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Abstract

Cancer is a leading cause of death worldwide and represents a challenge that scien-
tists tend to address for decades. Due to its diffuse nature, survivability, and coexist-
ence with healthy cells, treatments targeting this condition often lack efficacy and can
lead to undesirable side effects due to the lack of targeting specificity. Through the
hacking of various biological processes cancer cells can escape immune response and
cellular death machinery rendering them almost immune. Such behavior results, in
part, from exploiting the mitochondria organelle to its benefits. Within this work, the
development of peptide-drug conjugates targeting mitochondria was explored as a
way to better treat cancer through directly deliver drugs to mitochondria. The pep-
tide strategy chosen offers a safe carrier to travel through biological medium while
exhibiting interesting cell penetration and mitochondria colocalization properties. To
obtain such cargo a fusion between a cell penetrating peptide (CPP) and a mitochon-
dria targeting sequence (MTS) was achieved through peptide synthesis yielding mito-
chondria targeting CPP (mCPP). CPPs are a class of peptides with the ability to inter-
act and cross cellular membranes without showing toxicity, while MTS are peptide se-
quences used to transport ribosomal expressed proteins to mitochondria thereof of-
fering mitochondrial targeting. A variety of mCPPs were synthesized by modifying the
sequence of the CPP part and the position of the payload. Jasmonic acid was chosen
as payload, as this plant stress hormone can induce mitochondria triggered apoptosis
but lacks the ability to cross cellular membranes on its own. Thereof addressing this
drug directly to mitochondria might offer the ability to restore the apoptotic function
of cancerous cells. In this work is presented the synthesis of those mCPPs, their struc-
tural characterization and cellular fate as well as their cytotoxicity towards healthy
and cancerous cell lines. Results obtained are quite encouraging and highlight the in-
terest of relying on such targeted strategy to address cancer.



Zusammenfassung

Krebs ist weltweit ein der Haupttodesursachen und seine Bekdampfung stellt seit
Jahrzehnten eine Herausforderung fir die medizinische Wissenschaft dar. Aufgrund
seiner diffusen Natur, Uberlebensfahigkeit und Koexistenz mit gesunden Zellen fehlt
es oft an wirksamen Krebsbehandlungen. AuBerdem koénnen unerwiinschte
Nebenwirkungen auftreten, da zielgerichtete Therapien fehlen. Durch Ausnutzung
verschiedener biologischer Prozesse konnen Krebszellen dem Immunsystem und den
zellularen Todesmechanismen entkommen und sind nahezu immun dagegen. In dieser
Arbeit wurden Peptid-Wirkstoff-Konjugate entwickelt, die Mitochondrien ansteuern
und so eine direkte Wirkstoffzufuhr zu den Mitochondrien ermdéglichen sollen, um
Krebs besser behandeln zu kénnen. Die gewahlte Peptidstrategie bietet einen sicheren
Trager und zeigt interessante Eigenschaften in Bezug auf die Zellpenetration und
Mitochondrien-Kolokalisierung. Die generierten Peptide sind zusammengesetzt aus
einem zellpenetrierenden Peptid (CPP) und einer Mitochondrien-Targeting-Sequenz
(MTS), wodurch mitochondrienansteuernde CPPs (mCPP) entstehen. CPPs sind eine
Klasse von Peptiden, die die Fahigkeit besitzen mit zellularen Membranen zu
interagieren und diese zu durchqueren, ohne Toxizitdt zu zeigen. MTS
Peptidsequenzen steuern normalerweise ribosomal exprimierte Proteine zu den
Mitochondrien und kénnen somit eine mitochondriale Targeting-Funktion bieten. In
dieser Arbeit wurden unterschiedliche mCPPs durch Modifikation der Sequenz des
CPP-Teils und der Position der Wirkstoffladung synthetisiert. Jasmonsaure wurde als
Wirkstoff ausgewahlt, da dieses pflanzliche Stresshormon eine
mitochondrieninduzierte Apoptose ausldsen kann, aber nicht allein die Fahigkeit
besitzt, zellulare Membranen zu Uberqueren. Daher kdnnte die direkte Anwendung
dieses Wirkstoffs auf Mitochondrien die apoptotische Funktion von Krebszellen
wiederherstellen. In dieser Arbeit wird die Synthese dieser mCPPs, ihre strukturelle
Charakterisierung sowie ihr zelluldres Schicksal und ihre Zytotoxizitat gegeniber
gesunden und krebsartigen Zelllinien prasentiert. Die erzielten Ergebnisse sind
vielversprechend und kdnnten eine Grundlage fiir die weitere Entwicklung einer
solchen zielgerichteten Strategie zur Bekampfung von Krebs bieten.
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1. The mitochondria
1.1. Mitochondria structure

Mitochondria are essential organelles for eukaryotic cells and thus for us humans. This bean,
the size of a micrometer, can be viewed as the single most important organelle for the cell
owing to all the functions it fulfills and to its involvement in other metabolic processes that
we will scope over in the present chapter.

This story begins with the origin of mitochondria which lies in the endosymbiotic relation de-
veloped between eukaryotic cells and non-sulphuric bacteria as theorized by Sagan.'?
Through enslavement of bacteria by an eukaryotic host mitochondria developed a particular
morphology. This organelle is separated from the rest of the cell by a double membrane that
creates an intermembrane space, which can be viewed as an adaptative medium between mi-
tochondria and its host.
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Figure 1. Schematic representation of a cell and details of a mitochondria struc-
ture. (Made on Biorender)

Mitochondria exhibit a complex structure comprising an outer membrane (OMM), an inner
membrane (IMM), and an intermembrane space (IMS) serving as an exchange site. The IMM
encloses the matrix of the mitochondria, where most of the organelle's activities occur. The
matrix contains highly invaginated structures called cristae, which increase the surface area
for exchange with the IMS. This compartmentalization, a result of the mitochondria's evolu-
tionary history, differentiates the functions of the OMM and IMM. The OMM primarily acts as
a signaling platform, while the IMM is primarily involved in cellular energy production. The
IMS serves as a communication hub, ensuring the coordinated functioning of the entire mito-
chondrial machinery.

One of the remarkable features of mitochondria is their high adaptability. They can adjust
their location within the cell to meet local energy demands and can exist as individual entities
or form groups that collectively contribute to the cell's energy needs. Additionally, mitochon-
dria can alter their shape to accommodate specific requirements, making both their outer
and inner membranes dynamic and flexible. A crucial aspect of mitochondrial dynamics is the
fission/fusion mechanism, which enables mitochondria to adapt to cellular demands. Fusion
is mediated by mitofusin proteins that bridge neighboring mitochondria, allowing the



opening of their respective OMMs and the subsequent merging of their separate IMMs, re-
sulting in the formation of larger mitochondrial assemblies.> On the other hand, fission occurs
when specific parts of mitochondria need replacement, renewal, or when cellular energy de-
mands decrease, allowing their materials to be utilized by other organelles.?

1.2. Mitochondria, the powerhouse of the cell

As mentioned, mitochondria are well known for their energy production fulfilling a major role
for cell survival and growth. This pivotal function occurs at the inner mitochondrial mem-
brane (IMM), which is highly invaginated to maximize the surface area for exchange. Energy is
produced in the form of adenosine triphosphate (ATP), consisting of an adenine base, a ri-
bose sugar, and three phosphate groups bonded in series.* ATP is obtained through ATP syn-
thase, a complex structure located at the end of the Electron Transport Chain (ETC). The ETC,
situated on the surface of the IMM, comprises five complexes that consume electrons and ex-
pel protons into the intermembrane space (IMS) (Fig 2). In return those protons can be used
by the ATP synthase to finalize the transformation of Adenosine diphosphate (ADP) in ATP in
a process termed Oxidative Phosphorylation (OXPHOS).> Therefore, OXPHOS may represent
the most important process in cellular metabolism in order to sustain the cell in energy and
fuel other metabolic pathways.
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Figure 2. Schematic representation of the Electron Transport Chain.
(Made on Biorender)

The energy stored in ATP is derived from the cleavage of inorganic pyrophosphate (PPi)
groups. When ATP is hydrolyzed to ADP + PPi or AMP + 2 PPj, these reactions can drive en-
ergetically unfavorable transformations, enabling otherwise thermodynamically unfavorable
processes to occur.*

To generate the electron flow required, the ETC relies on NADH and FADH,, intermediates
from the Tricarboxylic acid cycle (TCA) and the fatty acid oxidation, that can carry electrons.
These processes occur within the cristae of mitochondria. During the TCA cycle, a pyruvate
molecule is used to produce both electron carriers. Fatty acids are converted to Fatty CoA
and subsequently oxidized to generate the electron carriers as well.®



1.3. Mitochondria a major contributor to cellular stress

Alongside the production of ATP, OXPHOS is also responsible for a major production of Re-
active oxygen Species (ROS). These oxygen radical species are formed when oxygen species,
utilized by the various complexes of the ETC, undergo incomplete reduction, resulting in the
addition of a single electron rendering them highly reactive and potentially damaging for the
cell. Within mitochondria, the two major ROS products are the superoxide anion (O;™), pre-
cursor of most ROS, and hydrogen peroxide (H.02).%” Production of O, occurs through the
stepwise reduction of O, in the ETC, but also from diverse enzymes at the OMM and IMM of
mitochondria. Subsequently, it can either dismutase spontaneously®, or via superoxide dis-
mutase’. Hydrogen peroxide is more stable and membrane permeable can diffuse through
the cell to be eliminated in the cytosol or within the mitochondria through antioxidant sys-
tems.®

Mitochondria possess antioxidant protection systems, to counteract the harmful effects of
ROS, in the form of superoxide dismutase in the matrix, converting O,™ into H.O, which can
be further deactivated by catalase into water and oxygen, or by glutathione peroxidase.®'° It
can also be scavenged by peroxiredoxin enzymes in the mitochondria.'" Finally, if not scav-
enged by the previous, H,O; can react with oxidized cytochrome c or cytochrome oxidase.'®'
As a result, mitochondria are equipped with effective defenses to protect themselves from
the ROS they generate, enabling them to withstand significant oxidative stress.

However, unregulated ROS can cause critical problems for mitochondria. A vestige resulting
from the origin of mitochondria, is their possession of mitochondrial DNA (mtDNA), which is
localized on the inner leaflet of IMM in close proximity to the ROS source.® While mtDNA
does possess several DNA repair enzymes, it is characterized by a lack of introns, histones,
and DNA protecting proteins. In comparison to nuclear DNA, mtDNA has a reduced repair
system, making it highly susceptible to degradation.’*' Consequently, mtDNA has a high
mutation rate and damages altering its functioning are associated with many human dis-
eases. This is particularly significant as mtDNA encodes essential proteins required for
OXPHOS."® Due to its location, the respiratory chain is the primary target of ROS damage.
Within the Electron Transport Chain (ETC), there are several metal-containing complexes that
are sensitive to oxidative modifications. When these complexes undergo oxidative modifica-
tions, their enzymatic activity is reduced, leading to compromised ATP production and in-
creased ROS generation. This, in turn, intensifies oxidative stress within the cell.t

1.4. Apoptosis and mitochondria

In contrast to energy production, synonym of life and growth, mitochondria are also execu-
tioner of apoptosis, which is a programmed cell death. When there is a need for cell renewal,
a decrease in cell requirements, or the presence of intracellular damage that could be harmful
to neighboring cells, mitochondria can initiate apoptosis through two pathways: the extrinsic
pathway and the intrinsic pathway.



The extrinsic pathway is activated when cell surface death receptors bind to their correspond-
ing ligands. Upon receiving this signal death receptor would induce dimerization of pro-
caspase-8, resulting in its activation. Once activated, caspase-8 cleaves and activates
Caspase-3 and-7 resulting in large scale cleavage of cellular components and ultimately cel-
lular death.””™" Alternatively, caspase-8 cleavage can generate tBID by activating the BH3-
only protein BID. tBID then initiates the intrinsic apoptotic pathway, bridging both path-
ways.'®
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Figure 3. Schematic representation of the apoptotic triggering pathways.
(Made on Biorender)

On the other hand, the intrinsic pathway is triggered in response to an intrinsic lethal signal.
Intrinsic lethal signal, such as DNA damage, cellular stress or growth factor deprivation, acti-
vate BH3-only members of the B cell ymphoma 2 (Bcl-2) protein family. These BH3-only
members inhibit anti-apoptotic Bcl-2 proteins while activating pro-apoptotic BCL-2 proteins,
specifically BAK and BAX. Activated BAK and BAX consequently localize to the OMM, forming
higher-order oligomers through their dimerization. Formation of this oligomer results in mi-
tochondrial outer membrane permeabilization (MOMP), causing the voltage dependent an-
ion channel (VDAC) to open and release proteins from the IMS."®2° Among the released pro-
teins, cytochrome-c, a component of the ETC, binds to apoptotic peptidase activating factor 1
(APAF1), forming a heptameric structure known as the apoptosome, which activates caspase-
9 causing cleavage and activation of caspases-3 and -7.""'® Furthermore, MOMP leads to the
release of proteins such as SMAC/DIABLO and OMI, which can inhibit the caspase inhibitor
XIAP, facilitating apoptosis.'

Apoptosis leads to distinct cellular changes, including cell surface blebbing, externalization of
phosphatidylserine (PS), DNA fragmentation, and chromatin condensation. These alterations
result in the formation of apoptotic bodies, which are subsequently tagged with PS to facili-
tate their recognition and clearance by macrophages.?’ Overall, the cell undergoes a



controlled death process leaving no trace of its existence, if not for its materials than can be
re-used by other cells and inducing no inflammatory response from neighboring cells.??

Given the consequences of apoptosis consequences, mitochondria have to ensure cellular
safety by regulating this process through a control on different apoptosis effectors in normal
metabolic conditions. One key component involved is the VDAC, which mitochondria utilize
as a central hub for substrate import required for OXPHOS and ATP export to the cytosol.?
To maintain normal cellular function, the opening of VDAC is inhibited by antiapoptotic Bcl-2
proteins located on the OMM.?

1.5. Mitochondrial necrosis

In contrast to apoptosis, necrosis represents an alternative mechanism of cell death that oc-
curs under stressful conditions. When cells are exposed to severe stress, they can activate ne-
crotic pathways, involving receptor interacting protein (RIP) kinases and/or poly(ADP-ribose)
polymerase-1 (PARP-1). These signals are transmitted to the mitochondria, leading to the dis-
ruption of its structure and the leakage of mitochondrial content, ultimately resulting in ne-
crosis. 2

Upon receiving necrotic signals, the MOMP occurs, leading to the release of ATP and ROS
from the mitochondria. This release causes mitochondrial swelling, eventually leading to mi-
tochondrial rupture and cell death under stress-induced conditions. Unlike apoptosis, necro-
sis triggers the release of inflammatory signals that can be detrimental to neighboring cells.
Consequently, necrosis is considered a less desirable, secondary option for controlled cell
death.

