,Ph LTICITEC o W
3 Pat C CHMe, Me CHMeEt CH,Ph VTACITFEC R3—2, 0
4 Pat D CHMeEt Me CHMeEt CH,Ph ITACITFC NH NH
5 Pat E CHMe, CHMe, CHMeEt CH,Ph VTVCITFC o] 2—R1
6 DPat F CHMe, CHMe, CHMe, CH,Ph VTVCVTEC JN N=
7 Pat G CHMeEt Me CH,CHMe, CH,Ph ITACLTFC SJ\/NH rH\_/O
8 Asc CHMeEt CHMe, CHMeEt CHMe, ITVCITVC R o
2
Fig. 1 Structures of the known patellamides from Lissoclinum patella and their peptide sequences.
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Scheme 1 The pat gene cluster, the patE sequence encoding for 3 (upper) and 1 (lower) and suggested biosynthetic pathway for 1. Italic = leader
sequence. Bold = start, stop and start/stop cyclisation sequences. Underline = patellamide coding sequences. ‘Start’ and ‘stop’ peptide sequences in the

prepeptide indicate the limits between which the tailoring enzymes must act.

Results and discussion

Repeating essentially the autoannotation of Schmidt et al.,* a
search of the whole Pfam HMM library with each protein
sequence of seven Prochloron didemni genes did not show the
presence of additional adenylation, epimerisation, racemisation
or cyclisation domains other than those shown in the sequence
description. The highest scores and most relevant results were
obtained with peptidase S8 from the subtilase family found in
patA subtilisin-like protein and as a part of patG thiazoline

oxidase/subtilisin-like protease and the YcaO from YcaO-like
family found in the patD adenylation/heterocyclisation protein
(identified by match to protein families HMM PF00082 and
HMM PF02624). Other genes (beside patA, patD, and patG)
showed no hits at all or scores just above the threshold that
cannot be considered reliable. For example, patF shows very weak
homology to propeptide C1 and SpoVT/AbrB like domain, and
there might be a nitroreductase in patG, but also with a very weak
signal (identified by match to protein families HMM PF08127,
HMM PF04014 and HMM PF00881, respectively). PatB, patC
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and patE did not score above the threshold in Pfam. In addition,
when profiles of NRPS adenylation, cyclisation and epimerisation
domains were generated” for a more detailed annotation of
individual Prochloron didemni genes,® no significant hits were
detected.

Further analysis indicates that pat4 contains another unknown
domain. The peptidase S8 is localised in the first half of the
peptide (amino acids 1-254), whereas the second half is still
uncharacterised. PatD, which is postulated to have adenyla-
tion/heterocyclisation activity, shows a well-defined YcaO-like
domain in the second half of the protein leaving space for another
domain. Therefore it is likely that patD also contains two domains,
one of which is totally unknown with no homology to anything
in the database. For patF one can conclude that it contains two
domains because the hits (identified by matches to protein families
HMM PF08127 and HMM PF04014) do not overlap and expand
throughout the peptide. One can only speculate about the nature
of these domains because the E-values are simply too weak. PatG
is the largest polypeptide in the cluster and probably contains
four domains. The only one that can be certainly identified is the
peptidase (peptidase S8 from the subtilase family) as the third
domain (amino acids 522-837). The second domain might be a
dehydrogenase localised around amino acids 276480, while the
first and fourth domains are localised around amino acids 1-270
and 840-1100.

We will analyse the biosynthetic pathway (Scheme 1) in detail.
There are two possible routes by which heterocyclisation may
occur, cyclodehydration followed by oxidation (dehydrogenation)
or oxidation followed by cyclodehydration. The former has been
observed for the microcin B17 system, whereas the latter is
relatively rare.* In the case of the patellamides heterocycles at
different oxidation levels, oxazolines and thiazoles, are incorpo-
rated suggesting that cyclodehydration occurs first to give the
oxazoline and thiazoline and that the latter is then oxidised to
the thiazole by patG2 and/or patA.¢ However, in the microcin B17
system,* the same enzymes (McbB, C, D) process GC and GS
to thiazole and oxazole respectively. Thiazolines are inherently
more reactive than oxazolines suggesting that the oxidation of
thiazoline to thiazole in the patellamide biosynthesis may occur
spontaneously, but two other scenarios can be proposed for the
lack of further oxidation of the oxazoline to oxazole. In the
first, kinetic release occurs before the oxazoline is oxidised to the
oxazole, and in the second it is proposed that the biosynthetic
enzymes lack terminal dehydrogenase activity. The presence of
a putative thiazoline oxidase in patGI suggests that the kinetic
release scenario may be most likely. It is uncertain at which stage
of the biosynthesis the oxidation of thiazoline to thiazole occurs.

