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Mortiamides A—D (1-4) are head-to-tail cyclic heptapeptides that
were identified from a novel Mortierella sp. isolate obtained from
marine sediments from Northern Canada. Herein we report the first
total synthesis of mortiamides A-D (1-4) on a solid support by
concomitant cyclization/cleavage without any oligomerization side
reactions, and overall yields up to 48%. We also report on the
antiplasmodial activity of mortiamides A—D (1-4). We show that
three out of the four tested mortiamides (A, B and D) have moderate
antiplasmodial activity, while mortiamide D (4) exhibits low micro-
molar activity.

Malaria is one of the most serious infectious diseases world-
wide. In 2016, the World Health Organization estimated about
216 million cases of malaria in 91 countries. There were five
million new cases observed in 2015 alone. Among the five
Plasmodium parasite species that cause malaria in humans,
two of them, P. falciparum and P. vivax, are responsible for
about half a million deaths per year. The increasing resistance
of Plasmodium species to drug therapies has created an urgent
need to develop new antimalarial agents. Natural products have
been a source of amazing drugs for efficient treatment of
a variety of diseases and illnesses, including malaria. The
planet’s biodiversity has long been recognized as an abundant
drug cabinet, offering medicinal chemists an immense range of
molecular structures serving as inspiring sources for drug
discovery." From very small structures, such as urea, to complex
molecules like taxol, natural products originate from a wide
range of organisms. Though tropical plants have been long
known as a source for medicinal compounds, organisms from
extreme ecosystems such as the polar regions, are largely
unexplored for the discovery of new metabolites with useful
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bioactivities.> Northern ecosystems’ severe environmental
conditions force living organisms to adapt to face high UV
radiation, low temperatures, low nutrient inputs, and other
stresses. In addition, deep sea organisms are subjected to high
pressure, low oxygen levels, and the absence of light.> These
factors contribute to gene modifications and to other adaptive
processes producing unique secondary metabolites. Notably,
arctic fungi have been underexplored so far. Along this line,
Kerr’s group isolated recently such species from deep sea
sediments from Frobisher Bay in Northern Canada.* BlastN
investigation permitted researchers to place this isolate within
the genus Mortierella based on a nucleotide sequence that has
96% similarity with Mortierella antarctica. To date, though
nearly 100 Mortierelles species are known,> few natural products
have been isolated from them (Fig. 1).*”° Interestingly, Kerr’s
group identified from this Mortierella species four natural cyclic
heptapeptides mortiamides A to D (1-4) (Fig. 1).

Analysis of the structures of mortiamides A to D (1-4),
composed of b/t hydrophobic amino acids, revealed that they
have similarities with natural products having antiplasmodial
activity. Indeed, several natural head-to-tail macrocyclic peptides
exhibit antiplasmodial activity.” Among those, several have seven
to eight L-0-amino acids, of which only one is polar.® For example,
mahafacyclin B, a hydrophobic cyclic heptapeptide containing
four r-phenylalanines, two glycines, and one threonine shows
good antimalarial activity (2.2 pM).”>°

On that basis, we sought to investigate the antiplasmodial
potential of mortiamides A to D (1-4). In order to do so, we
have developed an efficient synthetic methodology on a solid
support which, for the first time, quickly produces the desired
cyclic heptapeptides in sufficient quantities for biological
investigations.

Since the amino acid sequence influences the oligomeriza-
tion/cyclization process, we examined the primary sequence of
mortiamides A to D (1-4) to identify potential linear precursors.

Those cyclic heptapeptides are characterized by a 21-membered
peptide ring containing 1- and p-branched and aromatic amino
acids. The absence of B-turn-inducing proline and flexible glycine

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Structure of natural products isolated from Mortierella species.

in the sequence makes it more challenging to avoid oligomeriza-
tion side reactions during cyclization reaction. In addition, mortia-
mides A to D (1-4) contain five p-amino acids at position 1, 3, 4, 5,
and 7, of which three are contiguous. Positions 1 to 4 contain
amino acids with alternate configurations, whereas sites 2 and 6
contain r-amino acids. Moreover, the primary sequence of
compounds 1-4 contains seven hydrophobic amino acids. Conse-
quently, the on-resin linear precursor could form extended strongly
aggregating chains, decreasing the probability of cyclization
occurring.'® Inspired by precedents in the literature’ that use
oxime resin'” in peptide macrocyclization, we selected a linear
precursor to facilitate the peptide folding and cyclization to obtain
mortiamides A to D (1-4) by an on-resin acid-catalyzed head-to-tail
concomitant cyclization/cleavage. Examples of sequence-dependent
cyclization/cleavages that favour the intramolecular process on
oxime resin have been described.” In any macrocyclization pro-
cess, it is always challenging to avoid undesired oligomerization
and epimerization side reactions. However, anchoring the linear
peptide on a solid support can reduce the rate of diffusion, thus
decreasing the probability of dimerization and oligomerization
(pseudodilution effect).'® Hence, we chose to incorporate a
p-amino acid (site 1) at the anchor point with the objective to
facilitate peptide folding by inserting r-amino acids at positions
2 and 6. Interestingly, incorporating alternating p- and r-amino