1.6. Mitochondria, a communication hub

In addition to its morphological heritage mitochondria also maintained substantial in-house
protein production. Through ribosomes, located in matrix, mitochondria synthesize 1% of its
proteins.”® The remaining are synthesized in the cytosol and imported via a well-developed
system, the translocase of the outer membrane complex (TOM) located in the OMM.%?7

The TOM complex serves as the initial entry port, it can sort and redirect imported proteins to
a further entry gate that will dictate the final location of the protein. Sorting upon 5 different
routes is decided by mitochondrial targeting sequences (MTS). Ranging from 15-50 aa, these
sequences are N-terminally attached to the proteins and share the structural features of be-
ing positively charged amphipathic alpha helices, helping them to interact with the different
components of TOM.?

Proteins destined for the OMM that possess a transmembrane beta-barrel domain are redi-
rected through the sorting and assembly machinery (SAM) complex. These beta-barrel pro-
teins play essential roles in transporting metabolites and other proteins across the OMM.*?
Alpha-helical proteins are the other OMM constituents that are redirected to this membrane
via the mitochondrial import machinery (MIM). Some of these proteins may pass through the
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TOM complex, while others can directly insert themselves into the OMM without relying on
TOM or MIM, and the precise mechanisms of their insertion are still not fully under-
stood.?>%628

Going a layer deeper, proteins destinated to the IMS bear an IMS precursor that will help
their redirection after TOM processing to the intermembrane space import and assembly
(MIA). These proteins often contain cysteine residues, as MIA interacts with them through di-
sulfide bonds, facilitating the removal of electrons via oxidation. These electrons are then
transported to the respiratory chain via cytochrome ¢.2%

Proteins destined for the IMM and matrix follow three distinct routes. Carrier proteins in the
IMS are guided by small translocase of the inner membrane (TIM) proteins through the inter-
membrane space to the carrier translocase (TIM22 complex), which inserts these precursors
into the IMM.2%%3% Other IMM proteins are inserted either by the oxidative assembly com-
plex (OXA) or by TIM23. OXA can insert in the IMM matrix encoded proteins or nuclear en-
coded proteins depending on their origin.?® In contrast TIM23 can mediate the insertion into
the IMM or entry into the matrix depending on the MTS of the protein. In collaboration with
OXA it can insert in the IMM carrier proteins that are further folded and structured by OXA 28
Proteins bearing a matrix-targeted MTS are processed by the presequence translocase-asso-
ciated motor (PAM) after entry into the matrix. PAM relies on ATP consumption to complete
the translocation of these proteins into the matrix.?® Once inside the matrix, the MTS is re-
moved by mitochondrial processing peptidases (MPP), allowing the proteins to fold and
function in their final destination.

Interestingly, MTS have been utilized for targeted delivery of therapeutics to mitochondria,
presenting an attractive option due to their specific targeting capacity.>’ However, as
standalone MTS often lack the ability to efficiently cross cellular membranes, customization is
typically required to enhance their cellular uptake and delivery.

2. Cancer

Cancer is a disease resulting from the uncontrolled growth of normal cells lacking effective
regulatory mechanisms. In 2020, it accounted for 19.3 million new cases and 10 million
deaths worldwide making it a leading cause of death in current world.>* Furthermore, those
numbers are expected to raise to 28.4 million cases in 2040, hence, it is futile to mention how
important the need for cancer treatment is in the hope to expand Human lifespan.

2.1. Available cancer treatments

The treatment of cancer is a complex process due to the diverse forms it can take, affecting
various tissues and organs. Different therapeutic approaches are available to tackle cancer,
each tailored to specific cases. These treatments include surgical removal of the tumor, radia-
tion therapy, chemotherapy, immunotherapy, and hormone therapy. However, it is important
to note that each treatment option has its advantages and drawbacks



Surgical removal of the tumor is often employed, but it is crucial to follow up with additional
treatments since leaving even a single cancer cell can lead to tumor regrowth. Radiation ther-
apy utilizes high doses of radiation to target and eliminate cancerous cells. However, it may
not be suitable for advanced cancers or sensitive locations.

Chemotherapy involves the administration of anti-cancer drugs designed to kill tumor cells.
This treatment can be targeted to cancer cells, enhancing drug efficiency and reducing side
effects on healthy cells. Despite its effectiveness, chemotherapy can still result in side effects
for patients due to the inability to exclusively target cancerous cells.

Immunotherapy focuses on enhancing the capacity of the immune system to fight against
cancer. This approach aims to harness the body's immune response to specifically target can-
cer cells. Hormone therapy, on the other hand, aims to alter hormone levels, which are essen-
tial for certain types of cancer growth.

While these treatment methods have shown promise, they often come with side effects for
patients. Insufficient targeting of cancerous cells can result in treatments affecting healthy
cells, leading to undesirable side effects. It is important for healthcare professionals to care-
fully assess each patient's condition and select the most appropriate treatment strategy while
considering potential risks and benefits.*®

2.2. Cancer hallmarks
Cancer, as described by Hanahan and Weinberg®*®, is characterized by a set of complemen-
tary abilities that support tumor growth and metastatic invasion, termed cancer hallmarks
(Fig 4). Gaining insights into the biology of cancer is crucial for a better understanding and
improved treatment of this complex disease.
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Figure 4. Schematic overview of the cancer hallmarks. Extracted from?>.



One of the hallmark features of cancer is the abnormal and uncontrolled growth of cancerous
cells, in contrast to the carefully regulated growth of healthy cells. Cancer cells achieve this by
deregulating growth signals, either through the overproduction of growth hormones or by
hypersensitizing the associated receptors.®*=’ Furthermore, cancer cells have the ability to al-
ter the signaling of growth suppressors, allowing them to grow into tumors without being in-
hibited by cell-to-cell contact.>>*® Additionally, cancer cells acquire replicative immortality by
protecting the ends of their chromosomes with telomeres, enabling them to overcome the
constraints of limited growth and division cycles >4

To sustain tumor growth, cancer cells also manipulate angiogenesis, the formation of new
blood vessels, and the import of nutrients and oxygen to the tumor.*’ Furthermore, cancer
can progress to affect other organs through tumor metastasis, which makes it challenging to
treat as it can spread to different locations. *

Understanding these fundamental characteristics of cancer provides valuable insights into its
mechanisms and helps in the development of targeted treatment strategies. By targeting the
specific vulnerabilities and dysregulated processes in cancer cells, researchers and clinicians
strive to improve outcomes for patients with this complex disease.

2.3. Mitochondria and cancer

A last point to cancer hallmarks is their ability to escape cellular death, an ability acquired via
the close relation of this disease with mitochondria. Regarding cancerous cells as abnormal
cells, they should be eliminated as so via apoptosis, but it appears that they have the ability
to escape this cell death pathway. Indeed, the proteins from the Bcl-2 family control mito-
chondrial apoptosis, and as observed in cancerous cell lines pro-apoptotic proteins are down
regulated while anti-apoptotic proteins are overexpressed.**** Furthermore, during cancer
development and metastasis, cancerous cells undergo high oxidative stress and to protect
themselves they rely on increased antioxidant mechanisms via an increased production of
NADPH to scavenge ROS.*** Through those mechanisms, cancerous cells render themselves
almost immune to apoptosis death pathway and can maintain their growth and invasion.

Considering the high energy needs of cancerous cells, it was interestingly observed that they
tend to maintain OXPHOS while promoting glycolysis to produce ATP termed the Warburg
effect.*” Originally thought to produce more ATP the Warburg effect has since been chal-
lenged to reveal that promoting glycolysis is used by cancerous cells to utilize the intermedi-
ates in other anabolic reactions and to sustain growth and proliferation.*’

Finally, due its exposure and sensibility to mutations mtDNA has been found to be highly
mutated favoring cancer progression and that those mutations are maintained to sustain
growth and development of cancer cells.*®

Mitochondria hacking by cancer has a multi-level influence on the fate of cancer. The repro-
gramming of this key organelle is of high importance for the disease. Influencing cancer



development and progression mitochondria role in cancer represent undoubtedly a target to
tackle the disease.

3. Targeting mitochondria as an anticancer strategy

As discussed in the previous chapters mitochondria are organelles that play a crucial role in
cellular metabolism and energy production. They also play a key role in cell death and are im-
plicated in the development and progression of cancer. Therefore, targeting mitochondria in
cancerous cells has been considered a potential strategy for cancer therapy. One of the most
promising ways to address mitochondria is through targeted drug delivery. The targeting of
mitochondria for drug delivery in cancerous cells has been an active area of research in re-
cent years. #4930

This chapter will provide an overview of the various strategies that have been proposed for
targeted drug delivery to mitochondria in cancerous cells. The different types of carriers, tar-
geting moieties, and drug delivery systems that have been used to achieve this goal will be
discussed. It will also present examples of recent research in each area and highlight the po-
tential and limitations of each strategy. The goal is to provide a comprehensive understand-
ing of the current state of the field and to identify areas that require further research to im-
prove the efficacy of targeted drug delivery to mitochondria in cancerous cells.

3.1. Delocalized lipophilic cations

Due to the negative membrane potential across their IMM, mitochondria pose a challenge for
common strategies aiming to target and access them. The negative charge across the mem-
brane acts as a barrier that limits the entry of molecules and therapeutics into the mitochon-
dria. This feature makes it difficult to specifically deliver drugs or other compounds to this or-
ganelle. But this characteristic also renders them sensible to targeting via cationic molecules,
which can easily accumulate at its membrane for internalization. This is the strategy behind
delocalized lipophilic cations (DLC), small cationic molecules that can interact with OMM
through electrostatic interactions due to their cationic nature, before crossing the IMM
thanks to their lipophilic character.>’ Moreover, with their small size and cationic nature they
can also easily diffuse through cellular membrane allowing them to access the cytosol and
thus mitochondria through membrane accumulation. Main representatives of this category
are Triphenylphosphonium (TPP), Dequalinium (DQA), and Rhodamine-123.

DLC targeting ability rely on the negative membrane potential of IMM as explained previ-
ously, mitochondria possess 2 membranes exhibiting an outer membrane with large pores
that let big molecules diffuse through, and the inner leaflet is positively charged due to the
proton gradient from the ETC. Hence, positively charged cations would naturally accumulate
inside the matrix of mitochondria. Additionally, to reach inside mitochondria compounds
must first overcome the cellular membrane, which is here again positively charged with an in-
ner cytosol more negatively charged allowing passage to those small molecules. Even if the
charges are not strong DLC can slowly accumulate inside the cells and then localize to mito-
chondrial matrix.*"*?



DLC present some advantages, they are easily synthesizable and conjugable, only few units
are required to improve the efficacy of a cargo, they are stable in biological media, low reac-
tivity towards other cell components, no light absorption in the visible or near infrared region
and a good combination of lipophilic and hydrophilic properties. Therefore, DLC have been
used as targeting moieties to enhance drug efficacy, e.g. the conjugation of chlorambucil to
TPP, a DNA alkylating agent, resulted in a 12-fold reduced ICso compared to the drug alone.>®
DQA as standalone does already exhibit toxicity towards cancerous cells but it can also be
used to form vesicles, named DQAsomes, to encapsulate Doxorubicin resulting in increased
activity for the drug.>*

However, it should be noted that TPP can act as an uncoupler in mitochondria, leading to
proton leakage and potential toxicity at concentrations exceeding 10 uM.*® Furthermore,
studies have shown that intravenous injection of TPP results in its rapid clearance from the
bloodstream within 5 minutes, with accumulation observed in the kidneys and liver.’” These
factors highlight the common limitation of small molecules, such as TPP, which require high
concentrations to be effective but may also increase the risk of off-site localization and side
effects. Thus, careful consideration of dosage and optimization is necessary to balance the
therapeutic benefits and potential drawbacks associated with TPP.>**" Despite these chal-
lenges, ongoing research aims to develop strategies and modifications to enhance the tar-
geting efficiency, specificity, and safety of TPP-based approaches for mitochondrial delivery.

3.2. Nanocarriers

On a different scale from DLC, nanocarriers (NC) are an option that is also extensively re-
searched on for mitochondria delivery. Nanocarriers could be defined as large scale objects
that encapsulate a drug payload, positively charged NC can interact with cellular membrane
and internalize via endocytosis to release their content in the cytosol for them to reach mito-
chondria.”® Moreover, owing to their bigger size and charges NC can benefit from the En-
hanced permeability and retention (EPR) effect to specifically accumulate at the surface of tu-
mors.> Finally, NC can also protect their payload from degradation during transport in vivo.®

A first examples of NC, the DQAsomes, was presented in the previous part. A classic method
for encapsulation relies on the use of liposomes, such objects are constituted of phospholip-
ids assembled in sphere creating a pocket that can incorporate hydrophilic or hydrophobic
drugs.®’ Such strategy was used to encapsulate two anticancer drugs to treat MCF-7 cells tar-
geting the opening of MOMP and triggering of apoptosis.®

Another strategy to encapsulate drugs relies on polymeric particles. Using polymeric particles
offer the advantage of a time and distribution controlled drug delivery as well as a better
protection of their payload.®* A combination of Poly(lactic-co-glycolic acid), Polyethylene gly-
col and TPP was used to prepare a mitochondria targeting vesicle incorporating anticancer
drugs as well as drugs for treating other diseases successfully.**

Finally, metallic particles can be used as NC, resulting in small sized particles with unique
properties associated with their metal core. Indeed, due to their photophysical properties
metal complexes have been used in phototherapy as photosensitizer and this strategy has
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been applied to mitochondrial targeting. In association with polymers, peptides or protein
decorated metal complexes can be used to sensibilize their mitochondrial target to irradia-
tion which in turn produce ROS and trigger cell death.®>*’ In another example Iridium com-
plex was used as a coating to gold nanorods to constitute a mitochondria targeted NC ap-
plied to photothermal therapy with an interesting hypoxia responsive luminescence achieving
a dual function.®®

Accounting advantages of NC it is also to consider the drawbacks of those carriers which are
difficult to synthesize, come at a higher cost, can be stopped by biological barriers. Moreover,
NC usually being internalized by endocytosis they can suffer from endosomal entrapment not
being released in the cytosol. Finally, regarding metal complexes their usage can be limited
due to their poor solubility and tendency to aggregate in water.

3.3. Peptides & cell penetrating peptides

Peptides are a class of biomolecules that are composed of small chains, up to 50 amino acids

(aa), assembled through amide bond between the carboxylic group of an aa and the amine of
another aa. Peptides can act as hormones, neurotransmitters, antibiotics, or enzymes, among

other things having implications in many physiological processes.

Cell penetrating peptides (CPP) are a category of peptides which possess unique properties.
With a length ranging from 5 to 30 aa, those sequences usually bear a strong positive charge
facilitating interaction with negatively charged phospholipids constituting cellular mem-
branes, and to penetrate cells.®® Interaction with cellular membrane would result in crossing
this biological barrier in different ways depending on the sequence. Moreover, CPPs offer the
advantage of penetrating cells in a noninvasive manner without affecting the integrity of the
membrane being safe for the cells.”® Historically the first CPP to be developed was TAT as it
was observed that this viral protein could rapidly translocate over cellular membrane and ac-
cumulate in cells.”!

