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Summary

Strained cyclic disulfides are new transporters that use thiol-mediated
uptake to enter into cells. After demonstrating the ability of dithiolane to
deliver fluorophores or small peptides into cells, we designed new transporters
containing a thiol-sensitive head, a positive charge and an alkyl tail S1 to
deliver liposomes by thiol-mediated uptake (Figure S1).
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Figure S1. (A) Design of the amphiphiles for thiol-mediated uptake of vesicles.
(B) Schematic representation of the entry of vesicles by thiol-mediated uptake.

Those probes can insert into the vesicle membrane after liposomes
formation. The alkyl tail, the thiol-responsive head and the tuning of the
liposome size were screened in order to obtain the best increase in cellular
uptake. A maximum of 6-folds increase compared to the uptake of liposomes in
absence of transporter, was obtained for the best activator. Treatment to block
thiols on the cell surface and inactivity of transporter without the thiol-
responsive head confirmed that the thiol-mediated uptake is the main entry
mechanism. The fluorescence probe from the liposome core was localized in

punctate location inside the cells that does not colocalize with endosomes,



lysosomes nor mitochondria. Therefore we postulated that they end up in the

cytoplasm of the cells.

We were able to demonstrate that those transporters can also be used to
deliver polymersomes into the cells despite the differences in the membrane

composition and properties compared to liposomes.

Having reached the maximal ring tension with the epidithiodiketopiperazine
scaffold, we decided to investigate compounds with diselenide instead of
disulfide. Therefore we synthesized new probes containing a fluorophore and a
diselenide bond. As in our initial study with disulfides, we investigated the
diseleno asparagusic acid S2, the diseleno lipoic acid S3 as diselenolane, and

compared them to the linear diselenide of selenocystine S4 (Figure S2).
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Figure S2. Fluorescent diselenide probes used in cellular uptake.

Unexpectedly from the results obtained with dithiolane, S3 performed the
best in cellular uptake. Its fluorescence was indeed higher than for S2 for

different incubation times and concentrations, and less cytotoxic for cells at



high concentration. The cellular distribution inside the cell was homogeneous
with the exclusion of the nucleoli. On the other hand, incubation with S4

showed lower and punctate uptake comparable to the original asparagusic acid.

The exact mechanism of entry into cells remains unclear for the diselenides
compounds, since they are not inhibited by common endocytosis inhibitors.
However some evidences of reaction with thiols point toward a possible thiol-

mediated uptake.

Cell-penetrating peptides (CPPs) are powerful small polymers that can
deliver substrates into cells. We have demonstrated in 2005 both in model
membrane and in cells that pyrene butyric acid can be added to their
membranes to increase the uptake of small polyarginine and to ensure their
cytoplasmic delivery. The reason of this increase is an ion-pairing of the
guanidinium cation with the carboxylate along with a good hydrophobicity and
potential cation-r interactions of the peptide with the pyrene core.

In order to increase both the hydrophobicity and the ion-pairing interaction,
we decided to develop new transporters based on naphthalene monoimide core
S5 (Figure S3A). On one side a carboxylate was introduced for ion-pairing with
guanidinium groups from the polyarginine, while on the other side of the core,
different alkyl chains were installed to increase the membrane insertion of the
activator. Finally, a push-pull system was installed on the naphthalene core to
polarize the m-surface for stabilization of both the positive and the negative

charges at the same time.

We also investigated the ability of perfluorinated fatty acid S6 to act as
transporter (Figure S3B), and compared their activation of small polyarginine

with fatty acids lacking the fluoride on carbons next to the carboxylic group.
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Figure S3. Activators of cell-penetrating peptides by ion-pairing on n-surface
of naphthalene monoimide (A) or repulsion-driven ion-pairing with
perfluorinated fatty acid (B).

Using model membrane, we screened the effect of the alkyl tail of S5 on the
transport of polyarginine to identify the best activator. The two best activators
(a dodecyl and a perfluorinated alkyl tail) were tested for the uptake into cells,
finding that the octaarginine could escape the endosomal capture and get
released into the cytoplasm. With perfluorinated fatty acid, no activity in model
membrane was observed. However when the cells were preincubated with S6,

intracellular membrane was stained throughout the cell.



Résumeé

Les disulfures cycliques sous tension sont des nouveaux transporteurs
cellulaires utilisant 1’administration thiol-dépendant pour entrer dans les
cellules. Aprés avoir démontré la capacité des thiolanes a délivrer des
fluorophores ou de petits peptides dans les cellules, nous avons synthétisé de
nouvelles molécules constituées d’une téte réactive aux thiols, d’une charge
positive ainsi que d’une chaine alkyl pour envoyer des liposomes dans les

cellules par administration thiol-dépendant (Figure S1).
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Figure S1. (A) Conception des molécules amphiphiles pour le transport de
vésicules par absorption thiols-dépendant. (B) Représentation schématique de
I’administration thiol-dépendant de liposomes.

Ces molécules peuvent s’insérer dans la membrane des vésicules aprés
formation des liposomes. La chaine alkyle, la téte réactive aux thiols et la taille
des liposomes ont été testées pour obtenir la meilleure augmentation de
pénétration cellulaire. Finalement, une augmentation maximale de 6 fois la
pénétration des liposomes en 1’absence de transporteur a été obtenue avec le
meilleur amphiphile. Le traitement de la surface des cellules pour bloquer les

thiols exofaciaux et I’inactivité d’un transporter sans téte réactive aux thiols a



confirmé un mécanisme d’entrée thiol-dépendant. Le reporteur fluorescent a
Iintérieur des liposomes est localisé en des points locaux a I’intérieur des
cellules qui ne colocalisent pas avec les endosomes, lysosomes ou
mitochondries. Par conséquent, nous avons postulé qu’ils se trouvent dans le

cytoplasme des cellules.

Nous avons par ailleurs pu démontrer que ces molécules amphiphiles
peuvent aussi transporter des polymersomes dans les cellules malgré les
différences dans la composition et dans les propriétés de leurs membranes

comparées a celles des liposomes.

Ayant atteint la tension de cycle maximale avec [’architecture de
1’épidithiodiketopiperazine, nous avons décidé de passer des disulfures aux
disélénures. Par conséquent, nous avons synthétisé de nouvelles sondes
contenant un reporteur fluorescent et une liaison disélénure. Comme pour notre
étude initiale avec les disulfures, nous avons testé 1’acide aspartique disélénure
S2, ’acide lipoique disélénure S3 en tant que disélénolane, et nous les avons

comparés avec la disélénocystine comme disélénure linéaire S4 (Figure S2).

Contrairement aux résultats obtenus avec les dithiolanes, la sonde S3 a la
meilleure pénétration cellulaire. Sa fluorescence est en effet plus forte que S2
pour différents temps d’incubation et différentes concentrations, et sa toxicité
est négligeable a haute concentration. Sa distribution cellulaire est homogene
dans toute la cellule a I’exception des nucléoles. En revanche, I’incubation des
cellules avec S4 a montré une faible absorption ainsi qu’une localisation

cellulaire comparable a I’acide aspartique.

Le mécanisme exact d’entrée dans la cellule n’est pas encore clair pour les
composés disélénures. lls ne sont en effet pas inhibés par des inhibiteurs
communs d’endocytose. Par contre, des preuves de réactivité avec des thiols

pointent vers un mécanisme d’administration thiol-dépendant.

VI
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Figure S2. Sondes disélénures fluorescentes utilisées pour la pénétration
cellulaire.

Les peptides a pénétration cellulaire (CPPs) sont de puissants petits
polyméres qui peuvent délivrer des substrats dans les cellules. En 2005, nous
avons démontré dans des modéles membranaires et dans les cellules que I’acide
pyréne butyrique peut étre ajouté a leurs membranes pour augmenter la
pénétration de petits polyarginines et s’assurer de leur relachement dans le
cytoplasme. La raison de cette augmentation est due a une interaction
électrostatique entre le cation guanidinium et le carboxylate, ainsi qu’une bonne

hydrophobicité et une potentielle interaction cation-r avec la surface pyrénique.

Pour augmenter 1’hydrophobicité et stabiliser 1’interaction électrostatique,
nous avons décidé de développer un nouvel activateur basé sur un coeur
naphtalene monoimide S5 (Figure S3A). D’un cbdté de la surface, un
carboxylate a été introduit pour I’interaction €lectrostatique avec les groupes
guanidinium ; de l’autre, différentes chaines alkyles ont été installées pour

augmenter 1’insertion du complexe dans la membrane. Finalement, un systéme

VI



donneur-attracteur a été introduit sur le cceur naphtaléne pour polariser la

surface-n afin de stabiliser a la fois la charge positive et la charge négative.

Nous avons aussi évalué la capacité des acides gras perfluorés S6 d’agir
comme transporteurs (Figure S3B) et nous avons comparé leurs activations a
des acides gras sans les fluorures sur les carbones adjacents a 1’acide

carboxylique.
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Figure S3. Activateurs de peptides & pénétration cellulaire par stabilisation de
I’interaction électrostatique sur la surface-m du naphtaléene monoimide (A) ou
par interaction électrostatique poussée par répulsion avec les acides gras
perfluoré (B).

En utilisant des modéles membranaires, nous avons étudié ’effet de la
chaine alkyle S5 sur le transport de polyarginine pour identifier les meilleurs
activateurs. Les deux meilleurs composés (une queue dodecyl et une chaine
alkyle perfluorée) ont été testés sur les cellules. Nous avons découvert que
I’octaarginine peut échapper a la capture endosomale et étre relaché dans le
cytoplasme des cellules. Avec les acides gras perfluorés, aucune activité dans
les modeles membranaires n’a été observée. Cependant, lorsque les cellules
étaient préincubées avec S6, les membranes intracellulaires étaient marquées

dans toute la cellule.
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Chapter 1

INTRODUCTION

1.1. Cellular Delivery Methods

The development of an active principle of a drug against a specific disease
can apparent as finding a needle in a haystack. However once the design of the
drug is efficient, another problem arise: how to deliver it efficiently to the
targeted destination without altering its properties nor causing collateral

damages to healthy systems in the process.

In order to solve this problem and unless the drug is so specific by itself or
harmless to all systems except its target, there is also a need to develop a
transporter called drug delivery system, to bring the drug to the specific site and

release it in a time and space controlled manner without altering its function.

In the case of this thesis, the focus would be put on methods and
transporters that can be used to deliver substrates into cells, thus crossing the
cellular plasma membrane. There would be no discussion about administration

methods, blood stability nor tissue targeting into living organisms.

Of course if the drug or the probe that need to cross the plasma membrane is
small enough and with a good lipophilicity, it may enter by itself into the cell
by passive diffusion through the membrane. However this is rarely the case.
Therefore there has been a hard focus on the development of active and specific
transporters. Some of the main characteristics needed are good membrane
permeation, cell or organelle specificities and minimized cytotoxicity. Among

the main transporters developed in recent years, we can find liposomes,t
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reference.?

nanoparticles,®! micelles,™ or polymers® (Figure 1). All those delivery
systems mainly rely on the use of active transport (endocytosis) to deliver their

cargoes into the cell at their specific location (Figure 2).

Under the term endocytosis different mechanisms are regrouped: the
phagocytosis is an exceptional case for it is the uptake of solid particle or
pathogens without the surrounding liquid environment by the cells to form
phagolysosomes. In the human body macrophages are specialized cells that
uses exclusively the phagocytic pathway to ingest pathogens or eliminate debris
in the blood stream.®! All the other forms of endocytosis involve the uptake of
the surrounding liquid along with the cargo and are regrouped under the

pinocytosis pathway.

The pinocytosis pathway regroups the macropinocytosis,i”! the clathrin-

mediated endocytosis,® the caveolin-mediated endocytosis®! and the
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clathrin/caveolin-independent endocytosis.[*¥ In all those different endocytosis
pathways, the size, lipid composition and proteins involved to form vesicles
called endosomes inside the cells, are different. Therefore there is the
possibility to target specifically one type of endocytic pathway against another
using chemical inhibitor or target all of them at once by depleting the cell from
the energy needed for the mechanism by incubation at low temperature.[*? The
first endosomes formed in cells are the early endosomes which can mature into
late endosomes and eventually into lysosomes. The whole maturation process is
characterized by a decrease in the pH from the physiological 7.4 to about 5 in
the lysosomes.[*3l This drop in the pH is commonly used by transporters to
escape the endolysosomal pathway into the cytoplasm by introduction of a pH

sensitive molecule.



1.2. Cell-Penetrating Peptides

Among all the drug delivery systems available and reported in the previous
section, we decided in the Matile group, to focus first on polymers as
transporters. The most common type of polymers used for cellular delivery are
the cell-penetrating peptides (CPPs). CPPs were originally discovered in the
transactivator of transcription (Tat) protein of the human immunodeficiency
virus type 1 (HIV-1) simultaneously by the groups of Loewenstein®¥ and
Pabo*®! in 1988. They found that this protein can cross through the plasma
membrane by itself. It is however only about ten years later that it was
demonstrated that only a small and cation-rich sequence is efficiently
responsible for the translocation (Tatss7: RKKRRQRRR).[8 Surprisingly this
specific sequence showed that its entry mechanism is not through endocytosis
but by direct translocation through the membrane, thus confirming the result
found for the antennapedia homeodomain transcription factor (later named

penetratin) of Drosophila which displayed similar cell-penetration ability.[*"]

Encouraged by this very important discovery, many studies have focused on
identifying different natural or synthetic peptide sequences that possess the
cell-permeation ability. CPPs are short peptides (less than 40 amino acid
residues) and can nowadays be classified in three main categories: amphipathic,

cationic or hydrophobic. Some examples for each families are reported in Table
1,08

The Tat sequence and the penetratin are part of the cationic type in which
there is a large number of basic amino acids in the sequence, especially
arginine and lysine residues. The hydrophobic type contains mainly
hydrophobic amino acids which confer them the ability to pass easily through

the plasma membrane by passive diffusion.[*>-?°! Finally the amphipathic CPPs



Table 1. Type, name and amino acid sequences from some common CPPs.
Table reproduced from reference. 8!

Type Name Amino acid sequence

Amphipathic ~ Transportan ~ GWTLNSAGYLLGKINLKALAALAKKIL

Pep-1 KETWWETWWTEWSQPKKKRKVY
MPG GLAFLGFLGAAGSTMGAWSQPKKKRKYV
pVEC LLILRRRIRKQAHAHSK
MAP KLALKLALKALKAALKLA
CADY GLWRALWRLLRSLWRLLWRA
Cationic Polyarginine R8, R9, R10, R12
Tatsg.s7 RKKRRQRRR
Penetratin RQIKIWFQNRRMKWKK
P22N NAKTRRHERRRKLAIER
DPV3 RKKRRRESRKKRRRES
DPV6 GRPRESGKKRKRKRLKP
Hydrophobic K-FGF AAVLLPVLLAAP
C105Y CSIPPEVKFNKPFVYLI

are usually longer than the other types and contain a combination of
hydrophobic and cationic residues conferring properties from both

families.[21-22

1.2.1. Polyarginine

In the work presented in this thesis, we focused on one of the simplest CPP:
polyarginine. It belongs to the cationic type and are constituted as its hame
imply, only of arginine residues. It was shown already in early 2000 that the

guanidinium groups present on CPPs are responsible for the translocation



efficiency of the peptide.”®! Working on optimizing the guanidinium-rich
oligomer by introducing spacer, determining the stereochemistry and the
number of arginine residue needed for good transport, various cargoes were
delivered into the cells such as caspase,? p-galactosidase®! or DNAP&27 py

covalent or non-covalent conjugates.

Figure 3. Example of bidentate ion-pairing of polyarginine with different
anions. Image from reference.[?8

Cationic arginines are preferred compared to lysine or histidine amino acids
for two reasons. The first being that the guanidinium group can interact in a
bidentate manner with anions such as phosphates, carboxylic acids and sulfates
groups present on the cell surface (Figure 3), while the ammonium group in
lysine can interact only by weaker electrostatic interaction.!?®! The reduction of
cationic charges on the peptide by ion-pairing make them more lipophilic

allowing them to pass through the plasma membrane.

The second reason is the difference in acidity between guanidinium and

ammonium groups. Polylysine with a pK, of their ammonium group around
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Figure 4. Charge repulsion by ion-pairing for polyarginine (A) or by
protonation for polylysine (B). Image reproduced from reference. 2!

10.5 demonstrated that upon charge proximity, a deprotonation of vicinal
ammonium is possible by decreasing their pKa to around 7 which, as a
consequence, decrease the amount of positive charges available to interact with
anion on the cell surface. In the case of arginine, the pK, of the guanidinium is
so high (around 12.5) that the pK, of vicinal guanidiniums cannot decrease
sufficiently to induce deprotonation. Therefore in order to reduce charge
repulsion, polyarginine has to interact with anions to decrease the amount of

positive charges present on the peptide (Figure 4).[281

Those two reasons explain the “arginine magic” that makes polyarginine
such good transporters for cellular delivery compared to polylysine. However
the exact transport mechanism of such carrier is still under debate, for there is a
competition between direct translocation through the membrane, endosomal
capture or even a combination of both depending on the size of the

oligoarginine and the cargo to deliver.



For the direct translocation mechanism, different processes have been
proposed such as the carpet model® in which a transient inverted micellar pore
is formed disrupting the membrane, the barrel stave pore formation®" where
CPPs aggregate to form a pore, or the toroidal pores®? where the aggregation
of the CPPs induce a membrane curvature until the thickness is so small that

the polymer can pass by small pore formation. %!
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Figure 5. (A) Structure of pyrene butyrate 1 used as activator of polyarginine.
(B) Activation of polyarginine in model membrane (large unilamellar vesicles,
LUVs) by pyrenebutyrate: change in CF emission | as a function of time during
the addition of 1 (a, 0 — 100 uM) and polyarginine (b, 250 nM), calibrated by
final lysis with excess of Triton X-100 (c). (C) Quantification of uptake by flow
cytometry of Rg labelled with Alexa (5 pM) in HeLa Kyoto cells with
increasing concentration of 1. Images from reference. 34

However when the peptide cannot pass through the membrane by passive
transport and get internalized into cells by endocytosis, escape into the
cytoplasm become necessary. In order to overcome it, pH-responsive amino
acid like histidine could be used in order to get release into the cytoplasm of the
cell by “proton-sponge” effect (endosome osmotic swelling).*®! Another
strategy is to use small anionic molecules as activator that will interact

electrostatically with polyarginine increasing its hydrophobicity and leading to



a passive uptake of the peptide. The only known activator used so far was the
pyrenebutyrate 1 (Figure 5A), which demonstrated an increase of activity in
model membrane (Figure 5B) and an increase of uptake in cells (Figure 5C).
The increase of cellular uptake was accompanied by an escape of the
endosomal pathway (Figure 6) for small polyarginine.B48 It was indeed
demonstrated that labelled octaarginine (Rs) are mainly capture into endosomes
(Figure 6B) when incubated alone, but preincubation of cells with 1 lead to the
release of the peptide into the whole cell (Figure 6A).

A

Figure 6. Confocal laser scanning microscope images from HelLa Kyoto cells
incubated with Rg-Alexa for 15 min with (A) or without (B) preincubation for 5
min with 1. Left: Alexa fluorescence channel, right: DIC channel. Scale bar: 20
um. Images from reference. %!

Futaki and coworker further investigated the effect of addition of 1 on the
membrane.B7 In their report they showed that the addition of pyrenebutyrate to
giant unilamellar vesicles (GUVs) have an effect on the membrane packing,
disrupting the liquid-ordered phase and thus increasing the membrane fluidity
(for more details on membrane phases, see section 1.5.1). Moreover it induced
a negative membrane curvature which could help with the translocation of

polyarginine.



In another report from Tomizawa and coworker, the pyrenebutyrate trick
was applied for protein transduction in transdermal delivery.*¥ They managed
to deliver hydroquinone fused to polyarginine in melanoma cells to inhibit
melanin synthesis, before to successfully deliver the peptide in guinea pigs by

topical therapy reducing irradiation-induced pigmentation.

One of the main drawback with such peptides is the cytotoxicity they
display. Polyarginine starts showing cytotoxicity in HeLa Kyoto cells at a
concentration as low as 10 uM.E% In order to overcome this problem, one of
the strategy is to modify the peptidic backbone to make it biodegradable by
insertion of a pH-sensitive,[*? hydrolysable! or reducible bond.[*2 In our

group we decided to investigate redox sensitive bond such as disulfide.

1.3. Poly(disulfide)s and Thiol-Mediated Cellular Uptake

The use of disulfide is advantageous because of the high control of the
redox potential present in the cell naturally. While the extracellular medium is
slightly oxidative, the cytoplasm is clearly a reducing environment with a high
control of molecules such as glutathione (GSH), thioredoxin and free cysteine
(Cys) kept at fix balance between their reduced and oxidized forms by
highly regulated enzymes (Figure 7A).*% All those compounds contain a thiol
to control the redox potential, which can be used in the thiol-disulfide exchange
where the thiolate attack the disulfide bond releasing another thiolate (Figure
7B). For example the concentration of GSH outside the cell is in the
micromolar range, while it is of 1 — 20 mM in the cytoplasm depending on the
cell type and phase,™ 20 mM in the nucleus™ and about 5 mM in
mitochondria.[*! Due to this high control, the uptake of disulfide-containing
transporters will be reduced once they reach the cytoplasm, releasing their
cargoes and reducing their cytotoxicity depending on the localization of the

redox sensitive bond on the polymer.

10
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Figure 7. (A) Overview of the steady-state redox potential of the most
abundant thiol redox couples in different cellular compartments. (B) Thiol-
disulfide exchange reaction. Image from reference.l?!

1.3.1. Poly(disulfide)s

Poly(disulfide)s are polymers that contain more than one disulfide bond in
their chain. Most proteins for example are natural poly(disulfide)s when more

than one pair of cysteines oxidize to form a correctly folded and mature protein.

In the last few years, the use of disulfide bonds in polymer to act as a carrier
to transport substrates, have started to extend. Different strategies are used to
incorporate them into the polymer (Figure 8). The disulfide can be already
present in the monomeric unit to be polymerized (Figure 8A) by techniques
such as reversible addition-fragmentation chain transfer (RAFT)®1 or atom
transfer radical polymerization (ATRP),[“8l or the disulfide bonds can be
formed by oxidation of dithiols present on the monomer (Figure 8B).*1 The
disulfide can also be introduced on the side chain of the polymer mimicking
natural peptides (Figure 8D). In particular, cysteine units are introduced in the
polymer by solid phase peptide synthesis (SPPS), before to be functionalized

with the substrate to be delivered.[

11
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Figure 8. Strategies to introduce disulfide bonds in polymer. Image from
reference.[

Another interesting method for the introduction of disulfide in the polymer
backbone, is through ring-opening polymerization of cyclic disulfide using
thiol (Figure 8C).%? The first example of polymer for gene delivery made in
this manner was given by Balakirev et al.®®! in which they used the dilipoic
acid 2 as monomer to form the poly(disulfide)s 3. Surprisingly this
polymerization method despite being prepared in mild conditions and the lack
of side products, was not further studied with the exception of polymerized

vesicles from the Regen group,®™! and nearly forgotten.
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Figure 9. Monomer unit 2 used for ring opening disulfide-exchange
polymerization by thiol and the corresponding poly(disulfide)s formed 3.
Structure reproduced from reference. ]

We decided in the Matile group to use this latest polymerization method to

produce our own bioreducible polycations: the cell-penetrating poly(disulfide)s.
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1.3.1.1.  Cell-Penetrating Poly(disulfide)s

Cell-penetrating poly(disulfide)s (CPDs) are constructed by ring-opening
thiol-disulfide exchange polymerization with asparagusic or lipoic acid
derivatives. The driving force for the polymerization is the release of the ring
tension contained in the dithiolane. This polymerization method was originally
used in our group to build up functional photosystems on an electrode surface
and was called the self-organizing surface-initiated polymerization
(SOSIP).55581 In this case, a thiol was bound to the surface of the electrode and
performed a disulfide exchange with an asparagusic acid-containing monomer
to grow a polymer perpendicular to the electrode. However in order to adapt
this polymerization technique for cellular delivery, some optimization had to be

performed in order to grow them in aqueous solution.
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Figure 10. Schematic representation of ring-opening disulfide-exchange
polymerization to grow CPDs. Image adapted from reference.[®

Those adjustments resulted in the substrate-initiated cell-penetrating
poly(disulfide)s. Instead of installing a thiol on an electrode surface to initiate
the polymerization, we introduced a thiol on the water soluble substrate to be

delivered into the cell. This thiol will attack a monomer containing a dithiolane
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ring on which a cation is linked to increase its water solubility and conferring,
at the same time, similar propriety to CPPs. The attack release the ring tension
contained in the cycle and a new thiolate to continue the polymerization. In
order to quench the polymerization reaction, iodoacetamide or a derivative is

added to the polymerization solution (Figure 10).
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Figure 11. Initiator used to initiate the polymerization of CPDs.[3.[57-58]

As a starting point, the proof of concept was established to demonstrate the
possibility to grow polymer in mild conditions, i.e. in TEOA buffer at pH 7.
The different initiators 4 — 8 (Figure 11), monomers 9 — 20 (Figure 12) and
terminators 21 and 22 (Figure 13) were tested for the polymerization. The
polymerization time, concentration of the different partners and the pH was
tuned in order to obtain a polymer active in model membrane (CF-efflux
assay). In this assay, carboxyfluorescein (CF) is entrapped in vesicles at a
concentration high enough to ensure self-quenching. Upon the addition of a

transporter, the recovery the fluorescence due to local dilution is measured in
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Figure 12. Monomer used in CPDs polymerization. 3957581
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Figure 13. Terminator used to quenched the polymerization of CPDs.[9157-58]

time before full destruction of the vesicle. The activity correspond to the
fluorescence before lysis upon normalization between the baseline and the

destroyed vesicles fluorescence responses (Figure 5B).

The simple cysteine 4 was originally used to initiate the polymerization, but
in order to facilitate purification by gel permeation chromatography (GPC),
initiator 5 with a tryptophan, was introduced as molecule detectable by
absorbance. The fluorescent initiator 6 and terminator 22 based on a
naphtalendiimide core, were used to demonstrate the incorporation of both the
initiator and terminator in the polymer by showing in a length dependent
manner that Forster resonance energy transfer (FRET) was possible between
those two moieties.’7 In all other polymers grown in early studies,
iodoacetamide 21 was used as terminator. Initiator 7 and 8 derived from CF and
tetramethylrhodamine (TAMRA) respectively, were used as drug mimic for
cellular uptake studies to track the final localization inside the cell by

fluorescence.[*!

The monomer used are derived from lipoic (9 — 18) or asparagusic (19 and
20) acids usually bearing a positive guanidinium cation. However the
asparagusic acid-based compounds 19 and 20 showed random polymerization
even in optimized buffer conditions without always incorporation of the
initiator, and usually leading to small polymers with high polydispersity index
(PDI). This is probably due to the high reactivity of the asparagusic acid with

higher ring tension in the dithiolane cycle compared to lipoic acid. Therefore 19
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and 20 were quickly discarded as monomers to grow CPDs and the lipoic acid

scaffold was preferred.

The first CPDs active in model membrane were grown using monomer 9 or
10 which are lipoic acid with a fused protected arginine or with a smaller linker
terminated with a guanidinium cation, respectively.®1 It was also demonstrated
that it is possible to grow co-polymer using 9 with different monomers.% This
is interesting to incorporate new functions to the polymer: increasing its
hydrophobicity using monomers 13 — 18 containing a n-basic or w-acidic ring to
increase the cellular uptake by direct penetration as demonstrated with
hydrophobic and amphiphilic CPPs; incorporating the boronic acid in 12 to
target glycosaminoglycans on the cell surface; or cross-link different polymers
using 11 containing two lipoic acids as the original CPDs developed by
Balakirev.%®l The different co-polymers were tested in the CF-efflux assay with
usually good membrane activity, however when tested on cells, those CPDs
tend to show lower activity and higher cytotoxicity than the original CPDs

grow only with monomers 9 or 10.5%

CPDs 23 and 24 grown from monomer 9 or 10 respectively and with
initiator 7 or 8 were constructed, purified by GPC, lyophilized and desalted.
The size was determined by GPC and the concentration by absorbance of the
fluorescent initiator. In average polymers with the protected arginine 9 were
longer with an average My around 10 kDa while the ones with 10 were smaller
with an average My around 5 kDa. The PDI for both polymers was usually
smaller than 1.2 which correspond to nearly monodisperse population. Their
respective activity in the CF-efflux assay remained however similar with an
effective concentration to reach 50% activity (ECso) around 20 nM despite the
difference in size. Interestingly, when the cellular uptake was tested, the
fluorescent initiator were accumulating in different area: mainly in the nucleus,

staining the nucleoli for CPDs 23 (Figure 14A and B), while mainly in the
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Figure 14. CLSM images of HelLa Kyoto cells incubated with polymer (500
nM) 23 (A and B) or 24 (C and D) with initiator 7 (A and C) or 8 (B and D).
Images from reference.[*?

cytoplasm with 24 (Figure 14C and D). The difference in uptake and
localization was independent of the initiator/fluorophore as demonstrated by
using 7 or 8 (Figure 14, A and C compared to B and D).

In order to understand better the difference in cellular localization, we
studied in more details the factors determining the entry mechanism and the

depolymerization kinetic inside the cytoplasm. !

The CF-efflux assay was used in order to determine the transmembrane
activity and the ECso was determined for different sizes of 23 and 24. We
demonstrated that the activity is dependent on both the size and on the
monomer used for polymerization. CPDs 24 were surprisingly more active at a
low molecular weight compared to CPDs with 9 (Figure 15A). This result was

indeed counter-intuitive from the cellular uptake experiments since 23 could
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Figure 15. (A) Transmembrane activity of 23 (o) and 24 (¢) in function of the
size. (B) Depolymerization kinetics of 23 (o) and 24 (o) in function of their
size. Images from reference.l"!

reach the nucleus whereas 24 remained mainly in the cytoplasm and thus we
were expecting that 23 would have a higher transmembrane activity. However
for typical size of polymers 23, the transmembrane activity is the same as for
24,

Since GSH is the main reducing agent in the cytoplasm, we decided to
determine the depolymerization kinetics in solution for different polymer sizes
with different concentrations of GSH. The transmembrane activity of the
polymer was determined as a function of the incubation time with GSH to
determine the tso (incubation time needed to reach 50% of the activity). From
the tso at different concentration of GSH, the depolymerization rate constant kq
was determined for the CPD at a specific Mw. The curve of depolymerization
kinetic in function of the size of the polymer (Figure 15B) proved that the
depolymerization is only dependent on the size of CPDs and not on the
monomer used to grow the polymer. This result was intuitive since it is the
disulfide backbone that should be sensitive to GSH and the monomer itself
should not have influence on it. Therefore only the number of disulfide bonds

present on the polymer, i.e. the size, affect the depolymerization kinetic.
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When polymer 23 at low molecular weight (5.7 kDa) was incubated in cell,
a different cellular localization was observed compared to the original ones.
The polymer was indeed mainly localized in the cytoplasm with non-negligible
endosomal capture and weak nucleoli staining (Figure 16). The cellular
localization of CPDs 24 did not change with smaller molecular weight.
Unfortunately for unknown reasons, we were not able to produce larger

polymer with monomer 10 to test for nucleus localization.

Figure 16. CLSM images of HeLa Kyoto cells incubated with 23 at low
molecular weight (5.7 kDa, A) and high molecular weight (13.5 kDa, B).
Images from reference. >

Interestingly, increasing the concentration of CPD incubated in cell did not
affect the cell viability (Figure 17A), countering one of the main disadvantage
of usual CPPs such as polyarginine.®! The lack of cytotoxicity is probably due
to rapid depolymerization of the CPD once it reaches the cytoplasm due to high
concentration of GSH, as demonstrated before, releasing only non-toxic
monomeric units and the substrate. When the cells were preincubated with the
Ellman reagent (5,5-dithio-bis(2-nitrobenzoic acid), DTNB), a highly reactive
disulfide that reacts with exofacial thiols, the uptake of CPDs was dramatically
reduced (Figure 17B).
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Figure 17. (A) MTT assay in HeLa Kyoto cells with CPD 24 (o) and poly-L-
arginine (o). (B) Cellular uptake quantified by flow cytometry of CPDs 23 and
24 without (grey) and with (black) preincubation with DTNB. Images from
reference.

With all the results gather at this point, we postulated that the mechanism of
entry of CPDs into the cell occurs through a thiol-mediated and counterion-
mediated uptake (Figure 18) where thiols exposed from proteins of the outer
leaflet of the plasma membrane, could perform a disulfide exchange with the
poly(disulfide)s backbone to anchor the polymer on the cell surface before to
be endocytosed. Then, depending on the transmembrane activity, i.e. of the
polymer composition and size, it can escape the endosomal pathway by
transient inverted-micelle formation due to the presence of the positive charges
and be released into the cytoplasm where it is depolymerized by the high
concentration of GSH. If the polymer is long enough, it can reach the nucleus
before full depolymerization. This mechanism would explain the difference
observed between 23 and 24, and the difference in cellular distribution

observed for different size of 23.

Further development of CPDs have been made on the initiator, monomer
and terminator levels. In order to increase the scope of substrate to be delivered

to the cells and since not all cargoes can be functionalized with a thiol to
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Figure 18. Proposed mechanism for the uptake of CPDs by thiol/counterion-
mediated uptake. Image from reference.k

initiate the polymerization, we successfully developed a thiol-containing biotin
to interface CPDs with the streptavidin/biotin biotechnology and demonstrated
the delivery of the whole complex into the cell.[%% The Yao group also managed
to develop several strategies on the initiator level® to deliver various cargoes
using CPDs in particular mesoporous silicate nanoparticlesl®-%4 or native
protein.®® Those interactions involve streptavidin/biotin biotechnology,
electrostatic interactions with an anionic initiator, or inverted-electron-demand

Diels-Alder cycloaddition.

On the terminator level, we used hypervalent iodine to quench the
polymerization reaction. Those molecules have been shown to be more reactive
than iodoacetamide toward thiols. By functionalizing such terminator with an
azide, another substrate can be attached after polymerization by copper-
catalyzed alkyne-azide cycloaddition (CuAAC). By using another fluorophore,

we were able to demonstrate the incorporation of the terminator and the success
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of the post-functional reaction, by FRET and colocalization of the initiator and

terminator fluorescence inside cells. 58!

Finally the monomer was functionalized with an azide on the C-terminus of
the arginine in 9 to react after polymerization by CUAAC. The main advantage
is that this small modification does not influence the polymerization and allow
multiple post-modifications on the polymer after formation and purification.
Using this method, additional cations or strained cyclic disulfides were grafted
to increase the counter-ion mediated uptake or the thiol-mediated uptake
pathways respectively, with a clear advantage for the addition of extra positive
charges.[®”l More recently, sugars (glucose, galactose or trehalose) were grafted
to the polymer with the double advantage to increase the possible uptake
pathway through the respective sugar receptor on the cell surface, and to reduce
aggregation observed when CPDs were incubated at high concentration in
cells. 6]

1.3.2. Thiol-Mediated Uptake and Strained Cyclic Disulfides

We have proposed that CPDs can enter into cells by a combination of ion-
pairing between the cations on the polymer and anion on the cell surface, and
by thiol-mediated uptake (Figure 18). This new uptake mechanism was first
introduced in 2009 by the group of Sagan when they showed evidences of
increased uptake of their CPPs when they contained a disulfide bond, and
proposed that exofacial thiols play a role in the uptake (Figure 19).1% The
group of Caruso also demonstrated the importance of exofacial thiols for the

entry and release of a probe from their disulfides-containing capsules.[®

However, it was only in 2012 that Torres and Gait depicted how the thiol-
mediated uptake might work[™! in order to explain the difference in uptake they
obtained with alkylated and non-alkylated cysteine present on their

transporter.l’? In their description, they proposed that thiol-disulfide exchange
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Figure 19. Quantification (A) and CLSM images (B) obtained with CPPs with
a protected thiol (PKCi-SAcm), with a disulfide bond (PKCi-S-S-PKCi and
PKCi-S-S-Npys) or with a disulfide and a thiol (PKCi-S-S-Cys). Images from
reference. 6]

or thiol-thiol oxidation could occur between the transporter and the cell surface
protein in the extracellular environment, leading in a covalent anchoring of the
transporter to the cell. The whole complex is then translocated into the
cytoplasm where the cargo is released due to the reducing environment (Figure
20).