This journal is © The Royal Society of Chemistry 2019
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acids in linear primary sequences causes turn-inducing effects and
has been employed to improve the yield of peptide cyclizations."®
With the above considerations in mind, mortiamides A to D (1-4)
were synthesized on oxime resin using standard protocols with a
0.43 mmol g~ loading rate (Fig. 2)."® Briefly, the first amino acid
was coupled for 3 h using DIC as a coupling reagent. The N-Boc
protecting group was removed using a mixture of 1:1 trifluoro-
acetic acid (TFA)/dichloromethane, while the second amino acid was
activated with hydroxybenzotriazole (6-CI-HOBt) and 1-{bis(dimethyl-
amino)methylene]-1H-1,2,3-triazolo[4,5-b|pyridinium  3-oxide
hexafluorophosphate (HCTU). After completion of the linear
precursor on the oxime resin, we proceeded with the key step of
the synthesis. The linear peptide was simultaneously cyclized
and cleaved from the resin in the presence of diisopropylethyl-
amine (DIEA; 2.5 equiv.) and acetic acid (AcOH; 5 equiv.) in
dichloromethane in a respectable 10~> M cyclization concen-
tration (Fig. 2), leading to very good macrocyclization yields of
1-4 of 35% to 48% without any oligomerization side reactions
(>99% of cyclic monomers).

Taking advantage of this powerful synthetic methodology
that yields the cyclic monomer almost exclusively, simple
triturations with cold ether gave pure mortiamides 1-4. Spec-
troscopic data of synthetic mortiamides A-D (1-4) matched
entirely those reported for the isolated natural product, taking
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Fig. 2 Mortiamides A to D synthetic procedures.

into account the possible conformers equilibrium (see ESIt
for details).

In order to investigate whether mortiamides A to D (1-4)
exhibit an inhibitory effect on P. falciparum bproliferation,
in vitro susceptibility assays were conducted and their ICs, were
determined (Fig. 3 and 4). Assays were performed on the com-
monly used lab strain 3D7 and on the chloroquine-mefloquine-
pyrimethamine multiresistant strain Dd2."” The mortiamide A (1)
IC5o with 3D7 and Dd2 were 7.85 + 0.97 uM (n = 4) and 5.31 +
0.24 puM (n = 5) respectively. The mortiamide B (2) IC5, with 3D7
and Dd2 values were 3.16 + 0.65 uM (n = 4) and 2.10 &+ 0.18 uM
(n = 4) respectively. The ICs, value for mortiamide C (3) could not
be determined as the molecule was not effective enough at the
tested concentrations. The mortiamide D ICs, with 3D7 and Dd2
were 1.31 + 0.12 uM (n = 11) and 0.94 £+ 0.07 pM (n = 13)

Mortiamides IC5,

IC50 (uM)

Fig. 3 ICso of mortiamides A, B, and D (1, 2, and 4).
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respectively (Fig. 4). To ensure that the observed growth inhibition
effect was not due to red blood cell (RBC) lysis but to a biological
effect on the parasite itself, hemolysis assays were performed with
mortiamides A, B, and D. The absorbance reading at 405 nm after
72 h of incubation revealed no increase of hemoglobin release in
the culture medium supernatant for mortiamides A and B at all
tested concentrations (0.78 nM to 25.6 uM) when compared to
untreated RBCs. Mortiamide D (4) only showed a mild RBC lysis
effect of 19.7% at 25.6 pM and was reduced to 4.4% at 12.8 pM
when compared to the untreated sample. Those concentrations
are much higher than the IC50 values obtained with mortiamide
D (4) proving its activity against the parasite.

We achieved the first total synthesis of mortiamides A to D
(1-4) on a solid support by concomitant cyclization/cleavage
process without any oligomerization side reactions, and with
impressive overall yield of 35 to 48%. Access to a sufficient
amount of mortiamides allowed us to perform the first
antiplasmodial investigation on those natural macrocyclic pep-
tides. Results revealed that mortiamides A and B (1 and 2) have
a moderate antiplasmodial activity, while mortiamide D (4)
exhibits low micromolar activity. Interestingly, the results
demonstrate that small variations on the side chains signifi-
cantly impact the activity. Although the mechanism of action is
not known yet, the results reported can be used to prepare
analogs of mortiamide D, to improve its potency against
P. falciparum.
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Fig. 4 In vitro 72 h viability assays. Shown here are representative assays
for both strains treated with each mortiamide.
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