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ABSTRACT: A small uncharged cyclopeptide scaffold in-
spired by a natural product and designed to undergo
postfunctionalizations was used as a new transmembrane
vector. A bioactive and fluorescent triazole aminocoumarin was
bound to this carrier to facilitate its moving across cell and
subcellular membranes, and this led to an increase in its cell
toxicity.

cell membrane
>
HO, =

M ost bioactive molecules need to overcome cellular
membrane barriers to accomplish their therapeutic
action. In this context, cell-penetrating peptides (CPPs), as a
transmembrane vector, have proven to be particularly efficient in
facilitating cell penetration for small to large cargos.' A number
of currently developed CPPs are structurally related to cationic
peptides like the Tat sequence, which is derived from the protein
transduction domain in the HIV-1 virus transcriptional factor.”
These peptides are able to enter cells by interacting with the
negatively charged cell membrane followed by endocytosis or
direct translocation. Besides related issues of serum binding or
nonspecific interaction with other charged intracellular compart-
ments, the endosomal internalization mechanism can complicate
the release of bioactive compounds into the cytoplasm.
Cyclization of cationic peptides can improve enzymatic stability
and cell permeability’ and has resulted in endosomal escape® and
nuclear-targeting® capacities. Meanwhile, recent efforts have
been carried out to decipher the mechanism of cell permeability
of uncharged small cyclic peptides inspired by natural products.’
Such structures were able to cross membranes in a passive
manner’ and had in a few cases better oral bioavailability.” This
passive membrane permeability could be explained by the free
energy cost reduction of backbone amide desolvation upon
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moving from a polar solvent-exposed environment to membrane.
This process involves the formation of internal hydrogen bonds
from a backbone amide that easily modulate the cyclopeptide
conformation to adapt to the medium.” For the hexa-cyclo-
peptide templates, modification of side-chain lipophilicity was
reported to influence membrane permeability,”” and recent
investigations have shown tolerance for hydrophilic substitution
with hexapeptomer.'”

Recently, we have been involved in the synthesis of new
analogues'' of the natural product FR235222"* (Figure 1).
FR235222 and 1 were highly bioactive in cell assays and can be
divided into two structural parts, the tetra-cyclopeptide that
could be responsible for cell permeability and the zinc binding
group involved in histone deacetylase (HDAC) inhibitor activity.
Its small cyclic peptide structure shares common features with
other uncharged small cyclic peptides having passive membrane
permeability properties. Based on these assessments, we
wondered if such a small tetra-cyclopeptide scaffold could
improve the property of a small bioactive molecule to cross many
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Figure 1. Natural product FR235222, the bioactive and fluorescent
model compound 1, and the modular tetra-cyclopeptide cell permeable
vector 2.

barriers like cell and nuclear membranes. To this end, a direct
evaluation in live cell conditions is reported.

To monitor these events, the triazole aminocoumarin group '’
(shown on the product 2 in blue) was selected as the
pharmacophore and cargo. This simple pharmacophore has
many advantages in this study. It can be traced in cells as a
fluorescent molecule'” and was recently identified by some of
us'* to induce reactive oxygen species (ROS) in Cryptococcosis.
Once coupled to a cationic peptide, the resulting product was
active against various Cryptococcosis strains. Structurally, its
molecular weight (ca. 300 g:mol™') remains smaller than the
cyclopeptide vector (ca. 450 g-mol™"). In practice, the ligation to
the vector can be conveniently made by a simple click reaction.
By virtue of its high cell permeability, the resulting product is
expected to cause higher intracellular concentration of the
triazole aminocoumarin pharmacophore that could ultimately
lead to improved bioactivity.

A bivalent tetra-cyclopeptide 3a was designed to keep the
central core as close as possible to the natural product FR235222
with a terminal alkyne and an olefin group placed on the side
chains, allowing modular ligation with two orthogonal reactive
groups. The corresponding protected amino ester 6 was obtained
according to the Seebach and Mutter procedures'” starting from
the crystalline chiral synthon 4'® (Scheme 1). Alkylation of the
lithium enolate of 4 with propargyl bromide provided S as a
single diastereoisomer after recrystallization. Acidic hydrolysis,
followed by subsequent N-Boc protection and esterification with
n-butanol, afforded the amino ester 6 in an overall yield of 49%.
Condensation with the N-Boc-homoallylglycine 7'' gave the
dipeptide 8, which in turn, was coupled with the dipeptide 9 to
yield the linear tetrapeptide 10. After deprotection and
cyclization, the key tetra-cyclopeptide 3a was obtained in a
good yield of 72%. This synthetic sequence is amenable to
transfer to solid-phase peptide synthesis that would allow more
straightforward generation of focused or combinatorial libraries.
Having the compound 3a in hand, the cyclopeptide triazole
aminocoumarin 12 was made by the coupling of the
azidocoumarin 11 to 3a using a copper-catalyzed Huisgen
reaction. The use of polymer-supported Amberlyst-A21/Cul
catalyst'” gave the fluorescent product 12 in reproducible yields.