Despite the use of disulfide bonds in transporter long before those
examples, the thiol-mediated uptake as part of the entry mechanism have been
overlooked for many years. The disulfides were only used as redox sensitive
bond to release the substrate once it reaches the cytoplasm, making it hard to
attribute the real contribution of the thiol-mediated uptake mechanism in past
studies. For example the comparison of transport between cysteine and cystine
by Stanton and coworkers, showed differences in the transport mechanism.[”®!

The mechanism for cysteine was quickly evaluated, but not for the cystine. The
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Figure 20. Possible mechanisms for thiol-mediated cellular uptake: disulfide-
exchange or thiol-thiol oxidation to covalently link the transporter to proteins
on the surface of the plasma membrane before internalization into the cell.
Image from reference.ll

only observation they made about cystine entry was that it is reduced during the

transport which is compatible with thiol-mediated uptake.

In our group, we wanted to demonstrate the existence and importance of the
thiol-mediated uptake using the simplest molecules possible.[’”¥ Therefore we
developed a library of fluorescent probes (Figure 21) containing either a
disulfide bond (25 — 29) or a thiol (30). As a control, the fluorophore alone (31)
was also added to the library. The uptake of 25 — 31 was tested on HeLa Kyoto
cells. The only possibility for such molecules to enter into cells is by reaction of
their disulfide or thiol with the cell.
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Figure 21. Library of probes containing different types of disulfide to test the
thiol-mediated uptake. Image adapted from reference.l"!

We decided to investigate not only linear but also cyclic disulfides. 25 and
26 are respectively an asparagusic or a lipoic acid attached to a fluorescein
isothiocyanate (FITC) by an ethylenediamine linker. There is a small difference
in the ring tension between those two compounds correlated to their respective
CSSC dihedral angle of 27°[31 and 35°,[61 making 25 more reactive than 26. 27
contains a six-member ring disulfide based on oxidized DTT linked to FITC.
The CSSC dihedral angle in this case is around 60°,I71 like in a normal chair

configuration, making 27 less reactive than the dithiolane compounds. Finally
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Figure 22. Flow cytometry data of HeLa Kyoto cells incubated with probes 25
— 31 (results are calibrated for the different emission intensities | of the
different fluorophore) and the corresponding approximated CSSC dihedral
angles for 25 — 28. Image from reference.l™

linear disulfide 28 and 29 have a CSSC dihedral angle around 90° (76.4° for the
Ellman reagent 32,1781 79.2° for L-cystine)[”® to minimize the repulsion of the
lone pairs of electron on the sulfur atom.[® 28 is expected to be slightly more
reactive due to the presence of a better leaving group than in 29. Finally 30 was
added to the library to study the effect of thiol on cellular uptake and their

potential reaction with disulfides present on the cell surface.

The flow cytometry measurements (Figure 22) showed a good correlation
between the CSSC dihedral angle, i.e. the ring tension, and the uptake. With
higher ring tension, the uptake increased, with the best response obtained with
asparagusic acid 25. The cellular uptake then decreased with smaller dihedral
angle in 26 and 27. As mentioned before there is a small difference between the
two linear disulfides, 28 being slightly better than 29 due to the presence of the
better leaving group in 28. The thiolated probe 30 showed a surprisingly good
uptake demonstrating the presence of disulfide in the exofacial membrane
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Figure 23. Thiol-disulfide exchange on the surface of (A) untreated cells with
the corresponding anchored product (B), (C) cells pretreated with
iodoacetamide 21, (D) cells pretreated with DTNB 32 (Ellman reagent) or (E)
cells pretreated with DTT 33. Image adapted from reference.[’4]

bilayer, while the incubation with the fluorophore 31 alone showed negligible

uptake.

The flow cytometry analysis gave the first evidence that thiol-mediated
uptake occurs in which the disulfide on the transporter is attacked by thiol on

the cell surface, but also the revers is possible when thiolated substrate attacks
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Figure 24. Flow cytometry data of HeLa Kyoto cells incubated with probes 25
— 30 after preincubation with 21 (blank bars), 32 (black bars) or 33 (hatched
bars) compared to untreated cells (background grey bars). Image from
reference.[4]

disulfide present on the cell surface (Figure 23A to B) corroborating the results
and scheme proposed by Torres and Gait.'*? In order to further developed
this theory, we decided to reduce the amount of free thiols on the cell surface
by preincubation with iodoacetamide 21 (Figure 23C) or DTNB 32 (Figure

23D), or increase them using DTT 33 (Figure 23E).

The inhibition of exofacial thiol showed as expected a decreased in the
cellular uptake for all the disulfide transporters but surprisingly also for the
thiolated probe 30, when the cells were preincubated with 21 (Figure 24, blank
bars). We postulated that this is due to a rapid reduction of disulfides to thiols
on the cell surface by the presence of control enzymes such as protein disulfide
isomerases (Figure 23C), which would react instantly with 21 and blocked. The
inhibition by 32 (Figure 24, black bars) showed a reduction of uptake for the
disulfide containing probes particularly for those with ring tension and at the
same time increased the uptake of thiol-containing 30. This results was
expected for overall the amount of reactive disulfide on the cell surface was
increased (Figure 23D) even, if as postulated above, protein disulfide isomerase
reduces part of the disulfide on the cell surface, they react with 32 to lead in
reactive disulfides. Finally the reduction of disulfide on the cell membrane by

33 (Figure 24, hatched bars) demonstrated an increase in cellular uptake
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particularly for linear disulfide 28 and 29 while it had nearly no effect on 25
probably because the initial uptake is already close to optimal. The uptake of 30
was reduced in this condition confirming the reduction of surface disulfide as

proposed in Figure 23E.

Using confocal microscopy and colocalization dyes, we determined that the
final localization in cells are in endosomes, demonstrating that the thiol-
mediated uptake lead to an anchor of the transporter to cell membrane proteins
before internalization of probably the whole complex by endocytosis. However
the presence of positive charges as in CPDs, are essential to escape the

endosomal pathway and get cytoplasmic release.

Encouraged by those results we decided to test the ability of small strained
cyclic disulfide to deliver larger substrates than fluorophore, and turned toward
small peptides in collaboration with the Adibekian group of the university of
Geneva.lB Asparagusic acid was used as the best transporter identified so far
and linked to the amine of lysine on peptides by reacting with the activated
NHS ester asparagusic acid (AspA tag). Confocal images of HelLa Kyoto cells
showed an increase of uptake of the peptide when the AspA tag was attached
(34) with a release into the cytoplasm within 2 hours of incubation while the
peptide without the tag (35) did not enter into cells for the same incubation time
(Figure 25). Similarly, the proapoptotic BH3 peptides was delivered into
different cell types and demonstrated activity by decreasing cell viability with

increasing incubation concentration.

Proteomics studies were conducted to determine the proteins that react with
the asparagusic acid and that are, by extension, involved in the thiol-mediated
uptake. Among the different hits, one was particularly interesting: the
transferrin receptor protein 1 (TFRC). It is a well-studied and abundant
membrane protein(®! that can bind transferrin when Fe is bond to it, before to

get endocytosed by clathrin-mediated endocytosis. In early endosomes, the
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Figure 25. Cellular uptake of peptide 34 and 35. (A) Fluorescent SDS-PAGE
gel image showing the cellular uptake of 34 and 35 containing a fluorophore
(TMR). (B) Confocal images of time dependence incubation in HeLa Kyoto
cells of 34 and 35 with YZ projection and merged images with DAPI. Scale
bar: 30 um. Images from reference.l®!

transferrin is released from the receptor due to the decrease in the pH and the
receptor itself is recycled to the plasma membrane while the Fe is released into
the cell.

By mutation in the TRFC the cysteine residues responsible for the thiol-
mediated uptake were identified: C556 and C558. Interestingly those cysteines
are not located into the transferrin-binding pocket explaining poor inhibition by
competition with transferrin, and appear as thiol in the monomeric form of the
receptor. Mutation of those two cysteines at the same time to serines was

needed to decrease the uptake of the asparagusic acid probe.!

Pursuing our research for cyclic disulfide with higher ring tension, we
directed then our attention on epidithiodiketopiperazine (ETP). It is a naturally

produced molecule found for example in lichens and fungi, with a broad variety
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Figure 26. (A) Structure of ETP 36. CLSM images of HeLa Kyoto cells
incubated with 31 (B), 25 (C) and 36 (D). Top: CF channel, bottom: nuclei
stained with Hoechst 33342. Images from reference. 3

of functions, mode of action and biosynthesis.® According to the reported
crystals structures,®>-#1 the CSSC dihedral angle is close to 0° which makes
ETP a potential strained cyclic disulfide transporter with the highest ring

tension possible.

We managed to synthesize the ETP derivative 36 (Figure 26A) with a CF
fluorophore analogue to molecules 25 — 28 presented above and tested its
cellular uptake in HelLa Kyoto cells, comparing it to asparagusic acid 25 and
control 31.18% As previously demonstrated, 31 did not enter into cell (Figure
26B) while 25 enter into cell but stay mainly trapped into endosomes (Figure
26C). ETP 36 was surprisingly active, escaping the endosomal pathway and
accumulating into the nucleus (Figure 26D). Flow cytometry analysis
demonstrated that the uptake of 36 is about 4 times higher than 25. Further
analysis demonstrated that 25 and 36 are not cytotoxic to the cell and that
common endocytosis inhibitors are inactive in decreasing cellular activity with
the exception of 4 °C experiments which indicated that active transport is

needed for an efficient uptake. Modifications of surface thiols had only small
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influence on the uptake except for DTNB 32 which was decreased down to

60% of the initial uptake pointing toward a thiol-mediated uptake.

Recently, the group of Wu started to take interest also in the thiol-mediated
uptake and in the quantification of thiols on the cell surface using thioether-
bonded fluorescent probes.®] They used thioether exchange to introduce
directionality in the exchange compared to thiol-disulfide exchange (Figure
27). There is indeed only one possible product that result from the reaction of
thiol with thioether (Figure 27A) while there are two possible products with
asymmetric disulfide (Figure 27B). They were able to demonstrate the
importance of both exofacial thiols and GSH export for reaction with their
transporters.
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Figure 27. (A) Directed thiol attack on thioether leading in a single product.
(B) Thiol-disulfide exchange with asymmetric disulfide leading in two different
products. Image adapted from reference.[®’]

In a later report,® they oxidized biscysteine-bearing peptide probe,
studying the effect of the addition of amino acids in between the cysteines on
the cellular uptake. The best motif they identified was a CXC meaning one
amino acid spacing in between the two cysteine units. Once again, they showed

the importance of the GSH export for the interaction of with the transporter.
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1.4. Selenium in Cellular Uptake

Having discussed how disulfide and more specifically CPDs can be used in
drug delivery system and pushing to the extreme the thiol-mediated uptake of
strained cyclic disulfide with ETP scaffold, we wanted to investigate the
possibility of using other elements from the chalcogen family for transport.
Naturally we turned first to selenium as the next atom in the chalcogen column

of the periodic table.

The human genome contains 25 genes encoding for selenoproteinst®! where
the selenium is taking the place of the sulfur atom in selenocysteine or
selenomethionine amino acids. Those proteins are used mainly as
oxidoreductase such as in glutathione peroxidases,® thioredoxin reductases®!
or deiodinase enzymesl® necessary in the thyroid cycle. Interestingly, 8 out of
those 25 selenoproteins are located at the plasma membrane and therefore can
be involved in a potential selenol-mediated uptake.[®®! Essential as trace
element, concentration of selenium has to be carefully monitored because of its
cytotoxicity at high concentration.[®!! Therefore only few examples are reported
in the literature that used selenium in transporter and even less to use diselenide
bonds.

1.4.1. Diselenide in Cellular Uptake

Many studies have been performed on the effect of diselenide compounds
on cell or organism, the main one being the diphenyl diselenideP and its
derivatives which display cytotoxic effects in cancer cell lines and affect the
nervous central system in different organisms. Particularly virulent in this area
are the groups of Nogueiral® and Rochal®” from the Santa Maria University in
Brazil.

However there are few examples where diselenides are used in the

transporter to act as a redox sensitive bond to release a substrate into the cell. In
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Figure 28. Schematic representation of diselenide-containing polymer 37 that
forms micelles in water and can release their cargoes upon a reductive,
oxidative, y-radiation or singlet oxygen trigger. Adapted from reference.[¢

those cases, the diselenides are incorporated into a polymer through different
strategies like reported for the poly(disulfide)s (section 1.3.1, Figure 8). The
main drawback for the synthesis of such polymers is the insertion of the
diselenide bond which often leads to solubility issue. However the group of
Zhang have developed a method in which the diselenide is already present in
the monomeric unit with a diol after long alkyl chains to improve solubility in
organic solvent.’® They were able to build diselenide-containing triblock
copolymer 37 using such monomers which could form micelles in water in
which a drug such as doxorubicin could be encapsulated (Figure 28). The

micelles displayed response to reduction with glutathione by reducing the
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diselenide bonds, to oxidation with H,O, where the diselenides are transformed
into selenic acids, to y-radiation,*° or to red light irradiation through the
generation of singlet oxygen species.[*® Cytotoxic assays demonstrated that at

low concentration such polymers are non-toxic to the cells.

Another example where diselenides were used in polymer to form micelles
comes from the Xue group. In their design, a diselenide bond was inserted in
the middle of two PEG units to form a copolymer which can form micelles in
water.'%2 They were able to demonstrate that the micelles are sensitive to
reduction by GSH and can release encapsulated drug when in the cytoplasm of

cells.

The group of Park also studied the delivery of micelles containing
diselenides in their core with PEG chains.['®! However in their case they
incorporated selenol on the side chain and oxidize by the ambient atmosphere
to form crosslinkage between polymeric units leading to the formation of
micelles. In their design, they focused on the oxidation of the diselenide to form
selenic acid by reactive oxygen species particularly abundant in cancer tissue,
to destroy the micelles and release the encapsulated drug.

The group of JevSevar was able to insert a PEG chain on a cysteine of the
protein Neulasta (a recombinant human granulocyte colony-stimulating factor
used in chemotherapy) by the reaction of the thiol on a diPEGylated diselenide
to create a selenylsulfide adduct. The complex increased the in vitro biological
activity of the protein compared to PEGylation of the cysteine through a

reaction with a maleimide or disulfide polymer.[204

Hyperbranched polymers containing diselenides were also synthesized with
different targets. For example the Smet group used an hyperbranched
polymer[%! while the Shen group used a dendrimer(*%! with a diselenide bond
in the core, to mimic efficiently glutathione peroxidase. The group of Yan used
hyperbranched polydiselenides as self-delivered polymer able to deliver

doxorubicin inducing cytotoxicity into cancer cell lines.[:%"]
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The group of Gu very elegantly managed to deliver genes into cell by
forming a ternary polyplexes composed of a nucleic acid sequence, a
diselenide-conjugated oligoethylenimine and a disulfide-modified hyaluronic
acid derivative to mimic viral invasion of the cell.l%! The complex formed
particles with a size between 85 nm and 200 nm in diameter depending on the
ratio of the different compounds and the disulfide and diselenide polymers
demonstrated different reduction kinetics toward GSH, leading to a temporal
released of the nucleic acid only when the complex reached the cytoplasm.
Transfection with luciferase or a DNA encoding EGFP reporter gene were

successfully performed using this complex.

The groups of Qu used mesoporous silica nanoparticles containing FezO4
nanoparticles as magnetic-targeting core on which they grafted a diselenide-
containing polymer as a redox sensitive bond to release the encapsulated

doxorubicin.[109

Diselenide-rich amphiphilic block copolymer were also used by Xing and
coworkers to entrap two different antitumor drugs: doxorubicin and
camptothecin.!**°! Visible light was then used to form crosslinked micelles by
dynamic exchange of the diselenide bonds. The efficiency of the system to

reduce tumor growth was demonstrated in in vivo analysis in mice.

In all the examples reported here, the diselenide bond was used as a redox
trigger to release a substrate which in most of the case was an apoptotic drug.
Therefore the real contribution of the diselenide for the uptake itself was not

investigated.

1.4.2. Diselenolane

Following the results obtained with strained cyclic disulfides, we wanted to
investigate the diselenide analogues of dithiolanes: the diselenolanes. The five-

membered rings analogues to the asparagusic acid 38 and lipoic acid 39
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containing diselenides in them 4001 and 41012 as well as the mixed

thiaselenolane 420113 (Figure 29) were already synthesized in the 1960s.
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Figure 29. Structures of asparagusic (38) and lipoic (39) acids, diseleno
asparagusic (40) and lipoic (41) acids, and mixed thio-selenol asparagusic acid
(42).

However only few experiments were performed on them. Bergson and
coworkers mainly focused on the comparison of the absorbance between
disulfides, diselenides and mixed thio-seleno derivatives, and between linear
and cyclic systems with some interesting differences despite the similar

structures (Figure 30).[214-115]

A B
\ A
3.0
|
(AU, o |
20 |
15 |
1.0 t

300 400 500
A (nm)

Figure 30. UV absorption spectra of: A) 38 (1), 42 (2), 40 (3). B)
diethyldiselenide (1), 4,4-bis-hydroxymethyl-1,2-diselenolane (2), 41 (3).1**4
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There is a red shift going from disulfide to the mixed thio-seleno to the
diselenide as shown in Figure 30A. The change from linear to cyclic diselenide
resulted also in a red shift of the UV absorption band (Figure 30B), indicating
tension in the ring cycle as in dithiolane, which is promising for the delivery of
such compounds into cells. The shift from linear to cyclic diselenide is of about
100 nm which is similar to the shift observed between linear to cyclic

disulfides.

In another study, Bergson demonstrated that diseleno asparagusic acid 40
cannot be oxidized to the selenoselenates but forms a mixture of the starting
material and the corresponding selenic acid when treated with ammonium
persulphate in aqueous ethanol.'1 The selenoselenate could transiently be
observed by absorbance, but not purified. In the same conditions, disulfide 38

was oxidized to the thiosulfonate.

More recently, reports showed that diseleno lipoic acid 41 could be used in
biological assays. Packer group focused on the antioxidative properties of 39
and 41 on bovine serum albumin (BSA) and apo-B of human low density
lipoprotein (LDL) when treated by hydroxyl radical or copper ions.[**®l The
results demonstrated that the original lipoic acid 39 is a better scavenger for the
hydroxyl radical oxidation compared to 40 with both BSA and LDL despite
similar reactivity in the oxidation of salicylic acid as preliminary test. They
explained this result by a difference in the partition coefficient of the two
probes. Namely 41 prefers organic phase compared to 39, making the probe
buried into the hydrophobic part of BSA or LDL where it cannot prevent
against hydroxyl radical. However 41 can prevent peroxidation of lipid alkyl
tails of LDL by Cu?*,

In another study, Patel group demonstrated the ability of 41 to inhibit
pyruvate dehydrogenase complex.l**1 This complex uses a lipoic acid moiety in
one of its enzyme to convert pyruvate into acetyl-CoA. The results show that

the diseleno lipoic acid is particularly efficient to inhibit the E1 enzyme which
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is the pyruvate dehydrogenase while 39 is more efficient on the whole complex
and in particular on E2 enzyme which is the dihydrolipoyl transacetylase in

which the natural lipoic acid reacts.

Similarly the effect of 41 on the peroxinitrite-dependent inactivation of
NADPH-cytochrome P450 reductase was studied by the Khramtsov group.[*!
This enzyme, located in the endoplasmic reticulum, is required to transfer an
electron from NADPH to the cytochrome P450. It contains 7 thiols, one or two
localized in the NADPH-binding center. It was reported that this enzyme can be
irreversibly inhibited by peroxinitrate, but the addition of 41 increased the rate
of inactivation probably by the formation of a selenoseleninate intermediate.
However this inhibition was reversible by addition of thiols such as DTT or

GSH demonstrating interaction between thiols and diselenolane.

More recently, the group of Weigand investigated asparagusic acid
derivatives and their complexation with cytotoxic platinum(11).2% In this

study, the authors report the crystal structures of 40 and 42 (Figure 31).

Figure 31. Crystal structures of diseleno 40 (A) and thio-seleno asparagusic
acid 42 (B). Images from referencel**’]

The crystal structure of 40 showed that it forms dimer through hydrogen
bonding between adjacent carboxylic groups. The CSeSeC dihedral angle is
close to 0° (-0.28°) thus the ring can be described as a twist-free envelope
structure. The Se-Se bond is of 2.3762 A which is longer than the S-S in 38

40



(2.096 A)"1 or the S-Se in 42 with a length of 2.2331 A. The structure is more
twisted in 42 with a CSSeC dihedral angle of -20.4° which stand in between 40
and 38 (27°).

In the same study, they investigated the cytotoxicity of platinum(ll)
complexes with 38, 40 and 42 as analogues to cisplatin. Promising results were
obtained with all derivatives in two ovarian carcinoma cell lines (SKOV3 and
A2780). However no further investigations of the mode of action of those
compounds was performed, nor on the effect of the compound without the

platinum complexation.

Interestingly a computational study was performed on the nucleophilic
substitution of cyclic diselenides by selenol or thiol.?)1 The gas-phase
reactions were monitored using MP2/6-31+G(d) and B3LYP/6-31+G-(d). In
the case of the attack of thiol or selenol on five- or six-member ring, the
reaction proceed in a two steps mechanism: first an intermediate is formed
when the nucleophile is bonded to one of selenium atom resulting in an
hypercoordinated Se; then the diselenide bond is cleaved releasing a selenol.
This addition-elimination mechanism with an hypercoordinated chalcogen was
also found in a previous study for their disulfide counterpart.[*?1 On the other
hand, three- or four-member diselenide rings did not have an intermediate and
the reaction goes through a one-step classical Sy2 mechanism in which the
nucleophile attack occurs at the same time as the release of the leaving group.
In order to explain this reactivity difference, the authors advance a higher

tension in smaller ring compared to larger ones, making them more reactive.

This last study was particularly interesting since it demonstrated that, on a
computational point of view, dithiolane and diselenolane react similarly toward
thiol or selenol. Therefore 40 and 41 derivatives could potentially get uptaken

by cell through thiol- or selenol-mediated uptake as for compounds 38 and 39.
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1.5. Vesicles in Cellular Uptake

In the previous sections, the focus was on polymers as delivery agents and
how from cell-penetrating peptide, we developed our own cell-penetrating
poly(disulfide)s before to focus on the use of small thiol-responsive molecules
to extend the knowledge of the thiol-mediated uptake. However as shortly
discuss in section 1.1, other transporters could be used to deliver compounds

into the cells such as liposomes which will be briefly discussed in this section.

1.5.1. Liposomes Delivery

Discovered in the 1960s by Bangham,[*?? liposomes are spherical shape
membrane bilayer constituted of phospholipids encapsulating an aqueous
medium. There can be multiple layer of membrane or a single one, and their
size can vary greatly from few nanometers to several micrometers. However
the standard size for use as drug delivery system lies between 50 nm and 450
nm.[*28 One of their main advantage is that they can be used to deliver both
hydrophilic and polar molecules in their aqueous space as well as lipophilic and
apolar molecules in the core of their membrane bilayer.[*?*l Moreover they
display low toxicity, non-immunogenicity and biodegrability which make them
powerful tools as therapeutic agents in organisms.[2°]

Different parameters of the liposomes can be tuned in order to obtain better
delivery such as the vesicle size and the number of membrane bilayer. If the
vesicle has more than one membrane bilayer, it is called multilamellar, while if
it has only one it is called unilamellar and can be divided in different categories
according to their size: small unilamellar vesicles (SUV) for a size smaller than
100 nm,1*28 or large unilamellar vesicles (LUV) for a size larger than 100
nm.[*?1 Recently a new class has emerged: the giant unilamellar vesicles
(GUV) corresponding to a size in micrometer range that can be used to study
membrane properties under microscope,*?®l however GUVs are not used as

delivery systems due to their instability.[t2%-130]
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Another tunable parameter is the lipid composition of the membrane
bilayer. The lipids are natural or synthetic amphiphiles composed of a polar
head and usually two hydrophobic alkyl tails. They can be zwitterionic,
positively or negatively charged, or neutral depending on the head group. The
most used lipids for liposomal formulation are phosphatidylcholine
(zwitterionic), phosphatidylglycerol (negatively charged),
phosphatidylethanolamine (zwitterionic) or phosphatidylserine (negatively
charges). DOTMA and DOTAP are example of positively charged lipids that
are widely used in gene delivery because of their electrostatic interactions with
negatively charges oligomers such as DNA.[3
Liquid-crystalline,
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Figure 32. Different membrane phases and properties: (A) liquid-disordered,
(B) solid-ordered, (C) liquid-ordered. S: lipid packing, D+: translational
diffusion coefficient. Image from reference.*%?

The alkyl tail plays an important role in the fluidity and packing of the
membrane. They can be fully saturated or contain one or more unsaturations.

Depending on the composition and the temperature, the membrane can be in a
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solid-ordered phase or in a liquid-disordered phase. A solid-ordered membrane
can become liquid-disordered by increasing the temperature above the
transition temperature (Tm) in a reversible process. Membranes enriched in
unsaturated alkyl tail are usually in liquid-disordered (L) phase at room
temperature characterized by low lipid packing, fluidic membrane and a fast
translation diffusion coefficient (Figure 32A). When fully saturated lipids are
used, the membrane will be more likely in a solid-ordered (S,) phase at room
temperature which is characterized by high lipid packing, low fluidity (slow
translational diffusion coefficient) and high Tm (Figure 32B).11%21 When
cholesterol is added to the membrane, a new phase can be observed with
characteristics of both S, and Lq: the liquid-ordered phase (Lo) (Figure 32C). It
has a high lipid packing with a fast translational diffusion coefficient. This is

the phase that is believed to constitute the “lipid rafts”.[*3

In over 50 years of studies, liposomes have become one of the main tool for
drug delivery and in order to stabilize the formulation and target specific cells,
organelles or proteins, they have been functionalized with PEG tails,[134

aptamers, 3 antibody,[*%1 proteins,*37] etc. (Figure 33).11381

Interestingly, they are several examples in the literature where the thiol-
mediated uptake was used in order to increase the delivery of liposomes inside
cells. In all cases, maleimide was used to react with cell surface thiols. In 1995
already Schuber and coworkerl13 used modified
dipalmitoylphosphatidylethanolamine (DPPE) lipids on which they introduced
a maleimide, a bromide or an activated linear disulfide unit. They were able to
demonstrate an increase in the uptake of liposomes when they introduced their
modified lipids in 3T3 fibroblast cells and a normal uptake when the liposomes
where pretreated with thiols. Unfortunately they did not investigate more the
possibility of thiol-mediated uptake of vesicles, but focus more on the
attachment of thiolated cargoes or targeting moieties using the maleimide lipid

which is now commercially available.
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Figure 33. Structure of conventional and functionalized liposomes. (A)
Conventional liposomes made from natural phospholipids; (B) PEGylated
liposomes; (C) liposomes with a targeting unit; (D) multifunctional liposomes
for diagnostic or tumor treatment. Image from reference. 240

It is only in 2013 that Li and Takeokal! investigated more the thiol-
mediated uptake of liposomes using once again a maleimide unit linked to
distearoylphosphoethanolamine (DSPE) using a PEG linker. Their formulation
displayed over 2-folds increase compared to liposomes without the maleimide
in cellular uptake in HeLa, HCC1954 and MDA-MB-468 cell lines without
toxicity (Figure 34A). They could deliver active doxorubicin (an anticancer
drug) into those cell lines (Figure 34B) inducing apoptosis, and in vivo by

intravenous injection in mice.

During their mechanistic investigations to determine the mechanism of

entry of the maleimide-containing liposomes enter into cells,[*4?! they observed
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Figure 34. (A) Cellular uptake time dependence in HelLa cells of liposomes
with (M-GGLG) or without (GGLG) the maleimide-modified lipid at pH 7.8.
(B) Confocal images of HeLa cells incubated for 5 minutes with liposomes
containing doxorubicin with (left) and without (right) the maleimide-modified
lipid. Images from reference.[41]

a decrease of 35% — 65% of the uptake at 4 °C depending on the cell line, a 40
— 60% decrease when incubated with serum, a 25% decrease when
preincubated with maleimide N-ethylmaleimide and nearly no inhibition by

common endocytosis inhibitors.
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Figure 35. Cellular uptake of liposome with (black) and without (blank)

maleimide-modified lipid in HeLa, HCC1954, MDA-MB-468 and COS-7 cells
pretreated with Bacitracin and DTNB 32. Image from reference.[4?
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More specifically for the thiol-mediated uptake, preincubation with
Bacitracin (a cyclic peptide with debated protein disulfide isomerase inhibitor
abilities)*>144 or DTNB 32 to reduce or block thiols present on the cell
surface, they observed a decrease of only 25% of the uptake of the liposomes

containing the maleimide-modified lipid (Figure 35).

With all the evidences provided here, it remained difficult to identify if the
maleimide-modified liposomes indeed react exclusively with cell surface thiols
or if other membrane components help for the uptake of their liposomes.
Moreover they postulated that there is a combination of passive diffusion and

energy-dependent endocytosis occurring without more investigations.

1.5.2. Polymerized Vesicles and Polymersomes

In the previous section, liposomes were constituted of natural lipids with
small alterations, forming spheres with a membrane bilayer. However
modification in the membrane itself has been performed with an increase in the

stability of the system as main advantage.

First examples aroused in the early 1980s with polymerized vesicles. Regen
and coworkerst*l introduced a modified lipid with a vinyl group on one of the
alkyl tail, that could be polymerized after vesicle formation by radical
polymerization keeping their spherical conformation. At the same time
Ringsdorf,1461 Chapman!**l and O’Brien**® groups nearly simultaneously
produced evidences of polymerized vesicles from lipids containing diacetylene

units that could polymerize upon UV irradiation.

Those early examples of polymerized vesicles opened a new field in the
delivery of liposomes with enhanced stability compared to the non-polymerized
vesicles, leading to the development of the now called polymersomes.
Polymersomes are vesicles composed of amphiphilic block copolymers instead

of lipids that can form monolayer or bilayer depending on their assembly. The
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Table 2. Common polymer blocks and their abbreviation from reference. 14

Abbreviation Polymer

PAA Poly(acrylic acid)

PB Poly(butylene)

PED Poly{butadiene)

PBzMA Poly(benzyl methacrylate)

PCL Poly(caprolactone)

PDEAEM Poly(2-(diethylamino)ethyl methacrylate)

PDMAEMA Poly(2-(dimethylamino)ethyl methacrylate)

PDMIBM Poly(3,4-dimethyl maleic imido butyl methacrylate)

PDMS Poly(dimethylsiloxane)

PDPA Poly(2-(diisopropylamino)-ethyl methacrylate)

PEG Poly(ethylene glycol)

PEGMA poly(ethylene glycoljmethacrylate

PED Poly(ethylene oxide)

PEtOz Poly(2-ethyl-2-oxazoline)

PFMMA Poly(ferrocenylmethyl methacrylate)

PGA Poly(glutamic acid)

PGMA Poly(glycidyl methacrylate)

PHEMA Poly{2-hydroxyethyl methacrylate)

PIAT Poly(r-isocyanoalanine(2-thiophen-3-yl-ethyljJamide)

PLA Poly(lactic)acid

PMA Poly(4,5-dimethoxy-2-nitrobenzyl methyl
methacrylate acid)

PMAA Poly(methacrylic acid)

PMCL Poly(y-methyl-e-caprolactone)

PMMA Poly(methyl methacrylate)

PMOXA Poly(2-methyl oxazoline)

PMPC Poly(2-methacryloyloxyethyl phosphorylcholine)

PNBA Poly{4,5-dimethoxy-2-nitrobenzyl methacrylate)

PnBMA Poly(n-butylmethacrylate)

PNIPAM Poly(N-isopropylacrylamide)

PNVP Poly(N-vinyl-pyrrolidone)

Ps Poly(styrene)

PSA Poly(sulfobetaine methacrylate)

PSEMA Poly(11-mercaptoundecyl sulfonic acid)

PitBMA Poly(tert-butyl methacrylate)

PTMC Poly(trimethylene carbonate)

PVA Poly(vinyl alcohol)

PVP Poly(vinylpyridine)

block copolymers have indeed one or more hydrophobic and hydrophilic

domains that mimic lipids and can form spherical structure depending on the

solvent.[* The thickness of the formed membrane can easily be tuned between

48



3 nmi*®1 to 40 nm*4 by varying the copolymers used and the length of the
different domains. In general the formed membrane displays higher stability
than conventional lipids bilayer,'53 making them at the same time less
fluid.[*54

Many different amphiphilic copolymers have been used to mimic
membranes, some are summarized in Table 2. The most common hydrophilic
copolymers are poly(acrylic acid) (PAA), poly(ethylene oxide) (PEO),
poly(ethylene glycol) (PEG) or poly(2-methyl oxazoline) (PMOXA), while the
most common hydrophobic copolymers are polystyrene (PS), poly(butadiene)
(PB) or poly(dimethylsiloxane) (PDMS).

The surface of the membrane can also be functionalized as for the
liposomes (Figure 33), pre- or post-formation of the vesicles, to introduce
targeting unit or increase the stability of the whole complex. Examples of
functionalization of polymersomes include attachment of polysaccharides,*

peptides™® or fluorescent probes.[*>7]

Liposome Polymersome
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Figure 36. Schematic representation of liposomes and polymersomes with their
advantages and disadvantages. Image from reference.[*58]

Membrane functionalization
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As for classical liposomes, polymersomes can vary in size from 50 nm to 10
pm depending on the composition of block copolymer and the formation
conditions used.’ They display however low cytotoxicity and
immunogenicity making them powerful for in vivo drug delivery.'® Both
hydrophobic and hydrophilic molecules can be entrapped either in their

membrane or internal agqueous compartment respectively (Figure 36).1161-162]

Several examples of polymersomes containing disulfides can be found in
the literature. However the disulfides bond were introduced in the core of the
membrane copolymer and relatively shielded to be used in the thiol-mediated
uptake. In those cases the disulfide bonds are used as a redox sensitive trigger
to destroy the vesicle and release a drug contained in the hydrophilic core of the
polymersomes.['631 The release profile of such systems are usually slow
indicating poor accessibility of the disulfide bond to the reductive environment
in the cytoplasm.i4 In order to increase the uptake and induce cell specificity
an additional functionalization on the membrane is needed on such

polymersomes.