3.3.1.Cell penetrating peptides internalization

The mode of penetration for CPPs cannot be solely predicted based on the sequence and can
be categorized into two main modes: direct penetration and endocytosis.”®’>"3

In direct penetration, several models exist for CPP internalization. In the inverted micelles
model, CPP accumulation at the membrane and interaction with negatively charged phos-
pholipids lead to the formation of a micelle that encapsulates and internalizes the CPPs. Pore
formation can occur through the barrel-stave model, where CPPs adopt an amphipathic al-
pha-helix upon insertion in the bilayer, creating a barrel-shaped pore, or through the toroidal
model, where the CPP interacts with polar groups of the phospholipids to form a pore. The
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carpet model involves CPP interaction with the membrane, disrupting it and causing its reor-
ganization, leading to CPP internalization.”®’#"

Transient Torroidal Pore Inverted Micelle Adaptive Translocation
Formation
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Figure 5. Schematic overview of the different cell penetration models. Modified from?®'.

Endocytosis, an energy-dependent process, involves the internalization of CPPs via mem-
brane modifications. Upon interaction with cellular membranes, CPPs are internalized
through endosomal vesicles, from which they must escape once internalized. Endocytotic
pathways vary based on the size of the object to be internalized. Macropinocytosis is associ-
ated with the uptake of larger particles and is often observed with arginine-rich and cationic
CPP sequences, such as TAT.”*7® Pinocytosis, on the other hand, is dedicated to the uptake of
smaller objects, fluids, and solutes.”® It can be categorized into three models: clathrin-medi-
ated endocytosis, caveolae-mediated endocytosis, or caveolae/clathrin-independent endocy-
tosis. Clathrin-mediated endocytosis involves the interaction between CPPs and cell surface
receptors, where clathrin structures itself around the CPP, invaginating the membrane for in-
ternalization. Arginine-rich anionic CPPs are often associated with this pathway.”®’” Caveolae-
mediated endocytosis, associated with proline-rich amphipathic sequences, is characterized
by the formation of flask-shaped caveosomes.”®’® Caveolae/clathrin-independent endocyto-
sis is less understood and observed, occurring in parallel with caveolae-mediated endocytosis
but in fewer cases.”**°

Regardless of the specific endocytotic pathway taken for CPP cell entry, successful internali-
zation relies on endosomes and their subsequent escape. Endosomes are the main obstacles
in CPP internalization as those vesicles can trap CPP. If they don’t find an escape route the
transition from early to late endosomes can degrade the CPPs through acidic pH or hydro-
lases, additionally to inhibiting the display of their biological activity due to their entrap-
ment.%
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3.3.2.Cell penetrating peptides structure

Among the diversity of CPPs sequences it appears that some common features can be high-
lighted for favoriting the cell penetrating ability of those peptides. Overall CPPs are usually
positively charged, a requirement to interact with the negatively charged cellular membrane
constituents.®# This interaction with membranes is mainly driven by the presence of arginine
and lysine residues in the sequence. Indeed, due to their guanidinium group they can offer
two hydrogen donors to create bidentate hydrogen bonds with phosphate, carboxylate and
sulfate groups of membranes.?* Moreover the presence of multiple arginines can even result
in the bending of the membrane due to this interaction diffused through different guani-
dinium groups. Regarding lysines, their interaction with membranes is solely due to the pres-
ence of a primary amine on the side chain, positively charged at physiological pH, that is an
excellent H donor but can only participate in a single H bonding.?

Additionally, to the positive charges and interaction with membranes another important
characteristic is the secondary structure adopted by the CPP. Even if most of the CPP adopt
an alpha helix or a beta strand or beta turn structure upon interacting with membranes, it
cannot be concluded that such structure is required for cell penetration.®* The criteria that
prevails regarding the structure appears to be its malleability, as CPP have to interact with
different membrane constituents in changing parameters their adaptability and conforma-
tional malleability seems to be the defining parameters when regarding secondary struc-
ture.®> Supporting this idea, it was also observed that CPP can be unstructured in aqueous so-
lution but can structure themselves upon interaction with lipids, in specific buffers, as if they
can adapt to their interacting partners. 8%

3.3.3.Cell penetrating peptides in Neundorf working group

Neundorf working group took interest in CPP development and designed an original se-
quence from part of a cationic antimicrobial peptide.®® Antimicrobial peptides possess the
ability to permeabilize the membranes of microorganisms and hence have been applied as
CPP.¥ The C-terminal region of cathelicidin was used to design the CPP sC18. This new CPP
exhibits sequence similarity with TAT and have been applied for drug delivery, performing
well in cancerous cells and bacteria.®**

With the aim of further improving the sequence, an Ala scan was performed on sC18, to dis-
cover that substitution of Glu" yielded sC18dE, a CPP with great cellular internalization and
good viability resulting from the removal of the negative charge in the cationic tail of the se-
quence.” However, this increased uptake was recently observed to be mitigated as most of
sC18dE peptides were entrapped in endosomes without the ability to escape.®® In an another
attempt to exploit the potential of sC18 the sequence was modified by removal of the last 4
aa of the sequence resulting in sC18*, a shorter CPP which proved to be efficient as a cargo
to internalize peptide sequences.®>’
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3.3.4.Cell penetrating peptides as mitochondria targeted drug delivery systems

Owing to their ability to safely cross cellular membranes CPPs have been widely used for the
delivery of drugs in the form of peptide-drug conjugates (PDC).2"%*'% The biological barrier
of cellular membrane is usually a limiting factor in drug design, especially for small molecules
which can lack the ability to cross it and therefore highly benefit of the use of carriers for
their delivery. A commonly used anticancer drug, Doxorubicin, is for example highly effective
but cancerous cells have developed a resistance to it and it also affect healthy cells. Conjuga-
tion to a CPP, Poly-L-Arginine, was able to increase internalization and cytotoxicity of Doxo-
rubicin while not inducing any change in the toxicity towards healthy cells.”"

The example of the SS (Szeto-Schiller) peptide opened the way to mitochondria penetrating
peptides (mtPP). This antioxidant peptide can protect mitochondria from oxidative stress by
scavenging ROS through the Tyrosine in its sequence.'® Interestingly, the SS peptides are
tetrapeptides with alternating basic and aromatic residues.'® Similarly, other repetitive se-
quences emerged as mitochondria targeting with effect on mitochondria.’®*%

Inspired by this strategy Dr. Klimpel, in Neundorf group, aimed to develop a mtPP relying on
the properties of sC18."% Relying on the mitochondria targeting effect of MTS and acknowl-
edging their inability to cross cellular membranes it was hypothesized that through the con-
jugation of a MTS to sC18 the resulting sequence would possess both properties creating an
mtPP. Through the evaluation with different domains of mitochondrial proteins, aldehyde de-
hydrogenase 5 (ALD5) was finally chosen as the MTS. The resulting mtPP was obtained
through N-terminal conjugation of ALD5 to sC18 for mimicking physiological conditions.
When evaluating this peptide for cellular uptake and localization it performed well and suc-
cessfully reached the matrix of mitochondria in Hela cells. Moreover, this mtPP was modified
to incorporate a cytotoxic payload, chlorambucil, for anticancer action via mitochondria deliv-
ery, which resulted in an efficient drug delivery system but with a limitation due to the pay-
load instability.

3.3.5.Cell penetrating peptides limitations

Due to their peptidic nature, CPPs are subject to proteases and plasma degradation, limiting
their half life time it does affect the efficacy of their treatment.’”” Since a reduced lifetime in-
side the cell would result in less exposure time of the drug long lasting treatments are usually
difficult to achieve through PDC and require repeated administration and fluctuating their
concentration in blood.'%

For the CPPs internalized via endocytosis, a common challenge to overcome is to escape the
endosome once internalized. When trapped in the endosomes, CPPs may lack the ability to
escape, resulting in reduced activity as they are not released into the cytosol.'®'"°

It is important to consider the lack of specificity of CPPs as standalone, as they cannot specifi-
cally address cancerous cells and require further customization to do so. In some cases,
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certain CPPs have been observed to be limited in penetrating specific cell lines, possibly due
to interactions with specific membrane components.'"'"

Another limitation to their therapeutic application is their low oral bioavailability requiring
them to be administrated via direct injection, a method which is invasive and uncomfortable
for patients thus limiting their application.’®”'"

Therefore, when designing PDC, these limitations should be taken into account and ad-
dressed through modifications to the CPP sequence or decoration with cancer-targeting moi-
eties, among other strategies.'"

4. Aims

As presented in this introduction targeting mitochondria seems an appealing strategy in
treating diseases such as cancer. However, reaching mitochondria can be a difficult challenge
due to its location, metabolism and structural characteristics. In a previous project a mito-
chondria targeting peptide (MTP) was designed upon conjugation of a MTS to sC18, a CPP
developed in the lab.”® Design of such peptide was obtained through evaluation of different
modified MTS with the final choice being ALD5, a sequence derived from aldehyde dehydro-
genase 5. As stated previously, the MTS alone lacked the ability to translocate inside the cell
and therefore it was coupled to sC18.

In this project, new and more efficient MTPs should be designed containing modifications in
the sequence of sC18 and their biological activity should be evaluated. Moreover, the conju-
gation of a new payload, namely Jasmonic acid (JA), and variation in its coupling position
should be investigated. Jasmonic acid is a plant stress hormone, that was described to induce
apoptosis through mitochondria activation."*"® The drug alone cannot cross efficiently bio-
logical membranes resulting in poor activity requiring high concentrations to be efficient."™
122 Therefore, targeting of JA to mitochondria via MTP should be used to restore apoptotic
potential of cancerous mitochondria.

5. Results and discussion
5.1. Peptide synthesis

In previous work of the lab, ALD5sC18 was described as an efficient MTP targeting the matrix
of mitochondria. To further explore the potential of this mitochondria targeting conjugate
and to improve the cellular uptake efficiency, variants of sC18 should be introduced. (Fig 6)

ALDS sC18
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Figure 6. Structure of mCPP1 peptide.
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The additional sequences synthesized were built upon using sC18dE and sC18*, as they have
proven to be interesting alternatives to sC18. For the aim of simplifying the reading and dis-
cussion those MTPs are named mCPPs followed by a number relative to the CPP sequence (1-
sC18, 2-sC18dE, 3-sC18*) and the letter refers to the coupling position, that | will discuss later
on. The following Table 1 gathers all the synthesized peptide sequences:

Table 1. List of synthesized peptides. All were obtained in purity > 95%.

Name Sequence Mw theo (g/mol) Mw exp (g/mol)
ALD5 LSRTRAAAPNSRIFTR 1816,08 1816,4
CPP1 GLRKRLRKFRNKIKEK 2069,55 2070,33
CPP1aJA GLRKRLRKFRNKIKEK(JA) 2261,85 2263,19
CPP2 GLRKRLRKFRNKIKK 1940,44 1942,13
CPP2aJA GLRKRLRKFRNKIKK(JA) 2132,70 2133,08
mCPP1 LSRTRAAAPNSRIFTRGLRKRLRKFRNKIKEK 3868,60 3870,02
mCPP2 LSRTRAAAPNSRIFTRGLRKRLRKFRNKIKK 3739,48 3740,84
mCPP3 LSRTRAAAPNSRIFTRGLRKRLRKFRNK 3369,98 3371,40
mCPP1aCF LSRTRAAAPNSRIFTRGLRKRLRKFRNKIKEK(CF)  4226,92 4228,74
mCPP2aCF LSRTRAAAPNSRIFTRGLRKRLRKFRNKIKK(CF) 4097,80 4099,48
mCPP2cCF  LSRTRAAAPNSRIFTRGLRKRLRK(CF)FRNKIKK 4097,80 4098,92
mCPP3aCF LSRTRAAAPNSRIFTRGLRKRLRKFRNK(CF) 3728,35 3729,6
mCPP1aJA LSRTRAAAPNSRIFTRGLRKRLRKFRNKIKEK(JA) 4060,87 4062,0
mCPP1bJA LSRTRAAAPNSRIFTRK(JA)GLRKRLRKFRNKIKEK 4189,05 4190,22
mCPP2aJA  LSRTRAAAPNSRIFTRGLRKRLRKFRNKIKK(JA) 3931,75 3933,12
mCPP2bJA  LSRTRAAAPNSRIFTRK(JA)GLRKRLRKFRNKIKK  4059,93 4061,22
mCPP2cJA  LSRTRAAAPNSRIFTRGLRKRLRK(JA)FRNKIKK 3931,75 3932,95
mCPP3aJA LSRTRAAAPNSRIFTRGLRKRLRK(JA)FRNK 3562,30 3563,21
mCPP3cJA  LSRTRAAAPNSRIFTRGLRKRLRK(JA)FRNK 3562,30 3563,35

The MTS, CPPs and mCPPs were first synthesized as they were required as controls in biologi-
cal assay as well as for structural analysis. Their synthesis was carried on solid phase via robot
synthesis using the classic Fmoc/tBu strategy. In this strategy amino acids (aa) have their
amine moiety protected with a fluorenylmethoxycarbonyl protecting group (Fmoc), the side
chains are usually protected with tert-butyl (tBu) and their carboxylic moiety is free. This pro-
tection system is highly essential to keep control on the elongation of the peptide, as if both
the amine and carboxylic functions of the amino acids were unprotected, they could react
freely with each other yielding uncontrolled additions. To achieve peptide elongation, the
amino acids are added in a sequential manner and coupled through the formation of an am-
ide bond. This bond is formed by the reaction between the amine group of one amino acid
and the carboxylic group of another amino acid, resulting in the loss of a water molecule. This
dehydration reaction leads to the formation of a stable peptide bond, which connects the
two amino acids together. To do so, the amine needs to be first deprotected from its Fmoc
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group, being base labile it is removed using piperidine. Once the Fmoc group is removed the
aa to be coupled is added with activation agents which will turn the carboxylic function into a
reactive one that will add up on the free amine from the previous aa. Following this method
peptides can be elongated directly on a resin.