The antiproliferative activity of the triazole aminocoumarin 2
and the tetra-cyclopeptide vector alone 3b'" were first evaluated
on human cancer cell lines (Jurkat, HelLa) and HEK 293
immortalized cells (see the Supporting Information, Table 2) to
select the best experimental conditions for the fluorescence
microscopy (no cell toxicity). P. falciparum was selected as being
an intracellular parasite and was used as a model possessing an

Scheme 1. Synthesis of Tetra-cyclopeptide Intermediate 12
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“Conditions: (i) LIN(TMS),, THF, —78 °C; (ii) (a) concd HCI, 115
°C, 2.5 h, (b) TMSC], nBuOH, 70 °C, overnight, (c) (Boc),0, Et;N,
rt, overnight; (iii) (a) TFA, CH,CL, (b) 7, DCC, HOBt, Et;N, DMF;
(iv) (a) LiOH, THF, MeOH, 8 h, 40 °C, (b) 9, DCC, HOBt, Et;N,
DMF; (v) (a) TFA, 0 °C, 3 h, (b) HATU, DIEA, DMF, overnight;
(vi) Amberlyst-A21 Cul cat,, CH,CL, rt, 24 h.

additional cell membrane (host cell). No toxicity was detected
for 3b (ICs, > 100 uM), while 2 was found to affect cell
proliferation only on Jurkat in human cells and on P. falciparum
with a weak IC;, of 41.8 and 43.4 uM, respectively.

The cell-permeability properties of the fluorescent probes 2
and of 12 were then compared using HeLa cells, monitored by a
simple cell microplate imager (Figure 2).

Cells treated with 12 exhibited a rapid cell fluorescence
labeling, whereas the fluorochrome 2 alone was poorly
permeable and was not visible inside the cells after 15 min of
treatment. Evidence of intracellular localization was provided by
the heterogeneous distribution of 12 inside the cell where high
fluorescence signals were located at the perinuclear area without

Figure 2. Global cell distribution of compounds 2 and 12. Conditions:
HelLa cells were incubated with 2.5 M compounds 2 and 12 for 15 min
at 37 °C. (A) Images collected with a microplate cell imager using a GFP
filter. (B) Merged image GFP filter/bright field. Scale bar: 100 ym.
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labeling the nucleus and the cytoplasm. This preferential
organelle labeling from fluorescent triazole aminocoumarins
had already been observed'® and may constitute an obstacle for
further evaluation of subcellular membrane permeability like the
nucleus. To overcome this limitation, the a-hydroxyl ketone zinc
binding group, hence acting as an addressing motif for the
nucleus, was added to this tetra-cyclopeptide to better evaluate
the nuclear entrance. Indeed, HDAC inhibitors (HDACi’s)
bearing a ketone zinc binding group have been described to
confer selective inhibitions toward nuclear HDACs'" and are
thus prone to localize in this cell compartment. With this
additional motif on the cyclopeptide scaffold, a significant
increase in probe concentration inside the nucleus is thus
expected. The addition of the a-hydroxyl ketone zinc binding
group was achieved by assembling the xanthate 13 with 12
according to the Zard’s radical coupling reaction®’ to yield the
xanthate 14 (Scheme 2). A concomitant xanthate reduction/silyl
deprotection using H;PO,/Et;N reagents’' provided the
fluorescent tetra-cyclopeptide 15 in a single step.