79545

&
AN AY Ol
N
Figure 37. Schematic representation of polymersomes containing disulfide
crosslinkage for redox-sensitive drug delivery. Image from reference.[*°]
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In one example from the Zhong group,®3 a derivative of asparagusic acid
was introduced in the block copolymer to induce crosslinkage in the membrane
core and attach thiolated cargo (Figure 37). The disulfide bonds formed where
used as redox sensitive link to destroy the vesicle and release the drug while the

cell specificity toward CD44 cells was induced by grafting hyaluronic acid to
the membrane.
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Chapter 2

OBJECTIVES

This thesis is centered on three different projects which have in common the

delivery of substrates into cells.

The first goal will continue to explore the potency of the thiol-mediated
uptake. After demonstrating the ability of asparagusic acid to deliver peptides
in cells, we decided to investigate the delivery of liposomes and polymersomes.
Therefore the synthesis of small amphiphiles containing a thiol-responsive
head, a positive charge and an alkyl tail, will be presented. The effects of those
compounds upon addition to preformed vesicles will be studied. The delivery
of fluorescent probe encapsulated in the aqueous core of the vesicles into cells
will be quantified in function of the thiol-responsive unit, the alkyl tail used and
the vesicles properties to observe the best cellular uptake. The final localization

of the probe in cells and the uptake mechanism will be presented.

In the second part, the delivery of fluorescent probes using small diselenide
activators instead of disulfide will be introduced since the strained cyclic
disulfide delivery systems have reached its full extend with the introduction of
ETP. The reactivity of diselenolane toward thiols will be investigated. The
incubation time and concentration dependences of the cellular uptake, the
cytotoxicity and the entry mechanistic will be investigated for fluorescent

diselenolane.

In the final project, a new type of activator for the uptake of polyarginine
will be introduced. Screening of different alkyl tail attached to anionic
polarized m-surface for ion-pairing and stabilization, and their efficiency in

activation of polyarginine in model membrane and cells will be discussed.
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In parallel, activation of polyarginine using perfluorinated fatty acid in
model membrane and in cells, will be introduced. The importance of the
fluorides adjacent to the carboxylic group will be investigated to determine the

factors influencing the activation of polyarginine for those compounds.
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Chapter 3

RESULTS AND DISCUSSION

3.1. Thiol-Mediated Uptake of Vesicles

Having demonstrated in the Matile group that it is possible to deliver small
fluorophorest™ or peptidest® into cells by thiol-mediated uptake using strained
cyclic disulfides, we next focused our attention on the uptake of giant substrates
which could be of great importance for biological purposes: liposomes and

polymersomes.

3.1.1. Design

In order to deliver liposomes and polymersomes, amphiphilic molecules
were designed with three distinct parts: a hydrophobic alkyl tail in order to
insert the compound into the vesicle membrane, a thiol responsive head to have
a covalent anchor on the cell surface by thiol-disulfide exchange with exofacial
thiols, and an arginine linker between the tail and the head. This linker has
different functions: it ensures that the amphiphile remains at the surface of the
vesicle membrane because of its hydrophilicity and by electrostatic repulsion
with the choline head of the lipid used to form the liposomes; it keeps the thiol-
responsive head at the surface of the membrane in order to interact with
exofacial thiols; and the positive charge from the guanidinium cation of the
arginine could help with uptake of the whole complex by conferring a

counterion-mediated uptake to the system.
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3.1.2. Thiol-Responsive Head Screening

3.1.2.1. Synthesis

The first alkyl tail chosen was a dodecyl chain which was shown to be one
of the best for insertion into membranes in previous screening performed for
the activation of CPPs (see section 3.3).12%6] Therefore, in order to obtain the
best uptake in cells, we focused our attention on the screening of the thiol-
responsive head.

Q H
HO NHFmoc N N.R
a) H
—
45: R=Fmoc
NH NH
/& 46: R=H /&
PbfHN™ “NH PbfHN™ “NH
44
c)l
(0]

43 NH
HaN A
2 ®NH2

Scheme 1 a) DA, HATU, TEA, DMF, 4 h, 0 °C — 1t, 78%; b) DBU, CH,Cl,, 3
h, t, 94%; ¢) TFA, CHCls, 2 h, rt, 87%; d) TEA, CH,Clo, DMF, 3 h, rt, 32%.

The first amphiphile synthesized contained an asparagusic acid as head

derivative (43), which was the best performing strained cyclic disulfide
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discovered from previous studiest’” when we started this project. The synthesis

of this compound is reported in Scheme 1.

In a first step, dodecylamine (DA), used as the hydrophobic alkyl tail, was
connected to the C-terminus of the commercially available protected arginine
44 by peptide coupling using HATU as coupling reagent in basic conditions.
Arginine 45 was then treated with 1,8-diazabiscyclo[5.4.0Jundec-7-ene (DBU)
to remove the fluorenylmethyloxycarbonyl (Fmoc) protecting group to give 46,
and subsequent treatment with trifluoroacetic acid (TFA) to remove the
2,2,4,6,7-pentamethyl-dihydrobensofuran-5-sulfonyl (Pbf) protecting group.
The obtained dodecyl arginine 47 was then reacted with the N-
hydroxysuccinimide (NHS) activated asparagusic acid 48 prepared according to

previously published procedures, 6179 in basic conditions to give 43.

0}
/\/\/\/W\H NH> o fe)
NH -S O
/g S
47 HoN™ “NH 50

|

O H
NN N\n/\/\,rr
H o}
49 P
H2N 5NH2

Scheme 2. a) TEA, CH,Cl,, DMF, 4 h, rt, 48%.

In order to compare the effect of ring tension on the uptake of vesicles, the
lipoic acid derivative 49 was also synthesized, since it represented the second
best performing strained cyclic disulfide identified so far from previous

studies,[™ following the procedure reported in Scheme 2.
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The synthesis was straight-forward by reacting arginine 47 with the NHS
activated lipoic acid 50 prepared according to previously published

procedure,® in basic condition to give 49.

Since reports from Li and Takeokal**14?l showed that lipids containing
maleimide residue were effective for the delivery of liposomes by thiol-
mediated uptake, the maleimide derivative 51 was also synthesized following

the procedure reported in Scheme 3.

0
NN NH, o} o
H N~ oH
+ \
NH (9]
47 H2N’J*NH 52

a)l
(@]
/\/\/\/\/\/\N
H*qﬁ g
51 NH

A
H2N éNHz

Scheme 3. a) HBTU, TEA, DMF, CHxClz, 5 h, 0 °C — rt, 36%.

In this case the commercially available 3-(maleimido)propanoic acid 52 was
coupled to the arginine 47 by peptide coupling using HBTU as coupling

reagent in basic conditions to give 51.

Finally, in order to evaluate the importance of the thiol-mediated uptake
over the counterion-mediated uptake, we designed a control compound that was
unable to interact with exofacial thiols, by simply acetylating the N-terminus of

the arginine, and thus keeping the positive charge (53) as shown in Scheme 4.
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Scheme 4. a) acetyl chloride, TEA, CH:Cly, 2 h, rt, 94%; b) TFA, CHCIs, 3.5 h,
rt, 35%.

The acetylation with commercially available acetyl chloride was performed
on the guanidinium-protected arginine 46 to avoid potential side reaction with
in basic conditions. The fmoc protecting group on arginine 54 was then
removed by treatment with TFA to yield compound 53.

3.1.2.2. Flow Cytometry Assay

The different thiol-responsive heads were tested on 1,2-distearoyl-sn-
glycero-3-phosphatidylcholine  (DSPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000)
(95:5) 200 nm diameter liposomes, in which sulforhodamine (SRB, 30 mM)
was entrapped. Size and composition of the vesicle were chosen since the
Leblond group demonstrated that those liposomes were uptaken by cells
through endocytosis, followed by subsequent release of the encapsulated probe
by conformational change of a pH-sensitive lipid.I"] The entrapped dye was
also chosen according to their protocol. At this concentration, the fluorescence
is slightly self-quenched as can be demonstrate by fluorescence recovery upon
addition of Triton X-100 to destroy the liposomes.

The different probes were added to the preformed vesicles and
incorporation into the liposome membrane was ensured by overnight incubation
at 4 °C. The addition of the probes to the vesicles did not affect their stability
demonstrated by no change in the fluorescence of the entrapped dye in the
vesicle lumen. The vesicle solution was diluted in Leibovitz’s medium shortly

before addition to HeLa Kyoto cells, and subsequently incubated for 4 h at 37
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°C as was reported in Leblond’s procedure.'™ Cellular uptake was quantified
by flow cytometry at concentrations of 0 — 10 mol% of transporter compared to
the amount of lipids in the vesicle solution, except for probe 43, which was
tested from 0 — 7.5 mol%, since at 10 mol% concentration, cytotoxicity was
observed. The results obtained were normalized against the liposome uptake in

absence of amphiphile.
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Figure 38. Dependence of liposome uptake efficiency on the concentration of
amphiphile 43 (e, o), 49 (m, ), 51 (A) and 53 (X) without (e, m, A, X) and
with (o, o) preincubation with DTNB (1.2 mM, 30 min). Data (average *
standard deviation from three experiments) are normalized against those
obtained with liposomes in absence of transporter.

The asparagusic acid transporter 43 (Figure 38, e) performed best with an
increase in liposome uptake close to 3.5 times compared to the initial uptake of
liposome without transporter. The bell shape curve observed is probably due to
an increased incorporation of the amphiphile in the vesicle membrane up to a
concentration where it starts forming micelles. If this is the case, the amount of
compound 43 available for membrane insertion is reduced, leading to the
observed decrease in uptake. The formation of micelles could also lead to the
destruction of part of the liposome population, decreasing the amount available

for uptake, and could also explain some cellular toxicity observed at high
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concentration. Attempts to remove the excess of transporter by a Sephadex G-

10 column were unsuccessful.

The lipoic acid derivative 49 showed also an increase in the uptake of
liposomes close to 2.5 times compared to the reference at 5 mol% (Figure 38,
m). The difference of uptake between 43 and 49 is most likely due to the
difference in the ring tension between the two transporters, as expected from
previous studies.[’ This difference in reactivity could also explain the higher
concentration needed of transporter 49 to reach the maximum uptake along
with a probable higher critical micellar concentration (CMC) compared to

transporter 43.

The addition of the acetylated probe 53 did not increased the uptake of the
liposomes (Figure 38, X), demonstrating the importance of a thiol-responsive
part on the head. This is an evidence that the vesicle are uptaken by cells
through the thiol-mediated uptake and that the presence of a positive charge
alone on the transporter is insufficient for the delivery of the substrate. With
this specific result in hand, we decided that it was not necessary to investigate
the replacement of the arginine and its positive charge since it is the thiol-

reactive unit that is responsible for the uptake.

Further evidence that the liposomes are uptaken through the thiol-mediated
uptake, came from experiments where cellular surface thiols were oxidized by
DTNB 32 as reported in the literature.l’*! Preincubation of the cells with the
Ellman reagent will block thiols on the cell surface by thiol-disulfide exchange
with the activated disulfide making them unavailable for potential thiol-
mediated uptake (Figure 23D). When cells were pretreated with 32 (1.2 mM)
for 30 minutes, uptake of liposomes was shut down for transporters 43 and 49
(Figure 38, o and o respectively) providing the involvement of thiol-mediated

uptake for efficient cellular entry of the liposomes with those compounds.

Surprisingly the maleimide derivative 51 showed a response similar to

transporter 53, meaning no increase of the uptake of liposomes (Figure 38, A)
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despite encouraging previous reports.['*14 This results was surprising
considering the reactivity of thiols toward maleimide. It demonstrates however
the power of a strained cyclic disulfide for the thiol-mediated uptake of

liposomes.

3.1.2.3. Confocal Laser Scanning Microscopy

Having shown by flow cytometry that it was possible to increase the uptake
of fluorescent liposomes upon addition of different transporters, we were
interested where the vesicles would localized in the cell and to confirm
qualitatively the results obtained by flow cytometry. Therefore confocal laser
scanning microscopy (CLSM) was used to determine the fluorescence
distribution inside the cell. The incubation was performed in the same
conditions as for flow cytometry, namely incubation in Leibovitz’s medium for
4 h at 37 °C. After washing with PBS, the cells were kept in Leibovitz’s
medium and the fluorescence distribution was analyzed without fixing the cells
at 37 °C.

Figure 39. CLSM images of HeLa Kyoto cells alone (A) and after incubation
with fluorescent liposomes without transporter (B). Scale bar: 10 pm.

The first test performed were controls using the following setup on the
microscope to observe the encapsulated SRB dye: Jex = 514 nm, Aem = 565 —

620 nm and laser power (LP) = 4%. Even though SRB emits light in the red,
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the color was artificially changed to green for better contrast with the remaining

black picture unless stated otherwise.

As expected, the cells alone showed no fluorescence (Figure 39A) in the
setup used. When the cells were incubated with the liposomes solution in the
absence of transporter for 4 h, negligible uptake was observed (Figure 39B).
Those observations are in agreement with flow cytometric data where the
fluorescent response was low in those cases. Those two controls were

encouraging since the difference in fluorescence distribution should be easily

Figure 40. CLSM images of HelLa Kyoto cells after incubation with
fluorescent liposomes containing transporter 43 at 1 (A), 2 (B), 5 (C) and 7.5
(D) mol%. Scale bar: 10 pm.
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observable upon addition of the transporter, if the liposomes are uptaken by
cells.

Using the same setup, the distribution of fluorescence was determined for
transporter 43 at concentrations from 1 — 7.5 mol%. As shown in Figure 40, the
addition of transporter 43 to liposomes increased their uptake. Increasing the
concentration of the amphiphile from 1 to 2 mol% (Figure 40A and B
respectively) lead to a better uptake of the liposomes. The difference between 2

and 5 mol% (Figure 40C) was not evident from the CLSM images and was in

Figure 41. CLSM images of HelLa Kyoto cells after incubation with
fluorescent liposomes containing transporter 49 at 1 (A), 2 (B), 5 (C) and 10
(D) mol%. Scale bar: 10 pm.
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accordance with the flow cytometric data where 2 mol% was slightly better
than 5 mol% (3.5 compared to 3 respectively, relative to the liposome uptake in
absence of transporters. Figure 38, ). The uptake at 7.5 mol% (Figure 40D)
was clearly reduced compared to 2 or 5 mol%, corroborating the bell shape

curve observed from flow cytometry data (Figure 38, e).

CLSM images demonstrated also an increase of uptake with increasing the
concentration of transporter 49 (Figure 41), with a maximum at 5 mol% (Figure
41C), while at 10 mol% the fluorescence was attenuated (Figure 41D). Once
again this result was in excellent agreement with the data obtained from the

flow cytometry measurements (Figure 38, m).

For both transporters 43 and 49, the fluorescence is mainly in punctate
localization and not diffuse through the cytoplasm as it was the case for the
adjunction of pH-sensitive lipid in the study of Leblond.['" Colocalization
studies were performed to determine the fate of the liposome content (see
section 3.1.5).

Figure 42. CLSM images of HelLa Kyoto cells after incubation with
fluorescent liposomes containing transporter 53 at 5 mol%. Scale bar: 10 um.

The flow cytometric data were also in good agreement with the CLSM
images for transporter 51 and 53. In the absence of the thiol responsive unit,

there was no increased uptake of liposomes, as shown with transporter 53 in
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Figure 42, while 51 with its maleimide head, was indeed less reactive than
strained cyclic disulfide, with no visible increase of cellular uptake in CLSM

images at different concentrations (Figure 43).

Figure 43. CLSM images of HeLa Kyoto cells after incubation with
fluorescent liposomes containing transporter 51 at 1 (A), 2 (B), 5 (C) and 10
(D) mol%. Scale bar: 10 um.

Overall the screening of thiol-responsive head demonstrated that the two
amphiphiles 43 and 49 were able to increase the uptake of liposomes in the
conditions used. The asparagusic acid behaved slightly better than the lipoic
acid both in term of maximal uptake and concentration needed to reach it, as
expected from a previous study.[" Surprisingly the maleimide transporter did

not increase the uptake, despite the promising results from Li and



Takeoka.['*1-142 This difference could be due to many aspects such as the
different lipid composition to form the liposomes, the position and
concentration of the maleimide unit, or the reactivity between strained cyclic
disulfide and maleimide toward surface thiols. To continue with the
optimization of liposomal uptake, transporter 43 was selected, as the best

performing head identified so far.

3.1.3. Liposome Influence on Uptake

Having identified 43 as the best thiol-responsive head for transport, we
decided as the next step to investigate the influence of lipid composition and

size of the vesicles on cellular uptake.

3.1.3.1. Lipid Composition Screening

For the head screening experiments, liposomes were composed of
DSPC/DSPE-PEGa0 (95:5). We decided to test the importance of the
PEGylated lipid on the uptake. Therefore LUVs composed of only DSPC were
generated. CLSM images showed that such liposomes even in the presence of
transporter 43 at 5 mol%, did not enter into cells but remained mainly at the
surface of the membrane (Figure 44A) demonstrating the importance of the

PEG unit for the uptake of liposomes.

Changing drastically the lipid composition to egg yolk phosphatidylcholine
(EYPC) generated instable vesicles, releasing the fluorescent dye from their
core in less than a day. Therefore such vesicles were not tested for cellular

uptake.

Empty liposomes constituted from brain phosphatidylserine (PS) and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine  rhodamine B
sulfonyl) (Rhod-PE) (98:2) with transporter 43 at 5 mol% were also
disappointing regarding cellular uptake, leading to aggregation outside of the

cell with poor cellular entry (Figure 44B).
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Figure 44. CLSM images of DSPC LUVs (A) and brain PS LUVs (B) in the
presence of transporter 43 at 5 mol%. Scale bar: 10 pm.

Changing the lipid packing of the initial liposomes from solid-ordered to
liquid-disordered phase by warming the vesicles to 65 °C (the transition
temperature for DSPC vesicles is of 55 °C) did not influence the incorporation
of the probe into the liposome membrane as demonstrated no significant

increase of uptake of liposomes by flow cytometry.

Therefore the initial membrane composition (DSPC/DSPE-PEG2g00 95:5)

was kept for the following experiments.

3.1.3.2.  Size Dependence

Liposomes of different sizes were easily produced by changing the pore size
of the polycarbonate membrane during extrusion (50, 100, 200 and 400 nm). In
order to test and compare all the different sizes in the same experimental setup,
the dependences of size and concentration of transporter 43 on uptake were
studied by automated microscopy, which enabled testing of many different
conditions in a single assay. Statistical analysis of liposomes uptake by HelLa
Kyoto cells was performed by Dr. Dimitri Moreau from the University of

Geneva, following the procedure described in reference.[72
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Figure 45. Automated microscopy results for the dependence of uptake
efficiency on the concentration of 43 in liposomes with d = 50 nm (A), 100 nm
(e), 200 nm (m) and 400 nm (A).

The normalized uptake of liposomes with a diameter of 50 nm was lower
than the uptake with 200 nm (Figure 45, A compared to m) with a decrease of
about 50% at 5 mol% of transporter 43. This difference is due to a non-
negligible uptake of 50 nm liposomes in absence of transporter as shown by the

CLSM images (Figure 46A). It was indeed demonstrated that smaller liposomes

Figure 46. CLSM images of HelLa Kyoto cells after incubation with
fluorescent liposomes of 50 nm diameter without (A) and with (B) transporter
43 at 5 mol%. Scale bar: 10 pm.
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are more easily uptaken by cells in the absence of transporter, 73l probably due
to an easier uptake by cells through normal endocytic pathways. Therefore the
normalization by the uptake of 50 nm liposomes in absence of transporter lead
to a lower response compared to what was expected from the CLSM images in
Figure 46B.

On the other hand, a diameter size of 100 nm lead to an increase of uptake
of 40% compared to 200 nm diameter at 5 mol% of transporter 43 (Figure 45, o
compared to m). In this case the initial uptake without addition of transporter
was negligible as demonstrated in Figure 47A. The distribution of the
fluorescence is similar to the 200 nm vesicles (Figure 40C) when activated with
5 mol% of 43 (Figure 47B).

Figure 47. CLSM images of HeLa Kyoto cells after incubation with
fluorescent liposomes of 100 nm diameter without (A) and with (B) transporter
43 at 5 mol%. Scale bar: 10 um.

Finally, further increasing the diameter to 400 nm lead again to a reduction
of the cellular uptake compared to 200 nm (Figure 45, A\ compared to m). Once
again this reduction is due to a non-negligible uptake of the liposome without
transporter (Figure 48A). Considering their size, those vesicles are probably

uptaken through a different uptake mechanism compared to the other vesicle
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Figure 48. CLSM images of HeLa Kyoto cells after incubation with
fluorescent liposomes of 400 nm diameter without (A) and with (B) transporter
43 at 5 mol%. Scale bar: 10 pm.

sizes, such as macropinocytosis.'*l Furthermore even upon the addition of
compound 43, the increase of uptake seemed smaller and the final localization
of the fluorescence seemed different compared to the other vesicles (Figure
48B).

Considering the results obtained in this section, the final liposomal
composition selected for the rest of the study was DSPC/DSPE-PEGzo00 (95:5)
and a diameter of 100 nm.

3.1.4. Uptake Kinetics

The incubation time used in the experiments so far was fixed at 4 h,
according to the procedure described by Leblond.['” However, since our
system is different, we decided to study the uptake Kinetics qualitatively, using
CLSM, in order to determine the optimal incubation time. Liposomes of 100
nm diameter were used with transporter 43 at 5 mol%. The cells were kept at

37 °C under the microscope without washing before taking images.

After 30 min incubation, some diffuse fluorescence could be observed at the
membrane which accumulate clearly until 1 h, without any detection inside the

cells (Figure 49A). After 2.5 h of incubation, some faintly fluorescent dots
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could be observed inside the cells but the main localization remained on the
membrane (Figure 49B). After 4 h incubation, the fluorescence was distributed
between the membrane and inside the cell (Figure 49C). The membrane
localization was present since no washing steps were performed before
imaging. However, the fluorescence intensity and distribution inside the cells
was similar to what was observed previously (Figure 47B). After 6 h
incubation, the membrane was not stained anymore and only dotted localization
of the fluorescence inside the cells (Figure 49D) could be observed. Some

cellular toxicity could already be detected at this time point. The uptake

Figure 49. Representative CLSM images of HelLa Kyoto cells after incubation
for 1 (A), 2.5 (B), 4 (C) and 6 (D) h with fluorescent liposomes containing
transporter 43 at 5 mol%. Scale bar: 10 um.
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kinetics was monitored until 8 h, however in the conditions used, most of the

cells were dead or dying.

Overall this experiment demonstrated that initially the liposomes attach to
the cell membrane probably by thiol-disulfide exchange on the surface of the
cell membrane, before being slowly uptaken. Even if no quantitative analysis
was performed in this case, the maximal uptake should occur around 6 h
incubation, at which point no membrane staining could be observed anymore.

However, since at this point some cellular toxicity was observed, the 4 h

Figure 50. Representative CLSM images of HelLa Kyoto cells after incubation
for 1 (A), 2.5 (B), 4 (C) and 7 (D) h with fluorescent liposomes containing
transporter 43 at 5 mol% in presence of 10% FBS in the medium. Scale bar: 10
um.
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incubation time was kept for next experiments, as a good compromise between

good cellular uptake and low cellular death.

Since previous reports showed that the presence of serum in the incubation
medium could decreasel® or slow down®! the uptake of strained cyclic
disulfides, we were interested to study the effect of the presence of 10% fetal

bovine serum (FBS) on the uptake kinetics of liposomes.

Compared to the uptake of liposomes in the absence of FBS, there are some
significant differences when serum was present in the medium. The first one
being that during the 8 h incubation studied, the membrane of the cell was
never stained such as in Figure 49 especially significant after 1 and 2 h
incubation (Figure 50A and B). After 2.5 h some fainted fluorescence could be
observed inside the cells. However even after 4 h the uptake efficiency
remained clearly lower than in the absence of serum (Figure 50C compared to
Figure 49C). In order to have substantial uptake of liposomes, 7 h incubation
was needed (Figure 50D). In this case, the cells are less suffering from the long

incubation probably due to the lower uptake of the liposomes.

In order to quantify the decrease of uptake in presence of 10% FBS, flow
cytometry was measured after 4 h incubation in function of the concentration of
transporter 43 in presence or absence of serum. Figure 51 represents the relative
uptake of liposomes in the presence of FBS compared to the uptake in its
absence. There is already a 10% reduction of liposome uptake in the absence of
transporter when incubated in a serum-containing medium. At a concentration
of 1 mol% of 43, the decrease in cellular uptake is of 25% after 4 h incubation,
while from 2 to 10 mol% the reduction remained constant with a 45% decrease

compared to the uptake in the absence of serum.

Overall the CLSM images demonstrated that in the presence of 10% of
FBS, the uptake kinetic is slowed down. Longer incubation time such as 7 h is

needed to obtain a fluorescence response similar to 4 h incubation in absence of
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Figure 51. Dependence of liposomes uptake efficiency in presence of 10%
FBS in the medium, in function of the concentration of amphiphile 43. Data
(average * standard deviation from three experiments) are normalized against
those obtained with liposomes in the absence of FBS in the medium at the same
concentration of 43.

serum. Moreover the flow cytometry measurements demonstrated that there is
indeed a reduction of the uptake of liposome when 10% FBS was present in the
incubation medium. The exact reason of this decrease is not known but
probably the serum interacts with the liposomes or with the proteins of the
cellular membrane involved in the thiol-mediated uptake, decreasing the

interaction between the liposomes and the cell surface.

3.1.5. Colocalization Assay

So far, the best thiol-responsive head group, membrane composition,
liposome size and incubation time were determined in order to obtain the best
cellular uptake. The CLSM images showed that the fluorescence from the
liposomes was located in punctate location, but the subcellular compartment it
was in, was still unknown. Therefore we investigated different organelles
possibly targeted by the uptake, by colocalization. In a first assay, we tried
using automated microscope to determine their localization by immunostaining.

However this method needed fixing the cells before their permeabilization, and
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during the permeabilization process, SRB fluorescence was lost. Therefore we
decided to use colocalization dyes to determine the final localization of the

SRB fluorescence inside the cell by co-incubation.

The first hypothesis considered was that liposomes were trapped into the
endocytic pathway, therefore we tested the colocalization with early endosomes
(Figure 52). The following test was the colocalization with lysosomes as the
final stage of the endocytosis pathway (Figure 53). Finally mitochondria were
tested not only for 100 nm size vesicles (Figure 54), but also for all the
different size studied in 3.1.3.2 since the CLSM images suggested a different

localization according to the size of the liposomes (Figure 55).

Figure 52. CLSM images of HeLa Kyoto cells after 4 h incubation of 100 nm
liposomes with the last 20 min co-incubation with FITC-dextran (40 kDa) at 37
°C in Leibovitz’s medium. (A) FITC-dextran, LP = 10%; (B) liposomes
containing 5 mol% transporter 43, LP = 4%; (C) merged. Scale bar: 10 um.
CLSM images were analyzed for colocalization and the Pearson correlation
coefficient (PCC) was calculated on at least 3 images containing at least 5 cells,
using the coloc2 plugin of ImageJ software. According to literature,*™ a
correlation value between -1 to -0.5 indicates segregation, a value between -0.5
to 0.5 indicates no correlation while a value between 0.5 and 1 indicates
correlation, meaning in our case colocalization. The values calculated for all the

experiments are reported in Figure 56.

The colocalization with endosomes was performed using dextran (40 kDa)

labelled with FITC. The dye was added to the incubation medium for the last
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20 min before washing the cells and taking the CLSM images. The merge
image between FITC (Figure 52A) and SRB fluorescence (Figure 52B) showed
no colocalization (Figure 52C) which was confirmed by a PCC value calculated
of 0.27 + 0.06 (Figure 56A, E).

Figure 53. CLSM images of HeLa Kyoto cells after 4 h incubation of 100 nm
liposomes with the last 40 min co-incubation with LysoTracker Green at 37 °C
in Leibovitz’s medium. (A) LysoTracker, LP = 10%; (B) liposomes containing
5 mol% transporter 43, LP = 4%; (C) merged. Scale bar: 10 pm.

The lysosomes was localized using LysoTracker Green. The dye was added
to the incubation medium for the last 40 min of incubation before to wash the
cells and take the CLSM images. Once again the merge image between the
colocalization dye (Figure 53A) and the fluorescent vesicles (Figure 53B)

showed only few yellow superpositions (Figure 53C). The PCC value

Figure 54. CLSM images of HelLa Kyoto cells after 4 h incubation of 100 nm
liposomes with the last 15 min co-incubation with MitoTracker Green at 37 °C
in Leibovitz’s medium. (A) MitoTracker, LP = 10%; (B) liposomes containing
5 mol% transporter 43, LP = 4%; (C) merged. Scale bar: 10 pm.
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calculated was of 0.41 % 0.05 confirming that the liposomes do not colocalize
with lysosomes (Figure 56A, L).

Finally mitochondria were targeted using MitoTracker Green as
colocalization dye. The dye was added to the incubation medium for the last 15
min before to wash the cells and take the CLSM images. The merge image
(Figure 54C) showed that MitoTracker (Figure 54A) and SRB fluorescence

(Figure 54B) are not colocalized which was confirmed by a PCC value
calculated of 0.26 + 0.06 (Figure 56A, M).
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Figure 55. CLSM images of HelLa Kyoto cells after 4 h incubation of 100 nm
liposomes with the last 15 min co-incubation with MitoTracker Green at 37 °C
in Leibovitz’s medium. (A, D, G) MitoTracker, LP = 10%; (B) 50 nm
liposomes, (E) 200 nm liposomes and (H) 400 nm liposomes containing 5
mol% transporter 43, LP = 4%; (C, F, I) merged. Scale bar: 10 um.
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The colocalization of MitoTracker Green (Figure 55A, D, G) with
liposomes of different sizes (Figure 55, B: 50 nm, E: 100 nm, H: 400 nm)
showed that for 50 nm and 200 nm diameter the vesicles are not in
mitochondria with a calculated PCC value of 0.29 + 0.03 and 0.42 + 0.08
respectively. However at 400 nm, the fluorescence are mainly located in
mitochondria as can be observed in Figure 551 by the yellow superposition of
the two fluorescent dyes, and confirmed by a PCC value of 0.68 + 0.03. This
result explains the difference in localization observed by CLSM (Figure 48) but
might not be due to the thiol-mediated uptake since the liposomes alone

showed already good uptake with probable localization into mitochondria.

Since 100 nm liposomes do not colocalize with endosomes, lysosomes nor
mitochondria, we postulated that they should be in the cytoplasm. We can
however not exclude nor prove that the fluorescence remained in the original
liposomal formulation.
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Figure 56. (A) Colocalization of liposomes (d = 100 nm, 5 mol% 43) with
endosomes (E, FITC-dextran), lysosomes (L, LysoTracker Green) and
mitochondria (M, MitoTracker Green), quantified by PCC. (B) Colocalization
of liposomes (5 mol% 43) of d = 50, 100, 200 and 400 nm diameter with
mitochondria (MitoTracker Green), quantified by PCC.
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3.1.6. Tail Screening

Having identified asparagusic acid as the best performing head and a
diameter of 100 nm as the optimal liposome size for the best cellular uptake, we

screened the tail to further increase the uptake.

3.1.6.1.  Synthesis

Since perfluorinated alkyl chain could enhance the uptake of CPPs
compared to carbohydrate chain (see chapter 3.3),[1%®l transporter 55 was
designed to use the unique properties of fluorocarbon. The synthesis plan is

presented in Scheme 5.

Commercially available ethylenediamine 56 was first monoprotected with a
trityl group (Trt) following reported procedures from Kozielskil*”® and
Papaioannou,*® to obtain 57, before to be coupled with perfluorinated fatty
acid 58 provided by Prof. Pierangelo Metrangolo and Prof. Giuseppe Resnati
from Politecnico di Milano. This peptide coupling was performed in basic
conditions using HBTU to gives 59. After deprotection of the trt group by
treatment with TFA, amine 60 was obtained and reacted with the protected
arginine 44 by peptide coupling in basic conditions using HBTU to give 61.
The fmoc protecting group was removed by treatment with DBU to give 62,
before deprotection of the pbf group by treatment with TFA. Arginine 63 was

coupled with NHS activated aspargusic acid 48 in basic conditions to give 55.

Since the alkyl chain should be inserted in the vesicle membrane, we were
interested to determine the effect that an unsaturated alkyl tail would have on
the uptake of liposomes. The presence of unsaturated tails in natural
membranes helps indeed to fluidify them from solid-order phase to liquid-
disorder phase (see section 1.5.1).1%2 Therefore the dodecy! tail was replaced

by an oleyl tail in transporter 64. Its synthesis is reported in Scheme 6.
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Commercially available oleylamine (OA) was reacted with the C-terminus
of protected arginine 44 by peptide coupling using HATU as coupling reagent
in basic conditions. Arginine 65 was then deprotected by DBU treatment to
remove the fmoc yielding in 66, followed by TFA treatment to remove the pbf
group. The obtained arginine 67 was then reacted in basic conditions with NHS

activated asparagusic acid 48 to give 64.
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3.1.6.2. Flow Cytometry Assay

In order to compare the uptake response for those compounds with the
results obtained for 43, 49, 51 and 53 with 200 nm liposome size (see section
3.1.2.2), the best performing transporter (43) was also used in this section as
benchmark. Quantification of liposomes cellular uptake for transporters 55 and

64 was performed by flow cytometry.

As demonstrated by automated microscopy in section 3.1.3.2, the switch
from 200 nm to 100 nm LUVs diameter, lead to an increase in the liposome
uptake for compound 43 from about 3.5 (Figure 38, e) to more than 4 times the

uptake of liposomes without transporter (Figure 57, o).
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Figure 57. Dependence of liposomes uptake in function of the concentration of
43 (o), 55 (V) and 64 (). Data (average + standard deviation from three
experiments) are normalized against those obtained with liposomes in absence
of transporter.

The change from a carbohydrate tail to a fluorocarbon tail enhanced
impressively of the uptake of liposome to about 6 times at 2 mol% of
transporter 55 compared to the liposomes uptake in absence of transporter
(Figure 57, V). Knowing that perfluorinated alkyl chains tend to form domain
of their own in hydrophobic and/or hydrophilic environment (phenomena called
the “fluorous effect”),l’7-178] the increase of uptake with fluorocarbon is

probably due to formation of specific microdomains in the vesicle membrane
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where the amphiphile is more concentrated leading to an increase in the uptake.
This result showed that the choice of the membrane interacting part on the
transporter is also of crucial importance and can greatly influence the amount
of liposomes uptaken, despite not being directly involved in the uptake

mechanism.

Transporter 64 with its unsaturated alkyl tail did not change the maximal
uptake of the vesicle compared to 43 which remained at about 4 times the
initial liposome uptake in the transporter absence (Figure 57, \). However in
this case, the concentration needed to reach this maximal uptake shifted from 2
mol% for 43 to 5 mol% for 64 (Figure 57, e compared to W). This shift in
maximal uptake is probably due to longer chain length in 64 compared to 43,
leading in an increase of the CMC. This experiment would indicate that the
change in the membrane phase is of minor importance on the maximal uptake

of the liposomes.

3.1.6.3. Confocal Laser Scanning Microscopy

We have demonstrated in section 3.1.3.2 that the reduction of liposomes
diameter from 200 nm to 100 nm did not influence the cellular fluorescence
distribution for transporter 43 which remained in the punctate location (Figure
47B) probably in the cytoplasm. In order to compare the results obtained here
for transporter 51 and 53 with the previous ones, the same setup as described

before was used in order to test the influence of the tail.