In my case the resin chosen was Rinkamide, as upon cleavage it would leave out a carbox-
amide on the C-terminal side. A peptide bearing a carboxamide on its C-terminal side would
have its usual negative charge of the carboxylic moiety neutralized thus increasing the posi-
tive charge of the sequence, which is important for membrane interaction and hence for cell
penetration.”®'? Therefore, after peptide elongation on resin the peptide was cleaved off the
resin manually using a TFA cocktail, such strong acidic mixture will also deprotect the side
chain protection as tBu is acid labile. Finally, the peptides were precipitated in diethyl ether to
remove most of the organic impurities coming from the synthesis. The final step of this syn-
thesis was the purification.
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Figure 7. Overview of the synthesis of peptide conjugates. a: 30% piperidine in DMF, 2 x 30 min, rt; b: 3
eq Fmoc-Lys(Dde)-OH, 3 eq HATU, 3 eq DIPEA, 2h, rt; 3 eq Fmoc-Lys(Dde)-OH, 3 eq Oxyma, 3 eq DIC,
o/n, rt; in DMF, 3 to 4 steps alternating; c: robot elongation; d: 10 eq Boc;O, 1 eq DIPEA, in DMF, 2h, rt;
e: 2% hydrazine in DMF, 8 x 10min; f: 3 eq Jasmonic acid, 3 eq HATU, 3 eq DIPEA, 2h, rt; 3 eq Jasmonic
acid, 3 eq Oxyma, 3 eq DIC, o/n, rt; in DMF, 3 to 4 steps alternating; g: trifluoroacetic acid/triiso-
propylsilane/water (95/2.5/2.5, v/v/v), 3 h, rt.
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Regarding the PDC and fluorophore conjugates, the starting point was the previous design
with the sequence mCPP1 having the drug payload attached via the side chain of the C-ter-
minal Lysine. This design was kept with the Jasmonic acid drug and applied to the new
mCPPs yielding the “a” generation of PDCs and fluorophore labelled mCPPs. In an attempt to
better understand the processing of the internalized mCPPs | designed the "b” generation of
PDC with the introduction of a lysine to bear the payload between the MTS and the CPP. In-
deed, once internalized mitochondria targeted natural peptides and proteins are cleaved off
their MTS via a system of proteases internal to the matrix of mitochondria. Therefore, | hy-
pothesized that once the mCPP would reach the mitochondria the CPP could be detached
from the MTS and if the drug payload is attached to the CPP its potency could be diminished.
While with an attachment point on the MTS, without affecting the original sequence, the re-
sulting MTS-JA from this hypothetical cleavage site could stay in the surrounding of mito-
chondria and keep its activity. Finally, a third generation of “c” conjugates was also designed
in order to tackle potential protease degradation. For those conjugates the attachment point
chosen was Lys®* as this aa is still on the CPP part and present in all 3 different mCPPs.

The synthesis of conjugates presented additional challenges compared to a simple robot syn-
thesis due to the need to attach a payload to the side chain of the peptides. This required the
implementation of orthogonal protection for the attachment site. Orthogonal protection re-
fers to the use of protecting groups that are not cleaved during the standard deprotection
and coupling steps, but can be selectively removed under specific conditions without affect-
ing the other protecting groups.

In the Fmoc/tBu strategy, as mentioned earlier, the Fmoc group is labile under basic condi-
tions, while the tBu group is labile under acidic conditions. These two protecting groups are
orthogonal to each other within this system. To introduce an additional orthogonal protec-
tion, | chose to use 2-acetyldimenone (Dde) as the amine protection. The Dde group is not
labile under acidic conditions but can be removed under stronger basic conditions than those
used for Fmoc deprotection. This means that the standard piperidine solution used for Fmoc
deprotection will not remove the Dde group, while a hydrazine solution used for Dde depro-
tection will remove the Fmoc group.

By incorporating orthogonal protection, | could selectively protect and deprotect specific
functional groups at different stages of the synthesis, allowing for the attachment of the pay-
load to the desired site on the peptide side chain. This strategy ensured that the payload re-
mained intact during the peptide synthesis process and could be selectively released at a
later stage under specific conditions.

Considering the price of Dde protected Lysine and to ensure its coupling the addition of this
special aa had to be performed manually so the effective coupling could be monitored via
Kaiser test. The Kaiser test is a ninhydrin-based on beads test. Briefly some resin beads, with
the elongated peptide, are taken and the kaiser test solution is added. After a brief heating at
95°C depending on the presence of a free amine or not the beads and solution color turn
blue or remain yellow/orange. This simple color change is a trustworthy indicator of effective
coupling or deprotection step.
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Regardless of the payload to couple or the mCPP sequence their synthesis followed the same
procedure, with the only variation being on the coupling position. For the “a” conjugates the
coupling position being on the last position, which is the first to be attached on the resin, the
rinkamide resin had to be loaded with a Dde protected lysine. After this first step, the peptide
was elongated with the robot synthesizer. For the “b” and “c” conjugates the first part of the
peptide was elongated by the robot before adding the Dde protected Lysine manually, after
successful coupling assessed by a sample cleavage, the rest of the peptide was elongated
with robot synthesis. After robot elongation the same procedure was followed regardless of
coupling position. The robot synthesis final step being a Fmoc deprotection the obtained se-
quence has a free N-terminal amine which was protected with a group orthogonal to Dde;
Boc which is basic stable and acid labile. After monitoring this coupling by kaiser test the Dde
group was removed and finally the payload attached and assessed by a sample cleavage. It is
worth to notice that the coupling of the carboxyfluorescein (CF) required more coupling
steps, especially for the "a” conjugates probably due to the proximity with the polymeric resin
beads which may hinder the coupling position. Finally, the peptide conjugates were obtained
after full cleavage following the same method as for the unlabeled/unmodified peptides.

After precipitation in ether, the crude peptides were purified using HPLC in acetonitrile/water
solvent system. During HPLC purification the appearance of a side product with a difference
in mass of +72 Da and a close retention time was observed. This side product resulted proba-
bly from a partially incomplete deprotection of Pbf, the protecting group of Arginines. In an
attempt to prevent the formation of this product the TFA cleavage time was elongated but it
only slightly decreased its presence. The final solution | had to apply was to pursue a second
purification over HPLC with an elongated increasing gradient of acetonitrile, to separate the
eluting peaks when it was required.

5.2. Peptide structure characterization by Circular Dichroism Spectroscopy

As mentioned in the introduction the secondary structure that a peptide adopts will have a
strong impact on its cell penetrating potency. Generally, an alpha-helical structure is benefi-
cial for the lipid-peptide interaction. Moreover, the amphipathic helix with a charge distribu-
tion alongside the different faces of the peptide might further promote mitochondria interac-
tion.85'124

Therefore, all mMCPPs and PDC were characterized concerning their structure using circular di-
chroism (CD) spectroscopy. CD is a phenomenon resulting from the difference in absorption
of polarized light between chiral molecules. Indeed, due to their structural configuration chi-
ral molecules do not absorb left and right polarized light to the same extent resulting in dif-
ferent spectra. In the case of peptides and proteins this technique is used to get information
on their secondary structure as it has been observed that the different peptides structures ex-
hibit a characteristic spectrum. In the case of alpha helices, a negative band at 208 nm and a
positive band at 222 nm are expected, while for a beta sheet structure a positive band will be
present at 196 nm and a negative one at 216 nm.
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Considering the water-soluble character of the peptides aqueous buffer was chosen as pri-
mary solvent for this measurement. In an attempt to promote structuration of the peptides a
co-solvent was also used, namely trifluoroethanol (TFE). TFE is used in order to promote
structuration of peptides and proteins, in an aqueous solvent. It acts by disrupting H bonding
between water molecules and the polar groups present on the aa side chains. Disrupting
those interactions leads to increased intra-molecular interactions thus yielding more ordered
and structured peptides.'>'?® Therefore, the use of TFE must come with special attention to
interpreting results as its concentration can yield biased data. To overrule this point, | decided
to evaluate the peptides with an increasing concentration of TFE, up to 50% as the results
cannot be interpreted above this point.
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Figure 8. CD spectra of ALD5 (right), CPP1 and CPP2 (left). Spectra were recorded at 20 uM peptide
concentration in 10 mM phosphate buffer, pH 7.0, with or without addition of TFE. R-value 50% TFE
CPP1: 0.85, CPP2: 0.92.

When investigating ALD5 alone, even with the addition of TFE, no structuration can be ob-
served (Fig 8), the spectrum presents a wide absorption band before 220 nm which is charac-
teristic of a random coil. In such case the peptide is folded onto itself without adopting a
specific structure. A similar behavior can be observed for CPP1 and CPP2 when in water
alone. But upon addition of TFE their spectra change to present two strong absorption peaks
at 208 and 222 nm which is the characteristic signature of an alpha-helix secondary structure
(Fig 8). To evaluate the alpha helix character of a peptide, sequence the R-value is a helpful
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Figure 9. CD spectra of mCPP1 (left), mCPP2 (middle), mCPP3 (right). Spectra were recorded at 20 uM pep-
tide concentration in 10 mM phosphate buffer, pH 7.0, with or without addition of TFE. R-value 50% TFE

mCPP1: 0.84, mCPP2: 0.93, mCPP3: 0.75.

N
IS}
3
3
3
!

0

=}

o

L 4 y
40000«\\/_. . e

-40000 -

-20000

Mean ellipticity [deg.cm?.dmol™]
Mean ellipticity [deg.cm?.dmol]
Mean ellipticity [deg.cm?.dmol™]

20



index that is obtained as follow: R-value = [8]222 nm/[©]208 nm, and for the CPPs with addition of
TFE their value is in agreement with recent datas.”'?’

Upon coupling of ALDS5 to the different CPPs resulting in the mCPPs sequence the profile of
those peptides was changed (Fig 9). Indeed, with increasing TFE, a clear alpha helix character
appeared, highlighting the benefit of this coupling for ALD5 which can structure itself under
the influence of the CPPs. As mentioned, TFE has to be used cautiously and therefore | pur-
sued an experiment where | recorded the spectra of the peptides under the influence of in-
creasing TEF concentrations up to 50% in water. Thereafter when calculating the R-value for
each concentration it appears that with a minimum concentration of 30% the alpha helix
structure is adopted by all three mCPPs. Moreover, some differences were noticed between
mCPP1-2 and mCPP3. For the first 2 sequences an R-value of 0,80 was reached with only 20
% of TFE whereas for mCPP3 this concentration had to be increased. Even comparing the R-
value at 50% TFE revealed a stronger structuration for mCPP1-2 compared to mCPP3. This re-
sult might go back to the fact that mCPP3 is a shorter version of mCPP1 with the deletion of
4 aa which may have been involved in the structuration via stabilizing the structure through H
bonding for example. Nevertheless, an alpha helix structure was obtained for all mCPPs in
presence of small amount of TFE.
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Figure 10. CD spectra of mCPP1 (left), mCPP2 (middle), mCPP3 (right). Spectra were recorded at 20 uM pep-
tide concentration in 10 mM phosphate buffer, pH 7.0, with or without addition of TFE. R-value sos tre
mCPP2aJA: 0.80, mCPP2bJA: 0.84, CPP2aJA: 0.80.

Considering the influence of deleting aa in the sequence on the structuration for the overall
peptide it also had to be considered that the coupling of the drug at different positions could
also affect the structure. Therefore, the same experiment was pursued with the drug conju-
gates of version 2. It appeared that the conjugation of JA on the C-terminal lysine did not af-
fect the structuration of mCPP2aJA which exhibited a similar spectrum as mCPP2 (Fig 10). In-
terestingly the addition of an aa bearing JA, in the case of mCPP2bJA, seemed to have little
influence on its structure as the alpha helix was reached but requiring a slight increase in TFE
compared to mCPP2. Finally, conjugation of JA to the CPP alone did not perturbate the struc-
ture of the peptide. Overall, it can be concluded that neither the deletion nor addition of aa
or payload disrupts the structuration into alpha helix of the different mCPPs which is an im-
portant trait for the cell penetrative potency of the peptides. (See supplementary for other
conjugates spectrum)
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As stated in the introduction and above structuration of CPP and also MTS plays an im-
portant role for membrane interaction and internalization. Regarding MTS the formation of
an amphipathic alpha helix can be necessary for interacting with mitochondrial import sys-
tem.'?* As for the alpha helix it was observed that the CPP adopts this structure but this also
applies to the different mCPPs and drug conjugates. Therefore, the amphipathic character of
the mCPPs had to be evaluated. To pursue such evaluation, | had to rely on calculators that
can give the organization of the different aa along alpha helical peptides.

Figure 11. Helix projection with size proportional to residues. mCPP1 (left), mCPP2 (middle), mCPP3

(right). Colors refers to residues properties: blue for hydrophilic/positively charged aa, yellow for hy-
drophobic/non-polar aa, grey, pink and purple for uncharged aa, green for special aa, red for hydro-
philic/negatively charged aa. Additionally terminal aa are marked with a red letter; N for N-termini and
C for C-termini.

Using this tool, the profile of the 3 different mCPPs appears to have a good distribution of
hydrophobic residues and charged residues characteristic of amphipathic sequences (Fig 11).
It can be observed that the deletion of Glu*' seems to have a positive effect as it removes a
negative charge in a positively charged face, especially when comparing mCPP1 and mCPP2
the distribution of mCPP2 offers a better distinction between hydrophobic and hydrophilic
faces. Nevertheless, it can be observed that due to its shorter sequence the mCPP3 sequence
has a weaker amphipathic character due to less aa distribution. This has also to be associated
with its decreased alpha helix character and therefore this sequence has to be considered in a
slightly different way than mCPP1 and mCPP2. Regarding the different drug conjugates, ver-
sion a/c or b with the additional Lys, it appears that the amphipathicity is not affected by the
payload introduction. (See supplementary for projections)
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5.3. Biological evaluation of novel mCPPs

In this project, | conducted evaluations of the biological profile of the novel mCPPs and PDCs
in various cell lines that are relevant for their potential application as cancer therapeutics.

The Hela cell line was used as a cancerous cell line for these evaluations. It should be noted
that the Hela cell line was obtained without consent from tissues of Henrietta Lacks, a patient
who suffered from cervical cancer. Despite the controversial origin of this cell line, it has been
widely utilized in research since its establishment.’?®

Molt-4 is a cell line derived from a patient with acute lymphoblastic leukemia, which is a spe-
cific type of blood cancer. It is important to mention that Molt-4 cells are non-adherent, re-
quiring slight modifications to the protocols in order to accommodate this characteristic. It
should be noted that the results obtained in this cell line are still preliminary and incomplete.
Therefore, any conclusions drawn from these results should be subject to further investiga-
tion and deeper study with this cell line.

HEK-293 cells, derived from human embryonic kidney cells, were utilized as a model for
healthy cells. It is essential to consider that HEK-293 cells are an immortalized cell line, indi-
cating that they have undergone a mutation that has rendered them virtually immortal, al-
lowing for indefinite cultivation. These cells serve as a valuable model system for studying the
behavior and characteristics of healthy cells.

By conducting evaluations in these different cell lines, | aimed to gain insights into the poten-
tial effectiveness and specificity of the mCPPs and PDCs as cancer therapeutics, as well as
their impact on healthy cells. These findings contribute to the ongoing research and develop-
ment efforts in the field of cancer treatment.

5.4. Internalization in different cell lines

Influence of FBS on internalization

In the previous part it was observed that the mCPPs possess the structural characteristics fa-
voring their cell penetration. In this part | will take a deeper look into the internalization and
cellular fate of the mCPPs. For the purpose of this study fluorophore labeled versions of the
mCPPs were required and their synthesis was described in the first part. The method chosen
for a first evaluation of the peptides was flow cytometry. After an incubation period in pres-
ence of fluorophore labeled peptides, internalized fluorophores are excited via a laser in a
single cell analysis. Through this process the flow cytometer can measure the scattered light
and fluorescence signal emitted.'®
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For cell culture, the medium need to be supplemented with different additives to sustain the
growth and development of the cells. A classic supplement is fetal bovine serum (FBS), which
is the main source of food and energy for the cells when growing. In this protocol, peptide
incubation was pursued in an FBS deprived medium which | was curious about, therefore |
pursued a comparative experiment with Hela cells.