The initial sequence analysis® indicates that in the absence of an
epimerase in the pat gene cluster this process may either be under
the control of a novel enzyme or be spontaneous. It is unlikely to
be catalysed by a separate racemase producing D-amino acids for
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incorporation into the patellamides, as the gene cluster suggests
that L-amino acids only are incorporated into the patellamides,
such that epimerisation must occur at a later stage. Epimerases in
non-ribosomal peptide synthetases act by de- and re-protonating
the a-carbon to give an equilibrium mixture of both epimers.”* The
downstream domain then selects the D-epimer for condensation
to form a peptide bond. In the patellamide biosynthesis the
linear peptide is formed first followed subsequently by tailoring
steps. If a non-ribosomal peptide synthetase epimerase domain
were present in the patellamide gene cluster this would result
in a mixture of stereoisomers as no subsequent selectivity step
is possible. This phenomenon is not observed suggesting that a
different epimerisation process operates.

The spontaneous epimerisation hypothesis is proposed on the
basis of experiments performed on related L. patella compounds,
the lissoclinamides, which contain thiazolines as part of a cyclic
heptapeptide.! In these, the a-carbon preceding a thiazoline is
extremely labile to epimerisation due to the adjacent imine bond
(Scheme 2). In lissoclinamide 7, it was observed that if the
incorrect (L) stereochemistry was incorporated into the compound
at the Val-(thiazoline) a-carbon via chemical synthesis, that under
treatment with pyridine this centre would epimerise to give the
naturally observed epimer of lissoclinamide 7 (Scheme 3).
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(Natural)
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Scheme 3 Equilibration of unnatural epimer of lissoclinamide 7 to the
natural epimer at the centre marked with a * occurs in the presence of 5-10
equivalents pyridine at 60 °C.

In the case of the patellamides, we suggest that this process
could occur at the thiazoline stage whilst still incorporated into the
71 aa pre-propeptide, prior to oxidation to the thiazole, which fixes
the stereochemistry and subsequent macrocyclisation (Scheme 4,
Pathway 2). An alternative scenario is that the macrocyclised patel-
lamides are biosynthesised containing L-thiazolines, which then
epimerise into the observed (D) geometry followed by enzymic or
spontaneous oxidation (Scheme 4, Pathway 1). Enzymic oxidation
of the thiazolines to thiazoles would occur under the influence of
patGl, although spontaneous oxidation of thiazolines to thiazoles
has often been proposed for the lissoclinamides, in which identical
compounds are observed differing only in oxidation states.* An
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Scheme 2 Proposed mechanism by which epimerisation at the a-carbon adjacent to the thiazole occurs.
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intermediate route is shown by pathway 3 in Scheme 4, in which
epimerisation occurs first to generate D-thiazolines followed
by macrocyclisation and oxidation to the thiazoles. A fourth
pathway can be proposed (pathway 4 in Scheme 4), in which
the epimerisation occurs after the formation of the thiazoles,
with macrocyclisation occurring prior or subsequent to this
step. Although this pathway has been included in our molecular
dynamics simulations, it is felt that this is biosynthetically
extremely unlikely. The initial suggestion® was that epimerisation
occurs during the maturation of the pre-propeptide and prior to
proteolysis and macrocyclisation (Scheme 4, Pathway 2).

Schmidt ez al. suggest that the mature propeptide containing
the oxazoline and thiazole rings and two D-stereocentres is
cleaved from the propeptide under the influence of patG2 or
patA (Scheme 1).° PatDI could adenylate the linear peptide
followed by macrocyclisation, which could be spontaneous, or
under enzymic control. Spontaneous macrocyclisation has also
been proposed as a possibility for the lantibiotics, related post-
translationally modified ribosomal peptides.® Studies on several
lantibiotics using synthetic precursors have shown that sponta-
neous macrocyclisation is possible, and that in some cases the
naturally observed stereochemistry is obtained.? We propose here
that this process in the patellamides is spontaneous as the linear
octapeptide containing heterocycles is capable of pre-organising
itself without outside influence into a conformation suitable
for macrocyclisation. This effect is due to the conformational
constraints induced by the thiazoline or thiazole and oxazoline
rings. This effect of pre-organising of cyclic peptides by including
conformational constraints such as heterocycles has been observed
in the synthesis of cyclic peptides by Jolliffe and co-workers,
and was found to increase macrocyclisation yields up to 99%,
even at high substrate concentrations.’® Chemical syntheses of the
patellamides do not utilise this effect because the oxazoline rings
are formed last.'