The CLSM images of liposomes uptake in function of the concentration of
55 showed that already at 1 mol% (Figure 58A), the increase was substantial,
especially when compared to 1 mol% of 43 (Figure 40A). The maximal uptake
was clearly reached with a concentration of 2 mol% (Figure 58B), while it
decreased at higher concentration such as 5 or 7.5 mol% (Figure 58C and D

respectively). Those CLSM images are in agreement with the flow cytometry
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Figure 58. CLSM images of HeLa Kyoto cells after incubation with
fluorescent liposomes containing transporter 55 at 1 (A), 2 (B), 5 (C) and 7.5
(D) mol%. Scale bar: 10 um.

measurements (Figure 57) both in term of maximal liposome uptake in
comparison with the transporter 43 and the concentration of transporter needed

to reach it.

The CLSM images for transporter 64 showed a really low uptake for 1 and
2 mol% (Figure 59A and B respectively), while the maximum was reached with
a concentration of 5 mol% (Figure 59C). As observed previously with all
transporters, at higher concentration (7.5 mol%), the uptake of vesicles was

reduced (Figure 59D). Those images are in agreement with the trend observed

84



Figure 59. CLSM images of HeLa Kyoto cells after incubation with
fluorescent liposomes containing transporter 64 at 1 (A), 2 (B), 5 (C) and 7.5
(D) mol%. Scale bar: 10 pm.

by flow cytometry with a maximal uptake at 5 mol%. The comparison in
cellular uptake between 64 and 43 was difficult from the CLSM images.
According to the flow cytometric data, the uptake should be similar between 2
mol% for 43 and 5 mol% for 64, while it seemed higher for 43 (Figure 47B)
compared to 64 (Figure 59C) on the CLSM images.. However the CLSM
should be taken as qualitative and the flow cytometry as quantitative, so the

uptake at 5 mol% for 64 is similar to the one at 2 mol% for 43.

As for previous experiments, the fluorescence from the liposomes was in
punctate location confirming that the change in alkyl tail does not influence the

liposomes stability. No colocalization assays were performed with those
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transporters, but the fluorescence are probably in endosomes-like compartment

in the cytoplasm as postulated from previous experiments.

We decided not to screen for other alkyl chains of different sized based on
the results presented in this section. We figured out indeed that shorter alkyl
chain should lead in a decrease of the CMC, and therefore have a maximal
uptake equal or lower than in the case of the dodecyl chain. On the other hand,
the increase in the tail length should lead in an increase of the CMC but would
probably shift the maximal uptake toward higher concentration as in the case of

transporter 64.

3.1.7. Polymersomes Uptake

In order to test the delivery of other giant substrates, we investigated
polymersomes. We collaborated with the Palivan and Meier groups from the
University of Basel, who synthesized the building blocks®?! and formed the
polymersomes with SRB encapsulated inside.'’2 The membrane of the
polymersomes  was  constituted of  poly(2-metyl-2-oxazoline)-block-
poly(dimethylsiloxan)-block-poly(2-methyl-2-oxazoline) (PMOXA-PDMS-
PMOXA) block copolymers (Figure 60) leading to a monolayer membrane.
Different length of PMOXA-PDMS-PMOXA were tested in order to determine
the influence of the thickness of the monolayer on the uptake of vesicles. All

the polymersomes size had a constant diameter of circa 160 nm.
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Figure 60. Chemical structure of PMOXA-PDMS-PMOXA and ratio of block
copolymer to form polymersomes 68, 69 and 70.
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Polymersomes 68 have the thickest membrane of the series studied here
with a thickness of 10.7 + 0.7 nm. 69 have a membrane thickness of 9.2 + 0.5
nm, while 70 have the thinnest membrane with 6.0 + 0.5 nm. The thickness of

the membrane was determined by electron microscopy in a previous study. 8

3.1.7.1. Confocal Laser Scanning Microscopy

The uptake efficiency was determined first by CLSM in the absence or
presence of the transporter 43 at 5 mol%. The procedure was exactly the same
as described above (section 3.1.1.2) for the liposomes, meaning 4 h incubation

at 37 °C in Leibovitz’s medium.

In the absence of transporter, polymersomes 68 had negligible uptake
(Figure 61A), while when amphiphile 43 was incorporated at 5 mol% into the

polymersomes membrane (Figure 61B), the increase of uptake was spectacular.

Figure 61. CLSM images of HeLa Kyoto cells after incubation with
fluorescent polymersomes 68 without (A) and with (B) transporter 43 at 5
mol%. Scale bar: 10 um.

Surprisingly with polymersomes 69, the uptake in the absence of transporter
was weak but none totally negligible (Figure 62A) as for 68. The main

difference with 68 polymersomes being a thinner membrane thickness, it
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Figure 62. CLSM images of HeLa Kyoto cells after incubation with
fluorescent polymersomes 69 without (A) and with (B) transporter 43 at 5
mol%. Scale bar: 10 um.

indicates that the membrane thickness plays a role in the transport of
polymersomes. The addition of transporter 43 to polymersomes 69 increased
their uptake (Figure 62B) as for 68.

As for polymersomes 69, 70 with the thinnest membrane of the present
polymersomes series had a reasonable uptake in the absence of transporter
(Figure 63A). However adding 43 did not increased the uptake of those
polymersomes (Figure 63B). On the contrary, the fluorescence distribution
inside the cells was totally absent. A possible explanation is that the addition of
the amphiphile to the polymersome membrane create a perturbation such that
the very thin polymersome membrane was not stable in this condition, yielding
in a destruction of the vesicle population and the release of the encapsulated
dye, which cannot then be uptaken by cells. As for liposomes delivery, the
addition of transporter 43 lead to an increase in the uptake for polymersomes 68
and 69. The fluorescence distribution was in punctate localization which was
probably, as for liposomes, located in the cell cytoplasm. However no
colocalization experiments were performed to confirm this hypothesis with

polymersomes.
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Figure 63. CLSM images of HelLa Kyoto cells after incubation with the
fluorescent polymersome 70 without (A) and with (B) transporter 43 at 5
mol%. Scale bar: 10 um.

Since there was no increase of fluorescence upon addition of transporter 43
for polymersomes 70, the quantification of the cellular uptake was performed
by flow cytometry only on the two other polymersome (68 and 69).

3.1.7.2.  Flow Cytometry Assay

The CLSM images for the different polymersomes showed that 68 and 69
had an increase of uptake upon addition of transporter 43 whereas 70 did not
probably due to instability of the vesicle membrane under the same conditions.
In order to quantify the increase of uptake, flow cytometry measurements were

performed at different concentration of 43 for 68 and 69 only.

The flow cytometric measurements indicated indeed that there is an increase
of uptake for both polymersomes upon increasing concentration of 43. The
increase is larger for polymersomes 68 with a maximal uptake at 5 mol% more
than 5 times the uptake of polymersomes alone (Figure 64, e). The increase is
similar as for the best liposomal uptake increase with transporter 43 (Figure 57,

). On the other hand, the increase of uptake was smaller for polymersomes 69
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Figure 64. Dependence of polymersome 68 (o) and 69 (o) uptake efficiency in
function of the concentration of amphiphile 43. Data (average + standard
deviation from three experiments) are normalized against those obtained with
polymersomes in absence of transporter.

with a maximal increase at 2 times the initial polymersome uptake (Figure 64,
o). This is probably due to the non-negligible initial uptake of vesicles in

absence of transporter (Figure 62A).

Unlike for liposome dose response curves, the flow cytometric data for
polymersomes did not represent a bell shape curve. A possible explanation is
the increased stability of the polymersome monolayer compared to the
liposome bilayer: when compound 43 reaches the CMC and start forming

micelles, it does not destroy the polymersomes population.
3.1.8. Additional Transporters and Assays

3.1.8.1. Epidithiodiketopiperazine Transporter

When we started the study of liposomes uptake using strained cyclic
disulfides, the best compound in our hand was the asparagusic acid.[’"]
However in parallel to this work, we continued in our group to work on the
development of more powerful strained cyclic disulfide with higher ring
tension for increased uptake of substrates. We found that the

epidithiodiketopiperazine (ETP) scaffold was better for both the maximal
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uptake and the localization in cells compared to asparagusic acid with a final
nuclei location.[®3 Therefore we decided to test ETP in the delivery of
liposomes and developed the new transporter 71. This compound was

synthesized by Dr. Lili Zong in our group.
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Figure 65. Structure of transporter 71 for the delivery of liposomes.

Transporter 71 was tested for cellular delivery in HeLa Kyoto cells with 100
nm liposomes in Leibovitz’s medium at 37 °C for 4 h incubation by CLSM and

flow cytometry (Figure 66).
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Figure 66. Cellular uptake in HelLa Kyoto cells incubated for 4 h with
fluorescent liposomes. (A) CLSM images at 5 mol% of 71. Scale bar: 10 pum.
(B) Flow cytometric measurements with different concentration of 71.
Unfortunately over the range of concentration (1 — 10 mol%) and incubation
time (1 — 8 h) tested by CLSM, no trace of fluorescence could be observed
inside the cells upon addition of 71 (Figure 66A). This result was corroborate

with flow cytometric measurements performed with an incubation of 4 h at

91



concentrations of 71 of 1 — 10 mol% (Figure 66B). There was no increase of
liposomes uptake in the presence of 71 compared to the uptake of liposomes in

absence of transporter.

The inactivity of 71 was surprising and could be explained by the instability
observed of the ETP scaffold depending on the solvent it is stored in. It was
indeed shown in our group that oxidation is possible on the sulfur atom to give
thiosulfinate or thiosulfonate when stored in DMSO. This change in structure
could reduce the cellular uptake activity of ETP. Taking into account the low
response of liposome uptake with 71, no additional experiments were

performed with this compound.

3.1.8.2. Diseleno Lipoic Acid Transporter

Pushed by the results we obtained with diseleno lipoic acid as transporter
for small fluorophore (section 3.2),181 we decided to test the ability of
diselenolane to deliver giant substrates. Therefore the new transporter 72 was

synthesized following Scheme 7.

The diseleno asparagusic acid 41, synthesized in our lab by Dr. Xavier
Martin-Benlloch following published procedure,8 was coupled with NHS
using N,N’-dicyclohexylcarbodiimide (DCC) as coupling reagent to obtain the
activated ester 73. It was then reacted with arginine 47 in basic conditions to
lead in 72.

The uptake of 100 nm liposomes upon addition of 72 was determined by
CLSM and quantified by flow cytometry. The CLSM images at different
concentration of 72 (1 — 10 mol%) and different incubation time (1 — 8 h)
displayed only weak uptake by HelLa Kyoto cells as shown in Figure 67A for 5
mol% of 72 after 4 h incubation. The quantification of the uptake by flow

cytometry corroborates this observation with a very low increase at 5 mol% of
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Scheme 7. a) NHS, DCC, THF, 18 h, rt, 53%; b) TEA, DMF, 5 h, rt, 21%.
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Figure 67. Cellular uptake in HeLa Kyoto cells. (A) CLSM images after 4 h
incubation with fluorescent liposomes containing 5 mol% of 72. Scale bar: 10

um. (B) Flow cytometric measurements after 4 h incubation with different
concentration of 72.
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72 after 4 h incubation of 1.2 times compared to the uptake of liposomes in
absence of transporter (Figure 67B). As previously observed, the curve is bell-

shaped indicating probable micelles formation at high concentration.

The poor uptake observed upon the addition 72 is not well understood. A
possible explanation could be a difference in the uptake mechanism between
diselenolane and dithiolane incompatible with the delivery of giant substrate
such as liposomes. Another possibility would be that after the thiol-diselenide
exchange, the ring closure to reform the diselenolane is so fast that the whole
liposome does not have the time to be uptaken (see chapter 3.2). Due to the
poor uptake of liposomes, no additional assay was performed with this

transporter.

3.1.8.3.  Addition of Positive Charges

Based on the results observed on the functionalization of cell-penetrating
poly(disulfide)s with additional positive charges leading in a good uptake at
low concentration,®”1 we decided to increase the amount of positive charges by
adding 53 to our working system hoping to increase the uptake of liposomes by
activating the CPPs uptake mechanism (section 1.2). Therefore we decided to
incubate HeLa Kyoto cells for 4 h with 100 nm liposomes, 5 mol% of 43 and

increasing concentrations of 53 (0 — 20 mol%).

Figure 68. CLSM images of HeLa Kyoto cells incubated for 4 h with
fluorescent liposomes containing 5 mol% of 43 and 0 (A), 5 (B) or 10 (C)
mol% of 53. Scale bar: 10 pm.
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The difference in uptake was determined qualitatively by CLSM.
Surprisingly, the presence of 43 at 5 mol% and addition of 53 at a concentration
of as high as 20 mol% to the system did not lead to observable cytotoxic effects
on cells. However the general fluorescence response and cellular localization
did not change significantly. This observation was consistent with the results
obtained previously in which transporter 53 did not increased the uptake of
liposomes (section 3.1.2). Therefore no additional assay was performed with
increasing amount of positive charges.

In conclusion, the delivery into cells of giant substrates such as liposomes
and polymersomes by thiol-mediated uptake is possible using strained cyclic
disulfides. Several thiol-responsive heads and alkyl tails were screened to
obtain the best cellular uptake. Finally the best performing transporter contains
an asparagusic acid head and a perfluorinated alkyl tail with an arginine in
between. The composition of the liposome membrane and diameter size
influence greatly the uptake and final localization of the substrate entrapped in
the aqueous core. The best cellular uptake response quantified by flow
cytometry was of more than 6 times the uptake of liposomes in absence of
transporter, after 4 h incubation with 55 at 2 mol% in 100 nm DSPC/DSPE-
PEG2000 liposomes. The fluorescent probe contained inside the vesicles was
efficiently delivered inside the cell in punctate location that does not colocalize
with endosomes, lysosomes nor mitochondria. Therefore we postulated that
they are probably in the cytoplasm. This delivery is not only valid for
liposomes but also for polymersomes with which the influence of the
membrane monolayer thickness was demonstrated. With thicker membrane, the

uptake was increased compared to thinner ones.

3.2. Delivery of Diselenides

We have efficiently demonstrated in the Matile group that the thiol-

mediated uptake is a powerful method to deliver various cargoes inside cells,
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ranging from small fluorophores7831 to peptides(®! or entire vesicles (section
3.1).24 The uptake is increased with higher ring tension correlated with
smaller CSSC dihedral angle. Having pushed it to the extreme with the
epidithiodiketopiperazine (ETP) scaffold with a dihedral angle close to 0°,[

we decided to move from disulfides to diselenides.

Computational studies performed by Dr. Amalia I. Poblador-Bahamonde
from the University of Geneva, showed that unlike for 1,2-dithiolane 38 and 41
where the CSSC dihedral angle is of 27° and 35° respectively, the diseleno
asparagusic acid 40 have a minimized energy with a CSeSeC dihedral angle of
0° confirming the 0.2° angle found in the cristal structure!**®l which correspond
to a twist-free envelope structure for this five member ring. The decrease in
energy maxima for a 0° dihedral angle between peroxide, disulfide and
diselenide, predicts a ring tension reduced in selenolane compared to dithiolane
or dioxolane.[*®1 Despite this predicted reduced ring tension, we decided to
investigated the delivery of small fluorphore covalently linked to diselenolane

in cellular uptake.

3.2.1. Synthesis

In order to compare the uptake of diselenides with the one of disulfides,
similar compounds were synthesized. Fortunately the diseleno asparagusic and
lipoic acids, 40 and 41 respectively, were already reported in literature by
reacting the 3-bromo-2-(bromoethyl)-propanoic acid or the 6,8-dichloro-
octanoic acid with sodium diselenide.***-1121 Therefore only functionalization
with FITC from those compounds was needed to obtain similar compounds as

in previous studies.[’

The fluorescent diseleno asparagusic acid 74 was synthesized as described
in Scheme 8. 40 was synthesized and provided by Jana Hildebrandt from Prof.

Wolfgang Weigand group in the University of Jena, following published
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Scheme 8. a) NHS, DCC, THF, 22 h, rt, 49%; b) DMF, 3 h, rt, 12%.

procedures. M8 |t was functionalized with NHS by using DCC to give 75.
The activated ester was then reacted with FITC functionalized with

ethylenediamine 76 prepared as previously described,[’ to give 74.
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O /‘ O Z
HOOC a) eooc
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S S H S
76 7

Scheme 9. a) 73, DMF, 3 h, rt, 14%.

The activated ester 73 was reacted with the functionalized FITC 76 to give

the fluorescent diseleno lipoic acid 77 as reported in Scheme 9.

In order to compare the uptake of not only cyclic diselenide but also of
linear one as in previous studies,[” compound 78 was synthesized as described

in Scheme 10. The diseleno cystine 79 was methylated by Fischer esterification
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Scheme 10. a) PTSA, MeOH, 45 h, reflux, quant; b) TEA, DMF, 3 h, rt, 44%.

79

following the procedure from the Nakayama group.*®4 Compound 80 was then

directly reacted with commercially available FITC 81 to give 78.

3.2.2. Reactivity Toward Thiols

It have been demonstrated that linear diselenides react easily with thiols.
Prof. Michael Pittelkow group for example uses the dynamicity of the disulfide
and diselenide bonds in order to achieve combinatorial libraries.[* However it
was not yet demonstrated that diselenolanes could react with thiols. Already in
1967, Wolfgang Ginther showed by absorbance that DTT 33 could reduce
several linear diselenides by showing the disappearance of diselenide band
(around 300 nm). However no change in the absorbance spectrum was

observed for the diseleno asparagusic acid 40.[:8]
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We decided to investigate the reactivity of the cyclic diselenides toward
different thiols such as octanthiol, DTT or GSH, in different conditions.
However no change in the characteristic 430 nm absorbance band nor in the
proton NMR corresponding to 40 could be observed. There are two possible
explanations to those observations: either the diselenolanes do not react with
thiols, or the proximity of the released selenol from the thiol-diselenide
exchange is so reactive that it reacts with the formed thiol-selenol bond, closing
the ring by selenol-selenosulfide exchange. This back reaction is so fast that it
cannot be observed in our conditions. It was indeed demonstrated that the
diselenide is favored over the mixed thiol-selenol bond.[*”] Therefore we
decided to investigate the thiol-diselenide exchange with diselenolane
indirectly by thiol-exchange affinity column and by studying the oxidation
kinetic of DTT 33.

3.2.2.1. Thiol-Exchange Affinity Column

The first evidence for the exchange between thiols and diselenolane was
provided by the use of a thiol-exchange affinity column in which the solid
phase exposes reactive thiols on its surface. This experiment was performed by
Dr. Naomi Sakai in our lab. In order to compare the reactivity with thiols, not
only diselenides 74, 77 and 78, were tested but also different disulfides from
previous studies: the original asparagusic acid 25041 and ETP 36, The
retention time was measured by detection of the fluorescence from the CF dye

present on all compounds.

In this experiment, the reactivity of the thiol toward disulfides and
diselenides was tested. To calibrate the instrument, CF 31 as a standard without
disulfide nor diselenide, was eluted through the column in order to determine
the dead time (Figure 69A). All the disulfides and diselenides tested showed

some delayed retention time compared to 31 supporting probable dynamic and
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Figure 69. Thiol-exchange affinity chromatograms of CF 31 (A), ETP 36 (B),
asparagusic acid 25 (C), 74 (D), 77 (E) and 78 (F) in 10 mM Tris, 0.1 M NaCl,
1 mM EDTA, pH 7.5 witha 0 — 50 mM DTT gradient at t = 60 — 70 min (solid)
and constant 50 mM DTT from t = 0 (dashed). * = Peaks indicative for inert
binding of 25, 77 and 78 to thiols on the stationary phase by strain-releasing
thiol-disulfide/diselenide exchange in the absence of DTT. ** = Peaks
indicative for labile binding of reduced forms (e.g. 87) to disulfides on the
stationary phase by thiol/selenol-disulfide exchange in the presence of DTT.

temporal covalent bonding with thiols 82 exposed from the solid phase (Figure
69, solid lines). With the presence of DTT in the eluent, the retention times

were slightly reduced by about 1 min (Figure 69 dashed lines).

However some significant differences between the different compounds
tested, could be observed. For compounds 25, 77 and 78 (Figure 69C, E and F
respectively), a second elution peak could be observed upon the addition of
DTT in the eluent (Figure 69, *). This proves that those compounds did interact
and were covalently trapped by the solid phase, needing the addition of DTT in
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the eluent to get released. It was expected from previous studies®! that 25
should react with thiols by ring-opening strain-released disulfide exchange to
form 83. The absence of such a peak for 74 indicates that if the mixed S-Se 84
is formed, it is quickly cleaved by ring closure (Figure 69D). From all the thiol-
diselenide exchange present in the literature, it was also expected that linear 78
should be trapped by the thiolated column. The presence of the second peak for
compound 77 is a first proof that the mixed S-Se compound can be formed.
Upon the thiol attack, two possible products can be formed with chiral diseleno
lipoic acid: exchange to form 85 is more probable compared to its isomer 86
due to the difference in pK, between primary and secondary selenol (about
0.15)1881 making the primary selenol a better and thus more reactive leaving
group compared to the secondary selenol. However an intramolecular exchange
between the two isomers is possible since the primary selenol with a lower pKa
is a better nucleophile and after the thiol-diselenide exchange, 86 should be
preferentially formed because it should be less reactive than 85. This exchange
could also provide an explanation for the split of the first elution peak.

Surprisingly ETP 36 and the diseleno asparagusic acid 74 did not showed a
second elution peak upon addition of DTT to the eluent (Figure 69B and D
respectively). This demonstrate that there is not a stable covalent anchorage of
those compounds on the thiolated column. However some transient reaction
should occur since there is a delay in the retention time compared to reference
33. It was observed that for 36, the ring can close even in the presence of
thiolst® which would explain its low interaction with the stationary phase of
the column and thus the absence of the second elution peak. Similar
explanation could be provided for 74. The delayed retention time for the first
peak prove a transient thiol-diselenide exchange, but in this case only primary
selenol are released which could undergo rapid ring closure to form again the

diselenolane.
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Finally an interesting observation was made when DTT was present in the
eluent from the beginning (Figure 69 dashed line). A second peak could be
observed after the initial one for 36 and 77 (Figure 69B and E respectively, **).
This behavior could be explained by a reaction between the compounds and
DTT, opening their ring and exposing a reactive thiol or primary selenol such
as 87 that could react with “hidden” disulfide 88 on the stationary phase surface
unreduced by DTT.

Overall the thiol affinity column provides a first indirect evidence of thiol-
cyclic diselenide exchange proven by the delayed retention time compared to
the dead time measured with 33 and the presence of the second elution peak for
77 when DTT was added to the eluent.

3.2.2.2. Oxidation of DTT

As mentioned before, it was not possible to demonstrate the ring-opening of
the diselenolane using DTT by absorbancel*® nor by 'H NMR as in the case of
25 and 36.18% However a second evidence of thiol-diselenide exchange can be
provided by determining the oxidation rate constant of DTT in the presence or
absence of diselenolane. A difference in rate would indeed indicate an attack
from DTT 33 on the diselenide compound to form transiently the mixed specie
89 before ring closure to 90, while the resulting diselenol 87 would reoxidize
into the five member ring due to the presence of ambient oxygen in the system
(Figure 70).

Therefore, a solution 33 was prepared in a deuterated sodium phosphate
buffer (100 mM, pD 8.0) at a concentration of 1 mM. The evolution of the
oxidation of DTT was monitored by *H NMR in the presence or absence of the
40 or 41 at different concentration to obtain DTT/diselenolane ratio of 1:1, 1:2,
1:5 or 1:10. The significant NMR spectra recorded for different concentration

of diselenolane are reported in section 5.3.3.
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Figure 70. Schematic representation of the oxidation of DTT in presence of 77
and reoxidation of 87 into 77 by ambient oxygen. Structures are shown in
neutral form, acidic protons are indicated in parenthesis. Competing ring
closures in reactive intermediate 89 are indicated with solid (preferred) and
dashed arrows.

With time, 33 oxidized slowly into 90. It took more than 35 hours in those
conditions to have a complete oxidation (Figure 71) with a half-time of 16

hours calculated from the linear fit (Table 3, entry 5).
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Figure 71. Oxidation kinetic of DTT (0.5 mM) in absence of diselenolane with
linear fit.

In the presence of the seleno asparagusic acid 40, the oxidation kinetic was
impressively accelerated (Figure 72A). Ata 1 to 1 ratio already, it took about 8
hours to reach the full oxidation of DTT with a half-time around 4 h (Table 3,
entry 4). With increasing concentration of 40, the rate was further accelerated.
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At a 5 to 1 ratio, the conversion into the oxidized DTT was so fast that it was
not possible to determine a half-time. The reaction was indeed complete in less

than 33 minutes.

With the seleno lipoic acid 41, the oxidation was also accelerated compared
to the oxidation in the absence of diselenolane (Figure 72B). It was however
slower than with 40 at the same concentration. Ata 1 to 1 and 2 to 1 ratio, the
oxidation half-time was shorten by half (Table 3, entry 4 and 3 respectively)
compared to the oxidation in absence of 41 and the full conversion was
achieved in about 20 hours. From the calculated half-time, it seems that the 1 to
1 ratio is faster than the 2 to 1 ratio. This observation could be explained by the
minimum acceleration due to the presence of the catalyst. However the
oxidation was further increased by increasing the concentration of the 41, with
the fastest oxidation reached with a 10-fold excess of the diselenide compared

to DTT.
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Figure 72. DTT (0.5 mM) oxidation kinetics, catalyzed by 40 (A) and 41 (B)
with linear fits. Concentration of catalysts: 5.0 (o), 2.5 (1), 1.0 (¢) and 0.5 (A)
mM.

The half-times (tso) for every concentration of catalyst were determined by

plotting the time as a function of the oxidation ratio and equaling the linear fit
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of the points before to reach the full oxidation conversion to 50% (Figure 71

and Figure 72). The values obtained are summarized in Table 3.

Table 3. Half-time tso (h) of DTT oxidation as a function of the concentration
of diselenide.

Entry Concentration  tsp with 40°  tsp with 41°
(mM)? (h) (h)
1 5.0 <0.28 23+0.2
2 25 <0.55 45+£0.3
3 1.0 19+0.3 9010
4 0.5 3904 6.9+£0.9
5 0.0 16.0+2.0 16.0+2.0

Concentration of diselenides 40 or 41 in NMR tube. DTT concentration was
0.5 mM. PSee Figure 29.

The oxidation rate constant k for different concentration of catalyst was
calculated using Equation 1 valid for pseudo-first order rate constant. This
approximation can be used when one of the reactant is in excess and its
concentration does not change significantly during the reaction.*®! In this case,
since the diselenolane is reformed by ambient oxygen (Figure 70, 87 to 77), its

concentration remained constant during the reaction.
k=0.693/ts5, Eq. 1.

The oxidation rate constant kox was determined by plotting the calculated k
in function of the concentration of the catalyst and fitting with the linear

regression corresponding to Equation 2 (Figure 73).
k =ky+ k,,C Eq. 2.

From the slope of the linear regression an oxidation rate constant Kex of
8.9 x 102 Ms for 40 and 1.4 x 102 Ms for 41 were determined.
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Figure 73. Linear correlations between the rate constant k and the
concentration ¢ of 40 (o) and 41 (o).
This experiment provide a second evidence that diselenolane can react with

thiols and thus could potentially enter into cells by thiol-mediated uptake.

3.2.3. Solutions Studies

In order to quantify the cellular uptake of the diselenolane, the fluorescence
of the CF attached to the diselenolane was measured. It was indeed
demonstrated in previous experiment that when linked to dithiolane, the
fluorescence was non-negligibly quenched.l”?l Therefore we investigated the
potential reduction of fluorescence due to the presence of the nearby ring in 74
and 77. Since it was possible that the diselenide bond did not survive the entry
nor the reductive environment inside the cell cytoplasm, we needed to find an

efficient way to reduce the bond without affecting the fluorescence of CF.

3.2.3.1. Reduction of the Diselenide Bond

As mentioned before, the first test to reduce the diselenide bond was
performed using thiols such as DTT in PBS buffer or in octanthiol directly as
solvent. However no evidence of the reduction was detected by checking the
absorbance at 430 nm nor by *H NMR. The addition of disulfide into the
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solution to trap the released selenol, nor the addition of base in the reaction
mixture changed the outcome of the experiment. However as control
experiments, evidences of reduction of linear diphenyl diselenide and dimethyl
diselenide by DTT were obtained by 'H NMR. Those results were in
accordance with already published resultst*®] showing that linear diselenide are
more reactive toward thiols than diselenolane and that the absence of reduction

of diselenolane is due to the stability of the ring.

Further experiments were performed following literature procedures. The
addition of NaBH4'* or H3PO,MU reduced the diselenide bond but also
quenched the fluorescence from CF. On the other hand, the addition of Zn in a
HCI/CH3CN mixture® did not reduced the diselenide bond.
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Figure 74. 'H NMR spectra of TCEP 92, 40, and reduced diseleno asparagusic
acid 91 by TCEP, in D,O at pD 8.0.

Finally 40 was successfully reduced to diselenol 91 using Tris(2-

carboxyethyl)phosphine 92 (TCEP) as reducing agent as shown by *H NMR
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Figure 75. Absorption spectra of the isolated motifs FITC (black) and 40 (blue)
before (solid) and after treatment with TCEP (dashed).

(Figure 74) and absorbance (Figure 75) while the fluorescence of CF in the
presence of TCEP was not affected. Dilution of the obtained diselenol with

water demonstrated a reformation of the diselenolane.

3.2.3.2.  Fluorescence Quenching Effect

It was reported that for the original asparagusic and lipoic acids, 40 and 41,
the fluorescence of CF was quenched compared to the free FITC motif by a
factor of 3.36 and 5.62 respectively.[”l In order to calibrate and compare the
quantification of the cellular uptake with previous results, we investigated the
influence of the cyclic diselenide and their reduced form on the fluorescence of
CF.

The comparison of the fluorescence response for 74 and 77 with 25
demonstrated a clear quenching effect of the diselenolane ring (Figure 76, solid
lines). The correction factor was of 3.29 for 74 and 4.59 for 77, compared to 25
(Table 4, columns 2 and 3) for the closed rings. Taken into account the
fluorescence quenching for 25 compared to FITC reported above, the overall

quenching was up to a factor of 15.6 for 77 compared to the free FITC motif.

108



500 550 600

Wavelength (nm)

Figure 76. FITC emission from conjugates 25 (red), 74 (blue) and 77 (green,
100 uM, PBS) before (solid) and after (dashed) reduction with TCEP.

The quenching effect was lower when the compounds were treated with 92
to obtain the reduced disulfide and diselenides. The reduced form of
asparagusic acid 25 was about 2.11 times brighter than its closed form (Figure
76, red dotted lines) which is 1.60 less fluorescent compared to the free FITC
motif. The fluorescence of 91 and 87 was quenched by a factor of 1.51 and 1.89

respectively, compared to reduced 25 (Table 4, columns 4 and 5).

Table 4. Fluorescence intensity and correction factors for compounds 25, 74,
and 77.

Compound? Emission Correction Emission Correction
Intensity®¢ factors®d Intensity®® factors®®
25 3.09 108 1.00 1.80 108 1.00
74 9.40 10° 3.29 1.21 106 1.51
77 6.73 10° 4.59 9.54 10° 1.89

3See Figure 21, Schemes 8 and 9. "Experiment in the absence of 92. Emission
intensity recorded from 500 nm to 700 nm upon excitation at 488 nm.
dCorrection factors calculated by dividing the integrated emission intensity
through the recorded spectral region of compound 25 by that of 74 or 77.
®Experiment in the presence of 92.
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Based on the results presented in section 3.2.2, it is more likely that 74 and
77 end up in a closed form into cells even if during the transport, they might
transiently get reduced by reacting with thiols to enter by the thiol-mediated
uptake mechanism. Therefore the closed correction factors (Table 4, column 3)
were applied for the quantification of the fluorescence inside cells. Considering
the thiol-mediated uptake as entry mechanism, 25 should be present under its
reduced form. Therefore the real correction factor between 25 and 74 or 77
should be actually 2.11 times the close correction factor. However since the
fate of both disulfide and diselenide bonds cannot accurately be determined in
cells, we decided to keep the correction factors as presented in Table 4,

column 3.

3.2.4. Cellular Uptake Studies

With the fluorescent correction factor in hand, we turn toward cellular
experiment assays using flow cytometry to quantify the amount of probe
uptaken by the cells, and CLSM to determine the final localization of the probe

inside cells.

3.2.4.1. Flow Cytometry Assay

The quantification of cellular uptake was performed by flow cytometry.
Therefore solutions of probes 74 and 77 (10 uM) in Leibovitz’s medium were
prepared and added to cells for 1 — 4 h incubation. The experiment was
performed using 25 as a reference in order to compare the uptake of diselenides
to previous studies.["83 The results were normalized to the fluorescence of 25
after 1 h incubation and the closed correction factors (Table 4, column 3) were
applied to overcome the fluorescence quenching effect and obtain results closer

to reality (Figure 77).

As a control the fluorescence of the cell incubated without any compound

was recorded and, as expected, showed really weak fluorescent signal
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Figure 77. Flow cytometry results (mean + error of three independent
measurements) for uptake of 10 uM 25, 74 and 77 and untreated (-) HelLa
Kyoto cells after incubation for 1 h (black), 2 h (grey) and 4 h (white),
corrected for emission in closed form (Table 4, column 3). *Not determined.

(Figure 77, -). For all the compounds, increasing incubation time lead to an
increase of the cellular uptake. The uptake of diseleno asparagusic acid 74 was
increased compared to the uptake of disulfide 25, especially for long incubation
time. To our surprise, the uptake of the diseleno lipoic acid 77 was really good
with an increase close to 4 times the uptake of 25 after an incubation of 1 h.
This result was in contrast to results obtained with lipoic acid 26 where the
cellular uptake was about 20% lower than the uptake of 25 after 1 h
incubation.l’ In the case of diselenolane, the uptake of 77 was more than 2.5
times higher than for 74 after 1 h incubation, making 77 the best 5-member ring

transporter identified so far.

3.2.4.2.  Concentration and Time Dependences on Cellular Uptake

The final localization of the fluorescence in the cells was determined by
CLSM. Therefore the cells were incubated with 74, 77 and 78 at different
concentrations and incubation times to monitor the influence of those
parameters on the uptake. As a benchmark, the concentration and time
dependences uptake for probe 25 was repeated in order to compare the results

obtained here to previously published data.["#183]
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Figure 78. CLSM images of HeLa Kyoto cells incubated for 1 h with 25
(green) at 1 (A), 10 (B), 50 (C) and 100 (D) uM. Nuclei were stained in blue by
Hoechst 33342. Scale bar: 10 pum.

The concentration dependence CLSM images for compound 25 after 1 h
incubation (Figure 78) showed that at a concentration of 1 uM, no evident
uptake of the compound was observable. At 10 uM and higher concentrations
fluorescence distribution was observed inside the cells. The fluorescence
intensity was similar between 10 and 50 uM, while at 100 pM cytoplasmic

delivery was increased.

The incubation time dependence uptake for 25 (Figure 79) at a fix

concentration of 10 uM, showed that after 15 min incubation, no fluorescence
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Figure 79. CLSM images of HeLa Kyoto cells incubated for 15 min (A), 1 (B),
2 (C) and 4 (D) h with 25 (green) 10 uM. Nuclei were stained in blue by
Hoechst 33342. Scale bar: 10 pum.

was detectable inside cells. A minimum 1 h incubation was needed to observe
cellular uptake with an increasing fluorescence in the cytoplasm especially after

4 h incubation.

Overall in the concentration and time dependences CLSM images for 25,
the fluorescence was mainly located in punctate dots which according to

previously reported experiments,[’4 are endosomes.