In this experiment, two different incubation methods were employed to investigate the effect
of FBS (fetal bovine serum) supplementation on the internalization of mCPPs. In one case, the
mCPPs were incubated in a medium supplemented with FBS, while in the other case, FBS was
removed from the medium. The results obtained from comparing these two incubation
methods (Fig 12) revealed a significant difference, indicating a clear interaction between FBS
and the mCPPs.

It can be observed that the internalization of mCPPs is significantly decreased in the presence
of FBS. Based on these findings, a hypothesis can be proposed that the highly positive
charges of the mCPPs may interact with certain proteins present in FBS. This interaction is
strong and stable, making it difficult for the mCPPs to penetrate the cells effectively. It is
likely that this interaction between the mCPPs and FBS proteins forms a complex that hinders
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Figure 12. Comparative flow cytometry analysis of cellular uptake of mCPP2aCF in Hela cells. Peptide
was incubated at 5 uM concentration for 15, 30 and 60 min in medium supplemented or not with FBS.

the availability of mCPPs for cellular internalization. These observations highlight the im-
portance of considering the presence of FBS and its potential influence on the behavior and
efficacy of mCPPs. Therefore, following biological evaluation were carried in a FBS deprived
medium during peptide incubation.

Comparative uptake of mCPPs

Comparing cellular internalization of mCPPs, a striking observation from Fig 13 is the ranking
of uptake between sequences: mCPP2 gives the highest signal, hence the highest cell pene-
tration, followed by the original sequence mCPP1 and lastly mCPP3 that has a highly de-
creased internalization. This result can be associated with the structure of those sequences as
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the R-value of mCPP3 is slightly decreased compared to mCPP1 and mCPP2. Moreover, this
first observation confirms the hypothesis that by removing a Glutamic acid, bearer of a nega-
tive charge at physiological pH, it would increase the overall positive charge of the C-terminal
peptide tail hence increasing its interaction with cellular membrane resulting in better cellular
uptake when comparing mCPP1 and mCPP2. This pattern is also maintained independently of
the concentration even if the difference is more striking at 5 uM. Those results are in agree-
ment with the data recently collected about the different CPP.%

Considering the concentration used it is observed that with increasing concentration the in-
ternalization is also increased which highlights the concentration dependent uptake of the
mCPPs. The uptake of mCPP2 is even more affected by the concentration used thus revealing
its potential and confirming its advantage over mCPP1.

Finally, influence of incubation time on cellular uptake was evaluated with short time frame.
Interestingly, uptake is already satisfactory after a short incubation of 15 minutes revealing
the potential of those mCPPs. Moreover, uptake pattern is consistent with the different incu-
bation time. Another point to consider for mCPP1 and mCPP2 is that it seems that their up-
take reaches a maximum at 30 minutes with 5 uM whereas the uptake increases in a time de-
pendent manner for mCPP3. It can be observed different internalization behavior with mCPP1
and mCPP2 exhibiting a fast uptake while mCPP3 requires more time to accumulate which
could influence the efficiency of relative PDCs.
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Figure 13. Comparative flow cytometry analysis of cellular uptake of CF labeled mCPPs in Hela cells. Pep-
tide were incubated at 1 or 5 uM concentration for 15, 30 and 60 min.

Interestingly similar results, to the one obtained with Hela, were observed in Molt-4: the pat-
tern in uptake profiles is unchanged, the uptake is concentration dependent, at 1 uM the dif-
ferent peptides are increasingly taken up over time while for 5 yM a maximal uptake seems
to be reached after 30 minutes, which is translated in a time dependent uptake. Therefore, as
for Hela cells, the uptake of the mCPPs is time and concentration dependent but when com-
paring uptake in both cell lines a striking observation can be made regarding the intensity of
25



the signals received. Indeed, in Molt-4 the relative signal obtained is 10 times higher than in
Hela cells. This first result is thus quite encouraging as the cell penetrative capacity of the
mCPPs is increased in this cell line this could result in increased potency for the PDCs.
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Figure 14. Comparative flow cytometry analysis of cellular uptake of mCPPs in Molt-4 cells.
Peptides were incubated at 5 uM concentration for 15, 30 and 60 min.

Finally, uptake was evaluated in HEK-293 cells with increasing concentrations and incubation
times. Uptake follows the same trend as in the other cell lines, with a time and concentration
dependent uptake and mCPP2aCF still performing the best. Nevertheless, as with Molt-4
cells, the relative fluorescence signal received as to be taken into consideration as it is 20

times lower than in Hela cells and 200 times lower than in Molt-4. This strong difference in

internalization is a good sign for selectivity as it appears that the mCPPs cannot cross the
membrane of HEK cells. An explanation for this result may lie in the fact that the membrane
of cancerous cells is more negatively charged than the ones of healthy cells which can result

in a stronger interaction with mCPPs.
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Figure 15. Comparative flow cytometry analysis of cellular uptake of mCPPs in HEK cells. Pep-

tides were incubated at 1 or 5 uM concentration for 15, 30 and 60 min.
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5.5. Fluorescence microscopy in Hela and HEK cells

With the different information on internalization at hand; behavior, concentration and incu-
bation time, it was possible to pursue this study with fluorescence microscopy to obtain more
information on the intracellular fate of the mCPPs. Principle of fluorescence microscopy lies
on the excitation, at a specific wavelength, of fluorophore that will, when reversing to ground
state, emit specific wavelengths. Such technique allows the observation of individual orga-
nelles, upon use of specific dyes, and the potential colocalization resulting from internaliza-
tion of fluorophore labeled objects. According to flow cytometry experiments the protocol
for fluorescence microscopy was designed as follows: after a growing period of 24 hours Hela
cells were first incubated with CMXRos, a red mitochondria stain that specifically binds to car-
diolipin, a phospholipid presents in the inner mitochondrial membrane. Due to its cationic
nature this dye can specifically accumulate in the mitochondria in a membrane potential de-
pendent manner, for 30 minutes. After this, medium was replaced by a peptide solution at 5
MM and the cells incubated for 30 minutes. Finally, Hoechst, a blue nuclear stain, was added
and the incubation pursued for an additional 10 minutes. Cells were then washed, to reduce
background signal from the different fluorophores, and ready to be observed under the mi-
croscope in a relatively short time frame to avoid quenching of the fluorescence due to light
exposure. Due to this triple stain different fluorophores had to be used in order to avoid any
overlapping signals. The mitochondria stain has a Aabs 579 nm/ Aem 599nm and thus emits a
red light, Hoechst has a Aabs 350 nm/ Aem 461nm and thus emits a blue light, finally Carbox-
yfluorescein, the fluorophore attached to the mCPPs, has a Aas 494 nm/ Aem 518nm and emits
a green light that does not overlap with the other two fluorophores. To investigate the inter-
nalization pattern of the mCPPs over time, different time points were evaluated using flow cy-
tometry. These experiments were conducted in collaboration with the "Istituto Superiore di
Sanita" in Italy. The institute performed the experiments with an additional fixation step and
graciously provided the resulting images that are presented hereafter. It is worth noting that
cell fixation can have an impact on peptide internalization, which initially made me somewhat
hesitant.
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Figure 16. Confocal images of fluorophore labeled peptides in Hela cells fixed. Samples were incubated
with CMXRos mitotracker (red) for 30 min then with mCPP-CF (green) for 30, 60 or 180 min at 5uM and fi-
nally with Hoechst (blue) nucleus dye for 10 min before fixation with 3% Paraformaldehyde in complete
medium for 30 min at 4°C. Co-localization spots are indicated with arrows.

After a brief incubation period of 15 minutes, the peptide signal is predominantly detected
outside of the cell, with only a few colocalized spots observed in the cytoplasm and mito-
chondria. After 30 minutes of incubation, the peptide signal remains outside of the cell or in-
side the cytoplasm, but a few more colocalization points can be observed. Extending the in-
cubation time to 60 minutes further enhances the colocalization effect, with more observable
spots. Finally, after a longer incubation time of 180 minutes, the colocalization spots become
more prominent. The remaining signals seem to overlap with the mitochondria, although
they do not appear as yellow, possibly due to being on a different plane (Fig 17). Correlating
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with the flow cytometry data, it is evident that mCPP1aCF exhibits a similar behavior to
mCPP2aCF, demonstrating rapid internalization and colocalization. However, for mCPP3aCF,
the peptide signal appears relatively low and is primarily localized outside of the cell at 30
and 60 minutes. Nevertheless, after an extended incubation time of 180 minutes, mCPP3aCF
shows increased internalization and an enhanced colocalization effect becomes noticeable.

Considering the three-dimensional nature of cells, it is important to acknowledge that orga-
nelles and internalized peptides may not align perfectly on the same plane when visualized
using microscopy. Consequently, the peptide signal that initially appears to be off-target may
actually be colocalizing with mitochondria. To investigate this further, Figure 18 presents a
comparison of merged images from a single section. Upon closer examination, it becomes
evident that the colocalization between the peptide signal and mitochondria appears more
pronounced in the single section view.

Figure 17. Confocal images of mCPP2aCF 5 uM, 30min fixed. Full image

(left), single section (right).

In order to gain insights into the distinct behavior observed in flow cytometry, fluorescence
microscopy was employed to examine HEK cells. The experimental conditions were kept con-
sistent with a 30-minute incubation time and concentrations of 5 and 10 uM for comparison
purposes. Figure 20 illustrates the results obtained at the higher concentration of 10 uM, as
the images obtained at 5 uM (Fig S23) presented challenges due to reduced internalization at
this concentration.

Consistent with the findings from flow cytometry, it is evident that internalization in this par-
ticular cell line is diminished and necessitates a higher concentration of the peptides. The mi-
croscopy images reveal that only a few peptides are internalized, with the majority appearing
to aggregate in distinct shiny spots within or outside of the cells. However, for the peptides
that do enter the cells, they seem to retain their ability to target mitochondria, as evidenced
by the presence of colocalization spots. Notably, no significant differences are observed
among the various sequences tested, with mCPP2aCF exhibiting the most favorable perfor-
mance.
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Figure 18. Microscopy images in HEK-293 cells. All images obtained with a peptide concentration of 10 uM and an
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incubation time of 30 min. mCPP2aCF (left) mCPP2bCF (middle) mCPP3aCF (right).

These microscopy results provide further support to the findings obtained through flow cy-
tometry, highlighting a reduced internalization in HEK cells and the tendency of the peptides
to aggregate rather than distribute uniformly within the cell. The observations of mitochon-
drial colocalization suggest that the peptides retain their targeting capability, albeit at a lim-
ited extent.

5.6. Cytotoxicity of mCPPs in different cell lines

Assessment of mCPPs influence on viability in different cell lines is a key point as the cargo
should not induce any toxicity for the PDC efficiency to be solely attributed to its cargo. Due
to my secondment in a different laboratory two readout methods were used for cytotoxic
evaluation.

When in KoIn the method used was relying on resazurin, a weakly fluorescent dye which is
non-toxic and cell permeable with a deep blue color. Upon aerobic respiration resazurin is re-
duced in resofurin irreversibly, this compound is highly fluorescent and can be detected due
to its absorbance at 530-570 nm and emission at 580-590 nm which gives a pink color to the
solution. Therefore, when in a presence of viable cells resazurin is reduced due to the respira-
tion through mitochondria and in absence of viable cells it will remain blue. This colorimetric
difference can then be monitored to deduct the cells viability upon exposure to treatment.

During my secondment period in Rome, | was using a different readout based on Cell-Titer
glo. Similarly, to resazurin this dye requires to be reduced, indirectly, by mitochondria as it re-
acts with ATP. But in order to react with ATP the cells must be lysed, as the dye is not cell per-
meable, and therefore a final vortexing step is required to disrupt membranes and release the
present ATP. The molecule behind Cell-titer glo is luciferin which upon reduction turns into
oxyluciferin, a molecule that emits light and can be titrated by following the luminescence.
ATP being directly proportional to the number of viable cells and the advantage of cell-titer
glo being an "add-mix-measure” solution highly reduce potential errors resulting from ex-
changing media and pipetting.
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Biological evaluation in Hela cells

In the initial assessment of the peptide carrier alone, no toxicity was observed within the
tested concentration range after a 24-hour incubation period (Fig 21). However, when evalu-
ating the mCPPs, toxic effects became apparent, starting at 25 uM and increasing with higher
concentrations. Notably, the highest toxicity was observed with mCPP1, while mCPP2 and
mCPP3 exhibited a slightly delayed toxic response at higher concentrations, suggesting a
beneficial effect of changing the peptide sequence. It is worth noting that the observed tox-
icity at 100 uM should be considered in the context of the high concentration used.
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Figure 19. Cytotoxic profile of peptides in Hela cells. Peptides were incubated for 24
hours before assessment of cell viability with a resazurin based test.

The toxicity observed with the mCPPs can be attributed to their high concentration-depend-
ent membrane interaction. At elevated concentrations, CPPs can trigger a switch from endo-
cytosis to direct penetration, which may lead to membrane destabilization and pore for-
mation.”* These effects contribute to the observed toxicity at high concentrations.

The results indicate that the mCPPs possess a concentration-dependent toxic effect, with
mCPP1 exhibiting the highest toxicity and mCPP2 and mCPP3 showing attenuated toxic re-
sponse at higher concentrations.

To gain a deeper understanding of the toxicity, the incubation time of the peptides was ex-
tended to 48 hours in the study conducted in Rome. Prolonging the incubation time resulted
in a decreased toxic effect not only for the carrier alone (CPP1 and ALD5) but also for the
mCPPs. This decrease in toxicity is a positive indication for the potential long-lasting effect of
the PDCs. It can also be observed that mCPP1 seems more toxic than mCPP3 highlighting the
better tolerability of this new sequence in Hela cells.
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Overall evaluation in Hela cells revealed a great tolerability for the mCPPs. Some noticeable
toxicity can be observed when reaching concentration of 100 uM for mCPP2 and mCPP3 after
24 hours while the tolerability is reduced to a maximum of 50 uM for mCPP1 in the same
conditions.
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Figure 20. Cytotoxic profile of peptides in
Hela cells. Peptides were incubated for 48
hours before assessment of cell viability with
a cell-titer glo based test.

Based on these findings, it can be concluded that the new mCPP sequences benefit from the
modifications in comparison to the original mCPP1. As previously discussed, the observed
toxic effects of the mCPPs can be attributed to their strong membrane interaction, which can
lead to membrane disruption at high concentrations and induce toxicity.