For these reasons we decided to simulate the behaviour of the
putative linear peptides represented in Scheme 4 pathways 1-
4 using molecular dynamics simulations to determine which of
these pathways is the most probable. We have investigated the
conformational preferences of the patellamides previously under
different solvent conditions using a mixture of circular dichroism,
NOE-restrained molecular dynamics and unrestrained molecular
dynamics calculations."”

In this study the four possible linear peptides encompassing
the thiazole and thiazoline oxidation states and L and D stere-
ochemistries at the a-centre adjacent to the thiazole/thiazoline
were constructed for molecular dynamics in explicit water (Asc
L-Thn, Asc D-Thn, Asc L-Thz, Asc D-Thz). Ascidiacyclamide (8)
sidechains were chosen for simplicity and the macrocycle junction
was created where indicated by the patE coding sequences.
Zwitterionic forms present at the expected physiological pH were
used, as well as relevant concentrations of NaCl. Adenylate groups
were not included, as the eventual distance between the N and C
termini (Fig. 2) would determine whether cyclisation was possible,
and not the nature of the activating group. After generating
starting conformations using simulated annealing followed by
energy minimisation, six simulations of 1000 ps with a 2 fs
timestep were executed at 300 K for each of the four linear
peptides. The distance between the N and C termini were extracted
from the trajectories for each of these simulations and plotted in

Fig. 2. For clarification, the actual distance measured during these
simulations is represented in Fig. 3.

o) o) o) o)
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The simulations for the expected route via pathway 2 (Asc D-Thz
in Fig. 2) in which epimerisation is followed by dehydrogenation
and macrocyclisation show that the N and C termini never get
within reasonable bonding distance. Therefore, if this is the actual
biosynthetic route, although epimerisation may occur sponta-
neously, the macrocyclisation must be under enzymic control. This
process would then differ from macrocyclisation in non-ribosomal
peptide synthetases, in which an enzyme-bound peptide chain is
cleaved by a terminal thioesterase and cyclised under control of
the same enzyme."”® In pathway 2 a free fully tailored Asc D-Thz
chain would be expected to complex to an enzyme which would
activate it and enforce a conformation in which macrocyclisation
is possible.

Similarly, pathway 3 (Asc D-Thn in Fig. 2) in which epimerisa-
tion is followed by macrocyclisation and dehydrogenation also
suggests that macrocycle closure will rarely occur. This then
suggests that the epimerisation step must occur as a later step
in the biosynthetic process, as both pathways 1 and 4 (Asc L-Thn
and Asc L-Thz in Fig. 2) show trajectories in which the C and N
termini are frequently within bonding distance. Pathway 4 (Asc
L-Thz in Fig. 2) was ruled out on biosynthetic grounds above
as this would require an epimerisation of a non-labile o-centre
adjacent to a thiazole. In the absence of an epimerase domain
and evidence suggesting that spontaneous epimerisation at the a-
centre adjacent to thiazoline is facile this suggests that pathway 4
is extremely unlikely. The remaining route, pathway 1, (Asc L-Thn
in Fig. 2) in which macrocyclisation occurs on the linear peptide
with thiazolines and L stereochemistry at the a-centres adjacent
to the thiazolines, followed by spontaneous epimerisation and
finally enzymic or spontaneous oxidation of the thiazolines to
thiazoles is therefore deemed the most likely. The trajectories from
the dynamics simulations indicate that the N and C termini are
within bonding distance for a greater proportion of the time. If
adenylation of the linear Asc L-Thn occurs under the influence
of patD1, then macrocyclisation will occur readily. This pathway
is in keeping with the macrocyclisation experiments by Jolliffe

This journal is © The Royal Society of Chemistry 2006
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Fig. 2 Terminal N-C distances monitored during a total of six 1000 ps dynamics simulations for all geometries of ascidiacyclamide considered in this

study.