For compound 77, only fainted fluorescence was observed at a
concentration of 1 puM (Figure 80A) but the fluorescence increased with

increasing concentration (Figure 80D, G, J). Similarly, after 15 min incubation
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Figure 80. CLSM images of HeLa Kyoto cells incubated for 1 h with 77 (A, D,
GandlJ), 74 (B,E,HandK)and 78 (C, F, land L) at 1 (A - C), 10 (D - F), 50
(G - 1) and 100 (J — L) uM. Nuclei were stained in blue by Hoechst 33342.
Scale bar: 10 pm.
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Figure 81. CLSM images of HeLa Kyoto cells incubated for 15 min (A - C), 1
(D-F),2(G-1)and 4 (J - L) hwith 77 (A, D, G and J), 74 (B, E, H and K)
and 78 (C, F, I and L) at 10 uM. Nuclei were stained in blue by Hoechst 33342.
Scale bar: 10 pm.
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Figure 82. CLSM images of HelLa Kyoto cells after for 4 h incubation with 10
UM of 77, arrows indicate selected nucleoli. Scale bar: 10 pm.

(Figure 81A), the fluorescence was totally absent in cells, showing no uptake.
However increasing the incubation time lead to an increase of uptake as
expected (Figure 81D, G, J).

For compound 74, no fluorescence was detected at a concentration of 1 uM
and only fainted cellular distribution at 10 uM (Figure 80B and E respectively).
For this probe, the best uptake was observed at a concentration of 50 pM
(Figure 80H) with the cells starting to suffer from the incubation conditions. At
100 uM (Figure 80K) the overall fluorescence intensity was lower for most of
the cells compared to the uptake at 50 uM and visible cytotoxicity was
observed. Surprisingly after 15 min incubation at 10 uM (Figure 81B), some
fluorescence distribution could be observed inside the cell. The optimal
incubation time for this compound at 10 uM was of 2 h (Figure 81H) without
significant changes after 4 h incubation (Figure 81K).

The fluorescence cellular distribution for both probes 74 and 77 showed
homogenous staining of the whole cells with the exception of the nucleoli when
the nuclei are not stained by Hoechst 33342 (Figure 82) and without obvious
organelle specificity otherwise. This cellular distribution is interesting

compared to the delivery agent we developed previously in our lab: asparagusic
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acid 25 was indeed trapped in the endocytic pathway not able to escape
efficiently to the cytoplasm (Figure 78 and 79) whereas the ETP 36
accumulated in nuclei staining it all. If the diselenolanes are uptaken through

endocytosis pathway, they can efficiently escape them by themselves.

In the case of linear diselenide 78, the uptake was lower compared to the
cyclic diselenides: a concentration of 50 uM was needed to observe cellular
uptake after 1 h incubation (Figure 80I) or an incubation of 2 h at a
concentration of 10 uM (Figure 811). However after 4 h incubation, punctate
localization of fluorescence inside the cell could be observed, coming probably
from endosomal capture. This observation is in accordance with the observation
coming from the thiol-exchange affinity column experiment: when compound
78 reacts with thiols the released selenolate does not stay in close proximity to
reform the diselenide bond as it is the case with cycle diselenide 74 or 77.
Therefore the reactivity of 78 is similar than the one of 25 toward thiols and the
final localization inside the cell is probably also the same, i.e. endosomes.

Attempts to determine the final localization of the fluorescent probes was
performed by colocalization with fluorescent trackers for early endosomes
(Figure 83), lysosomes (Figure 84) and mitochondria (Figure 85). However no
specific localization of probe 77 could be determined as expected from the
CLSM images shown above (Figure 86).

Figure 83. CLSM images of HeLa Kyoto cells incubated with 77 (100 uM) for
2 h and for the last 20 min with Dextran Red (10 uM). Scale bar: 10 um.
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The colocalization with early endosomes was performed using Dextran Red
(70 kDa). The tracker was added to the incubation medium for the last 20 min
of incubation before washing the cells and taking the CLSM images without
fixation. The merge images between 77 (Figure 83A) and dextran (Figure 83B)
showed no colocalization (Figure 83C) which was confirmed by a PCC value
calculated of 0.38 £ 0.04 (Figure 86, E).

Figure 84. CLSM images of HeLa Kyoto cells incubated with 77 (100 uM) for
2 h and for the last 40 min with LysoTracker Red (100 nM). Scale bar: 10 pum.
The lysosomes were localized using LysoTracker Red. The dye was added
to the incubation medium for the last 40 min of incubation before to wash the
cells and take the CLSM images without fixation. Once again the merge images
between 77 (Figure 84A) and fluorescent tracker (Figure 84B) showed no
colocalization (Figure 84C). The PCC value calculated was of 0.123 + 0.005

confirming that 77 is not localized into lysosomes (Figure 86, L).

Figure 85. CLSM images of HeLa Kyoto cells incubated with 77 (100 uM) for
2 h and for the last 20 min with MitoTracker Red (500 nM). Scale bar: 10 pm.
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Finally mitochondria were targeted using MitoTracker Red as colocalization
dye. The dye was added to the incubation medium for the last 20 min of
incubation before to wash the cells and take the CLSM images without fixation.
The merge images (Figure 85C) showed that 77 (Figure 85A) and the
fluorescent tracker (Figure 85B) are not colocalized which was confirmed by a
PCC value calculated of 0.38 £+ 0.02 (Figure 86, M).

1.0
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0.0

Figure 86. Colocalization of compounds 77 (white) and 74 (black) with
lysosomes (L, LysoTracker Red), endosomes (E, Dextran Red) and
mitochondria (M, MitoTracker Red), quantified by PCC.

As expected from the CLSM images presented above, the fluorescent
probes do not target any specific organelles inside the cell. The only positive
response to colocalization was obtained between 74 and early endosomes
(Figure 86, E), however the CLSM images tend to demonstrate random
localization of the probe.

3.2.4.3. Cytotoxicity Assay

Knowing that the concentration of selenium as to be carefully monitored in
cells to avoid cytotoxicity, we decided to determine the cell viability upon
incubation with diselenolane probes, especially at high concentration.
Therefore the MTT assay was performed to determine the cytotoxicity of 74

and 77. This assay is based on the transformation of the yellow 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into the purple
(E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-diphenylformazan by mitochondrial
reductase (Figure 87). Only cells with a working metabolism can perform this
transformation and thus give a read out of the amount of living cells by

detecting the formazan product by absorbance at 570 nm.
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Figure 87. Transformation of MTT into its corresponding formazan by
mitochondrial reductase.

After incubation of the probes at different concentrations, the MTT was
added to the cell and incubated for 4 h. Then a solution of sodium
dodecylsulfate (SDS) in HCI was added to the cell to solubilize the formazan
product and incubate for 2 h in the dark. The quantification of the formation of

the product was monitored by measuring the absorbance at 570 nm.

Cell
Viability
(%)

100 1

77 74 PR

Figure 88. Cell viability from MTT assay with 0 (-, normalized to 100), 10 (+)
and 100 uM (++) of 77, 74 or polyarginine (pR) in HeLa Kyoto cells (mean *
error of five independent measurements).
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In order to normalize the results, cells were incubated without any probe
and the mean of the absorbance measurements was normalized to a cell
viability of 100% (Figure 87, -). Incubation with 77 did not influence the cell
viability at a concentration of 10 or 100 uM. On the other hand with 74,
cytotoxicity was demonstrated with a cell viability around 80% at 10 uM and
only 33% at 100 uM. Polyarginine (pR) at 10 uM was incubated with cells as

positive control, since it was known to be cytotoxic at this concentration.

Due to the cytotoxic observed with 74, further experiments were performed

only with probe 77.

3.2.4.4. Uptake Inhibition Assay

As previously demonstrated, 77 can enter into cells and the fluorescence
distribution is spread throughout the cell without organelle specificity. In order
to understand the exact uptake mechanism, common inhibitors of endocytic
pathways were used, in order to determine if an energy-dependent mechanism
is required for its uptake. In parallel, oxidation of the thiols of the cell surface
using the Ellman reagent 32 was used to determine if the uptake mechanism
was thiol-mediated dependent. The fluorescence upon addition of the inhibitors

was quantified by flow cytometry (Figure 89).

The uptake inhibitions were normalized against 1 h incubation at 37 °C of
77 at 10 uM in the absence of inhibitors. When the experiment was performed
at 4 °C, a reduction of 65% of the uptake was observed. At this temperature, all
the energy-dependent uptake mechanism are turned off.[%31 Therefore it seems
that 77 need an energy-dependent pathway in order to enter into cells. However
at this temperature, the plasma membrane is rigidified which could influence
cellular uptake by passive diffusion as well.[}*! Considering an uptake
inhibition up to 80% for dithiolane probes at 4 °C,[® passive diffusion of 77

into the cells cannot be totally excluded.
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Uptake
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Figure 89. Flow cytometry data for HeLa Kyoto cells that were incubated with
77 (10 pM) at 37 °C (normalized to 1.0) and 4 °C, and cells that were
preincubated with inhibitors of endocytosis (CPZ, mgCD, wort, cytoB) and
thiol-mediated uptake (DTNB, 1.2 mM), followed by incubation with 77 at 37
°C. Shown are average values + error from three independent measurements.
Common inhibitors of endocytosis such as chlorpromazine (CPZ, clathrin-
mediated endocytosis),1* methyl-g-cyclodextrin (MBCD, caveola-mediated
endocytosis),[1%1 wortmannin (wort, receptor-mediated endocytosis)[t9-1%I or
cytochalasin B (cytoB, actin-dependent phagocytosis and macropinocytosis)1®
were used in order to determine by which endocytic pathway diselenide 77 is
uptaken (Figure 89). Unfortunately none of those inhibitors displayed a clear
decrease of the uptake of 77, therefore it remains unclear how the compound is
uptaken by cell. It is also possible that several pathways are involved at the
same time. Therefore inhibition of one pathway can be compensated by the

uptake through another.

Using DTNB 32 to oxidize all the exofacial thiols on the cell surface did not
decrease the cellular uptake of 77 (Figure 89). This result would point toward a
mechanism different than thiol-mediated uptake. However considering the
result obtained with the thiol-exchange affinity column (section 3.2.2.1), it is

possible that diselenolane 77 and ETP 36 are able to interact with thiols that are
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not reactive enough to be blocked by DTNB, explaining the poor inhibition

observed for those two compounds in this condition. [

As previously shown, the addition of serum in the incubation medium could
delay or reduce the cellular uptake of different probes. We decided to
investigate the effect that 10% of FBS in the incubation medium would have on
the uptake of 77 (Figure 90).

Uptake

(a.u.) 1

1h 2h 4h 6h 8h

Figure 90. Flow cytometry data for HeLa Kyoto cells that were incubated with
77 (10 pM) in the presence of 10% serum at 37 °C normalized against 1 h
incubation in the absence of serum. Shown are average values + error from
three independent measurements.

In this case, the uptake was normalized after 1 h incubation of 77 (10 uM)
in the absence of serum in the medium. There was a decreased of the uptake of
70% after 1 h in the presence of serum in the incubation medium. However
with increasing incubation time, the uptake increased to reach after 6 h
incubation a similar response to 1 h incubation in absence of FBS. Presence of
serum in the incubation medium influences once again the uptake kinetic, but

with longer incubation time, normal uptake could be observed.

In conclusion, based on the result presented in this section, we can say that
diselenolane reacts differently compared to dithiolane previously studied in the
Matile group. It was demonstrated indirectly that diselenolanes react with thiols

by thiol-affinity column and studying the oxidation rate constant of DTT in

123



presence of diselenides. However when the mixed thioselenol compound is
formed the released selenolate can attack back reforming the ring easily or if
the diselenolate compound is released, it can reoxidize by ambient oxygen. In
both cases, the diselenolane is reformed after reaction with thiols. The ring

closure is so fast that it cannot be observed by absorbance nor by fluorescence.

The diseleno lipoic acid 77 performed better in cellular uptake than the
diseleno and dithio asparagusic acids 74 and 25, making it the best 5-member
ring identified so far. The fluorescence was distributed through the whole cell
without specific organelle targeting and it displayed a low cytotoxicity even at
a concentration as high as 100 uM. The exact uptake mechanism uptake is not
clear for the moment. Common endocytosis inhibitors did not reduce the
uptake, but incubation at 4 °C inhibited it to 35% of its value at 37 °C pointing
toward an energy-dependent pathway. Oxidation of exofacial thiols by DTNB
did not decrease the uptake of 77. A possible hypothesis would be that the
probe can react with thiols on the cell surface that are beyond the reach of the
Ellman reagent, and therefore are not inhibited in this condition. The linear
diselenide 78 showed a very similar uptake as 25, with punctate localization
inside the cells, probably endosomes. This observation was in agreement with
the results observed from the thiol-exchange affinity column: once the
compound react with thiols, the selenol is released without staying in close
proximity to reform the diselenide bond which appears essential to escape
endosomal capture.

3.3. Activation of Polyarginine

Polyarginine (pR) are part of the cell-penetrating peptides (CPPs). Those
polymers have the ability to cross the plasma membrane with cargoes and are
extensively studied since their discovery in the late 1980’s. However it has
been demonstrated that small pR such as octaarginine cannot escape the

endosomal pathway when they are incubated alone.*l In order to get
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cytoplasmic release of such kind of polymers, activators are needed. The only
potent activator successfully discovered is the 4-(1-pyrenyl)-butyric acid in its
deprotonated form (1) and is nowadays known as the pyrenebutyrate
trick.?1%8 The preincubation of membrane with 1 lead to an increase in
activity of pR in model membrane and ensure cytoplasmic delivery into HelLa
Kyoto cells. This method showed also some promising results for protein

transduction in transdermal activity. !

Originally, we wanted to determine if the pyrenebutyrate trick could be
applied to short cell-penetrating poly(disulfide)s (CPDs) that have been
demonstrated to get mainly trapped into endosomes (Figure 16).55% Since small
polyarginine could escape endosomal capture using this trick, we thought it
would be the same for small CPDs, and have ultimately cytoplasmic delivery.
However this method showed to be unsuccessful to increase the uptake and

localization in the cells for our CPDs.

Therefore we turn again to the delivery of polyarginine but this time
optimizing the activator so that it could stabilized both the positive and the

negative charges at the same time on the same surface.

3.3.1. Design

Pyrenebutyrate is simply a carboxylate group that can interact with the
guanidinium group of the arginine, linked to an aromatic surface. This n-
surface could probably be involved to stabilize the cation by the well-known
cation-r interaction®® and increase the hydrophobicity of the whole system to
enable it to pass through the membrane be passive diffusion. More recently it
was successfully demonstrated that by using electron poor aromatic surface,
anion could be stabilized: the now called anion-n interaction.?®l This new
exotic interaction have been successfully applied in transport of halogen(?° and
catalysis involving an anionic transition state such as enamine addition to

nitroolefins(293-2041 or iminium/nitroaldol cascades.[2%!
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In order to stabilize both the positive and negative charges on the same n-
surface, it has to be tuned to have a part n-basic and another n-acid at the same
time. Therefore we decide to use the 4-amino-1,8-naphthalimide (ANI) scaffold
where the amine in the 4 position act as an electron donor while the imide as an
electron acceptor, creating a push-pull system which leads in a polarization of

the m-electron above the surface and a dipole moment (Figure 91). This type of
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Figure 91. Schematic representation of the ion pair-z interaction on push-pull
chromophores. (A) Definition of antiparallel or parallel ion pair-n interactions
in comparison to the push-pull component of the ground-state dipole moment
(arrows). (B) Covalent positioning of antiparallel or parallel ion pair-t
interactions in 93 and 94, with indication of changes in chemical shifts (Ad, in
ppm) in the *H NMR spectra in response to deprotonation of the conjugate
carboxylic acids (DMSO-ds, 25 °C). (C — F) Electrostatic potential surfaces of
complete ground state structures (C, D) and =-surfaces only (E, F) for
antiparallel ion pair-z interactions in 93 (C, E) and parallel ion pair-x
interactions in 94 (D, F). Red: negative, blue: positive, isovalue 0.0004 au/ + 30
kcal mol. Images from reference.[?6]
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surface have been shown to have the ability to stabilize ion-pairing on the top
of their surface by computational and NMR studies, [26-2071

To compare the effect of the stabilization of the ion-pairing on the =-
surface, the two possible orientations have been synthesized. The first is the
antiparallel version 93 (Figure 91) where the dipole moment of the surface is in
the antiparallel orientation compared the ion-pairing, meaning that the anion is
sitting on the m-electron rich part of the surface and the guanidinium on the 7-
electron poor part of the surface; and the parallel version 94 (Figure 91) where
the dipole moment of the surface is in the same direction as the ion-paring
orientation, meaning that the carboxylate sit on the top of the m-acidic part of

the surface while the guanidinium sit on the n-basic part of the surface.

According to NMR and computational studies, the parallel orientation 94
have the perfect orientation for the stabilization of the ion-pairing on the top of
the surface while the stabilization is weaker in the antiparallel configuration 93

due to probable repulsion from the n-surface.[2%]

A

A Hf .-
N\

Figure 92. (A) Structures of transporters 95 and 96 developed for activation of
polyarginine. (B) Dependence of transport activity Y on the concentration (c) of

95 (@), 96 (m) and 1 () in the presence of pR (250 nM) and fitted with Hill
equation. Image from reference.[?%]
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By changing slightly compound 93 or 94 to have only the carboxylate
directly linked to the ANI surface, it was demonstrated by NMR that the system
could bind free guanidinium and stabilize the ion-pairing on the n-surface.?%7]
Moreover preliminary results showed that compound 95 and 96 (Figure 92A)
could act as activators for the transport of pR into model membrane with the
parallel orientation 95 being more active than the antiparallel 96. The effective
concentration to reach 50% activity (ECsg) calculated was lower than for the

pyrenebutric acid 1 for both transporters.
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Figure 93. Structures of amphiphiles tested as activators of pR with different
alkyl tails used.

Encouraged by those results, we decided to investigate deeper into the ANI
core as activator and optimize the transporter to achieve the best membrane
activity for pR. In order to have a better push-pull system, we turned toward a
secondary amine instead of the tertiary amine in 95 and 96. In addition, the
presence of only one alkyl chain would help for a better incorporation of the
probe into the membrane, and the comparison between parallel (97 — 104) and
antiparallel (105 — 112) orientations would be more evident (Figure 93). The
influence of the alkyl tail was tested by changing its length, ranging from a 4-

carbons to 18-carbons alkyl chains (97 — 101, 105 — 109), introducing an
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Figure 94. Structures of amphiphiles 113 and 114 with a shorter carboxylate
linker tested as activators of pR.

unsaturation (102, 110), a cyclic alkane (103, 111) or a perfluorinated alkyl
chain (104, 112). The different amphiphiles were synthesized by Dr. Kaori
Fujisawa in our group starting from the commercially available 4-bromo-1,8-
naphtalene anhydride. The detail of the synthetic procedures is reported in

reference.[166]

It has been reported that a four atom linker between the ANI and the
carboxylic group could form an ideal Leonard turn to place the anion on the top
of the n-surface.l?%€] In order to control the influence of the linker, analogues of
100 and 108 were synthesized with a three atom linker 113 and 114
respectively (Figure 94).

In addition to the ANI derivatives presented above, we decided to look at
the activation of pR using fatty acid derivatives since a report from Cardoso
and co-workers studied the importance of fatty acids and pH dependence for
the cellular uptake of guanidinium-rich molecules.?® They demonstrated that
adding fatty acids on cells and incubation in slightly basic conditions, the
polyarginine are better uptaken by cells due to a forced ion-pairing of the
carboxylate with cations of the peptide. Therefore we decided to investigate the
influence that would have the addition of perfluorinated fatty acid on the uptake
of pR.
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Figure 95. Structures of the perfluorinated fatty acids 115 — 118 tested as
activators of pR.

For this experiment, we collaborated with Prof. Metrangolo and Prof.
Resnati from Politecnico di Milano, who provided the perfluorinated fatty acids
115 — 118. We investigated two different sizes of alkyl tail, an octanoic acid
(115) and a dodecanoic acid (116), to test the difference in membrane insertion.
In addition perfluorinated alkyl tail lacking the fluoride on two carbons
adjacent to the carboxylic acid (117 and 118) were tested to determine if the
potential increase of uptake of pR is due to a difference in pK, of the acidic

protons.

3.3.2. Solution Studies

The ability of compounds 105 — 118 to activate pR was tested first on model
vesicles by the CF-efflux assay. In parallel, the absorbance of the ANI probes
in membrane was tested because this scaffold have been shown to be
solvatochromic.l2%62071 Therefore a shift in the absorbance of the different

probes should be related to the insertion of the activator into the membrane.

3.3.2.1. CF-Efflux Assay

In the CF-efflux assay, carboxyfluorescein (CF) is encapsulated inside
EYPC large unilamellar vesicles (LUVs) at a concentration of 50 mM which is

high enough to ensure self-quenching of the dye. Upon the addition of an
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efficient transporter and pR (Mw = 5 — 15 kDa), there is a transport a CF from
inside the LUVs to its surrounding solution which reduces the local

concentration of the dye, leading to an increase of the fluorescence.

The fluorescence recovery was monitored as a function of time. The
baseline corresponds to the initial fluorescence of LUVs alone in solution,
followed by the additions of the activator after 50 s, pR after 100 s and finally
destruction of the vesicles for calibration using detergent after 500 s (Figure
96A). The increase of fluorescence upon addition of the activator without the
CPP significate that the probe acts as a detergent which was the case for most
of them at high concentration. Therefore the concentration dependence was

monitored at sublytic concentration.

The intensity I(t) of an activator at a given concentration was determined by

normalizing the time dependent curve I, between the baseline I of the initial

A B
1001 o
] i y 1001 o=
(%) i (%) ,°° o
i o)
50 A H o
: I
|} 509 |
T ¢
! -l
0 o :, T
44 4 _lg_ -~
ab C 0 f.‘e‘ﬂ
0 100 200 300 400 500 600 0 5 10
t(s) ¢ (uM)

Figure 96. (A) Example of CF-efflux assay fluorescence recovery upon
addition of activators 100 (red, solid) and 116 (green, dashed) after 50 s (a), and
pR (250 nM) after 100 s (b), before lysis of LUV by excess of Triton X-100
after 500 s (c) for final calibration. (B) Dependence of the final activity Y of pR
before LUVs lysis in function of the concentration of 100 (o), 108 (e) or 116
(A) with curve fit to Hill Equation 4.
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LUVs fluorescence and the maximal fluorescence obtained upon lysis of the

vesicles |, using Equation 3.

1(t) = L0 Eq. 3.

o—1I0)

By taking the I(t) value before the addition of the detergent which
corresponds to the activity Yma and by varying the concentration (c) of the
activator, the Hill analysis can be applied to determine the ECso and Hill
coefficient (n) of each activators using Equation 4 (Figure 96B).

Yimax—Yo
Y=Y +—F/—— Eq. 4.
0 1+(EC50/C)n q

The different curves of activity in function of the concentration of activator
are reported in section 5.3.1.7 along with their Hill curve fits. The values of the
Hill analysis are reported in Table 5 and a graphical representation of the
maximal activity and the ECso of each activator in function of the
hydrophobicity of the probe (log P, estimated from ChemDraw software) are

represented in Figure 97.

Table 5. Characteristic parameters for pR activators in model membrane
determined by Hill analysis.?

Activators® Ymax (%)° ECso (uM)? ne log Pf
19 782 44 + 2 22+0.2 4.68

95" 61+4 1.05+0.05 21+0.2 6.26

96" 75! 3.6x£0.2 1.8+£0.2 6.26

97 9 inactive 2.56

98 87+3 6.2+0.2 3.8+£0.6 3.40

99 66 + 2 1.18 £ 0.07 24+0.3 4.23

100 975 0.54 £0.09 1.8+£0.5 5.90
101 21+3 61 1.3+£0.2 8.40
102 271 26+0.2 19+0.2 8.08
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103 59 %3 301 44+07 2.87

104 70+ 10 0.31+£0.08 1.8+0.7 5.92
105 3 inactive 2.56
106 58 19+1 3.0+£06 3.40
107 36' 15+3 19+0.7 4.23
108 14 inactive 5.90
109 19+1 35+0.1 28+0.2 8.40
110 339 30+£8 4+3 8.08
111 12 inactive 2.87
112 25 inactive 5.92
113 68 +4 1.2+0.2 4+1 5.62
114 32 28+1 23+0.2 5.62
115 211 61+8 54 4.46
116 211 51+0.3 82 6.87
117 7 inactive 3.90
118 14 inactive 511

Determined using Equation 4. Hill analysis were not applied to those with low
Ymax Values. Errors are from curve fit. "See Figures 5, 92 — 95. ‘Maximal
activity. 9Effective concentration to reach 50% activity of Ymax. CHill
coefficient. 'Estimated by ChemDraw Professional software (16.0.1.4). SFrom
reference.®4 "From reference.?’1 IMaximum observed Y before onset of the
detergent effect. Hill analysis were made assuming Ymax = 100%.

For most activators, their ECso value could be determined however for some
of them, no recovery in fluorescence in the CF-efflux assay was measured and
they were therefore set as inactive. However the ECso is not the only parameter
that has to be taken into account to determine if an activator is potent. It needs
to have also a reasonable maximal activity Ymax. For example activator 116
have a relatively good ECsp = 5.1 £ 0.3 uM whereas the Ymax was only of 21%.

Therefore this activator cannot be considered as potent in this experiment. An

133



Ymax > 50% (Figure 97A, grey line) and an ECsp < 10 uM (Figure 97B, grey

line) were arbitrary defined as the minimum values for potent activity.

Pyrenebutyrate 1 was taken as a benchmark with an excellent Yma = 78 £
2% and a relatively high ECso = 44 = 2 uM (Figure 97, ¢).34 Most of the
parallel activator had a good Ymax (Figure 97A, o) except for the extremely
short (97) or long alkyl tail (101 and 102) making a bell shaped curve in
function of the hydrophobicity of the compound. An exceptional Ymax = 97 +
5% was found for 114 while all other are around 70%. The ECs for the parallel
series (Figure 97B, o) showed that most of the activator are active except for
the smaller alkyl tail in 95 and 97. The general trend is also a bell shaped curve
with the ECsg increasing again for longer alkyl tail. 102 and 104 displayed an

impressive submicromolar ECs, for the activation of pR.
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Figure 97. (A) Maximal activity Ymax and (B) effective concentration ECsp in
model membrane as a function of the hydrophobicity of the pR activators from
Hill analysis of dose response curves. Antiparallel series: o, parallel series: o,
perfluorinated fatty acids: A, pyrenebutyrate: ©.

On the other hand, the antiparallel series were essentially inactive. Nearly
all the Ymax were under the 50% limit for good activity (Figure 97A, o) except
96 and 106 with calculated values of 75% and 58% respectively. These

exception may be explained considering the structure of the two activators. 96
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contains an alkyl chain at each end of the ANI core which disturbs its
amphiphilicity and have a weakened push-pull system due to the presence of
the tertiary amine. Despite its relatively good Ymax, 106 showed a poor ECsg of
19 + 1 puM as all the antiparallel activators with the exception of 96 (Figure
97B, o).

Those results are in accordance with a stabilization of the ion-pairing above
the m-surface in the case of the parallel orientation of the dipoles while ionpair-
7 interaction is absent in the antiparallel version leading to a poorer activity in
transport of pR. The control activator 113, with a shorter linker, displayed a
smaller activity than expected from its hydrophobicity with an ECso of 1.2 £ 0.2

UM consistent with a mismatch of the ion-pairing on the -surface.

The perfluorinated fatty acid 115 — 118 all showed poor activities in the CF-
efflux assay independent of their chain length and carboxylate basicity, with
Ymax far from the 50% threshold (Figure 97A, A) and high ECso (Figure 97, A)
except in the case of 116. This indicates that the hybrid 104 behave more like

ionpair-m activator than fluorous activator in this assay.

The Hill coefficient were more difficult to interpret since it should
demonstrate the cooperativity of the system but depends also on the stability of
the formed complex. Overall the Hill coefficients are smaller than expected
considering the number of guanidinium cations that are present on the pR. They
are higher with smaller alkyl tail (98, 103) or shorter linker (113).

3.3.2.2.  Absorbance of the ANI in presence of vesicles

Since the ANI core unit has a specific absorbance and it was shown that the
maximal wavelength of absorbance shifted in the function of the polarity of the
solvent,[2%6-2071 we were interested to see if the burial of the probe into vesicles
membrane could be determined by absorption. To do this, we tested the library

of compounds with different alkyl chain lengths which should make the ANI
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more or less buried into the hydrophobic lipid membrane in function of the

predicted log P of the system.

EYPC-LUVs were formed with exactly the same buffer in and outside of
their membrane, and without the presence of any encapsulated dye. The
activator was added at a fix concentration (3 uM) to a fix amount of LUVS, and
the absorbance was recorded. The maximal absorbance wavelengths for each
activator are reported in Figure 98 as a function of their log P (Table 5). The

absorbance and fluorescence spectra can be found in section 5.3.5.

The absorption maxima did not vary greatly with increasing hydrophobicity,
however a clear trend can be observed. With increasing log P, the absorption
wavelength shifted from about 460 nm to 430 nm. This blue shift suggests a
deeper burial of the ANI core into the membrane of the vesicle.[1 The parallel
and antiparallel series displayed similar trends showing that the difference
observed in the previous section is not due to a difference in the partition of the

probe into the vesicular membrane, but because of the orientation of the dipole

moment.
o
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Aabs o
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Figure 98. Maxima in absorption spectra of ANI activators in empty EYPC-
LUVs. Antiparallel series: o, parallel series: o.
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Two significant exceptions were observed with 95 and 104. There is a
hypochromic effect of about 20 nm from the value expected according to their
log P. This shift probably originates from a twisted push-pull system in the case
of 95; whereas for 104 it may be due to self-assembly of the perfluorinated

alkyl chain rather than a deeper partitioning into the membrane lumen.

3.3.3. Cellular Uptake

The cellular uptake was then assessed. In this case, an octaarginine was
synthesized by solid-phase peptide synthesis with the help of Jacques Saarbach
from the group of Prof. Nicolas Winssinger of the University of Geneva. The
peptide was then labelled with a cyanine 5 dye (Cy5) to lead to 119. This
fluorophore was chosen to track the final localization of the peptide inside the
cells instead of CF as in previous studies, because of its absorbance and
fluorescence (Lex: ~650 nm, Jem: ~670 nm) are far red shifted compared to the
ANI core (Aex: ~450 nm, Aem: ~520 nm).

HNE N, 2N®NH2 HNE NH, HZNEB(NH2
HN HN HN
H 0 @
/E\ID\/\/\)LN N\)L N \)j\ N\)\
x H)\ x H)NLJ/
H2N'C;)‘NH2 H, N@NH2 H2N®NH2 HzNéNHz

Figure 99. Structure of the Cy5-Rs 119 used in cellular uptake experiments.

Cellular uptake was evaluated by CLSM with the most promising activators
identified in the CF-efflux assay: 100 and 104. As a control their antiparallel
version 108 and 112 were also tested as well as Cy5-Rg 119 alone. The
concentration of 119 was fixed at 1 uM, a concentration low enough to avoid
cell apoptosis.® The cells were first treated with the activator solution in

Leibovitz’s medium for 5 min before the addition of 119 and incubated for
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further 15 min at 37 °C. The concentration of activator used was 10 pM since at
20 pM cellular toxicity could be observed. The cells were washed with a
heparin solution to remove potential electrostatic binding of the peptide on the

mainly negatively charged cell membrane.

When the cells were treated with 119 in the absence of activator, the
fluorescence was localized in punctate location, characteristic of endosomal
capture (Figure 100) as expected from previous studies.*®! The overall

fluorescence intensity was rather weak with nearly no cytoplasmic release.

Figure 100. CLSM images of HeLa Kyoto cells incubated with 119 (1 uM) for
15 min. Scale bar: 10 um.

When cells were preincubated with 100, different populations were
observed (Figure 101A). In the first population, only punctate location was
observed as if the presence of the activator did not influenced the uptake of
peptide 119. On the other hand, in the second population, there was a strong
increase of fluorescence in the whole cell with the exception of the nucleus
(Figure 101A). There was also an in-between population where the
fluorescence inside cells was increased with some cytoplasmic delivery, but
otherwise mainly in dotted localization, probably endosomes. In the presence of

the antiparallel activator 108 (Figure 101B), only punctate endosomal capture
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fluorescence was observed, like in control experiment with peptide 119 alone
(Figure 100).

Similar cellular distribution was observed with probes 104 and 112 (Figure
102). The parallel perfluorinated ANI displayed the two population types: one
with a strong uptake and a stain of the whole cell, a second one similar to the
uptake of the peptide alone. On the other hand, the uptake with the antiparallel
version was nearly exclusively as the one displayed by the peptide 119 in the

absence of transporter.

Figure 101. CLSM images of HeLa Kyoto cells incubated with 119 (1 pM) for
15 min with preincubation with 100 (A) and 108 (B, 10 uM each) for 5 min.
Scale bar: 10 um.
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Figure 102. CLSM images of HeLa Kyoto cells incubated with 119 (1 pM) for
15 min with preincubation with 104 (A) and 112 (B, 10 uM each) for 5 min.
Scale bar: 10 pm.

Those results confirm the ones obtained with the CF-efflux assay. The
uptake of the Cy5-Rg 119 is higher with a parallel orientation of the dipole
moment whereas the antiparallel ionpair-n activator does not increase the

uptake and thus stabilize in a less effective manner the electrostatic interaction.

Controls experiments were performed to demonstrate that the observed
fluorescence is indeed due to the fluorophore on the peptide and not due to the
ANI core (Figure 103). Therefore, the different activators were incubated in

Leibovitz’s medium for 20 minutes at 37 °C without the addition of 119, and
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Figure 103. CLSM images of HeLa Kyoto cells after 20 min incubation with
activator 108 (10 uM) in Leibovitz’s medium at 37 °C. (A) dex 458 nm and Aem
500 — 541 nm, (B) Zex 633 nm and Aem 650 — 700 nm. Scale bar: 10 um.

the fluorescence was checked between 500 nm and 541 nm upon excitation at
458 nm for the ANI core, and between 650 nm and 700 nm upon excitation at
633 nm for the Cy5 channel (Figure 103). Weak fluorescence for the ANI was
observed indicating that the activator can indeed insert into the cellular
membrane and get internalized probably by endocytosis (Figure 103A).
However no fluorescence was detected in the Cy5 channel indicating that the
fluorescence observed above is indeed due to the uptake of 119 into cells and

not from residual fluorescence of the transporter itself.

The presence of the two populations is not well understood yet. A possible
explanation could be a difference in the cell cycle which could influence the
uptake. However no additional experiment has been performed to issue this

observation.

Additional experiments were performed with decreasing the concentration
of activator to 5 uM leading to CLSM images similar to the control (Figure
100), or with increasing the concentration of 119 to 5 uM leading to cellular

death confirming previous studies on cytotoxicity of pR.(®! Therefore the
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concentrations were fixed for further experiments at 10 uM of activator and 1
uM of Cy5-Rg 119.

Based on the results with perfluorinated ANI 104 and the increased
population with good uptake compared to 100, we decided to investigate also
the cellular activity of the perfluorinated fatty acids 115 — 118 despite their
poor efficiency in the CF-efflux assay (Figure 104). The two types of
perfluorinated fatty acids were studied to determine if the potential efficiency in

cellular uptake originated from a self-assembly of the activator in the

Figure 104. CLSM images of HeLa Kyoto cells incubated with 119 (1 uM) for
15 min with preincubation with 115 (A), 116 (B), 117 (C) and 118 (D, 10 uM
each) for 5 min. Scale bar: 10 um.
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membrane increasing their local concentration, or a difference in the pKj of the

acidic proton.