Biological evaluation in Molt-4 cells

When searching into literature for Jasmonic acid it appears that very few studies took interest
into investigating its toxic effect on cancerous cells but the few papers investigating this sub-
ject highlight the sensibility of a specific cell line to this plant stress hormone.”” 8122 This cell
line is Molt-4, a cell line obtained from a patient suffering from acute lymphoblastic leukemia.
Leukemia is a specific blood cancer and therefore is still a tumorigenic cell line. Interestingly
this cell line is not adherent and therefore protocols had to be slightly modified to adapt to
this change. It also has to be mentioned that the results presented here are preliminary and
incomplete yet, therefore any conclusion taken is subjected to be challenged by a deeper
study with this cell line.
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Figure 21. Cytotoxic profile of peptides in
Molt-4 cells. Peptides were incubated for 48
hours before assessment of cell viability with a
cell-titer glo based test.

Cytotoxic evaluation in this cell line was only pursued over 48 hours without triplicates, but
the results obtained from it are quite encouraging. For the peptide part as well as for mCPP3
an increase in the tolerability was observed as no toxic effect was observed up to a concen-
tration of 80 uM. Considering the strong uptake observed in flow cytometry evaluation it can
be concluded that mCPPs are virtually well better tolerated than in Hela cells where toxic ef-
fect was noticeable at high concentration.

Biological evaluation in HEK-293 cells

Finally, evaluation with HEK cells was pursued with a cytotoxic evaluation at 24- and 48-hours
incubation time points. Evaluation with mCPPs revealed low to nontoxic effect at both incu-
bation times. Indeed, a slight decrease in viability appeared at 75 uM, for 24 hours
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Figure 22. Cytotoxic profile of peptides in HEK-293 cells. Peptides were incubated for 24 or 48
hours before assessment of cell viability with a resazurin based test.
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incubation, and at 37,5 uM for 48 hours incubation. A slight difference in viability can be ob-
served between incubation time but overall mCPPs are really well tolerated, even at high con-
centration. This result goes in accordance to the uptake efficiency, as in this cell line internali-
zation was highly decreased, suggesting that if no toxicity is observed this can be connected
to a lesser membrane interaction. Overall, it can be concluded that mCPPs are safe for
healthy cells which can be explained by a decreased membrane interaction as the highly cati-
onic sequences will preferably interact with the negative surface of cancerous membranes
while healthy cells are less likely to internalize them. Therefore, mCPPs exhibit a partial cancer
targeting without relying on specific targeting moieties.

5.7. Effect on red blood cells

Continuing the biological evaluation of the mCPPs and PDC a parameter to consider for po-
tential in vivo application and testing is the transport of the PDC to its target. To do so PDC
are dependent on blood transportation and therefore they must be evaluated as nontoxic for
blood cells to ensure a safe travel. Performing a hemolysis assay thus revealed an important
testing for the PDC. Similarly, to a cytotoxic evaluation red blood cells would be incubated
with the peptides before measuring the amount of hemoglobin released, due to lysis of the
cells, from a plasma sample by an absorbance measurement.
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Figure 23. Hemolytic profile of peptides and PDC
after 24h incubation.

Interestingly when incubating either mCPPs or PDC at different concentration no significant
lysis was observed. Triton-X-100, a cell detergent, was used as positive control to obtain a
sample with 100% cell lysis. In comparison all the peptides tested did not induce more than
10% and this independently of the concentration tested. Therefore, it can be concluded that
the use of those mCPP and their conjugates is safe for blood samples confirming a safe pro-
file towards healthy cells.
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5.8. Cytotoxicity of PDC in different cell lines

Biological evaluation of CPP-drug conjugates

To evaluate the specificity and targeting efficiency of the PDCs, a control was performed us-
ing a PDC lacking the mitochondria targeting sequence. This control was important to assess
whether the toxicity observed in the PDCs was specifically due to mitochondrial targeting. In
this control, the CPP alone cannot localize to the mitochondria, so it was expected to have no
toxic effect on the cells.

In Hela cells, the treatment with CPP1aJA for 24 hours resulted in noticeable toxicity starting
at 50 uM, Fig 25, which can be attributed to the membrane interaction of the CPP at high
concentrations, as previously described.®4* However, when the incubation time was extended
to 48 hours, no toxicity was observed even at concentrations up to 100 uM. This suggests
that the toxicity observed at 24 hours is likely due to a fast-killing effect, which aligns with the
membrane disruption mechanism.
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Figure 24. Cytotoxic profile of CPP1alA in Hela cells after 24h incubation (assessment of cell
viability with resazurin) and 48h incubation (assessment of cell viability with Cell Titer Glo).

Similar results were obtained in Molt-4 cells (Fig 26) when evaluating the same sequence. The
CPP-drug conjugate was not toxic for this cell line, despite the increased uptake observed in
FACS study.

35



140 4 [ ICcPPlaJA48h

120 4

100 +

Relative cell viability (%)
g 3
1 1

IN
o
1

N
o
1

o T T T T T
5 10 20 40 80

Concentration (uM)

Figure 25. Cytotoxic profile of CPP1aJA in Molt-4
cells after 48h incubation assessment of cell via-
bility with Cell Titer Glo.

In HEK cells treated with the CPP2 drug conjugate, a concentration-dependent toxicity was
observed, similar to the behavior of the mCPPs in this cell line. However, the incubation time
did not have a significant influence on cytotoxicity, indicating limited activity of the drug
payload (JA) in these cells.
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Figure 26. Cytotoxic profile of CPP2aJA in Hela cells after 24 and 48h incubation assessment of
cell viability with resazurin.

The evaluation of PDCs lacking the mitochondria targeting sequence in different cell lines
reveals diverse behaviors and toxic effects. In cancerous cell lines, Hela and HEK-293, no
toxicity is observed for 48 hours incubation suggesting a great tolerabilty of the sequence.
However, a shorter incubation time of 24 hours resulted in some toxicity for Hela cells. On the
other hand, CPP-drug conjugate has a different behavior in healthy cells. A time and
concentration dependent toxicity is observed. The toxic effect observed has to be put into
perspective, when calculating the ECso high concentrations obtained suggest a good
tolerabilty for the PDCs lacking the mitochondria targeting sequence (Table 2).
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Table 2. ECs5 concentration for CPP-drug conjugates in different cell lines.

Sequence/cell line CPP1aJA/Hela CPP1aJA/Molt-4 CPP2aJA/HEK-293
EC50 24h (UM) 75,56+1,25 - 89,53+1,27
EC50 48h (uM) >100 >80 67,06+1,86

Biological evaluation of PDCs in Hela cells

Similarly, to mCPPs evaluation, PDCs were first evaluated after cell treatment for 24 hours.
Based on Figure 27 and Table 3, the curve profiles of the various PDCs appear to be quite
similar, indicating that the sequence used has minimal influence on their efficiency. Neverthe-
less, distinctions can be made when comparing sequences and coupling position. For mCPP1
there is a strong evidence that the “"b" conjugate decreases PDC efficiency in comparison to
“"a" conjugate. This decreased efficiency is also observable, to lesser extent, with mCPP2 which
leads to the conclusion that the coupling position has influence on the activity and an opti-
mal payload coupling position must be located on the CPP part of the mCPP. The "b” cou-
pling position having JA between the MTS and the CPP might hinder its activity by masking
the moiety. Moreover, according to the difference in activity in can be concluded that mito-
chondrial proteases does not cleave mCPPs after their MTS but at an unknown position.

Table 3. ECso concentration for drug conjugates in Hela cells 24h.

Sequence CPP1aJA | mCPP1aJA | mCPP1bJA | mCPP2aJA | mCPP2bJA | mCPP2cJA | mCPP3aJA | mCPP3cJA
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Figure 27. ECso curves for the drug conjugates in Hela cells at 24h.
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According to the coupling position it can be deducted that the CPP part of the PDC is not de-
graded upon internalization in the cells as the toxicity for “a” and “c” have similar ECs, even if
“a" conjugates are slightly more potent. This could be due to the drug being hindered when
in the "c" position whereas for “a” conjugates the drug being on the C-terminal can be more
easily accessible and thus effective. It is worth to notice the strong difference in activity be-
tween CPP drug conjugate and PDC which highlight the influence of the mitochondria target-
ing gained through MTS coupling. Overall, coupling position can be ranked as follow with “a”
drug conjugates being the most efficient conjugates, followed by “c” conjugates and lastly
“b" conjugates. Moreover, mCPP2 seems to yield the best conjugates as the PDCs exhibit
similar activity independently of the coupling position of the payload and that their activity
seems increased when compared to mCPP1 and mCPP3.

Unfortunately, increasing the incubation time decreased the PDC potency with almost dou-
bling the ECso concentration for the “b” conjugates (Table 4, Fig 28). Furthermore, the differ-
ence in potency between “a” and “b” conjugates is increased with this extended incubation
time. It is worth to notice that the efficiency of the "a” conjugates is slightly affected, espe-
cially for mCPP2aJA which almost retain its activity. Considering the reduced ECso from this
experiment it can be concluded that all the PDCs does not have a long-lasting effect.

Table 4. EC50 curves for the drug conjugates in Hela cells 48h.

Sequence CPP1aJA | mCPP1bJA | mCPP2aJA | mCPP2bJA | mCPP3alA
ECso 48h (UM) >100 40,34+1,56 | 25,27+1,07 | 44,84+1,94 | 32,03+0,42
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Figure 28. EC50 curves for the drug conjugates in Hela cells.

Biological evaluation in Hela cells revealed a time and concentration dependent toxicity for
the PDCs. Observing such difference when increasing incubation time could be related to a
toxic effect not lasting. It can be hypothesized that the PDCs have a rapid toxic effect which is
not sufficient to completely remove cancer population, resulting in repopulation over 48
hours which decrease the ECso. Activity of mCPP2aJA is less affected and appears as the best
PDC.
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Biological evaluation of PDCs in Molt-4 cells

Extending the investigation to the available PDCs in Molt-4 cells, it can be appreciated that
the mCPP2 drug conjugates toxicity is greatly increased in this cell line (Table 5, Fig 29). Inter-
estingly, a strong difference between mCPP1bJa and mCPP2bJA can be observed, highlight-
ing the improvement resulting from the change in sequence. Finally, the close similarity in
potency for the “a” and "b" conjugates for mCPP2 suggests that the coupling position is not
affecting the potency of the resulting PDCs in this cell line.

Table 5. ECso concentration of PDC in Molt-4 48h.

Sequence CPP1aJA mCPP1bJA mCPP2aJA mCPP2bJA
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Figure 29. Cytotoxic profile of peptides in Molt-4 cells and ECso curves. Peptides were incubated
for 48 hours before assessment of cell viability with a Cell Titer Glo based test.

The small and incomplete biological evaluation in Molt-4 cells provides encouraging results
regarding the potency of the PDCs. The observations indicate a better tolerability of the pep-
tide cargo in Molt-4 cells compared to other cell lines. Additionally, there is a notable in-
crease in potency for the PDCs, indicating an improved therapeutic effect in Molt-4 cells.

The difference in activity between mCPP2 and mCPP1 drug conjugates further supports the
notion that the sequence change in the peptide has resulted in an improvement in activity.
This improvement is consistent with the enhanced uptake observed in the cells. Furthermore,
the activity of mCPP2 drug conjugates appears to be independent of the coupling position
for the payload, indicating that the activity is primarily associated with the mCPP sequence
and its improved uptake.

These findings emphasize the importance of evaluating PDCs in different cancerous cell lines
to assess their activity. Different cancer cell lines can exhibit varying responses to PDCs, high-
lighting the need for comprehensive studies to identify the most effective PDCs for specific
cancer types. Further investigations in Molt-4 cells and other relevant cancer cell lines are
necessary to confirm and expand upon these initial observations.
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Biological evaluation of PDCs in HEK-293 cells

Biological evaluation was pursued in HEK-293 cells with the PDCs. Potency of the PDCs in-
crease in a linear relation with the concentration (Fig 30), a behavior can be associated to a
toxic effect from mCPP internalization. As seen in microscopy, the peptides seem to aggre-
gate which could disturb cellular membrane leading to cytotoxicity. Considering the ECs in
Table 6, these values are highly increased for the PDCs compared the other cell line, high-
lighting a decreased potency. Looking at mCPP2 drug conjugates, a similar behavior to the
one observed in Molt-4 is observed, with similar activity independent of the payload coupling
position. On the other hand, in this cell line, mCPP3aJA is more efficient than mCPP2aJA. To
elaborate on this difference, mCPP3aJA activity is also maintained upon longer incubation
which correlate with the reduced uptake of this sequence. One can hypothesize that mCPP3
reduced uptake is more distributed overtime thus explaining a better activity after 48 hours
incubation when compared to mCPP2.

Table 6. ECsq concentration for PDC in HEK cells at 24 and 48h

Sequence CPP2aJA mCPP2aJA | mCPP2bJA | mCPP3aJA
ECso 24h (M) | 89,53+1,27 | 71,76+1,38 | 70,58+1,13 | 5441+1,31
ECso 48h (UM) | 67,06+£1,66 | 85,34+1,19 | 86,23+1,22 | 57,64+0,97
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Figure 30. Cytotoxic profile of PDC in HEK cells. Peptides were incubated for 24 or 48 hours before
assessment of cell viability with a resazurin based test.

The biological evaluation of PDCs in HEK-293 cells, a healthy cell model, yielded interesting
results. As shown in Fig 30, there is a linear decrease in cell viability associated with the PDCs,
which could be attributed to the peptide aggregation observed in microscopy. This aggrega-
tion may alter the toxic effect of the PDCs in this cell line. The overall decreased potency of
the PDCs in HEK-293 cells suggests that they are less effective compared to their activity in
cancer cell lines. This finding indicates a better tolerability of the PDCs in healthy cells, which
could be attributed to the structural differences in membranes. Cancer cell membranes are
known to be more negatively charged, which can facilitate better interaction and internaliza-
tion of the PDCs. **3° However, in healthy cells with more positively charged membranes, this
cancer-targeting ability may be diminished.
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5.9. Apoptosis evaluation

Considering the potency of the PDC, especially mCPP2aJA, further testing of the killing effect
had to be pursued. According to literature the killing effect of JA is an apoptotic cell death
triggered via mitochondrial activation. Therefore, an apoptotic assay was pursued to verify
this statement and to observe if mCPP2aJA follows the same path. This assay relies on the at-
tachment of annexin V to phosphatidylserine (PS), a marker of apoptosis, which is present in
the inner leaflet of cellular membranes in healthy cells but is re-localized to the outer leaflet
upon apoptosis. Therefore, annexin V can attach to PS in cells that have undergone apoptosis
but cannot attach to healthy cells, and a fluorophore is attached to annexin V so it can be
viewed with flow cytometry at a specific wavelength. A second path for cell death is necrosis,
when the cell dies with its membrane being disrupted. To follow this event, it relies on Pro-
pidium iodide (PI) a fluorescent marker that will bind to the DNA of cells but cannot cross
cellular membranes. This inability to cross cellular membranes enables to distinguish necrotic
cells, which would be completely disrupted and have their DNA freely accessible, from apop-
totic and healthy cells with a membrane still intact hence blocking Pl from accessing the
DNA. Considering the autofluorescence from the cells it is important to add a control sample
for setting the quadrant that will allow separation of healthy from apoptotic, necrotic or dead
cells. Finally, to get a better overview on the triggering of apoptosis it was decided to pursue
this experiment in a time course manner with 3 time points 6, 24 and 48 hours in Hela cells.
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Figure 31. Cell population distribution resulting from Hela treatment
with Jasmonic Acid at 20 mM for different incubation time.