Terminal N-C distance
measured

Fig. 3 Actual distance measured during the molecular dynamics simula-
tions represented in Fig. 2.

mentioned above,"s and Wipf’s observation that a-centres adjacent
to thiazolines in these macrocycles can spontaneously self organise
into the lowest energy epimers (Scheme 3).! This then suggests
that the oxidation of thiazoline to thiazole is the final step in the
biosynthetic process, whether spontaneous or enzymic. The fact
that the oxazolines are not oxidised to oxazoles in the patellamides
may be due to the fact that this oxidation occurs at such a late stage
in the biosynthesis. If the oxidation is spontaneous, then chemical
reactivity differences may explain the difference in oxidation states

between the two types of heterocycles present. If the process is
enzymic at this late stage, then it may be that the oxazolines cannot
gain access to the oxidase active site.

Conclusions

The inability of the preferred candidate, Asc D-Thz to close
easily suggests that a macrocyclase may be involved, but in
the absence of such an enzyme in the sequence analysis this
indicates that the enzyme may be very novel, or that the process
is spontaneous and occurs via a different pathway as suggested
by the findings discussed above. Our study is suggestive that
pathway 1 in Scheme 4 may be the route via which the patellamides
are biosynthesised. A testable hypothesis is therefore proposed
which can be verified by future detailed biosynthetic studies.
The function of the genes in the patellamide gene cluster will
only be fully understood after these investigations, but it is
postulated that, in parallel with the lantibiotics® and microcins,*
several of these might be involved in metabolite export and host
immunity.

Speculation as to the biosynthetic origin of unusual metabolites
has been used successfully to explain observed stereochemistries
and product distributions. The most notable example is the

636 | Org. Biomol. Chem., 2006, 4, 631-638
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postulated electrocyclic reactions leading to the endiandric acids,"
which were later confirmed by the synthesis of the putative precur-
sor which gave identical product distribution and stereochemistry
to that observed in nature.”® Similarly, the biogenetic hypothesis
towards the manzamine alkaloids®' predicted the existence of the
related xestocyclamine/madangamine alkaloids.? Speculation on
the biosynthetic origin of alga-derived brominated terpenoids has
recently been shown to be correct.”® As can be seen, biogenetic
hypotheses of the type in this paper has helped advance our
understanding of biosynthetic processes in the past* and has
assisted in the design of biomimetic syntheses.®

Experimental
Sequence analysis

The entire Pfam HMM library*® was downloaded from the
Pfam’s FTP site. The library was searched locally using the
latest HMMER hidden Markov model software.”” The search was
done using fastA files containing protein translations of all seven
individual Prochloron didemni genes® taken from the GenBank’s
sequence AY986476.

To confirm the results from the search of the Pfam HMM
library, profiles of all adenylation, cyclisation and epimerisation
domains from NRPS’s were prepared.?® FastA protein sequences
of domains were obtained from the NRPSDB database.' Multiple
alignments of domains were made using ClustalW.* Three profiles
were built from multiple alignments of domains by the preparation
of a small library that was used in search.

Molecular dynamics simulations

Molecular dynamics (MD) calculations were carried out with
the GROMACS v3.2.1 package.’** The modified GROMOS-87
united-atom force field distributed with GROMACS was used
in all simulations.®*3 Aqueous solvation was modelled using the
flexible form of the enhanced simple point charge (SPC/E) water
model.***7 A 125 nm® cubic water box was used for solvation of
each peptide, requiring ~4200 waters per peptide. In order to better
simulate the physiological environment Na* and CI~ ions were
added with the genion program (supplied as part of GROMACS)
so as to produce a concentration of 35 g 17!, with minimum
force calculations being used to determine which of the solvent
molecules were to be replaced. The peptides were modelled in their
zwitterionic forms and the PRODRG server at Dundee Univer-
sity (http://davapcl.bioch.dundee.ac.uk/programs/prodrg/) was
used for generation of the required force field topology files.*®

In order to generate starting configurations for the simulations
each peptide—solvent system was subjected to 6 cycles of simulated
annealing. The temperature was cycled from 50 K up to 500 K
over 250 ps and back down to 50 K over 50 ps so as to
allow reasonable sampling of conformational space followed
by quenching of favoured conformations. Temperature coupling
within each system was performed using the Berendsen method
and electrostatics were treated using the particle-mesh Ewald
(PME) approach. The time step employed was 2 fs. The resulting
trajectories were manually sampled every 300 ps using the ngmx
GROMACS trajectory viewer. The 6 samples for each derivative
were then subjected to energy minimisation and subsequently used

as starting configurations for the production runs. These runs were
performed at 300 K and lasted for 1000 ps. A 2 fs timestep was used
and Berendsen temperature coupling and PME electrostatics were
employed. The evolution of the distance between the N-terminal
nitrogen and the C-terminal carbon was extracted from the final
trajectories using the gOpenMol software.*
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