Two very distinct uptake behaviors were observed between the fully
perfluorinated fatty acids 115 and 116, and the polyfluorinated acid 117 and
118. Activators 115 (Figure 104A) and 116 (Figure 104B) provided a clear
increase in cellular uptake of 119 compared to the peptide alone. The CPPs
remained mainly in the cytoplasm or in punctate locations that are probably
endosomes excluding totally the nucleus of the cells. In the case of activator
117 (Figure 104C) and 118 (Figure 104D), the peptide remained only in

punctate location as in control experiment in absence of activator.

This observation was rather unexpected from the CF-efflux assay since all
the perfluorinated fatty acids showed only poor pR activation. In order to
explain this result, we postulated that the mechanism by which the
perfluorinated fatty acids activate CPPs in cellular uptake, is not only due by
self-assembly into the membrane of the cell but also by a repulsion-driven ion-

pairing interaction.

In this theory, the unique propriety of the perfluorinated alkyl chain to form
self-assembly will bring the negatives charges of the acid in close proximity. In
order to avoid charge repulsion, protonation could occur on strongly basic
bundles of anion (Figure 105A). However for more acidic bundle of anion, the
charge-repulsion has to be overcome by binding with counterions (Figure
105B). It is exactly the same as comparing polylysine with polyarginine: the
proximity of ammonium groups in polylysine decrease their pK. for charge
neutralization by protonation while the more basic guanidinium groups in pR
remain charged despite charge proximity and need electrostatic interaction with
counterion for charge neutralization. This phenomenon is known as the

“arginine-magic” (see section 1.2.1).[?% There are already numerous examples
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Figure 105. Schematic representation of the protonation of strongly basic
anionic bundle by increase of nearby pKa. (A) and repulsion-driven ion-pairing
of weakly basic anionic bundle (B) to compensate charge repulsion.

in the literature of this kind of interaction. It is indeed the basic principle of
DNA and RNA delivery where the oligophosphodiesters bind to cationic
transporter to form lipoplexes. 211212

In our case the lack of fluorine on the proximal carbon next to the
carboxylic acid in 117 and 118 increase the basicity of the carboxylate making
them prone to protonation (Figure 105A), which decrease their ability to
activate CPPs in cellular uptake. This is consistent with the observation of
Cardoso and co-workers, in which they demonstrate higher uptake in basic
conditions upon addition of fatty acid.[?* By raising the pH in the incubation
medium, fatty acids cannot undergo protonation but avoid charge repulsion by

ion-pairing with the CPPs, leading to their uptake into cells.

On the other hand, the fully perfluorinated fatty acids 115 and 116 display

the perfect combination between self-assembly and acidity of the carboxylic
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acid, which makes them perfect candidates to transport CPPs by repulsion-
driven ion-pairing (Figure 105B), through plasma membrane even at
physiological pH. The drawback might be that such a strong interaction would
make difficult the release of the cationic peptide even inside the cell despite the
abundance of polyanions in the cytoplasm. This would explain why in the
cellular experiment, it is mainly membranes that are stained, and also the poor
activity of those probe in the CF-efflux assay. In this experiment it is indeed the
CF-efflux that is monitored. However it was shown that the efflux occurs via
counterion exchange between the anionic CF and the pR-activator
complexes.[2223] \While it is unproblematic with ANI probes due to weaker
ion-pairing between the guanidinium and the carboxylate group, the problem
arise with the perfluorinated fatty acid since the electrostatic interaction is so
strong that the exchange is difficult to occur with the intravesicular CF.
Therefore the efflux does not occur in this case and the activators seem

inactive.

Encouraged by the results presented here, we decided to try to increase the
uptake of short CPDs with activators 100, 104, 115 and 116 as previously
attempted with pyrenebutyrate 1. However no increase in activity nor different

cellular localization were observed in model membrane or in cellular uptake.

In conclusion, two different types of activators were found in this study. The
first activators are based on an ANI core for the stabilization of the ion-pairing
on the top of its surface. The influence of the alkyl chain for membrane
insertion was studied to find the best hydrophobicity for activation of pR in
model membrane: the dodecyl chain and a perfluorinated alkyl tail. In model
membrane, it was determined that the parallel orientation of the dipole is
necessary to have good activity while the antiparallel one where the ion-pairing
is not stabilized, are essentially inactive. Cellular uptake of 119 with 100 and

104 showed mainly two populations: one where the whole cell is stained with
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the exception of the nucleus, the other were the distribution is similar to the one

with the peptide alone.

The second activators are based on perfluorinated fatty acids. The activity in
model membrane was low for all probes tested. However cellular uptake
demonstrated a large increase of the uptake of 119 for fully perfluorinated fatty
acids 115 and 116. In the case of 117 and 118 where the fluorine are missing
next to the carboxylate, no increase of the uptake was noticed. Those results
lead us to postulate that 115 and 116 activate 119 by a strong repulsion-driven
ion-pairing interaction to deliver the peptide inside the cell staining mainly the

membrane, and explaining the poor activity observed in model membrane.

146



Chapter 4

PERSPECTIVES and CONCLUSION

In the first part of this thesis, the strained cyclic disulfides developed in our
group were successfully adapted from the delivery of small fluorophores and
peptides, to the delivery of liposomes and polymersomes. Small amphiphilic
molecules could be directly added to preformed vesicles to increase

successfully their cellular uptake.

Other thiol responsive heads currently investigate in our group could be

interfaced with the delivery of vesicles such as thiosulfi(o)nate 120 or o-

J\H s=(=o

H
*NH,

benzopolysulfanes 121 (Figure 106).
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Figure 106. New transporters for thiol-mediated uptake of vesicles:
thiosulfi(o)nate 120 and o-benzopolysulfanes 121.

The delivery of liposomes by the thiol-mediated uptake have been only
tested on HelLa Kyoto cells until now. It would be interesting to test the uptake

on different cell lines or even in different organism to test if this entry
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mechanism is conserved through evolution. A challenging perspective would

be next to induce cell type specificity for therapeutic use.

Having demonstrated that the liposomal content does not leak into the cell
cytoplasm, and colocalization studies demonstrated that they are not in
endosomes, lysosomes nor mitochondria, it would be interesting to deliver
vesicles with unnatural function. By encapsulating specific enzymes and
introducing pores into the vesicles membrane, new synthetic organelles could
be developed which would perform endogenous reaction inside the cell
cytoplasm in a confine compartment. It has already been proven that
polymersomes could act as artificial organelles?*4 or nanoreactor?' but only
in solution so far. Moreover it could be interesting to stain cellular membrane
directly in cells to determine if the liposomes are coated by another membrane

in the cytoplasm in an endosome-like compartment.

Considering that proteomic studies performed for the uptake of asparagusic
acid enlightened the transferrin receptor as one of the proteins responsible for
the thiol-mediated uptake, it would be interesting to test the permeability of
such transporter across the blood brain barrier. It has been demonstrated indeed
that there is an over expression of this receptor on the surface of this barrier.[?6]
Therefore our small transporter could potentially transport substrate and

ultimately liposomes to the brain for therapeutic purposes.

Concerning the diselenide project, the logical next step would be the
delivery of other substrate than small fluorophores. As with the asparagusic
acid, the diseleno lipoic acid tag 73 could be used to bind small peptides on a
lysine residue and test for cellular uptake, and going for bigger substrate such

as streptavidin once the procedure and cellular uptake is established.

Based on the results obtained with ETP,® it would be interesting to test the

epidiselenodiketopiperazine probe 122. The synthesis of ETP analogue has
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Figure 107. Structure of epidiselenodiketopiperazine 122, thioseleno
asparagusic acid 123 and selenotrisulfide 124 to test for thiol-mediated uptake.
been established recently.?'7] It would also be interesting to investigate mixed
thioseleno compounds such as the thioseleno asparagusic acid**¥l 123 or the
selenotrisulfide?] 124 (Figure 107).

Another goal would be to form cell-penetrating poly(diselenide)s to be used
as CPDs. However considering the stability displayed by the diselenolane ring,
the conditions developed to from CPDs will probably not be strong enough to
induce ring-opening polymerization. A potential strategy would be to have
template-assisted polymerization using for example anionic micelles to increase
locally the concentration of the monomer.?*! If monomers are in close

proximity, the chance to have intermolecular crosslinkage should be increased.

The switch from disulfide to diselenide improved greatly the uptake and a
different cellular distribution was found. Therefore it could be also interesting
to push the comparison forward and try to deliver ditelluride. Several studies

have been conducted on the toxicity of diphenyl ditelluride, but only one
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studied ditelluride-containing polymer as redox sensitive drug delivery
system.??! The ditelluro asparagusic and lipoic acids have however not been

synthesized yet.

Finally concerning the activation of CPPs by ion-pairing stabilized on
polarized m-surface, only few additional experiments were thought of, such as
trying to determine in cellular experiment, if a specific membrane is stained
with perfluorinated fatty acids. Cytotoxicity of the different activators could
also be tested to determine the maximal concentration that could be added to

cells for increased uptake.
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Figure 108. Potential activator of CPPs based on perylene monoimide core
125.

On the optimization of the stabilizing surface, it could be interesting to test
a larger m-surface such as a perylene monoimide core 125. This larger surface
could stabilize additional positive charges on their surface. However some
concerns can be attributed to the strength of the push-pull system for such a

large complex.

150



Chapter 5

EXPERIMENTAL SECTION

5.1. General

5.1.1. Reagents, Solvents, Medium and Equipment

Reagents for synthesis were purchased from Fluka, Sigma-Aldrich,
Brunschwig, Bachem, Apollo Scientific, Alfa Aesar and Acros, buffers and
salts of the best grade available from Fluka or Sigma-Aldrich and used as
received. Egg yolk phosphatidylcholine (EYPC), 1,2-distearoyl-sn-glycero-3-
phosphatidylcholine (DSPC), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG200),
brain phosphatidylserine (PS) and 1,2-diplamitoyl-sn-glycero-3-
phophoethanolamine-N-(lissamine rhodamine B sulfonyl) were purchased from
Avanti Polar Lipids. Sulforhodamine B (SRB) was purchased from Acros.
Fluorescein isothiocyanate (FITC) was purchased from Apollo Scientific.
LysoTracker green DND-26, LysoTracker Red DND-99, MitoTracker Green
FM, MitoTracker Red CMXRos, Dextran Red 70 kDa and Hoechst H3570
were purchased from Life Technology. FITC-dextran 40 kDa was purchased
from Sigma-Aldrich. Cy5-NHS was purchased from Lumiprobe. Poly-L-
arginine (Mw = 5 — 15 kDa) was purchased from Sigma-Aldrich.

Organic solvent used for synthesis were of HPLC or reagent grade. Organic
solvents like acetonitrile, dichloromethane or tetrahydrofuran were purified
using a solvent purification system from Solv-Tek. Buffer were prepared using

bidistilled water.
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All reaction were carried out with magnetic stirring and under inert gas (Ar)
when specified. Solvents were evaporated using a rotavapor R-210 from Biichi
equipped with a vacuum controller V-850, a pump V-700 and a heating bath B-
491 from Blichi.

All the glassware used for synthesis and experiments was washed with soap
solution, demineralized water and acetone, and dried in oven. Bidistilled water

was used for vesicle formation, experiments and cleaning.

For cell experiments, minimum essential medium (MEM) alpha without
nucleoside, Leibovitz’s L-15, fetal bovine serum (FBS) South American (CE),
phosphate buffered saline (PBS) tablets, penicillin-streptomycin solution
(10000 U/mL) and trypLE express with phenol red were purchased from

Thermo Fisher Scientific. L-glutamine were purchased from Brunschwig.

NovaPEG Rink Amide Resin was purchased from Novabiochem®, and was
swollen in CHCl, before each reaction. Solid phase reactions were carried in
SPE tubes fitted with a frit and a tap. Automated solid phase synthesis was

carried out on an Intavis AG Multipep RS instrument.

5.1.2. Chromatographic Equipment and Methods

Column chromatography was carried out on silica gel (SiliaFlash® P60, 230
— 400 mesh) from SiliCycle. Analytical thin layer chromatography (TLC) were
performed on silica gel 60 F254 from Merck. Description of the results in the
text are reported as retention factor Rs with eluent. Detection of the compounds
was done with a UV-lamp (CAMAG) at a wavelength of A = 254 nm or 366 hm
or with appropriate staining.

Semi-preparative HPLC was performed using JASCO LC-2000 Plus system
equipped with quaternary pump (JASCO PU-2089) and UV/Vis detector
(JASCO UV-2077 Plus). The chromatographic column used was a

Phenomenex Jupiter Proteo (250 x 10 mm, 4.0 um particles size, flow 3.0
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mL/min with a linear elution gradient from 90% H,0 / 10% CH3CN + 0.1%
TFA to 10% H,0 / 90% CH3CN + 0.1% TFA in 15 min or 30 min).

Reverse phase flash chromatography was performed on Biotage Isolera™
Four (column: SNAP Cartridge, KP-C18-HS-60g, eluents: CH3CN and HO
with 0.1% TFA).

UHPLC-MS (ESI) were recorded using a Thermo Scientific Accela HPLC
with a LCQ Fleet three-dimensional ion trap mass spectrometer (Thermo
scientific) and a diode array detector. The chromatographic column used was a
Thermo C18 Hypersil gold column 1.9 pum, 5 cm x 2.1 mm, using an eluent
gradient CHsCN and H,O with TFA 0.01% in 4 min at a flow rate 0.75
mL/min. The characterization of new compounds are reported as mass-per-
charge ratio m/z (intensity in %, [assignment]). Only the most intense ones

among isotopic peaks are reported.

5.1.3. Equipment for Characterization

Melting points (Mp) were measured on a Melting Point M-565 from Bichi

and are reported in degrees Celsius.

[a]o® values were recorded on a Jasco P-1030 polarimeter using a sodium
lamp (A = 587 nm) in a quartz cell of 10 cm length at 20 °C and are reported as

degree ° (concentration, solvent).

IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR
spectrometer (ATR, Golden Gate) and are reported as wavenumbers v in cm™

with band intensities indicated as s (strong), m (medium) or w (weak).

'H and BC{*H} NMR spectra were recorded (as indicated) either on a
Bruker 300 MHz, 400 MHz or 500 MHz spectrometer and are reported as
chemical shifts (6) in ppm relative to TMS (6 = 0). Proton spin multiplicities
are reported as a singlet (s), doublet (d), triplet (t), quartet (q), quintet (quint)
and sextuplet (sext) with coupling constants (J) given in Hz, or multiplet (m).
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'H and C{*H} resonances were assigned with the aid of additional
information from 1D & 2D NMR spectra: (H,H)-COSY, DEPT-135, HSQC

and HMBC. All spectra were treated using Mestrenova software.

ESI-MS for the characterization of new compounds was performed on an
ESI API 150EX and are reported as mass-per-charge ratio m/z (intensity in %,
[assignment]). HR ESI-MS for the characterization of new compounds were
performed on a QSTAR Pulsar or XL (AB/MDS Sciex) and are reported as
mass-per-charge ratio m/z calculated and observed. MALDI-TOF MS were

measured using a Bruker Daltonics Autoflex speed spectrometer.

5.1.4. Equipment used for Experiments

Air displacement micropipette calibrated for volumes 1 — 10 uL, 10 — 100
pL or 100 — 1000 pL from Vaudoux-Eppendorf (Switzerland) were used to
manipulate aqueous or non-volatile solvents. Positive displacement
micropipette calibrated for volumes 1 — 10 pL, 10 — 100 pL or 100 — 1000 pL

were used to manipulate volatile solvents.

pH values of buffers were measured using a Consort C832 multi-parameter
analyzer with a VWR glass membrane pH electrode. Before each use, the
instrument was calibrated using Titrisol solutions from Merck at pH = 4.00 and
7.00. Deuterated sodium phosphate buffer was prepared by dissolving
phosphoric acid (1 mmol, 119 mg, 85% D3PO4 in D;0O) in 10 mL D,0O; pD
adjustments were made with DCI (20 wt.% solution in D2O) or NaOD (30 wt.%
solution in D,0O) and the pH meter reading in D,O was corrected (pD = pH

meter reading + 0.4).[212-213]

UV-Vis spectra were recorded on a JASCO V-650 spectrophotometer
equipped with a temperature controller (25 °C) using a glass cell of 1 cm path
length and are reported as maximal absorption wavelength 1 in nm (extinction

coefficient ¢ in M-tcm?).
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Fluorescence measurements were performed with a FluoroMax-4
spectrofluorometer (Horiba Scientific) equipped with a stirrer and a
temperature controller (25 °C). Fluorescence spectra were corrected using

instrument-supplied correction factors.

Fluorescence cellular imaging was performed using Leica SP5 or SP8
confocal, equipped with 63x oil immersion objective lens, or with an automated
microscope ImageXpress from Molecular Devices equipped with a 40xpf lens.

The images were treated using ImageJ 1.51s software.

Flow cytometry measurements were performed using Beckman Coulter
Gallios™ (6 colors 2 lasers) flow cytometer. The results were treated using
Kaluza Analysis 1.1.11052.10190 software.

5.2. Synthesis

5.2.1. Thiol-Mediated Uptake of Vesicles

o Compound 41 was synthesized following a published

OH [182]
protocol.
Se—Se

ﬁ:} Compound 48 was synthesized following a published
N

o}
o
S/j)LO' protocol 11671701
s 0 '

Compound 50 was synthesized following a published

o
0
N
(S_\’SW o &  protocol 158

H Compound 57 was synthesized following a published

~N.
2N b protocol [175-176]
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Compound 45. Compound 44 (1780

NN NHFmoc g, 2.74 mmol) was dissolved in dry
DMF (40 mL) at 0 °C. HATU (1050
HN
, 2.77 1) and TEA (500 pL, 3.58
HNP~NHPbF Mo mmol) an (500 1

mmol) were added followed by DA
(524 mg, 2.83 mmol) after 90 s. The solution was allowed to warm up from 0
°C to rt and stirred for 4 h under Ar atmosphere. EtOAc (100 mL) was then
added and the organic layer was washed with H,O, diluted KHSO, (pH 6.0),
LiCl (5%) and brine (2 x 50 mL each). The organic layer was then dried with
Na2SO. and evaporated under reduced pressure. The mixture was purified by a
flash column chromatography (SiO2, CH2Cly/MeOH 97:3 to 9:1, Rf 0.6 in
CHCl,/MeOH 99:1) to give 45 as a sticky pale orange solid (1750 mg, 78%).
Mp: 73 — 74 °C; [a]p®: +3.7 (¢ 0.10, CHCI3); IR (neat): 3327 (w), 3136 (w),
2923 (m), 2853 (m), 1664 (w), 1620 (m), 1549 (s), 1448 (m), 1405 (w), 1370
(w), 1348 (w), 1291 (w), 1244 (m), 1192 (w), 1147 (m), 1100 (s), 1033 (w),
1011 (w), 993 (w), 967 (w), 900 (w), 845 (m), 816 (m), 785 (m), 725 (s), 658
(s), 642 (s), 618 (s), 564 (s), 529 (m), 517 (s); *H NMR (400 MHz, CD3;0D):
7.80 (d, 3J (H,H) = 7.6 Hz, 2H), 7.69 — 7.64 (m, 2H), 7.39 (t, 3J (H,H) = 7.4 Hz,
2H), 7.34 — 7.25 (m, 2H), 4.40 (d, 3J (H,H) = 6.7 Hz, 2H), 4.22 (t, 3] (H,H) =
6.7 Hz, 1H), 4.08 — 4.04 (m, 1H), 3.19 — 3.16 (m, 4H), 2.98 (s, 2H), 2.60 (s,
3H), 2.53 (s, 3H), 2.08 (s, 3H), 1.76 — 1.44 (m, 12H), 1.32 — 1.22 (m, 18H),
0.90 (t, 3 (H,H) = 6.8 Hz, 3H); 3C NMR (101 MHz, CD;0D): 173.1 (C),
158.5 (C), 156.9 (C), 156.7 (C), 143.9 (C), 143.7 (C), 141.2 (C), 138.0 (C),
132.9 (C), 132.1 (C), 127.4 (2xCH), 126.8 (2xCH), 124.8 (2xCH), 124.6 (2xC),
119.5 (2xCH), 117.0 (C), 86.2 (C), 66.4 (CHy), 54.8 (CH), 47.1 (CH), 42,5
(CHy), 39.0 (CHy), 31.7 (CHy), 29.4 (2xCH,), 29.3 (4xCH2), 29.1 (2xCH,),
29.0 (CH2), 28.9 (CHy), 27.3 (2xCHs), 26.5 (CH2), 22.3 (CH2), 18.2 (CHa),
17.0 (CHs), 13.0 (CH3), 11.1 (CHs); MS (ESI, MeOH): 817 (100, [M+H]").
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o Compound 46. To a solution of 45 (1750

NN NH> mg, 2.14 mmol) dissolved in CHCl,,
H

DBU (1.6 mL, 11 mmol) was added and

HIN the solution was stirred for 3 h. The

HNJ\NHbe ]
mixture was concentrated under reduced

pressure and purified by a flash column chromatography (SiOg,
CH.Cl/MeOH/TEA 97:3:0.1 to 9:1:0.1, Rf 0.5 in CH,Cl,/MeOH 17:3) to give
46 as a sticky pale yellow solid (1420 mg, 94%). Mp: 97 — 98 °C; [a]p?% +28 (c
0.10, CHCI3); IR (neat): 3294 (w), 3130 (w), 2920 (m), 2852 (m), 1621 (m),
1545 (s), 1452 (m), 1421 (m), 1406 (m), 1374 (m), 1338 (W), 1296 (m), 1263
(m), 1206 (m), 1172 (m), 1152 (m), 1113 (s), 1087 (s), 1034 (m), 990 (m), 972
(m), 931 (w), 904 (w), 851 (m), 821 (m), 780 (m), 732 (m), 662 (s), 639 (s),
621 (s), 594 (m), 567 (s), 528 (m), 521 (m), 514 (m); 'H NMR (400 MHz,
CDCls): 7.56 (s, 1H), 6.59 (s, 1H), 6.44 (s, 2H), 3.54 — 3.51 (m, 1H), 3.27 —
3.17 (m, 4H), 2.97 (s, 2H), 2.59 (s, 3H), 2.52 (s, 3H), 2.11 (s, 3H), 1.83 — 1.79
(m, 1H), 1.66 — 1.60 (m, 3H), 1.32 — 1.26 (m, 18H), 0.90 (t, J (H,H) = 6.8 Hz,
3H); C NMR (101 MHz, CDCls): 172.8 (C), 158.8 (C), 156.6 (C), 138.2 (C),
132.6 (C), 132.2 (C), 124.7 (C), 117.6 (C), 86.4 (C), 53.8 (CH), 43.2 (CH2),
39.7 (CHy), 31.9 (CHy), 31.0 (CHy), 29.7 (3XCH>), 29.6 (CH,), 29.5 (CH,),
29.4 (2xCH,), 29.2 (CHy), 28.6 (2XCHs3), 27.1 (CH,), 25.3 (CHs), 22.7 (CH>),
19.3 (CHs), 18.0 (CHs3), 14.1 (CHs), 12.5 (CHs); MS (ESI, MeOH): 595 (100,
[M+HT").

o Compound 47. Compound 46 (262 mg,
/\/\/\/\/\/\” NHz 370 umol) was dissolved in a solution of
TFA/CHCI3 1:1 (40 mL). The solution was

H stirred at rt for 2 h and concentrated under

HNJ\NHZ
reduced pressure before purification by

trituration in Et,O (50 mL). The solid was dried in vacuo overnight to give 47
as a colorless hygroscopic solid (183 mg, 87%). [a]p?% +31 (¢ 0.10, CH3;0H);
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IR (neat): 3287 (w), 3189 (w), 3110 (w), 2925 (m), 2855 (m), 1660 (s), 1579
(m), 1467 (m), 1435 (m), 1370 (w), 1271 (w), 1183 (s), 1132 (s), 963 (W), 839
(m), 801 (M), 722 (s), 674 (m), 586 (M), 549 (m), 539 (m), 517 (s), 510 (s), 501
(m); *H NMR (400 MHz, CDs0D): 3.78 (t, 3J (H,H) = 6.2 Hz, 1H), 3.15 — 3.12
(m, 4H), 1.89 — 1.78 (m, 2H), 1.63 — 1.54 (m, 2H), 1.48 — 1.41 (m, 2H), 1.27 —
1.19 (m, 18H), 0.80 (t, 3J (H,H) = 6.8 Hz, 3H); *C NMR (101 MHz, CDs0D):
168.2 (C), 157.2 (C), 52.7 (CH), 40.4 (CHy), 39.3 (CH,), 31.7 (CHy), 29.4
(3XCH>), 29.3 (CHy), 29.1 (CHy), 29.0 (CHy), 28.9 (CHy), 28.4 (CH,), 26.6
(CHy), 24.1 (CH,), 22.3 (CH,), 13.0 (CHs); MS (ESI, MeOH): 343 (100,
[M+H]*).

0 u S‘s Compound 43. To a solution of 47
/\/\/\/W\H?/N\(r)([/ (43 mg, 75 umol) dissolved in dry
CH.CI/DMF 4:1 (5 mL), compound

HJN\ 48 (35 mg, 140 pmol) was added

before the addition of TEA (80 pL,

540 pmol). The solution was stirred for 2 h before to be concentrated under

HN? NH,

reduced pressure at 30 °C and purified by trituration in Et,O. The solid was
purified by semi-preparative HPLC (R: 16.3 min) to give compound 43 as a
colorless solid (14 mg, 32%). Mp: 96 — 98 °C; [a]p®®: —11 (c 0.10, CHCI3); IR
(neat): 3287 (m), 2921 (m), 2853 (w), 1635 (s), 1546 (m), 1468 (w), 1435 (w),
1374 (w), 1204 (m), 1182 (m), 1129 (m), 990 (w), 956 (w), 840 (m), 800 (m),
722 (m), 675 (m), 663 (m), 639 (m), 608 (m), 596 (m), 575 (m), 552 (m), 536
(m), 509 (s), 500 (s); *H NMR (400 MHz, CD;OD): 4.23 (dd, 3J (H,H) = 8.2
Hz, 5.8 Hz, 1H), 3.32 — 3.05 (m, 9H), 1.79 — 1.70 (m, 1H), 1.63 — 1.38 (m, 5H),
1.23 — 1.19 (m, 18H), 0.80 (t, %J (H,H) = 6.8 Hz, 3H); *C NMR (101 MHz,
CD3;0D): 172.8 (C), 172.0 (C), 157.2 (C), 53.0 (CH), 51.4 (CH), 42.3 (CHy),
41.9 (CHy), 40.5 (CHy), 39.1 (CHy), 31.7 (CHy), 29.4 (CHy), 29.3 (3xCHy),
29.1 (CHy), 29.0 (3xCHy), 26.6 (CH,), 25.0 (CHy), 22.3 (CHy), 13.0 (CHs); MS
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(ESI, MeOH): 475 (100, [M+H]"); HRMS (ESI, +ve) calcd. for
CooHadNs0,S,*: 474.2931, found: 474.2933.

o] HML/\S Compound 49. To a solution
NN ﬂij I S° of 47 (20 mg, 35 pmol)
N dissolved in CH,Cl,/DMF 1:1
HNJ\NHZ (2 mL), compound 50 (13 mg,
42 pmol) and TEA (50 pL, 370 pmol) were added and the solution was stirred
under Ar atmosphere at rt for 2.5 h. The solution was then concentrated under
reduced pressure at 30 °C and purified by trituration in Et,O. The solid was
dried in vacuo overnight and purified by semi-preparative HPLC (R 17.2 min)
to give compound 49 as a colorless solid (11 mg, 48%). Mp: 116 — 118 °C; IR
(neat): 3287 (m), 3192 (w), 2923 (m), 2853 (m), 1633 (s), 1539 (m), 1466 (m),
1435 (m), 1371 (w), 1312 (w), 1253 (w), 1200 (m), 1180 (s), 1130 (s), 968 (W),
926 (w), 893 (w), 837 (m), 800 (m), 721 (m), 648 (m), 590 (m), 529 (m), 509
(s); *H NMR (300 MHz, CDs0OD): 4.34 (dd, 3J (H,H) = 7.8 Hz, 5.5 Hz, 1H),
3.66 — 3.54 (m, 1H), 3.25 — 3.07 (m, 6H), 2.48 (sext, 3J (H,H) = 6.7 Hz, 1H),
2.29 (t, 3J (H,H) = 7.3 Hz, 2H), 1.96 — 1.42 (m, 13H), 1.33 — 1.31 (m, 18H),
0.92 (t, % (H,H) = 6.5 Hz, 3H); **C NMR (101 MHz, CD;0OD): 174.6 (C),
172.3 (C), 157.2 (C), 56.2 (CH), 52.7 (CH), 40.6 (CH,), 39.9 (CHy), 39.1
(CHy), 37.9 (CHy), 35.2 (CH,), 34.4 (CHy), 31.7 (CHy), 29.4 (2xCHy), 29.3
(2xCHy), 29.1 (CHy), 29.0 (2xCHy), 28.5 (2xCH,), 26.6 (CH,), 25.2 (CH,),
25.0 (CHy), 22.3 (CHy), 13.0 (CHs); MS (ESI, MeOH): 530 (100, [M+H]");
HRMS (ESI, +ve) calcd. for C2sHs1N50,S,*: 530.3557, found: 530.3559.

Compound 51. To a solution of

(0]
O H \
H?N\“/\/N 52 (47 mg, 280 pmol) in DMF (1.5
fo) (0]

mL) were added sequentially a
Hj\ solution of HBTU (114 mg, 300
HN? NH,
pmol) in DMF (2 mL), TEA (100
pL, 741 pmol) and a solution of compound 46 (92 mg, 160 pmol) in
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DMF/CHCI; (4:1, 5 mL) at 0 °C. The solution was allowed to warm up to rt
and stirred for 2 h. After 2 h, TEA (100 pL, 741 umol) was added and the
solution was stirred for 3 h at rt. The solution was concentrated under reduced
pressure and purified by trituration in Et;O. The solid was dried in vacuo
overnight and purified by semi-preparative HPLC (R; 14.5 min) to give
compound 51 as a colorless solid (35 mg, 36%). Mp: 118 — 119 °C; [a]p®: —13
(c 0.50, MeOH); IR (neat): 3350 (w), 3285 (w), 2923 (w), 2853 (w), 1695 (m),
1635 (m), 1542 (w), 1532 (w), 1464 (w), 1409 (w), 1377 (w), 1319 (w), 1201
(m), 1184 (m), 1129 (m), 957 (w), 831 (w), 800 (w), 721 (w), 695 (m), 590 (m),
569 (w), 555 (w), 544 (w), 530 (m), 511 (s); *H NMR (400 MHz, CD3CN):
8.06 (s, 1H), 7.08 (d, 3J (H,H) = 7.7 Hz, 1H), 6.81 (s, 1H), 6.77 (s, 2H), 4.23 —
4.18 (m, 1H), 3.77 — 3.69 (m, 2H), 3.22 — 3.09 (m, 4H), 2.51 (t, 3 (H,H) = 7.0
Hz, 2H), 1.82 — 1.79 (m, 1H), 1.66 — 1.56 (m, 3H), 1.47 — 1.43 (m, 2H), 1.35 —
1.27 (m, 18H), 0.91 (t, 3J (H,H) = 6.6 Hz, 3H); 13C NMR (101 MHz, CDsCN):
171.7 (C), 171.4 (C), 171.1 (C), 159.3 (C), 158.1 (C), 134.9 (2xCH), 53.1 (CH),
41.2 (CHy), 39.4 (CHy), 34.8 (CH,), 34.6 (CHy), 32.2 (CHy), 30.0 (CH>), 29.9
(3XCHy), 29.7 (2xCH2), 29.6 (2xCHz2), 27.1 (CH2), 25.0 (CHy), 23.0 (CHy),
14.0 (CHs); MS (ESI, CH3CN): 494 (100, [M+H]*); HRMS (ESI, +ve) calcd.
for CasHasNsO4*: 493.3497, found: 493.3485.

O H Compound 54. To a solution of 46 (114

N
M \Cf)l/ mg, 161 pumol) dissolved in dry CH2Cl; (5
mL), acetyl chloride was added (50 pL,

HN
HNJ\NHbe 370 pmol) and the solution was stirred at

rt. After 1.5 h, TEA (70 uL, 520 pmol) was added and the solution was stirred
for 30 min at rt. The reaction mixture was concentrated under reduced pressure
and purified by a flash column chromatography (CH,CIl/MeOH 97:3 to 9:1, Rs
0.4 in CH2Cl,/MeOH 9:1) to give 54 as a pale yellow solid (96 mg, 94%). Mp:
91 — 92 °C; [a]p®: —17 (¢ 0.10, CHCls); IR (neat): 3266 (w), 3071 (w), 2975
(W), 2926 (m), 2855 (w), 2607 (w), 2532 (w), 2498 (w), 1633 (m), 1555 (m),
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1445 (m), 1398 (m), 1371 (m), 1331 (w), 1289 (m), 1260 (w), 1241 (w), 1208
(w), 1166 (m), 1143 (m), 1091 (m), 1036 (w), 992 (), 970 (w), 905 (w), 851
(w), 807 (m), 781 (w), 732 (m), 719 (w), 660 (m), 541 (s), 612 (M), 565 (s),
536 (s), 523 (s), 511 (M); *H NMR (400 MHz, CDCls): 7.26 (br s, 1H), 7.13 (d,
33 (H,H) = 8.0 Hz, 1H), 6.39 (s, 3H), 4.50 — 4.44 (m, 1H), 3.32 — 3.15 (m, 4H),
2.97 (s, 2H), 2.59 (s, 3H), 2.52 (s, 3H), 2.11 (s, 3H), 2.02 (s, 3H), 1.88 — 1.81
(m, 1H), 1.75 — 1.44 (m, 11H), 1.33 — 1.25 (m, 18H), 0.89 (t, 3J (H,H) = 6.8 Hz,
3H); 3C NMR (101 MHz, CDCls): 171.9 (C), 171.0 (C), 158.8 (C), 156.5 (C),
138.2 (C), 132.6 (C), 132.2 (C), 124.7 (C), 117.6 (C), 86.5 (C), 53.4 (CH), 43.2
(CH,), 39.7 (CH), 30.2 (CHy), 29.7 (3XCHy), 29.6 (2XCHy), 29.4 (CHy), 29.3
(2XCH), 28.6 (2xCHg), 27.0 (CHy), 25.6 (CH,), 23.1 (CHs), 22.7 (2XxCHy),
19.3 (CHs), 18.0 (CHs), 14.1 (CH3), 12.5 (CH3); MS (ESI, MeOH): 637 (100,
[M+HT).