Scheme 2. Synthesis of Tetra-cyclopeptide 15“
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To increase the sensitivity and the resolution, an upright
fluorescence microscope set with a high-resolution 100X
objective was used to localize compounds 12 and 15 more
precisely. HeLa cells were stained with Draq$5 to visualize the
DNA (Figure 3). Due to the small depth of field with high-
resolution objectives, the visualization of the whole cell in the
depth with a single image was not possible. Using a deep focus
(focal plane nearby the support), the outline of the cells could be
visualized under white light illumination in the differential
interference contrast (DIC) (Figure 3A). Compounds 12 and 15
clearly accumulated at specific intracellular organelles confirming
their cell internalization in live cell conditions. This was
particularly clear when looking at the large pseudopodia of the
cells (black arrows) devoid of labeling. When focusing on the
nucleus (Figure 3B), compound 15 was clearly visible inside the
nucleus, although the major part still localized perinuclearly.
These results provide evidence that the fluorescent cargo
coupled to the cyclopeptide vector 15 was able to cross the
nuclear envelope and suggest that its zinc-binding motif
contributed to the selective nuclear location and retention.
Noteworthy, unlike most fluorescent nuclear staining agents, 15
does not seem to label the DNA as nucleoli appeared as black
holes in nuclei, indicating that the compound is concentrated in
the nucleoplasm, where HDACH’s are known to affect transcrip-
tional regulation.22

The HDAC activity of 15 was evaluated and compared with
the other probes to see whether this additional specific location
in the nucleus correlated well with an activity and selectivity

A DIC Drug
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B DIC Drug Nucleus Merge

Figure 3. Cell distribution of compounds 12 and 15 under live cell
microscopy conditions. Conditions: HeLa cells were incubated with 160
nM compounds 12 and 1S5 for 1 h at 37 °C. Cells were stained with
Draqg$ to visualize the DNA. (A) Selected cells imaged at a deep focal
plan to visualize pseudopodia (black arrows) and the localization of 12
and 185. (B) Selected cells imaged at the nucleus focal plane showing the
intranuclear staining with compound 15 and not with compound 12.
Scale bar: 10 pm.

toward nuclear class I HDACs. As 2, 12, and 1S are fluorescent
compounds, an HDAC inhibition assay using MS detection was
applied to determine their potency and their selectivity.”
Compound 1 and the analogue 15 with the cargo showed a high
inhibitory efficiency against HDAC using a HeLa nuclear extract
(ICs, = 8.4 and 35.8 nM, respectively), while no effect was
detected against HDAC6 (ICs, > 300 uM), a class IIb HDAC
mainly localized in cytoplasm (see the Supporting Information,
Table 1). The simple tetra-cyclopeptide scaffold 3b, the cargo
coupled with the tetra-cyclopeptide without zinc binding group
12, and compound 2 were not active on both enzymatic assays
(IC, > 300 uM).

The antiproliferative activity of 1, 12, and 15 was further
evaluated against P. falciparum, the two cancer cell lines, and
HEK293 immortalized cells (see the Supporting Information,
Table 2). Due to its additional HDAC inhibitor effect, the
product 15 proved to affect proliferation in all cell lines (P.
falciparum: ICsy = 0.919 uM; Jurkat: IC;y = 1.67 uM; HeLa: ICs,
= 0.56 uM; HEK293: ICy, = 0.27 yM) while remaining less
potent than 1 (P. falciparum: 1Cg, = 0.017 uM; Jurkat: IC, =
0.048 yM; HeLa: ICy, = 0.17 sM; HEK293: ICqo = 0.04 yM).
This may be due to the partial retention of 15 in the perinuclear
envelope, lowering its concentration in the nucleus (Figure 3B).

With regard to the triazole aminocoumarin pharmacophore, it
is interesting to note that its tetra-cyclopeptide version (12)
compared to 2 exhibited a 2.7—35-fold increase of bioactivity
against Jurkat and P. falciparum (ICg, of 15.6 and 1.24 uM,
respectively). HeLa and HEK293 cells remained unaffected by
12 (ICgy > 100 uM) indicating a possible lesser sensitivity to
ROS activator. These results illustrate the ability of the tetra-
cyclopeptide scaffold to increase the cell permeability of the
triazole aminocoumarin resulting in an increase of cell toxicity.

In conclusion, we have synthesized a bivalent tetra-cyclo-
peptide inspired by the natural product FR235222 as a new
transmembrane vector devoted to enhance cell permeation of
small bioactive compounds. Using the triazole aminocoumarin as
a cargo model, an increase in cell permeability and toxicity was
achieved. Adding an addressing motif for nucleus to this
cyclopeptide scaffold offered a better view of its ability to cross
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nuclear membrane with the cargo. Since it is covalently bound,
the triazole aminocoumarin group constitutes a substantial part
of compound 12, and its position on the amino acid residue does
not appear to compromise the cell-penetrating property. This
work represents a distinct use of a small uncharged cyclopeptide
acting as a transmembrane vector. Further work will be necessary
to identify the functional and structural determinants that will
retain, impair, or improve the cell-membrane permeability of this

tetra-cyclopeptide scaffold.
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