Setting up a control sample allows to view the population of cells which are healthy, after ex-
amination under the microscope the cells were looking healthy and undisturbed and there-
fore this population, measured via flow cytometry, can be attributed to healthy cells that have
undergone no treatment. When incubating the drug alone, an apoptosis triggering effect that
seems to last up to 48 hours but doesn’t induce an immediate apoptosis and also doesn't af-
fect the whole population of cells was observed.
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Figure 32. Cell population distribution resulting from Hela treat-
ment with mCPP2aJA at 20 uM for different incubation time

Investigation with mCPP2aJA revealed that it does indeed trigger apoptosis and not necrosis

(Fig 32). Contrary to the effect observed with the drug alone, the PDC exhibit a rapid re-
sponse. Apoptosis is initiated as early as 6 hours, resulting in a significant reduction in the
number of viable cells. After 24 and then 48 hours this effect is slowed down and some
healthy cells repopulate, backing up the hypothesis that this conjugate exhibit a fast-killing

effect that is unfortunately not strong enough to kill the whole population resulting in some

leftover cells that can re proliferate once the peptide is degraded. The overall conclusion
from this biological evaluation is that mCPP2aJA does indeed have a toxic effect on cancer-
ous cells but only a limited one that does not result in full clearance of the cell population

which can thereafter survive.
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6. Conclusion

Addressing cancer is indeed a complex challenge due to the characteristics of this disease."'
Cancer cells have acquired various mechanisms to promote their survival and invasion, lead-
ing to resistance against many therapeutic approaches. These characteristics are often re-
ferred to as the hallmarks of cancer.>® One crucial aspect of cancer progression is the hijack-
ing of mitochondria by cancer cells. Mitochondria play a crucial role in sustaining the prolifer-
ative growth of tumors. Cancer cells often undergo metabolic reprogramming, shifting their
energy production from OXPHOS to glycolysis, a phenomenon known as the Warburg ef-
fect.3>*® This altered metabolism allows cancer cells to rely more on glycolysis for ATP pro-
duction, even in the presence of oxygen. This metabolic adaptation provides them with the
necessary energy and building blocks for rapid proliferation.

Mitochondria also play a vital role in regulating apoptosis, a programmed cell death pathway
that eliminates abnormal cells.*® Cancer cells exhibit dysregulation of apoptosis, often evad-
ing this cellular death pathway. One key aspect is the overexpression of anti-apoptotic pro-
teins from the Bcl-2 family in cancer cell mitochondria. These proteins prevent the release of
pro-apoptotic factors and inhibit the initiation of apoptosis. Additionally, cancer cells often
downregulate the expression of pro-apoptotic proteins, further tilting the balance towards
cell survival.®

Thereof this close relation between mitochondria and cancer has attracted attention from sci-
entist as a potential way to treat cancer in the last decades.***° However, targeting of mito-
chondria for drug delivery requires specific characteristics as this organelle is located in the
cytosol and possesses a double membrane rendering it particularly difficult to target. Never-
theless, a variety of targeting drug delivery systems have been developed relying on target-
ing moieties such as DLC or MTS."* MTS are the transporter of nuclear proteins essential to
mitochondria and can be exploited as a natural targeting system to target this organelle with
the drawback of not being able to cross cellular membranes.3*'** To overcome this limitation
in the frame of this project | associated MTS to CPP to obtain mCPPs for mitochondria drug
delivery. The design of the original mCPP was presented in a previous work, with the fusion
of ALD5, a modified MTS, and sC18 a CPP derived from an antimicrobial peptide with the
ability to safely cross cellular membranes.'® Inspired by this promising work the design of
this mCPP was optimized by modifying the CPP part, as well as, the drug payload. In place of
Chlorambucil, which suffered from degradation, Jasmonic acid was chosen for its ability to in-
duce mitochondrial apoptosis. This plant stress hormone possesses the ability to restore
apoptosis in cancerous cell lines with the limitation of not being able to cross cellular mem-
brane and having a poor activity.""”'** Therefore, coupling it to a mitochondria targeted car-
rier has the potential of countering those limitations and revealing the full potential of JA. Fi-
nally, in order to better understand the activity of PDC, payload coupling position was varied
yielding “a”, "b" and “c” conjugates.
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The structure of peptides plays a crucial role in their cell penetrative capacity. In the project,
the first evaluation focused on the structure characterization of the mCPPs. The individual
parts of the mCPPs were evaluated separately in a buffer, and both exhibited a random coil
structure. However, upon the addition of TFE (trifluoroethanol), a structuring additive, an in-
teresting observation was made.

The TFE had no effect on the structuration of the mitochondrial targeting sequence (MTS),
indicating that it does not possess any inherent structure. On the other hand, the addition of
TFE induced a strong alpha-helix structuration in the cell-penetrating peptide (CPP) part, with
R-values (representing the percentage of alpha-helix content) exceeding 80% at 50% TFE
concentration. This effect was consistent across different versions of the mCPPs, indicating
that the CPP part is primarily responsible for inducing the structuration of the MTS. This find-
ing suggests that the CPP part plays a crucial role in the overall structure and function of the
mCPPs.

Further evaluation was conducted by increasing the TFE concentration for the different mCPP
versions. It was observed that an alpha-helix structure was achieved for the mCPPs starting at
20% TFE concentration. Interestingly, mCPP2 exhibited a stronger alpha-helix structuration
with an R-value of 93% at 50% TFE, while it was 84% for mCPP1 and 75% for mCPP3. This
suggests that the removal of the negative charge associated with Glu31 in mCPP2 resulted in
a stronger structuration compared to the original mCPP1. On the other hand, the removal of
the last four amino acids in mCPP3 led to a loss in structuration, which can be attributed to
the overall shorter sequence and reduced intramolecular interaction.

The evaluation was completed by examining the structure of the peptide-drug conjugate
(PDCQ). It was observed that the addition of a payload, regardless of its position, did not affect
the structuring effect induced by the mCPPs. This suggests that the cargo did not interfere
with the structural characteristics of the mCPPs.

Another parameter to consider for cellular internalization is the amphipathicity of the se-
guence as this specific charge distribution can influence membrane interaction with consti-
tuting phospholipids.®® Moreover, amphipathicity is a structural feature of MTS required for
their interaction with mitochondrial membranes and internalization.'®* Considering this dual
importance of amphipathicity, mCPPs sequence were evaluated via a wheel projection tool to
observe the charge distribution adopted by the peptides. Upon the different sequences a
charge distribution exhibiting a hydrophilic face and a hydrophobic face to the helix was ob-
served attesting the amphipathicity of the mCPPs. An important observation is the reduced
hydrophilic face size of mCPP3, which can be attributed to the deletion of amino acids. Fi-
nally, those observations also apply to the different PDC, confirming that the payload conju-
gation doesn't affect structure.

The cellular uptake evaluation of fluorophore-labeled mCPPs provided valuable insights into
the influence of structural modifications on cell penetrative capacity. In Hela cells, a
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cancerous cell line, it was observed that the uptake of mCPP2 was significantly increased
compared to the original mCPP1, regardless of the concentration or incubation time. This
suggests that the structural modifications in mCPP2 enhance its ability to enter the cells ef-
fectively.

On the other hand, the uptake of mCPP3, which had amino acid deletions compared to
mCPP1, was reduced in comparison to mCPP1. This highlights the detrimental influence of
the deleted amino acids on the cell penetrative capacity of the peptide. The presence or ab-
sence of specific amino acids can have a significant impact on the peptide's interaction with
the cellular membrane and its ability to internalize.

Furthermore, it was observed that the presence of FBS during incubation caused a strong de-
crease in the cell penetrative efficiency of the mCPPs. This can be attributed to the interaction
between the mCPPs and the protein mix present in FBS, leading to a strong association that
the mCPPs cannot dissociate from. As a result, the mCPPs are unable to effectively internalize
in the cells.

3 different incubation times and 2 concentrations were evaluated, and it was observed that
the uptake increased with those two factors revealing a time-concentration dependent up-
take. Next was evaluated the uptake in Molt-4 cells, a blood cancer cell line in suspension. In
this cell line the same time-concentration dependent uptake was observed with the same
ranking between sequences. However, the uptake in Molt-4 was highly increased in compari-
son to the one observed in Hela cells suggesting a stronger membrane-peptide interaction.
Finally, uptake was evaluated in HEK-293 cells, a human kidney embryonic cell line, as a
model of healthy cells and interestingly the uptake of the mCPPs was highly decreased in
comparison to the previous two cell lines. From this result it can be hypothesized that the
mCPPs exhibit cancer targeting features that can be associated to the difference in mem-
branes.®

Tracking peptides in the cells with fluorescence microscopy deepened the understanding of
each mCPP behavior. The time-concentration uptake was confirmed in images where a
stronger signal can be observed with higher concentration while for short incubation only
partial signal was received from internalized mCPPs. Following the uptake profiles, it ap-
peared that mCPP2 exhibit the fastest uptake, as at equal incubation time, it has the most
signal internalized in comparison to mCPP1 and mCPP3. In Hela cells, only partial mitochon-
dria co-localization is observed but it seems to be following the same behavior as for the up-
take, with longer incubation time the co-localization increased. Rest of the peptides seems to
be either stuck at the membrane or entrapped in vesicles which can be attributed to endoso-
mal entrapment. Among the different mCPPs different behavior can be observed with mCPP1
and mCPP2 exhibiting a fast uptake, for mCPP2 co-localization spot can be observed after 15
minutes only, that increase over time. Regarding mCPP3, the uptake process is slower and
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requires more time compared to mCPP1 and mCPP2. However, after 180 minutes, significant
co-localization spots can be observed. Despite the lower accumulation profile of mCPP3, the
overall results are comparable to those obtained with mCPP1 and mCPP2. Evaluation in HEK-
293 cells revealed a different behavior. Uptake in this cell line is still time and concentration
dependent, however most of the peptide signal seems to be either at the cellular membrane
or colocalized with mitochondria. Therefore, the targeting ability of the mCPPs seems to be
retained in this healthy cell line but the difference in membrane with Hela cells seems to be
resulting in a low uptake, which might require even longer incubation period.

Finally, the cytotoxicity of the peptides and PDCs was evaluated in the different cell lines. For
all cell lines the peptide parts and the mCPPs are proven to be non-toxic at 24 and 48 hours
of incubation, HEK-293 seems to tolerate mCPPs more than the other cell lines as a good via-
bility is maintained up to 100 uM with mCPP3 being the less damaging for the cells. In Hela
cells the limit concentration is at 50 uM for mCPP2, the most well tolerated sequence, fol-
lowed by mCPP3 while mCPP1 is only tolerated up to 25 uM. In Molt-4 cells, the few peptides
tested were really well tolerated exhibiting no toxicity up to 100 uM.

Regarding PDCs, in Hela cells the different PDCS are quite efficient in killing cells with ECso in
the low uM range. Evaluation of drug conjugate missing the MTS revealed a low activity, that
can be associated to the tolerability of the CPPs and not the drug, thus highlighting the im-
portance of mitochondrial targeting for JA effectiveness. Among all the PDCs, mCPP2aJA is
the most efficient both at 24 and 48 hours, this result follows all the previous regarding
mCPP2 sequence having the highest and fastest uptake. Comparing the PDCs on their se-
quence, their activity follows their uptake profile with mCPP2 drug conjugates having in-
creased activity followed by mCPP1 and mCPP3 exhibiting decreased activity. However, simi-
larly to uptake profile, for mCPP3 drug conjugates it is observed that their activity increase
over longer incubation in Hela cells. Discussing the payload coupling position, there is no
clear evidence that the drug position influences the efficacy of the PDC as all activities are in
the same concentration range. However, comparing mCPP2 drug conjugates coupling the
drug on the C-terminal side appears to be the most effective for the PDC activity, while the
"b" position results in a decreased toxicity with even more effect over longer incubation, in
contrast the “c” conjugate has a small decreased toxicity but more comparable to the “a”
conjugate. Therefore, it can be concluded that for optimal toxicity the drug should be carried
by the CPP part as it is probably interacting with mitochondrial membrane while the MTS
takes the role of internalizing the mCPP.

Surprisingly, in Molt-4 cells mCPP2 drug conjugates were highly effective over 48 hours incu-
bation in comparison the mCPP1bJA which exhibited a poor toxicity. Regardless of the cou-
pling position “a” or “b” mCPP2 drug conjugates have an ECso around 10 uM, suggesting that
the coupling position have low effect in this cell line but the mCPP sequence plays the most.
Considering the great tolerability of the mCPP alone it can be concluded that this cell line is

highly sensible to JA due to the difference in viability between the mCPP and PDC, this results
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goes in the direction of literature which was highlighting the sensibility of this cell line to
JA.115’H7

Finally, in HEK-293 cells the toxicity profile of different PDC followed a concentration depend-
ent toxicity that cannot be fully attributed to the presence of JA. Indeed, in this cell line the
ECso are in the high uM range for both incubation time, suggesting that the activity could be
associated to a toxic effect of high concentration of mCPPs. It is known that at high concen-
trations, the internalization pathway of CPPs can shift from endocytosis to direct penetra-
tion..”*> This change in mechanism, along with the potential membrane disturbance caused
by high concentrations of CPPs, can contribute to the observed toxicity. Additionally, micros-
copy analysis revealed peptide aggregation, which could be correlated with this hypothesis. A
noticeable result from cytotoxic evaluation in this cell line is the increased activity of
mCPP3aJA in comparison to mCPP2 drug conjugates.

Completing this evaluation in healthy models, the hemolysis assay revealed a great tolerabil-
ity for mCPPs and PDC even at high concentration. This parameter has a great significance for
in vivo application has the PDC has to be well tolerated by the biological medium ensuring its
safe passage.