0 H Compound 53. Compound 54 (91 mg,
NWW\H?/N\(T)I/ 140 pmol) was dissolved in TFA/CHCl3
HN 1:1 (8 mL) mixture and stirred for 3.5 h at

HNJ\NHZ rt. The solution was concentrated under

reduced pressure and purified by trituration in Et.O. The solid was purified by
semi-preparative HPLC (R: 14.2 min) to give 53 as a colorless solid (25 mg,
35%). Mp: 150 — 152 °C; [a]p?®% —9.9 (c 0.10, MeOH); IR (neat): 3277 (w),
3261 (w), 2917 (m), 2850 (w), 1640 (s), 1560 (m), 1472 (w), 1440 (w), 1393
(w), 1373 (w), 1341 (w), 1300 (w), 1266 (w), 1233 (w), 1209 (m), 1187 (m),
1120 (m), 1067 (w), 1040 (w), 1014 (w), 969 (w), 950 (w), 932 (w), 843 (w),
799 (w), 784 (w), 722 (m), 603 (m), 576 (m), 541 (m), 517 (m), 510 (m); H
NMR (400 MHz, CDs0D): 8.16 (d, 3J (H,H) = 7.7 Hz, 1H), 8.04 (br t, 3J (H,H)
= 5.3 Hz, 1H), 4.36 — 4.30 (m, 1H), 3.25 — 3.17 (m, 4H), 3.23 — 3.07 (m, 6H),
2.02 (s, 3H), 1.89 — 1.81 (m, 1H), 1.72 — 1.58 (m, 3H), 1.56 — 1.48 (m, 2H),
1.36 — 1.31 (m, 18H), 0.92 (t, 3J (H,H) = 6.8 Hz, 3H); 3C NMR (101 MHz,
CD3;0D): 172.3 (C), 172.0 (C), 157.2 (C), 52.9 (CH), 40.6 (CH2), 39.1 (CHy),
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31.7 (CH,), 29.4 (CHy), 29.3 (3xCH2), 29.1 (CH,), 29.0 (2xCH5), 28.9 (CHy),
26.6 (CH2), 24.9 (CHy), 22.3 (CHy), 21.1 (CHs), 13.0 (CHs); MS (ESI, MeOH):
385 (100, [M+H]*); HRMS (ESI, +ve) calcd. for CaHaNsO»": 384.3333,
found: 384.3331.
FW\WH\/\N’TH Compound 59. Compound 58 (146 mg,
Ft FFEFEFE 0 H 296 pumol) was dissolved in dry DMF (3
mL) and cool down to 0 °C. HBTU (124 mg, 327 pumol), TEA (100 uL, 741
pmol) and 57 (92 mg, 300 pmol) were successively added and the reaction was
stirred for 3 h at rt. EtOAc (100 mL) were added and the organic layer was
washed with H,O, LiCl (5%) and brine (2 x 30 mL each). The organic layer
was dried with Na,SO, and evaporated by reduced pressure. The mixture was
purified by a flash column chromatography (SiO2, CH,Cl,/MeOH 99:1, Rt 0.6
in CH2Cl,/MeOH 97:3) to give 59 as a colorless solid (179 mg, 78%). Mp: 58 —
59 °C; IR (neat): 3317 (w), 1669 (w), 1633 (m), 1599 (w), 1565 (w), 1534 (w),
1491 (w), 1448 (w), 1371 (w), 1334 (w), 1237 (m), 1197 (s), 1145 (s), 1117
(m), 1100 (m), 1034 (W), 982 (W), 960 (W), 903 (W), 849 (w), 778 (m), 749 (m),
700 (s), 656 (s), 621 (M), 607 (M), 585 (M), 558 (s), 530 (M), 518 (M), 504 (M);
IH NMR (400 MHz, CDCls): 7.38 — 7.35 (m, 6H), 7.23 — 7.19 (m, 6H), 7.15 —
7.11 (m, 3H), 5.75 (t, 3J (H,H) = 5.6 Hz 1H), 3.30 (q, 3J (H,H) = 5.9 Hz, 2H),
2.51 — 2.38 (m, 4H), 2.26 (t, 3J (H,H) = 6.0 Hz, 2H); 3C NMR (101 MHz,
CDCls): 169.8 (C), 145.6 (3xC), 128.5 (6xC), 127.9 (6xC), 126.5 (3xC), 70.7
(C), 43.3 (CHy), 40.3 (CH,), 27.2 — 26.8 (m, 2xCH,); °F NMR (282 MHz,
CDCls): —80.7 (tt, 3J (F,F) = 9.9 Hz, 4J (F,F) = 2.2 Hz, 3F), —114.5 (t, *J (F.F) =
15.3 Hz, 2F), —121.6 to —121.9 (m, 6F), —122.7 (br s, 2F), —123.4 (br s, 2F), —
126.0 to —126.1 (m, 2F).

RFRFRFRF H Compound 60. Compound 59 (175 mg,
FW/\WN\/\NH . .
FL e FFF o 2 225 umol) was dissolved in TFA/CH2Cl>
(95:5) solution and stirred for 1 h at rt. The solution was concentrated by

reduced pressure and purified by a flash column chromatography (SiOo,
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CH,Cl/MeOH/TEA 97:3:0.1, R 0.3 in CH2Cly/MeOH 17:3) to give 60 as a
pale yellow oil (74 mg, 61%). IR (neat): 1665 (s), 1555 (w), 1439 (w), 1430
(w), 1369 (w), 1331 (w), 1235 (m), 1197 (s), 1141 (s), 1134 (s), 1036 (w), 978
(w), 871 (w), 836 (w), 800 (w), 722 (m), 704 (m), 655 (m), 619 (w), 603 (w),
591 (w), 570 (m), 557 (m), 541 (m), 518 (s); *H NMR (400 MHz, CDs;0OD):
3.47 (t, 3J (H,H) = 6.0 Hz, 2H), 3.05 (t, %J (H,H) = 6.0 Hz, 2H), 2.61 — 2.49 (m,
4H); 3C NMR (101 MHz, CD30D): 172.6 (C), 161.9 (CF»), 161.5 (CF»), 118.3
(CFy), 115.4 (CFy), 112.5 (CF3), 78.2 (CFy), 77.9 (CFy), 77.5 (CF,), 39.5 (CHy),
37.2 (CHy), 26.4 — 25.9 (m, 2xCH,); *F NMR (282 MHz, CD;0D): -82.4 (tt,
3 (F,F) =10.9 Hz, 4J (F,F) = 2.1 Hz, 3F), -115.6 to —115.8 (m, 2F), -122.7 to —
123.0 (m, 6F), —123.7 (br s, 2F), —124.6 (br s, 2F), -127.3 (br s, 2F); MS (ESI,
MeOH): 535 (100, [M+H]*).

EFEFRFEF H o) Compound 61. Compound 44
FW/\WN\/\N?/NHFmOC
FL E R FF 3 H (104 mg, 159 pmol) was
HN dissolved in dry DMF (2 mL) at
HNZ NHPbf 0 °C. HBTU (101 mg, 265 pmol
in 1 mL dry DMF) and TEA (50 pL, 370 umol) were added followed by 60 (70
mg, 108 pmol in 3 mL dry DMF) after 90 s. The solution was allowed to warm
up to rt and stirred for 3 h under Ar atmosphere. EtOAc (100 mL) was then
added and the organic layer was washed with H2O (2 x 20 mL), LiCl (5%, 2 x
20 mL) and brine (3 x 20 mL). The organic layer was then dried with Na;SO4
and concentrated under reduced pressure. The mixture was purified by a flash
column chromatography (SiOz, CH:Cly/MeOH 99:1 to 19:1, Rs 0.3 in
CH,CI,/MeOH 4:1) to give 61 as a colorless solid (165 mg, quant.). Mp: 105 —
107 °C; [a]p?®: +11 (c 0.10, CHCIs); IR (neat): 3319 (w), 1655 (w), 1622 (w),
1547 (m), 1450 (w), 1407 (w), 1370 (w), 1236 (m), 1204 (m), 1147 (m), 1100
(m), 1032 (w), 980 (w), 852 (w), 808 (w), 784 (w), 760 (w), 738 (m), 704 (w),
657 (m), 618 (M), 565 (M), 556 (M), 518 (s); 'H NMR (400 MHz, CDCls): 7.94
(s, 1H), 7.71 — 7.62 (m, 3H), 7.50 — 7.49 (m, 2H), 7.36 — 7.28 (m, 3H), 7.02 (s,
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1H), 6.11 (s, 3H), 5.94 (d, 3J (H,H) = 8.2 Hz 1H), 4.33 — 4.23 (m, 3H), 4.09 t,
33 (H,H) = 7.1 Hz, 1H), 3.34 — 3.20 (m, 6H), 2.86 (s, 2H), 2.53 — 2.27 (m, 10H),
1.63 — 1.49 (m, 4H), 1.35 (s, 6H); °C NMR (101 MHz, CDCls): 171.7 (C),
162.6 (C), 159.1 (C), 156.7 (C), 143.8 (C), 143.6 (C), 141.3 (2xC), 138.4 (C),
132.3 (C), 131.8 (C), 127.7 (2xCH), 127.0 (2xCH), 125.1 (C), 125.1 (2xCH),
1249 (C), 120.0 (2xCH), 117.8 (C), 86.6 (C), 67.0 (CH,), 53.9 (CH), 47.1
(CH), 43.1 (CHy), 40.0 (CHy), 39.5 (CH3), 39.4 (CH,), 36.6 (CH,), 31.5 (CH),
28.5 (2xCHs), 26.8 — 26.7 (m, 2xCHy), 19.3 (CHs), 18.0 (CHs), 12.4 (CH3); °F
NMR (282 MHz, CDCls): ~80.8 (tt, J (F,F) = 10.4 Hz, J (F,F) = 2.3 Hz, 3F), -
114.6 (t, J (F.F) = 13.5 Hz, 2F), -121.7 to ~121.9 (m, 6F), —122.7 (br s, 2F), —
1235 (br s, 2F), ~126.0 to ~126.2 (m, 2F); MS (ESI, MeOH): 1165 (100,
[M+HT).

FRFRFRFRF H o] Compound 62. To a solution of 61
FW/\WN\/\N?/NW ' ‘
FIT P5 ek J H (160 mg, 137 pmol) dissolved in

N CH,Cly/MeOH (4:1), DBU (300 pL,

HNPNHPbf 201 mmol) was added and the

solution was stirred for 3 h at rt. The mixture was concentrated under reduced
pressure and purified by a flash column chromatography (SiO,
CH.Cl/MeOH/TEA 9:1:0.1, Rs 0.4 in CH.Cl,/MeOH 4:1) to give 62 as a
colorless solid (118 mg, 81%). Mp: 88 — 90 °C; [a]p®: +17 (¢ 0.10, CHCI3); IR
(neat): 1653 (w), 1549 (w), 1449 (w), 1406 (w), 1372 (w), 1233 (w), 1203 (m),
1146 (m), 1095 (m), 1038 (w), 976 (w), 853 (W), 812 (W), 784 (w), 733 (W),
704 (w), 656 (W), 641 (W), 619 (W), 596 (W), 566 (W), 556 (W), 514 (s), 510 (s),
506 (m); H NMR (400 MHz, CDCls): 3.40 — 3.30 (m, 3H), 3.02 — 3.01 (m,
2H), 2.59 — 2.50 (m, 10H), 2.10 (s, 3H), 1.75 — 1.69 (m, 1H), 1.61 — 1.55 (m,
3H), 1.47 (s, 6H); 3C NMR (101 MHz, CDsOD): 171.7 (C), 158.5 (C), 156.8
(C), 137.9 (C), 132.8 (C), 132.1 (C), 124.6 (C), 117.0 (C), 111.1 (C), 86.3 (C),
54.0 (CH), 42.5 (CH,), 38.8 (CH.), 38.6 (CH.), 27.3 (2XCHs3), 26.3 — 26.2 (m,
2XCHy), 18.1 (CHs), 16.9 (CH3), 11.0 (CHs); °F NMR (282 MHz, CDsOD): —
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82.3 (tt, 3 (F,F) = 9.7 Hz, 4J (F,F) = 2.0 Hz, 3F), ~115.6 to ~115.7 (m, 2F), —
122.6 to —122.9 (m, 6F), —123.7 (br s, 2F), —124.5 (br s, 2F), —127.2 to ~127.3
(m, 2F); MS (ESI, MeOH): 944 (100, [M+H]").

EFEFRFERF H 0 Compound 63. Compound 62 (115
FW/\H,N\/\N?NHQ _
FE FFFFEFE u H mg, 109 pmol) was dissolved
TFA/CH,CI; 1:1 (6 mL) and stirred
N NH, at rt for 2 h. The mixture was
concentrated under reduced pressure and purified by trituration in Et,O. The
solid was dried in vacuo overnight to give 63 as a hygroscopic colorless solid
(47 mg, 47%). [a]o®: +1.3 (c 0.10, MeOH); IR (neat): 3268 (w), 3180 (w),
3089 (w), 2958 (w), 1660 (m), 1552 (w), 1447 (w), 1367 (w), 1349 (w), 1332
(w), 1200 (s), 1145 (s), 1073 (s), 975 (w), 871 (w), 801 (w), 777 (w), 703 (m),
654 (m), 605 (s), 576 (s), 556 (m), 516 (s), 506 (s); *H NMR (500 MHz,
CDsOD): 3.98 (t, 3] (H,H) = 6.5 Hz, 1H), 3.45 — 3.20 (m, 8H), 2.62 — 2.49 (m,
4H), 2.10 — 2.03 (m, 1H), 1.95 — 1.88 (m, 1H), 1.75 — 1.69 (m, 2H); *C NMR
(126 MHz, CD;0D): 171.8 (C), 169.1 (C), 157.3 (C), 52.4 (CH), 39.8 (CH>),
38.8 (CHy), 38.5 (CHy), 27.9 (CHy), 26.4 — 26.1 (m, 2xCH,), 23.2 (CH,); °F
NMR (282 MHz, CDs0OD): —82.4 (tt, 3J (F,F) = 10.0 Hz, 4J (F,F) = 2.2 Hz, 3F),
~115.6 to —115.7 (m, 2F), —-122.6 to —122.9 (m, 6F), —123.7 (br s, 2F), —124.5
(brs, 2F), -127.2 to —127.3 (m, 2F); MS (ESI, MeOH): 691 (100, [M+H]").

EFEFEFEF H Compound 55. To a solution

,E 1, ¢ N\/\H? of 63 (47 mg, 51 pmol)
dissolved in DMF/CHCl, 3:1

(3 mL), compound 48 (19 mg,
75 pmol in 1.5 mL CHCl,) and
TEA (100 pL, 741 pmol) was added and the solution was stirred at rt for 4 h
before the addition of 11 (31 mg, 124 umol) and TEA (100 pL, 741 umol). The

solution was stirred overnight before to remove the solvent by reduced

HN NH,

pressure. The solid was dissolved in MeOH and purified by semi-preparative
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HPLC (R: 12.5 min) to yield in compound 55 as a colorless solid (38 mg, 79%).
Mp: 116 — 118 °C; [a]p?: —14 (c 0.050, MeOH); IR (neat): 3101 (w), 2947 (w),
1653 (w), 1551 (w), 1467 (w), 1445 (w), 1351 (w), 1334 (w), 1198 (m), 1144
(m), 1110 (m), 1070 (m), 976 (w), 868 (w), 800 (w), 779 (w), 722 (w), 704 (w),
655 (w), 619 (w), 609 (m), 572 (m), 558 (m), 525 (m), 521 (m), 511 (s); H
NMR (500 MHz, CD3;0D): 4.31 (dd, 3J (H,H) = 8.2 Hz, 5.7 Hz, 1H), 3.44 —
3.20 (m, 11H), 2.58 — 2.52 (m, 4H), 1.90 — 1.84 (m, 1H), 1.73 — 1.62 (m, 3H);
13C NMR (126 MHz, CDs0D): 173.0 (C), 172.6 (C), 171.8 (C), 157.2 (C), 53.2
(CH), 51.4 (CH), 42.3 (CHy), 41.9 (CH>), 40.5 (CH), 38.9 (CH.), 38.6 (CH>),
28.7 (CHy), 26.5 — 26.1 (m, 2xCH), 24.9 (CHy); °F NMR (282 MHz,
CD30D): -82.3 (tt, %J (F,F) = 10.1 Hz, “J (F,F) = 2.3 Hz, 3F), -115.6 to —115.7
(m, 2F), —122.6 to —122.8 (m, 6F), —123.7 (br s, 2F), —124.4 (br s, 2F), —127.2
to —127.3 (m, 2F); MS (ESI, MeOH): 823 (100, [M+H]*); HRMS (ESI, +ve)
calcd. for CasH2sF17N603S,*: 823.1387, found: 822.1356.

Compound 65. Compound 44 (380

(0]
NHF
Z H moe mg, 586 umol) was dissolved in
dry DMF (6 mL) at 0 °C. HATU
HN
HNZ NHPbf (237 mg, 624 umol) and TEA (100
pL, 741 pmol) were added

followed by OA (164 mg, 613 pmol) after 90 s. The solution was allowed to
warm up to rt and stirred for 2.5 h under Ar atmosphere. EtOAc (100 mL) was
then added and the organic layer was washed with H,O, LiCl (5%) and brine (3
x 20 mL each). The organic layer was then dried with Na>SO, and concentrated
under reduced pressure. The mixture was purified by a flash column
chromatography (SiO2, CH2Cl,/MeOH 97:3, R¢ 0.4 in CH,Cl,/MeOH 19:1) to
give 65 as a pale yellow oil (419 mg, 79%). [a]o?%: —12 (c 0.10, CHCI3); IR
(neat): 3325 (w), 2925 (m), 2854 (w), 1710 (w), 1656 (w), 1618 (m), 1547 (m),
1450 (m), 1406 (w), 1371 (w), 1289 (w), 1243 (m), 1153 (m), 1094 (s), 1034
(m), 994 (w), 970 (w), 907 (w), 849 (w), 810 (w), 783 (w), 759 (m), 735 (s),
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660 (s), 641 (m), 619 (M), 558 (s), 536 (m), 514 (s), 511 (s); *H NMR (400
MHz, CDCls): 7.66 (d, 3J (H,H) = 7.6 Hz, 2H), 7.48 (d, 3J (H,H) = 7.4 Hz, 2H),
7.29 (t, 3 (H,H) = 7.4 Hz, 2H), 7.21 — 7.15 (m, 2H), 6.93 (s, 1H), 6.14 (s, 2H),
5.93 (br d, 3J (H,H) = 6.6 Hz 1H), 5.30 — 5.24 (m, 2H), 4.26 — 4.04 (m, 4 H),
3.24 - 3.08 (m, 4H), 2.84 (s, 2H), 2.51 (s, 3H), 2.43 (s, 3H), 2.00 (s, 3H), 1.93 —
1.89 (M, 4H), 1.79 — 1.76 (m, 1H), 1.53 — 1.35 (m, 11H), 1.53 — 1.35 (m, 11H),
1.25 — 1.14 (m, 22H), 0.80 (t, 3J (H,H) = 6.7 Hz, 3H); *C NMR (101 MHz,
CDCls): 171.8 (C), 158.9 (C), 156.6 (C), 156.4 (C), 143.7 (2xC), 141.2 (2xC),
138.4 (C), 132.6 (C), 132.3 (C), 129.9 (CH), 129.8 (CH), 127.7 (2xCH), 127.1
(2xCH), 125.1 (2xCH), 124.7 (C), 120.0 (2xCH), 117.6 (C), 86.4 (C), 67.1
(CH,), 54.3 (CH), 47.1 (CH), 43.2 (CH3), 39.8 (CH2), 32.6 (CH_), 31.9 (CH),
29.8 (CHp), 29.7 (2xCHy), 29.6 (CH,), 295 (3xCHy), 29.4 (CH,), 29.3
(3XCH>), 28.6 (2XCHs3), 27.2 (CHy), 27.0 (CH2), 25.4 (CHy), 22.7 (CH2), 19.3
(CHs), 18.0 (CHs), 14.1 (CHs), 12.5 (CHs); MS (ESI, MeOH): 899 (100,
[M+H]").

Compound 66. To a solution of 65

o]
Z NJ}(NHZ (415 mg, 462 pmol) in CH,Cl,, DBU
/H))/\/\/\/\: N (400 pL, 2.68 mmol) was added and the
HNPNHPbr | Solution was stirred for 1 h at rt. The
mixture was concentrated under

reduced pressure and purified by a flash column chromatography (SiOg,
CH,Cl,/MeOH/TEA 97:3:0.1 to 9:1:0.1, Rf 0.6 in CH,Cl./MeOH 17:3) to give
66 as a pale yellow oil (294 mg, 81%). [a]p?*: +12 (¢ 0.10, CHCI3); IR (neat):
3322 (w), 2924 (m), 2854 (m), 1618 (m), 1549 (s), 1453 (m), 1402 (w), 1370
(w), 1294 (w), 1249 (m), 1152 (m), 1097 (s), 1035 (w), 994 (w), 969 (w), 905
(w), 848 (m), 809 (m), 784 (m), 730 (m), 720 (m), 661 (s), 640 (s), 618 (s), 599
(m), 560 (s), 539 (s); *H NMR (400 MHz, CD3;0D): 5.41 — 5.34 (m, 2H), 3.40
(t, 3J (H,H) = 6.1 Hz, 1H), 3.24 — 3.15 (m, 4H), 3.02 (s, 2H), 2.59 (s, 3H), 2.53
(s, 3H), 2.10 — 1.98 (m, 7H), 1.73 — 1.67 (m, 1H), 1.59 — 1.45 (m, 11H), 1.33 —
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1.28 (m, 22H), 0.92 (t, 3J (H,H) = 6.7 Hz, 3H); *C NMR (101 MHz, CDsOD):
158.5 (C), 156.7 (C), 138.0 (C), 132.9 (C), 132.1 (C), 130.1 (C), 129.5 (CH),
129.4 (CH), 124.6 (C), 117.0 (C), 86.3 (C), 54.0 (CH), 42.6 (CH2), 39.0 (CH),
31.7 (CHp), 29.5 (CHp), 29.4 (3XCHy), 29.3 (2xCH;), 29.2 (2xCH_), 29.0
(3XCH>), 28.9 (CHy), 27.3 (2xCH3), 26.7 (2xCH5), 26.6 (CH,), 22.3 (CHb),
18.2 (CHs), 17.0 (CHs), 13.0 (CH3), 11.1 (CH3); MS (ESI, MeOH): 677 (100,
[M+HT).

Compound 67. Compound 66 (293

0
i ”?/NHZ mg, 371 pmol) was dissolved in
/H))/\N\/\:N TFA/CHCI; 1:1 (20 mL) and stirred at
HNJ\NH2 rt for 25 h. The mixture was
concentrated under reduced pressure

and purified by trituration in Et,O. The solid was dried in vacuo overnight to
give 67 as a pale yellow hygroscopic solid (250 mg, quant.). [a]p?% +7.1 (C
0.10, MeOH); IR (neat): 3301 (w), 3176 (w), 3116 (w), 2925 (m), 2855 (m),
1781 (w), 1665 (s), 1632 (m), 1570 (m), 1463 (w), 1373 (w), 1342 (w), 1292
(w), 1276 (w), 1200 (s), 1161 (s), 1135 (s), 1090 (s), 969 (w), 867 (m), 838 (m),
801 (m), 773 (m), 720 (s), 610 (s), 581 (s), 519 (m), 513 (s); H NMR (400
MHz, CD30D): 5.42 — 5.35 (m, 2H), 3.74 (t, 3 (H,H) = 6.5 Hz, 1 H), 3.27 —
3.22 (m, 4H), 2.05 — 1.79 (m, 5H), 1.70 — 1.54 (m, 5H), 1.36 — 1.31 (m, 22H),
0.92 (t, 3 (H,H) = 6.7 Hz, 3H); 3C NMR (101 MHz, CD;OD): 168.4 (C),
157.3 (C), 129.3 (CH), 127.9 (CH), 52.6 (CH), 40.1 (CH,), 39.3 (CH>), 33.3
(CHy), 32.2 (CHy), 31.7 (CHy), 29.4 (2xCH,), 29.2 (CH), 29.1 (CH,), 28.9
(3XCH3y), 28.2 (CHy), 26.6 (CHy), 24.7 (2xCHy), 23.6 (CHy), 22.3 (CHy), 13.0
(CHas); MS (ESI, MeOH): 425 (100, [M+H]").
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o y s Compound 64. To a solution of
S
z N NE(L 67 (42 mg 64 umol) in
CH.CL/DMF 31 (3 mL),
HN
HNJ\NHZ compound 48 (28 mg, 113 pmol)

in CH2Cl; (1 mL) and TEA (80
pL, 538 pmol) were added. The solution was stirred 2 h at rt under Ar
atmosphere before to be concentrated under reduced pressure at 30 °C and
purified by trituration in Et;O. The solid was purified by semi-preparative
HPLC (R: 19.9 min) to give 64 as a colorless solid (6 mg, 14%). Mp: 106 — 108
°C; [a]p?®% —17 (c 0.10, MeOH); IR (neat): 3286 (w), 2923 (m), 2853 (w), 1781
(w), 1708 (w), 1639 (s), 1547 (m), 1460 (w), 1372 (w), 1303 (w), 1216 (m),
1075 (s), 969 (m), 838 (w), 716 (m), 650 (s), 610 (s), 556 (s), 537 (s), 517 (S5);
!H NMR (500 MHz, CD30D): 5.41 — 5.53 (m, 2H), 4.35 (dd, 3J (H,H) = 8.3
Hz, 5.8 Hz, 1H), 3.34 — 3.16 (m, 9H), 2.07 — 1.98 (m, 3H), 1.90 — 1.83 (m, 1H),
1.74 — 1.51 (m, 6H), 1.38 — 1.31 (m, 22H), 0.92 (t, 3J (H,H) = 6.7 Hz, 3H); 1*C
NMR (126 MHz, CD3;0D): 172.8 (C), 172.0 (C), 157.2 (C), 130.1 (CH), 129.5
(CH), 53.0 (CH), 51.4 (CH), 42.3 (CH2), 41.9 (CH), 40.5 (CH>), 39.1 (CHy),
32.2 (CHy), 31.7 (CHy), 29.5 (CHy), 29.4 (2xCH>), 29.2 (CHy>), 29.0 (2xCHy),
28.9 (CHy), 28.8 (2xCHy), 26.8 (CH,), 26.7 (CH2), 26.6 (CH2), 25.0 (CHy),
22.3 (CHy), 13.1 (CHg3); MS (ESI, MeOH): 671 (40, [M+TFA+H]"), 556 (100,
[M+H]"); HRMS (ESI, +ve) calcd. for CasHsaNsO,S,*: 556.3713, found:
556.3722.

o Compound 73. To a solution of 41 (44 mg, 150 pmol)
o)

(Y\/\)L D in THF (5 mL), DCC (35 mg, 170 pmol) and NHS (23
o

seSe O mg, 200 pmol) were successively added and the
solution was stirred at rt under Ar atmosphere. After 18 h and the formation of
a precipitate, the mixture was filtered and dried under reduced pressure. The
mixture was purified by two flash column chromatography (SiO,
CH_Cly/acetone 97:3, Rf 0.6 in CH.Cly/acetone 97:3 and PE/EtOAc 1:1, Rf 0.6
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in PE/EtOAC 4:6) to give 73 as a dark brown oil (39 mg, 53%). IR (neat): 2933
(w), 1812 (w), 1781 (w), 1730 (s), 1456 (w), 1427 (w), 1364 (w), 1296 (w),
1248 (w), 1201 (s), 1152 (w), 1064 (s), 994 (w), 877 (w), 813 (w), 766 (w), 734
(w), 696 (w), 647 (m), 578 (w), 558 (W), 542 (w), 518 (w), 513 (w); *H NMR
(400 MHz, CDClg): 3.91 — 3.78 (m, 1H), 3.31 — 3.20 (m, 2H), 2.95 — 2.84 (m,
1H), 2.77 (s, 4H), 2.61 — 2.42 (m, 3H), 1.82 — 1.65 (m, 4H), 1.57 — 1.43 (m,
2H); C NMR (101 MHz, CDCls): 169.1 (2xC), 168.4 (C), 52.2 (CH), 45.6
(CHy), 35.1 (CHy), 30.8 (CH,), 29.3 (CH,), 25.6 (2xCH,), 24.3 (2xCHy);
UHPLC-MS: 399 (100, [M+H]*).

o HMSe Compound 72. To solution
s NJ\LNLO S of 47 (88 mg, 260 pmol) in
NH DMF (1 mL), a solution of
HN"SNH 73 (128 mg, 320 pmol) in
DMF (0.5 mL) and TEA (70 uL, 520 umol) were successively added and the
solution was stirred at rt under Ar for 5 h. The solution was then purified by
trituration in Et,O and semi-preparative HPLC to give 72 as a colorless solid
(39 mg, 21%). IR (neat): 3448 (br, w), 2998 (w), 2914 (w), 1660 (w), 1436
(w), 1408 (w), 1312 (w), 1045 (s), 1025 (s), 952 (m), 934 (m), 899 (w), 823
(w), 760 (w), 698 (m), 668 (m), 613 (m), 593 (m), 580 (M), 565 (M), 547 (m),
525 (m), 513 (s); *H NMR (400 MHz, DMSO-dg): 7.93 (d, 3J (H,H) = 8.1 Hz,
1H), 7.86 (t, 3J (H,H) = 6.1 Hz, 1H), 7.52 (t, 3] (H,H) = 5.7 Hz, 1H), 4.28 — 4.16
(m, 1H), 3.99 — 3.85 (m, 1H), 3.32 — 3.28 (m, 2H), 3.12 — 2.98 (m, 4H), 2.94 —
2.81 (m, 1H), 2.47 — 2.34 (m, 1H), 2.14 (t, 3J (H,H) = 7.3 Hz, 2H), 1.83 - 1.71
(m, 1H), 1.69 — 1.54 (m, 2H), 1.54 — 1.20 (m, 27H), 0.85 (t, 3J (H,H) = 7.1 Hz,
3H); 33C NMR (126 MHz, DMSO-ds): 172.5 (C), 171.6 (C), 157.1 (C), 53.3
(CH), 52.5 (CH), 45.6 (CH), 40.9 (CHy), 38.9 (CH,), 35.4 (CH), 35.3
(2xCHy), 31.8 (CH2), 30.2 (CHy), 29.8 (2xCHy), 29.7 (CHy), 29.5 (3xCHy),
29.2 (2xCHy), 26.8 (CH2), 25.6 (CH.), 25.5 (CH2), 22.6 (CH), 14.4 (CHa);
UHPLC-MS: 626 (100, [M+H]*).
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5.2.2. Delivery of Diselenide Probes

o] Compound 40 was synthesized following a published
ss/j)k OH " protocol (114
Se

HO. 0 0
O / Compound 76 was synthesized following a
O COOH published protocol.™!

H
HN N~
S

NH, 0 . .
e \n/'\’se'S e’\HLo/ Compound 80 was synthesized following a
o)

NH published protocol.[*84

5 © Compound 75. To a solution of 40 (111 mg, 456 umol) in

SQ)LO_N THF (5 mL), DCC (110 mg, 531 umol) and NHS (60.5 mg,
Se © 5 pmol) were successively added and the solution was
stirred at rt under Ar atmosphere. After 22 h and the formation of a precipitate,
the mixture was filtered and dried under reduced pressure. The mixture was
purified by flash column chromatography (SiO2, CH.Cl./acetone 49:1, Rf 0.6 in
CHaCl,/acetone 24:1) to yield 75 as a dark brown oil (75.7 mg, 49%). IR (neat):
2931 (w), 2854 (w), 1808 (w), 1779 (m), 1727 (s), 1652 (w), 1423 (w), 1408
(w), 1359 (m), 1293 (w), 1247 (w), 1197 (s), 1063 (s), 992 (m), 934 (w), 909
(m), 809 (m), 725 (s), 643 (s), 577 (m), 554 (m), 513 (s), 509 (s), 501 (m); *H
NMR (400 MHz, CDCls): 3.83 (quint, 3J (H,H) = 6.9 Hz, 1H), 3.63 — 3.57 (m,
4H), 2.78 (s, 4H); 3C NMR (101 MHz, CDCls): 168.7 (2xC), 168.3 (C), 52.7
(CH), 31.6 (2xCH), 25.6 (2xCH.); UHPLC-MS: 343 (100, [M+H]*).
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Compound 74. To a solution of 75 (61 mg,

HO o o]
O / 180 pmol) in DMF (0.5 mL), 76 (82 mg, 180
O COOH umol) in DMF (2.5 mL) was added and the
H o solution was stirred for 4 h at rt. The mixture
HNTN\/\NJKE\
S H S,ze was purified by trituration in Et;,O (3 x 15

mL), reverse phase flash chromatography (90% H>O / 10% CH3CN + 0.1%
TFA to 10% H,0 / 90% CHsCN + 0.1% TFA) and semi-preparative HPLC
(40% H>0O / 60% CH3CN + 0.1% TFA to 30% H,0 / 70% CHsCN + 0.1% TFA
in 10 min, Ry = 4.8 min) to yield 74 as an orange solid (14 mg, 12%). Mp: 165 —
166 °C; IR (neat): 3244 (w), 3064 (w), 2929 (w), 2585 (w), 1635 (m), 1589
(m), 1534 (s), 1454 (m), 1383 (m), 1306 (m), 1268 (s), 1175 (s), 1117 (s), 992
(m), 966 (m), 915 (m), 843 (m), 795 (m), 764 (m), 718 (m), 694 (m), 668 (m),
639 (m), 596 (m), 574 (s), 546 (m), 522 (s), 514 (s), 509 (s); *H NMR (400
MHz, DMSO-dg): 10.12 (br s, 1H), 10.01 (s, 1H), 8.29 (t, 3J (H,H) = 5.7 Hz,
1H), 8.17 (d, 3 (H,H) = 1.9 Hz, 1H), 8.05 (br s, 1H), 7.73 (br d, 3J (H,H) = 8.3
Hz, 1H), 7.19 (d, 3J (H,H) = 8.3 Hz, 1H), 6.68 (d, *J (H,H) = 2.3 Hz, 2H), 6.62
(d, 3 (H,H) = 8.7 Hz, 2H), 6.57 (dd, 3J (H,H) = 8.7, 4J (H,H) = 2.3 Hz, 2H),
3.56 — 3.52 (M, 2H), 3.37 — 3.29 (m, 4H), 3.24 — 3.16 (m, 1H); *C NMR (126
MHz, DMSO-ds): 181.2 (C), 172.2 (C), 168.9 (C), 159.9 (2xC), 158.2 (C),
152.3 (2xC), 147.9 (C), 141.4 (C), 130.5 (CH), 129.5 (2xCH), 127.1 (C), 124.7
(CH), 117.6 (CH), 113.0 (2xCH), 110.1 (2xCH), 102.7 (2xCH), 57.3 (CH),
43.9 (CHy), 38.6 (CHy), 33.9 (1 (Se,C) = 68 Hz, 2xCH,); UHPLC-MS: 678
(100, [M+H]".

HO o 0 Compound 77. To a solution of 76 (38
O / mg, 84 umol) in DMF (1 mL), 73 (31
O COOH mg, 78 umol) in DMF (1 mL) was

H O - -
HNTN\/\NJ\/\/‘HQ added and the solution was stirred for 3
s H Sege N at rt. The mixture was purified by

trituration first in Et,0 (3 x 15 mL) and then in EtOAc (2 x 10 mL), and semi-
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preparative HPLC (90% H>O / 10% CHsCN + 0.1% TFA to 10% H,0 / 90%
CH3CN + 0.1% TFA in 30 min, Ry = 22.6 min) to yield 77 as a pale brown solid
(8 mg, 14%). Mp: 131 — 132 °C; IR (neat): 3266 (w), 3059 (w), 2927 (w), 2585
(w), 1671 (w), 1590 (s), 1538 (s), 1455 (m), 1424 (m), 1384 (m), 1308 (s), 1272
(s), 1192 (s), 1175 (s), 1119 (s), 994 (w), 972 (w), 916 (m), 848 (m), 795 (m),
765 (m), 719 (m), 692 (m), 669 (m), 638 (m), 598 (s), 581 (s), 564 (), 546 (s),
529 (s), 502 (s); *H NMR (500 MHz, DMSO-dg): 10.13 (br s, 1H), 10.04 (s,
1H), 8.18 (s, 1H), 8.05 (br s, 1H), 8.00 (br s, 1H), 7.73 (br s, 1H), 7.19 (d, %J
(H,H) = 8.2 Hz, 1H), 6.68 (d, 4J (H,H) = 2.4 Hz, 2H), 6.62 (d, 3J (H,H) = 8.7
Hz, 2H), 6.57 (dd, 3J (H,H) = 8.7 Hz, ] (H,H) = 2.4 Hz, 2H), 3.94 — 3.88 (m,
1H), 3.63 — 3.53 (m, 2H), 3.32 — 3.25 (m, 4H), 2.87 — 2.80 (m, 1H), 2.44 — 2.36
(m, 1H), 2.09 (t, 3 (H,H) = 7.4 Hz, 2H), 1.79 — 1.71 (m, 1H), 1.63 — 1.47 (m,
3H), 1.32 (quint, 3J (H,H) = 7.7 Hz, 2H); **C NMR (126 MHz, DMSO-ds):
181.1 (C), 173.1 (C), 168.9 (C), 160.1 (C), 160.0 (2xC), 152.4 (2xC), 147.8
(C), 141.4 (C), 130.3 (CH), 129.5 (2xCH), 127.2 (C), 124.7 (CH), 117.5 (CH),
113.0 (2xCH), 110.2 (2xCH), 102.7 (2xCH), 53.3 (*J (Se,C) = 62 Hz, CH),
45.6 (CHy), 44.5 (CHy), 38.1 (CHy), 35.6 (CH2), 35.3 (CHy), 30.1 (}J (Se,C) =
62 Hz, CHy), 29.7 (CHy), 25.4 (CH>); UHPLC-MS: 734 (100, [M+H]*).

HO o) o) Compound 78. To a solution of 80
O / (108 mg, 153 pmol) in dry DMF
HOOC O /;:L*fo 5 (4.5 mL), TEA (50 uL, 360 pmol)
NSRS and 81 (119 mg, 305 umol) in DMF
\goj*)o/ coon (1.5 mL) were successively added

“O and the solution was stirred for 3 h
0 OH

at rt under Ar atmosphere. The
mixture was purified by trituration in Et;O (3 x 15 mL) and reverse phase flash
chromatography (90% H,O / 10% CHsCN + 0.1% TFA to 10% H.O / 90%
CH3CN + 0.1% TFA) to afford 78 as an orange solid (77 mg, 44%). Mp: 143 —
144 °C; IR (neat): 3064 (br w), 2589 (w), 1719 (w), 1671 (w), 1637 (w), 1588
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(m), 1537 (m), 1455 (m), 1385 (w), 1305 (m), 1269 (m), 1193 (m), 1174 (m),
1117 (m), 993 (W), 916 (W), 846 (m), 799 (W), 764 (W), 720 (m), 669 (M), 643
(w), 598 (m), 575 (m), 548 (M), 531 (m), 511 (s); *H NMR (500 MHz, DMSO-
de): 10.36 (s, 2H), 10.14 (br s, 2H), 8.58 — 8.51 (m, 2H), 8.32 — 8.29 (m, 2H),
7.78 — 7.75 (m, 2H), 7.21 (d, 33 (H,H) = 8.3 Hz, 2H), 6.68 (d, 4J (H,H) = 1.8
Hz, 4H), 6.63 — 6.55 (m, 8H), 5.44 — 5.32 (m, 2H), 3.72 (s, 6H), 3.57 (dd, 2J
(H,H) = 12.8 Hz, 3] (H,H) = 4.8 Hz, 2H), 3.46 (dd, 2J (H,H) = 12.8 Hz, 3
(H,H) = 8.2 Hz, 2H); 3C NMR (126 MHz, DMSO-ds): 181.2 (2xC), 171.3
(2xC), 168.9 (2xC), 160.0 (4xC), 152.3 (4xC), 148.0 (2xC), 141.4 (2xC), 130.0
(2xCH), 129.5 (4xCH), 127.0 (2xC), 124.7 (2xCH), 117.0 (2xCH), 113.1
(4xCH), 110.1 (4xC), 102.7 (4xCH), 57.6 (2xCH), 52.9 (2xCHs), 31.3
(2XCH,); UHPLC-MS: 1143 (10, [M+H]*), 571 (100, [M+2H]?*).

5.2.3. Activation of Polyarginine
Compounds 96 — 113 were synthesized following a published protocol.[*%]

Preparation of Solutions for Solid Phase Peptide Synthesis.

Capping Mixture: 0.9 mL of acetic anhydride, 1.3 mL of 2,6-lutidine
and 18 mL of DMF.

Fmoc Deprotection Solution: 20% vol. piperidine in DMF.

Base Solution: 1.96 mL DIPEA, 2.05 mL 2,6-lutidine were added to
5.54 mL NMP.

‘ 0 Compound 126. To a solution of 44 (97 mg, 0.15 mmol)
m)quFmoc in NMP (1 mL) were added HATU (56 mg, 0.26 mmol)

NH followed by DIPEA (21 pL, 0.12 mmol) and 2,6-lutidine

HNJ\NHbe (7 pL, 0.06 mmol). The mixture was shaken for 5 min at

rt, and then added to NovaPEG Rink amide resin (30 mg, initial loading 0.5
mmol/g). The reaction mixture was shaken for 13 h at rt and the resin was

subsequently washed with DMF (3 x 5 mL) and CH.Cl; (3 x 5 mL). The
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remaining free amino groups were capped by adding Capping Mixture (1 mL),
the reaction was shaken for 45 min at rt. Subsequently, the resin was washed
with DMF (3 x 5 mL) and CHCl, (3 x 5 mL). The loaded resin obtained was

used in the next steps of synthesis with a loading of 0.2 mmol/g.

HNYNHbe Compound 127.
NH
)/ Procedure 1. To 126 (5 mg) were added
0 Z o
‘N H \n/E\N NHEmoc Fmoc Deprotection Solution (200 pL).
H 0 Hle After 2 min, the resin was washed with

NH

NH
PN A

HN”™ "NHPbf HN” "NHPbf

DMF (1.8 mL) and the sequence was
repeated a second time for 4 min. the resin
was washed with DMF (2 x 1.8 mL) and CHCl, (3 x 1.6 uL) and DMF (3 x 1.8
mL).

Procedure 2. To a solution 44 (6 umol) in NMP (30 pL) were added HATU (5
pmol) in NMP (10 pL), followed by Base Solution (5 pL). The mixture was
then added to the resin (5 mg). After 20 min the resin was filtered and washed
with DMF (3 x 1.8 mL) and the sequence was repeated, then, the resin was
washed with DMF (3 x 1.8 mL) and CHxCl» (3 x 1.8 mL).

Procedure 3. To the resin (5 mg) was added Capping Mixture (200 pL). After
5 min, the resin was washed with DMF (3 x 1.8 mL).

Finally, procedure 1 — 3 were repeated 6 more times to give 127.
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Y
NH NH NH
H O H O H O
N A Nﬁ/lN NE)LN NE)LOH
H o/rf H o/rf H o/rf
HN HN HN

HNJ\NHZ HN)\NHz HN)\NHz

Compound 119. To 127 (7.9 mg) was added a solution of 20% piperidine in
DMF and the mixture was shaken for 4 h at 25 °C. The resin was washed with
DMF (3 x 5 mL) and CHCl, (3 x 5 mL). To the resin, Cy5-NHS (4 mg, 0.007
mmol) dissolved in NMP (300 uL) and TEA (10 pL) was added. The mixture
was shaken for 4 h at 25 °C. The resin was washed with DMF (3 x 5 mL) and
CHyCl> (3 x 5 mL). 150 pL of TFA was added to the resin and the mixture was
shaken for 4 h at 25 °C. The resulting mixture was added to 1.5 mL of Et,O and
centrifuged. The supernatant was removed and the pellet was washed with 2 x
1.5 mL of Et,O. The pellet was suspended in H,O/ACN 1:1 mixture, the resin
was filtered off and the filtrate was purified by reverse-phase chromatography
to give product 119. MALDI-MS (+ve, DHB matrix): 1732 ([M+]).

5.3. Methods

5.3.1. Vesicles Preparation

53.1.1. DSPC/DSPE-PEG2u0 LUVs

A thin lipid film was obtained by evaporating a solution of 1,2-distearoyl-
sn-glycero-3-phosphatidylcholine (7.5 mg, 9.5 umol) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (14 mg,
5 pmol) in MeOH/CHCI; 1:1 (1 mL) on a rotary evaporator and then drying it
in vacuo overnight. The resulting film was hydrated with a buffer (1 mL, 30
mM SRB, 5 mM HEPES, 115 mM NaCl, pH 7.4) for 30 min, subjected to
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freeze (liquid N)-thaw (65 °C water bath) cycles (10x) and extrusions (15x, 65
°C) through a polycarbonate membrane (pore size: 50, 100, 200 or 400 nm).
Extravesicular components were removed by gel filtration (Sephadex G-50)
with 5 mM HEPES, 172 mM NacCl, pH 7.4 buffer as eluent. Final conditions:
~2.5 mM lipids; inside: 30 mM SRB, 5 mM HEPES, 115 mM NaCl, pH 7.4;
outside: 5 mM HEPES, 172 mM NaCl, pH 7.4. The vesicles were stored at 4

°C until used and kept for maximum one month.

5.3.1.2. DSPC LUVs

A thin film was obtained by evaporating 1,2-distearoyl-sn-glycero-3-
phosphatidylcholine (7.9 mg, 10 umol) in MeOH/CHCI; 1:1 (1 mL) on a rotary
evaporator and then drying it in vacuo overnight. The resulting film was
hydrated with a buffer (1 mL, 30 mM SRB, 5 mM HEPES, 115 mM NacCl, pH
7.4) for 30 min, subjected to freeze (liquid N2)-thaw (65 °C water bath) cycles
(10x) and extrusions (15%, 65 °C) through a polycarbonate membrane (pore
size: 200 nm). Extravesicular components were removed by gel filtration
(Sephadex G-50) with 5 mM HEPES, 172 mM NaCl, pH 7.4 buffer as eluent.
Final conditions: ~2.5 mM lipids; inside: 30 mM SRB, 5 mM HEPES, 115 mM
NaCl, pH 7.4; outside: 5 mM HEPES, 172 mM NaCl, pH 7.4. The vesicles

were stored at 4 °C until used and kept for maximum one month.

5.3.1.3. EYPC LUVs (SRB)

A thin film was obtained by evaporating egg yolk phosphatidylcholine (25
mg, 32 pumol) in MeOH/CHCI; 1:1 (1 mL) on a rotary evaporator and then
drying it in vacuo overnight. The resulting film was hydrated with a buffer (1
mL, 30 mM SRB, 5 mM HEPES, 115 mM NaCl, pH 7.4) for 30 min, subjected
to freeze (liquid Ny)-thaw (40 °C water bath) cycles (10%) and extrusions (15x,
65 °C) through a polycarbonate membrane (pore size: 200 nm). Extravesicular
components were removed by gel filtration (Sephadex G-50) with 5 mM
HEPES, 172 mM NacCl, pH 7.4 buffer as eluent. Final conditions: ~5.4 mM
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lipids; inside: 30 mM SRB, 5 mM HEPES, 115 mM NaCl, pH 7.4; outside: 5
mM HEPES, 172 mM NaCl, pH 7.4. The vesicles were stored at 4 °C.

5.3.1.4. Brain PS/Rhod-PE LUVs

A thin film was obtained by evaporating brain phosphatidylserine (8.1 mg,
9.8 umol) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (0.25 mg, 0.2 umol) in MeOH/CHCI; 1:1 (1
mL) on a rotary evaporator and then drying it in vacuo overnight. The resulting
film was hydrated with a buffer (1 mL, 5 mM TES, 100 mM NaCl, pH 7.4) for
30 min, subjected to freeze (liquid N2)-thaw (40 °C water bath) cycles (5x) and
extrusions (11x, 35 °C) through a polycarbonate membrane (pore size: 200
nm). The vesicles were stored at 4 °C until used and kept for maximum one
month.

5.3.1.5. Preparation of Vesicles for Thiol-Mediated Cellular Uptake

Solutions of probes 43, 49, 51, 53, 55 and 64 in DMSO were added (1.0 —
7.5 uL of 0.75 mM or 7.5 mM stock solution) to vesicle solution (30 uL) at rt
to reach the desired concentration (1 — 10 mol%) one day before cellular
experiment. The solution was kept at 4 °C until dilution to 1 mL in Leibovitz’s

medium and incubation in cells.

53.1.6. EYPC LUVs (CF)

A thin lipid film was obtained by evaporating a solution of egg yolk
phosphatidylcholine (25 mg, 32 pmol) in MeOH/CHCI; 1:1 (1 mL) on a rotary
evaporator and then drying it in vacuo overnight. The resulting film was
hydrated with a buffer (1 mL, 50 mM CF, 10 mM sodium phosphate, 10 mM
NaCl, pH 7.4) for 30 min, subjected to freeze (liquid N2)-thaw (40 °C water
bath) cycles (5x) and extrusions (15x, rt) through a polycarbonate membrane
(pore size: 100 nm). Extravesicular components were removed by gel filtration
(Sephadex G-50) with 10 mM sodium phosphate, 107 mM NaCl, pH 7.4 buffer
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as eluent. Final conditions: ~5 mM EYPC; inside: 50 mM CF, 10 mM sodium
phosphate, 10 mM NaCl, pH 7.4; outside: 10 mM sodium phosphate, 107 mM
NaCl, pH 7.4. The vesicles were stored at 4 °C until used and kept for

maximum 2 weeks.

5.3.1.7. Transport Activity in Fluorogenic LUVs

EYPC-LUV stock solutions (25 uL) were diluted with buffer solution (10
mM sodium phosphate, 107 mM NaCl, pH 7.4), placed in a thermostated
fluorescence cuvette (25 °C) and gently stirred (total volume in the cuvette,
2000 pL; final lipid concentration, ~62.5 uM). CF efflux was monitored at Aem
517 nm (Aex 492 nm) as a function of time after addition of activator (Na* salt,
20 pL of concentrated solution in DMSO) at t = 50 s, polyarginine (HCI salt, 20
ML of 25 M aqueous solution, 250 nM final concentration in the cuvette) at t =
100 s and 1.2% aqueous triton X-100 (40 pL of 1,2% aqueous solution, 0.024%
final concentration) at t = 500 s. Fluorescence intensities were normalized to
fractional emission intensity I(t) using Equation 3:

10 = =2 Eq. 3.

where lo = It just before the addition of polyarginine, I, = I; at saturation
after lysis. Effective concentration ECso and Hill coefficient n for activators
were determined by plotting the fractional activity Y (= I(t) at saturation just
before lysis, t = ~490 s) as a function of activators concentration ¢ and fitting
them to the Hill Equation 4:

Y=Y, + —HYE;;“C’;‘OZ’)H Eq. 4.

where Yo is Y without activators, Ymax is Y with an excess of activators at
saturation, ECsyo is the concentration of activators required to reach 50% activity

and n is the Hill coefficient.
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Figure 109. Transport activity in EYPC-LUVs in function of the concentration
of the parallel (o) and antiparallel (m) ANI activators. The dashed lines
correspond to the fit with Hill Equation 4.
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Figure 110. Transport activity in EYPC-LUVs in function of the concentration
of the parallel (e) and antiparallel (m) ANI activators, and perfluorinated fatty
acids (green). The dashed lines correspond to the fit with Hill Equation 4.

5.3.1.8. EYPC LUVs (empty)

A thin lipid film was obtained by evaporating a solution of egg yolk
phosphatidylcholine (25 mg, 32 pmol) in MeOH/CHCI3 1:1 (1 mL) on a rotary
evaporator and then drying it in vacuo overnight. The resulting film was
hydrated with a buffer (1 mL, 10 mM sodium phosphate, 107 mM NaCl, pH
7.4) for 30 min, subjected to freeze (liquid N2)-thaw (40 °C water bath) cycles
(5%) and extrusions (15x, rt) through a polycarbonate membrane (pore size: 100
nm). The vesicles were stored at 4 °C until used and kept for maximum one

month.

181



5.3.2. Cellular Experiments

5.3.2.1. Cell Culture

Human cervical cancer-derived HeLa Kyoto cells were cultured in
minimum essential medium (MEM) containing 10% fetal bovine serum (FBS),
1% Penicillin / Streptomycin and 1% L-Glutamine. The cells were grown on a
25 cm® tissue culture flask (TPD corporation) at 37 °C under 5% COs.

5.3.2.2. Confocal Microscopy

HeLa Kyoto cells were seeded at 5 x 10* cells/well on 35 mm glass-
bottomed dishes (MatTek Corporation) and cultured overnight. After removing
the medium, the cells were washed with PBS (2 x 1 mL) and with Leibovitz’s

medium (1 mL) before being treated as following:

Thiol-Mediated Uptake: cells were incubated with vesicle solution (1 mL

in Leibovitz’s medium). The cells were incubated for 1 — 8 h at 37 °C.

Delivery of Diselenolane: cells were incubated with fluorescent probes
solution (1 mL, 1 — 100 uM in Leibovitz’s medium). The cells were incubated
for 1 — 4 h at 37 °C. For experiment with the nucleus stained, Hoechst 33342 (1
pL for a 10 pg/mL in H,0 stock solution from Life Technologies) was added to

the incubation mixture for the last 10 min.

Activation of Polyarginine: cells were incubated with activator solution
(10 uM final concentration in the dish in Leibovitz’s medium) for 5 min before
the addition of Cy5-CPP 119 (1 puM final concentration in the dish in

Leibovitz’s medium). The cells were incubated for additional 15 min at 37 °C.

The media was removed by aspiration. Cells were washed with PBS
containing 0.1 mg/mL heparin (3 x 1 mL) and with Leibovitz’s medium (3 x 1
mL). The cells were kept in Leibovitz’s medium during the microscope

experiment. Distribution of fluorescence was analyzed without fixing using a
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confocal laser scanning microscope (Leica SP5 or SP8) equipped with 63x oil

immersion objective lens as following:

Thiol-Mediated Uptake: On Leica SP5, Ar laser was used as light source
(4% laser power) with excitation wavelength 514 nm and emission 565 — 620
nm (Leica HyD™ detector).

Delivery of Diselenolane: On Leica SP5 microscope, Ar laser was used as
light source (15% laser power) with excitation wavelength 488 nm and
emission 498 — 535 nm (Leica HyD™ detector) for CF distribution. On Leica
SP8 microscope, OPSL488 laser was used as light source (0.8% laser power)
with excitation wavelength 488 nm and emission 501 — 550 nm (PMT detector)
for CF distribution and Diode 405 laser was used as light source (6.5% laser
power) with excitation wavelength 405 nm and emission 437 — 470 nm (PMT
detector) for Hoechst 33342 distribution.

Activation of Polyarginine: On Leica SP5, HeNe 633 laser was used as
light source (1 — 5% laser power) with excitation wavelength 633 nm and
emission 650 — 700 nm (Leica HyD™ detector) for Cy5 distribution. Ar laser
was used to detect the ANI core of activators (5% laser power) with excitation

wavelength 458 nm and emission 500 — 541 nm (Leica HyD™ detector).

During CLSM analysis the sample was kept at 37 °C.

5.3.2.3. Colocalization Studies

HeLa Kyoto cells were seeded at 5 x 10* cells/well on 35 mm glass-
bottomed dishes (MatTek Corporation) and cultured overnight. After removing
the medium, the cells were washed with PBS (2 x 1 mL) and with Leibovitz’s

medium (1 mL) before being treated as following:

MitoTracker Green: cells were incubated with vesicle solution (1 mL in
Leibovitz’s medium) for 4 h at 37 °C. The last 15 min, MitoTracker Green FM
(Life Technologies) was added to the dish (1 pL, final concentration: 100 nM).
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MitoTracker Red: cells were incubated with 1 mL of compounds 74 or 77
(10 pM in Leibovitz’s medium) for 1 h at 37 °C. The last 20 min, MitoTracker
Red CMXRos (Life Technologies) was added to the dish (final concentration:
500 nM).

LysoTracker Green: cells were incubated with vesicle solution (1 mL in
Leibovitz’s medium) for 4 h at 37 °C. The last 40 min, LysoTracker Green
DND-26 (Life Technologies) was added to the dish (1 pL, final concentration:
100 nM).

LysoTracker Red: cells were incubated with 1 mL of compounds 74 or 77
(10 uM in Leibovitz’s medium) for 1 h at 37 °C. The last 40 min, LysoTracker
Red DND-99 (Life Technologies) was added to the dish (final concentration:
100 nM).

Dextran Green: cells were incubated with vesicle solution (950 pL in
Leibovitz’s medium) for 4 h at 37 °C. The last 20 min, FITC-dextran (40 kDa,
Sigma-Aldrich) was added to the dish (50 pL, final concentration: 50 uM).

Dextran Red: cells were incubated with 1 mL of compounds 74 or 77 (10
uM in Leibovitz’s medium) for 1 h at 37 °C. The last 20 min, Dextran Red (70
kDa, Life Technologies) was added to the dish (final concentration: 10 pM).

After the incubation, the media was removed by aspiration. Cells were
washed with PBS containing 0.1 mg/mL heparin (3 x 1 mL) and with
Leibovitz’s medium (3 x 1 mL). The cells were kept in Leibovitz’s medium
during the microscope experiment. Distribution of fluorescence was analyzed
without fixing using a confocal laser scanning microscope (Leica SP5)
equipped with 63x oil immersion objective lens. Ar laser was used as light
source with excitation wavelength 488 nm and emission 492 — 534 nm (Leica
HyD™ detector) for green fluorescent dyes; DPSS laser with excitation
wavelength 561 nm and emission 571 — 650 nm for red fluorescent dyes.

During CLSM analysis the sample was kept at 37 °C.
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The colocalization quantification was performed using the ImageJ software
(Ver. 1.51s), equipped with Coloc 2 plugin. The test was performed on at least

3 different pictures containing at least 5 cells each.

5.3.2.4. Flow Cytometry

HeLa Kyoto cells were seeded at 1 x 10° cells/well in a 6-well plate (BD
Falcon) and cultured overnight. After removing the medium, the cells were
washed with PBS (2 x 1 mL) and with Leibovitz’s medium (1 mL) before being
treated with appropriate solution (1 mL in Leibovitz’s medium). The cells were
incubated for 1 — 4 h at 37 °C then the media was removed by aspiration. Cells
were washed with PBS containing 0.1 mg/mL heparin (1 mL) and with PBS (2
x 1 mL) before detachment by treatment with 0.05% trypsin-EDTA (1 mL) at
37 °C for 5 min. Cold MEM (1 mL) and cold PBS (2 mL) were added and the
cells were collected and pelleted by centrifugation at 1400 x g for 2 min. The
supernatant was removed and the cells were washed with cold PBS (1 mL). The
cells were re-suspended in PBS (600 pL) containing Sytox Red (SR, 1 puL/mL)
and EDTA (0.02%). Fluorescent signals in cells were detected by laser
excitation at 488 nm and emission at 525 nm or at 575 nm (at least 10000
events of live cells were collected) on a Beckman Coulter Gallios cytometer.
Cells staining positive for SR were excluded from analysis. The experiments

were done in triplicate.

For experiment in presence of serum, the procedure described before was
applied, adding 10% FBS in the incubation medium. For 4 °C experiments,
cells were preincubated in growing medium at 4 °C for 1 h. The same
procedure described before was applied, using PBS solution at 4 °C for
washing and performing the incubation in a 4 °C refrigerator. For inactivation
of cell surface thiols, cells were preincubated with DTNB solution (1.2 mM in
MEM) before incubation with appropriate solution. After incubation, the cells

were treated in the same way as described before.
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5.3.25. Endocytosis Inhibition

HelLa Kyoto cells were seeded at 1 x 10° cells/mL in a 6-well plate (BD
Falcon) and cultured overnight. After removing the medium, the cells were
incubated for 30 min at 37 °C under 5% CO; with 1 mL of one of the specific
endocytosis inhibitors in MEM: chlorpromazine (CPZ, 30 puM), methyl-f-
cyclodextrin (mpCD, 50 uM), wortmannin (wort, 50 nM) and cytochalasin B
(cytoB, 10 pM). The solution was then removed by aspiration and the cells
were washed twice with PBS. The cells were then treated with 77 (10 uM in
MEM, 1 mL), containing the same amount of inhibitor. The cells were
incubated for 1 h at 37 °C. The media was then removed by aspiration and the
cells were washed three times with PBS before detachment with trypsin for 5
min at 37 °C. Cold MEM (1 mL) and cold PBS (2 mL) were added to each well
and the cells were collected and pelleted by centrifugation at 1400 x g for 2 min
at 4 °C. The supernatant was removed and the cells were washed with cold PBS
(1 mL). The supernatant was removed and the cells re-suspended in 600 pL
PBS containing 1 pL/mL SR and 0.02% EDTA. Fluorescent signals in cells
were detected by laser excitation at 488 nm and emission at 525 nm (at least
10000 events of live cells were collected) on a Beckman Coulter Gallios
cytometer. Cells staining positive for SR were excluded from analysis. The

experiments were done in triplicate.

5.3.2.6. Automated Microscopy

HelLa Kyoto cells were seeded at 1 x 10* cells/well in a 96-well plate (BD
Falcon) and cultured overnight. The cells were then incubated for 4 h at 37 °C
with vesicle solution (100 pL in Leibovitz’s medium). Cells were washed using
an automated plate washer (Plate washer EL406) with PBS (2 x 3 mL), PBS
containing 0.1 mg/mL heparin (4 x 100 puL) and Leibovitz’s medium (4 x 100
pL) before fixing with PFA (3%, 30 pL/well) for 15 min. The cells were
washed with PBS (6 x 100 pL) and nuclei were stained with Hoechst H3570
(Life Technologies, 1:1000 in PBS, 30 pL/well) for 15 min before washing
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with PBS (6 x 100 pL). Cellular uptake was imaged on an automated
microscope ImageXpress from Molecular Devices equipped with a 40xpf lens
(Aex: 340 nm, Aem: 488 nm for Hoechst, Aex: 554 nm, Aex: 568 nm for SRB).

Every condition was performed in 4 wells and 25 pictures per well were taken.

53.2.7. MTT Assay

HeLa Kyoto cells were seeded with 100 uL of cells suspension at 5 x 104
cells/mL in a 96-well plate (BD Falcon) and cultured 2 days. After removing
the medium, the cells were incubated with 100 pL of the desired CF-compound
solution (10 or 100 uM in MEM) for 24 h at 37 °C under 5% CO,. Then, MTT
solution (10 pL of 12 mM solution in sterile PBS) was added to each well. The
cells were incubated for 4 h at 37 °C under 5% CO.. Finally, SDS solution (100
pL of 100 g/L SDS in 0.01 M HCI) was added to each well and the cells were
incubated for 2 h in the dark. The absorbance of the resulting solution was
measured at 570 nm on a SpectraMax Plus 384 Microplate Reader from
Molecular Devices and the results were treated with SOFTmax Pro 3.1.1

software.

5.3.3. Oxidation of DTT by Diselenolane

Solution of DTT (33, 250 uL, 1 mM) in deuterated sodium phosphate buffer
(100 mM, pD 8.0) was mixed with solution of 40 or 41 (250 puL, 1 — 10 mM) in
deuterated sodium phosphate buffer (100 mM, pD 8.0). The reaction mixture
was transferred in a NMR tube and sealed with parafilm. Control experiment
was performed by adding deuterated sodium phosphate buffer (250 pL, 100
mM, pD 8.0) to 33 (250 uL, 1 mM). *H NMR was measured on a Bruker 300
MHz spectrometer at different time until full conversion of 33 to 90. The
oxidation yield of DTT was calculated by comparing the integrals associated
with protons of 33 (3.13 — 3.01 ppm, 2H) and of 90 (2.70 — 2.53 ppm, 4H).
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Figure 111. Representative *H NMR showing the reaction evolution of the
oxidation of 33 to 90 at different time in deuterated phosphate buffer (100 mM,
pD 8.0). Signals from 33 and 90 are shown with blue and red arrow
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Figure 113. Representative *H NMR showing 40 and the reaction evolution of
the oxidation of 33 to 90 in presence of 40 (2 mM) at different time in
deuterated phosphate buffer (100 mM, pD 8.0). Signals from 33 and 90 are
shown with blue and red arrow respectively.
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Figure 114. Representative *H NMR showing 40 and the reaction evolution of
the oxidation of 33 to 90 in presence of 40 (5 mM) at different time in
deuterated phosphate buffer (100 mM, pD 8.0). Signals from 33 and 90 are
shown with blue and red arrow respectively.
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Figure 116. Representative *H NMR showing 41 and the reaction evolution of
the oxidation of 33 to 90 in presence of 41 (1 mM) at different time in
deuterated phosphate buffer (100 mM, pD 8.0). Signals from 33 and 90 are
shown with blue and red arrow respectively.
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Figure 117. Representative *H NMR showing 41 and the reaction evolution of
the oxidation of 33 to 90 in presence of 41 (2.5 mM) at different time in
deuterated phosphate buffer (100 mM, pD 8.0). Signals from 33 and 90 are
shown with blue and red arrow respectively.
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Figure 118. Representative *H NMR showing 41 and the reaction evolution of
the oxidation of 33 to 90 in presence of 41 (5 mM) at different time in
deuterated phosphate buffer (100 mM, pD 8.0). Signals from 33 and 90 are
shown with blue and red arrow respectively.
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Figure 119. Representative *H NMR showing 41 and the reaction evolution of
the oxidation of 33 to 90 in presence of 41 (10 mM) at different time in
deuterated phosphate buffer (100 mM, pD 8.0). Signals from 33 and 90 are
shown with blue and red arrow respectively.

5.3.4. Diselenolane Fluorescence Calibration

5.3.4.1. Closed Cycle Correction Factor

Stock solutions of 25, 74 and 77 (10 mM in DMSO) were diluted to 1 pM
solution of fluorescent compounds in PBS buffer (10 mM phosphate, 137 mM
sodium chloride, 2.7 mM potassium chloride, pH 7.4). The fluorescence
emission was then recorded from 500 nm to 700 nm upon excitation at 488 nm
(slits 2 nm : 2 nm). Closed cycle correction factors were calculated by dividing
the integrated emission intensity through the recorded spectral region of
compound 25 by that of 74 or 77 (Table 4).

5.3.4.2.  Open Cycle Correction Factor

Reduction of 40 and 41: TCEP (250 pL, 10 mM) in deoxygenated
deuterated sodium phosphate buffer (100 mM, pD 8.0) was added to 40 or 41
(250 pL, 10 mM) in deoxygenated deuterated sodium phosphate buffer (100
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mM, pD 8.0). The solution was transferred in a NMR tube and the spectrum
was recorded on a Bruker 300 MHz spectrometer (Figure 74) to prove the

reduction of diselenide using TCEP.

To obtain the open cycle correction factor, the fluorescent compounds (2 pL,
100 uM) were treated for 30 min with TCEP (2 pL, 100 mM) before to be
diluted to 1 uM solution of fluorescent compounds in PBS buffer. The
fluorescence emission was then recorded from 500 nm to 700 nm upon
excitation at 488 nm (slits 1.2 nm : 1.2 nm). Open cycle correction factors were
calculated by dividing the integrated emission intensity through the recorded

spectral region of compound 25 by that of 74 or 77 (Table 4).

5.3.5. Absorbance and Fluorescence of CPP Activators

EYPC-LUVs (without encapsulated CF) stock solutions (25 pL) were
diluted with buffer solution (10 mM sodium phosphate, 107 mM NaCl, pH
7.4), placed in a thermostated fluorescence cuvette (25 °C) and gently stirred
(total volume in the cuvette, 2000 pL; final lipid concentration, ~62.5 pM). The
activators (3 puM final concentration) were added to the solution and the
absorption spectra were measured (Figure 120). The fluorescence spectra were
recorded upon excitation at the absorption maxima for each activator (Figure
120).
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Figure 120. Absorbance and fluorescence (plain and dashed line respectively)
spectra of all activators in LUVs. (A) 95: blue; 96: red; 97: dark green; 98:
black; 99: cyan; 100: brown; 105: purple; 106: orange; 107: light green; 108:
yellow. (B) 101: blue; 102: dark green; 103: black; 104: cyan; 109: red; 110:
purple; 111: orange; 112: light green; 113: brown; 114: yellow.

5.4. Abbreviations

ANI 4-Amino-1,8-naphthalimide

Calcd Calculated

CF Carboxyfluorescein

CLSM Confocal laser scanning microscopy
CPDs Cell-penetrating poly(disulfide)s
CPPs Cell-penetrating peptides

CuAAC Copper-catalyzed alkyne-azide cycloaddition
Cy5 Cyanine 5

DA Dodecylamine

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene
DCC N,N’-Dicyclohexylcarbodiimide
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DHB
DMF
DMSO
DSPC

DSPE-PEG2000

DTNB
DTT
ECso
EDTA
ETP
EYPC
FBS
FITC
Fmoc
FRET
GSH

HATU

HBTU

HEPES
HPLC

LUVs

2,5-Dihydrobenzoic acid
N,N-Dimethylformamide

Dimethyl sulfoxide
1,2-Distearoyl-sn-glycero-3-phosphatidylcholine

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-

N-[amino(polyethylene glycol)-2000]
5,5-Dithio-bis(2-nitrobenzoic acid)
Dithiothreitol

Effective concentration to reach 50% of activity
Ethylenediaminetetraacetic acid
Epidithiodiketopiperazine

Egg yolk phosphatidylcholine

Fetal bovine serum

Fluorescein isothiocyanate
Fluorenylmethyloxycarbonyl

Forster resonance energy transfer
Glutathione

O-(7-Azabenzotriazol-1-yl)-N,N,N',N'-

tetramethyluronium hexafluorophosphate

Tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
High Pressure Liquid Chromatography

Large unilamellar vesicles
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MEM

MTT

NHS
NMP
OA
Pbf
PBS
PCC
PDMS
PE
PEG
PFA
PMOXA
pR

PS
PTSA
Quant
Rs

rt

Rt

Ry

Rhod-PE

196

Minimum essential medium

3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

N-Hydroxysuccinimide
N-Methyl-2-pyrrolidone
Oleylamine
2,2,4,6,7-Pentamethyl-dihydrobensofuran-5-sulfonyl
Phosphate buffered serum
Pearson’s correlation coefficient
Poly(dimethylsiloxan)
Petroleum ether

Poly(ethylene glycol)
Paraformaldehyde
Poly(2-methyl-2-oxazoline)
Poly-L-arginine
Phosphatidylserine
p-Toluenesulfonic acid
quantitative

Octaarginine

Room temperature

Retention time

Retention factor

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-

N-(lissamine rhodamine B sulfonyl)



SDS

SR

SRB

TAMRA

TCEP

TEA

TES

TFA

THF

Tris

TRFC

Trt

Sodium dodecyl sulfate

Sytox red

Sulforhodamine B

Incubation time to reach 50% of the activity
Tetramethylrhodamine
Tris(2-carboxyethyl)phosphine
Triethylamine

N-[Tris(hydroxymethyl)methyl]-2-
aminoethanesulfonic acid

Trifluoroacetic acid
Tetrahydrofuran
Tris(hydroxymethyl)aminomethane
Transferrin receptor protein 1

Trityl
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