In order to further characterize the cytotoxic activity of mCPP2aJA an apoptosis inducing as-
say was pursued in Hela cells over different incubation times. JA was first evaluated for its
apoptosis inductive capacity which required only 6 hours to induce a strong apoptotic effect
that evolve in dead cells over longer incubation. In contrast mCPP2aJA induced a fast-killing
effect with a majority of dead cells at short incubation time, which evolves in a distribution
between dead and apoptotic cells after 48 hours of incubation with a low concentration of 20
MM,

In conclusion, the design of new PDC based on an original mCPP revealed the influence of
peptide sequence for uptake and activity. Removal of a simple Glu*', for mCPP2, resulted in
noticeable increase in uptake, highlight the influence of a negative charge in an overall highly
cationic tail. Evaluation in different cell lines revealed an improved uptake, of those amphi-
pathic helices in cancer cells in comparison to healthy model, suggesting a preferential inter-
action with tumors over healthy cells resulting in a potential cancer targeting ability of the
mCPPs. Microscopy fluorescence confirmed the mitochondrial targeting of mCPPs; however,
this targeting ability is limited as in Hela cells most of the signal received seems to be
trapped in endosomes while in HEK-293 the peptide seems stuck on the membrane with
good mitochondria colocalization for the internalized peptides. Interestingly, cytotoxicity in
Hela cells revealed mCPP2alA as the best candidate upon different incubation time. In com-
parison other mCPPs and payload coupling position have little influence on the activity. Fur-
ther evaluation in Hela cells revealed an apoptosis triggering effect of both JA and mCPP2aJA
with an observable fast killing effect of the PDC that can be associated to its fast uptake and
internalization. Evaluation in another cancerous cell line, Molt-4, revealed a highly increased
activity of PDC with a great tolerability of nude mCPPs, as this cell line is more sensible to JA.
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In contrast to microscopy images, for HEK-293 where few colocalization spots were observed,
PDCs activity in this cell line is highly decreased. This observation can be associated to the
ability of JA to act only on cancerous cells while not disturbing healthy cells."™ Completing
the biological profile the relation of mCPPs and PDC with red blood cells is safe as they don't
induce any hemolysis, an important factor for drug applicability.

Indeed, the findings from the evaluation of different PDCs highlight the impact of sequence
changes on their efficiency and mode of action. The mCPP2aJA PDC demonstrates fast up-
take, leading to rapid apoptosis and effective killing of cancerous cells. However, there is a
potential for relapse as not all cancerous cells may be completely eliminated during the initial
treatment. On the other hand, the PDC resulting from mCPP3 shows slower accumulation in
cells but provides a longer-lasting effect with an increasing killing effect over time.

Designing and optimizing mitochondria-targeting delivery systems is an important strategy
for improving cancer treatment. Peptides, as a delivery approach, offer promising options.
However, one challenge is protease degradation, which can limit the effectiveness of peptide-
based carriers. Nevertheless, this degradation can also be utilized advantageously to create
traceless drug carriers, where the carrier peptide is efficiently degraded, leaving behind the
active drug within the target cells. Other improvement could lie in the use of a more efficient
payload. A limiting factor regarding usage of JA is the high concentration required for this ac-
tivity which implies a consequent concentration for the PDCs.

There are still ample opportunities for further research and optimization to significantly en-
hance the performance of this mitochondria targeted strategy. The performances of these
second-generation mCPPs are highly encouraging, particularly due to their ability to induce
toxicity at significantly lower concentrations than JA alone. The evaluation of viability in dif-
ferent cell lines highlights the importance of assessing the behavior of mCPPs in various cel-
lular contexts.
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7. Materials and methods
7.1. Materials

All Na-Fmoc protected amino acids were purchased from IRIS Biotech (Marktredwitz, Ger-
many). Used chemicals and consumables, unless otherwise noted, were obtained from Fluka
(Taufkirchen, Germany), Merck (Darmstadt, Germany), Sarstedt (Nimbrecht, Germany),
Sigma-Aldrich (Taufkirchen, Germany) and VWR (Darmstadt, Germany).

7.2. Peptide synthesis

All peptides were synthesized following standard Fmoc/tBu-strategy using an automated
multiple solid-phase peptide synthesizer Syro | (multiSynTech). Peptides were prepared as C-
terminal amides using Rink amide resin.

7.3. Peptide drug conjugates and fluorophore-labeled synthesis

To let the amine on the N-terminal side free, conjugation of CF or JA had to be performed on
the C-terminal side via side-chain modification of the Lysine at this position. Rink amide resin
was loaded with Fmoc-Lys(Dde)-OH, as Dde is orthogonal to tBu/BOC and quasi-orthogonal
to Fmoc. Therefore, Fmoc-protected resin (1 eq 15 pmol, 32 mg) was swelled in DCM (500
uL), in a syringe, for 30 min. After rinsing the resin with DMF (2x1mL) Fmoc protecting group
was removed by exposing the resin to piperidine in DMF solution (30% v/v, 500 uL) for 30
min, and effective cleavage was monitored by Kaiser test. The coupling of Lys-Dde was per-
formed with manual coupling conditions. Manual couplings were usually performed in 2
steps, the first being a reaction with 3 eq of Oxyma, DIC and to be coupled chemical for an
overnight reaction at rt, then a second coupling was run with 3 eq of HATU, 3 eq of DIPEA
and 3 eq of the chemical to be coupled for 2 to 3 hours at rt. Elongation was then pursued
using robot synthesis. After full synthesis, the free N-termini of the peptides were protected
using 10 eq of di-tert-butyl-dicarbonate and 1 eq of DIPEA in DCM (500uL) (2 h, rt). After-
ward, Dde was cleaved using a 2% hydrazine in DMF solution (10*10 min* 500 uL). Finally,
side chain modification was carried out with 2 to 3 manual coupling steps using the corre-
sponding chemical to couple.

For conjugates with a coupling position inside the peptide sequence the first part of the se-
quence was synthesized via robot synthesis. Thereafter, Lys-Dde was introduced via 2-3 man-
ual couplings and monitored via Kaiser test and finally following the previous protocol for
elongation.

7.4. Peptide purification

Peptides were cleaved from the resins using trifluoroacetic acid TFA/TIS /water (95:2.5:2.5,
v/v/v/, 1 mL) within 3 h at rt, whereby also all acid-label protecting groups were removed. In
the following the peptides were precipitated in ice-cold diethyl ether (10 mL), washed, dis-
solved in a mixture of H,O: tert-butanol (3:1, v/v, 1 mL), and lyophilized.
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Analytical data were obtained from RP-HPLC (Chromolith®Performance RP-18e, 100-4.6mm,
Merck) using a gradient from 10 to 60% of acetonitrile (ACN) in H20 with 0.1% formic acid
for sample separation, followed by electrospray ionization mass spectrometry (ESI/MS,
Thermo Scientific LTQ-XL) measurements.

Purification of peptides was achieved by preparative RP-HPLC (Hitachi Elite LaChrom) on a
Nucleodur C18ec;100-5; Macherey-Nagel using linear gradients of 10-60% B in A (A =
0.1%TFA in water; B = 0.1% TFA in ACN) over 45 min and a flow rate of 6 mL.min—1. After the
combination of the peptide-containing fractions, samples were again freeze-dried and stock
solutions were prepared.

7.5. Circular dichroism (CD) spectroscopy

CD spectra were recorded using a JASCO J-715 spectropolarimeter (JASCO, Pfungstadt, Ger-
many) in an N2 atmosphere. The CD spectra were measured from 180 nm to 270 nm in 0.5
nm intervals at 20 °C using a 1 mm quartz cuvette and the instrument parameters were set as
follows: sensitivity, 100 mdeg; scan mode, continuous; scan speed, 50 nm/min; response time,
2 s and bandwidth, 1.0 nm; 20 uM peptide solutions in 10 mM potassium phosphate buffer
(pH 7.0) were inspected containing either 0 or 50% (v/v) trifluoroethanol (TFE). The resulting
signal was converted from ellipticity (mdeg) to molar ellipticity [©] in deg.*cm2*dmol-1. R-
values are a good indicator to confirm the a-helical character of peptides. They were calcu-
lated by taking the ratio between the molar ellipticity at 222 nm and 207 nm (R-value =
[6]222/ [©]207)."*

7.6. Cell culture

Hela (human epithelial cervical cancer) and HEK-293 (immortalized human embryonic kid-
ney) cells were cultured as sub confluent monolayers in 10 cm petri dishes at 37 °C, in a hu-
midified atmosphere containing 5% CO2.

Molt-4 (human T lymphoblast) cells were cultured in suspension in 50 mL flask within the
same atmosphere.

All cell lines were maintained in RPMI 1640 medium with 10% FBS and 4 mM glutamine.

When reaching confluency ~ 80-90%, adherent cells were splitted by using trypsin-EDTA w/
phenol red (euroclone) for cell detachment. Molt-4 cells were passaged when reaching 2x106
cells/mL and diluted to 2-4x105 cells/mL. The seeding of the cells for each experiment was
adjusted to the cell line and disclosed in the associated part. However, cells were always
grown to a confluency of up to 80%. All experiments were performed a minimum of twice in
triplicates.
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7.7. Cell viability

To determine the cell viability and cytotoxic effect of our peptides, cells were seeded (Hela:
1-2x10% HEK-293: 2.5x10* Molt-4: 2x10% in 96-well plates and grown over 24h. On the next
day, cells were incubated with different peptide concentrations in the appropriate FBS-free
medium.

After 24 the cell viability was determined using a resazurin-based cytotoxicity assay (Sigma
Aldrich), which is based on the reduction of resazurin to resofurin by metabolically active
cells. Cells were washed twice with PBS, while the positive controls were treated for 10 min
with 70% EtOH. Cells were incubated with a 1:10 dilution of the reagent (v/v, in FBS-free me-
dium) for 1-2 h at 37 °C The resofurin product was monitored at 595 nm (Aex= 550 nm) on a
Tecan infinite M200 plate reader.

After 48h the cell viability was determined using CellTiter-Glo® (Promega) Luminescent Cell
Viability Assay which is a homogeneous method for the determination of viable cells via
quantitation of the ATP present, an indicator of metabolically active cells. After adding 50
uL/well of CellTiter-Glo plates were incubated for 10 min in the dark on a plate shaker at rt
before reading luminescence using a microplate reader (Victor Nivo Multimode plate reader)
with an emission filter blocking over 700 nm wavelengths.

7.8. Cellular uptake

To investigate the cellular uptake of the designed peptides, flow cytometry experiments were
performed. Cells were seeded (Hela: 1 x 10° HEK-293: 2 x 10°; Molt-4: 1 x 10°) in 12-well
plates and grown to subconfluency (~ 70 - 80%) o/n. On the next day, fluorophore-labeled
peptides were incubated for 30 min in the appropriate FBS-free medium. After the incuba-
tion, Hela cells were washed with PBS, detached, and resuspended complete medium before
centrifugation at 1200 rpm for 5 min. For Molt-4 cells, the same protocol was followed with
centrifugation steps before removing medium.

The cell pellet was resuspended in 200 pL PBS and 100 L transferred to a 96 U-well transpar-
ent plate. Cellular uptake was determined with the guava easyCyte™System (Merck) using the
GRN-B (525/30) and the RED-B (695/50) channel, counting 20,000 cells per well.

7.9. Peptide internalization and subcellular colocalization

To get more insights into the internalization of the peptides, confocal laser scanning micros-
copy was pursued. Therefore, cells were seeded (Hela: 3 - 4 x 10% in a p-slide eight-well
plate (Ibidi) and grown to subconfluency (~ 70 - 80%). On the next day, cells were stained
with Mitotracker™ (100 nM of Red CMXRos, Thermo Fischer Scientific) for 30 min. Then me-
dium was replaced with fluorophore-labeled peptides in the appropriate FBS-free medium
and incubated for 15, 30, 60 or 180 min before adding Hoechst 33342 nuclear dye, for an ad-
ditional 10 min nuclear staining. Finally, the cells were washed twice with PBS and fresh
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medium added. For fixation cells were incubated in medium supplemented with 4% para-
formaldehyde for 30 min at 4°C. Microscopic analysis was performed on a Nikon Eclipse Ti
confocal laser scanning microscope equipped with a 60x oil-immersion objective (N.A. 1.4,
Plan APO VC; Nikon). Pictures were taken with EZ-C1 3.91 software and processed with Image
J.

7.10. Apoptosis evaluation via annexin V/Propidium iodide staining

Cells were seeded (Hela: 1 x 10°) in 12 wells plates and grown over 24h. On the next day, cells
were incubated with different peptide concentrations in the appropriate FBS-free medium.
After different incubation time points, cells were washed in PBS, detached via trypsinization,
and resuspended in FBS-completed media. After centrifugation at 1200 rpm for 5 min, the
cell pellet was resuspended in Annexin-V Buffer (50 mM HEPES, 700 mM NaCl, 12.5 mM
CaCl2, pH 7.4 diluted from 5X to 1X) and diluted to reach 1 x 10° cells/mL, 100 uL of this cell
solution were transferred to an Eppendorf tube. Alexa Fluor® 488 annexin V (Solution in 25
mM HEPES, 140 mM NacCl, 1T mM EDTA, pH 7.4, 0.1% bovine serum albumin (BSA), 5 yL) and
Propidium iodide (1 mg/mL, final concentration 50 ng/mL, solution in deionized water diluted
to 50 pg/mL with Annexin V buffer, 1 uL) were added and samples incubated in the dark for
15 min at rt. Samples were then diluted by gently adding 400 pL of annexin V buffer and 100
uL of this final solution was transferred to a transparent U bottom 96 wells-plate and ana-
lyzed using a BD Accuri™ C6 Plus Flow Cytometer with a laser (Aex= 488 nm) and FITC (Aem=
533/30 nm) PerpCP (Aem= 670 nm) filters counting a minimum of 10.000 events. Data were
analyzed using FCS express software.

7.11. Hemolysis assay

In order to investigate the hemolytic activity of peptides, human red blood cells (RBCs) were
washed five times with PBS at 4 °C and centrifugated at 3.000 g for 5 min and diluted to 5 %
(v/v in PBS). 100 uL of this solution were transferred into a fresh 96-well plate. 50 uL peptide
solution (0.5 uM — 25 uM) were added and gently resuspended. Red blood cells were incu-
bated for 24 h at 37 °C and 5 % CO2. 50 pL of 10 % Triton-X-100 were added 10 min prior to
the ending of incubation time and served as positive control. After incubation, cells were cen-
trifuged (rt, 2.500 g, 3 min). The supernatant was carefully transferred into a fresh 96-well
plate and the absorption at 560 nm was measured on a Tecan infinite M200 plate reader. The
measured absorption was correlated to the hemoglobin concentration.
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9. Attachment
9.1. Supplementary data
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Figure S 1. UV-chromatogram and ESI-MS spectrum of ALD5 after purification. Sample was recorded
using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 2. UV-chromatogram and ESI-MS spectrum of CPP1 after purification. Sample was recorded

using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 3. UV—chromatogFém and ESI-MS spectrum of CPP2 after purification. Sample was recorded

using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 5. UV-chromatogram and ESI-MS spectrum of mCPP2 after purification. Sample was recorded

using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 4. UV-chromatogram and ESI-MS spectrum of mCPP1 after purification. Sample was recorded

using a gradient from 10-60 % ACN in water within 15 min.

2,0x10°

1,5%10° -

1,0%x10°

Absorption 220nm [pAu]

5,0x10% A

0,0

r: 4.71

mCPP3

Intensity [a.u.]

Time (min)

10

15

[M+7H]"* mCPP3
1 5105 - 482,59 r: 4,71
[M+6H]®*
10x10° - 562,90
[M+8H]®*
422,48 [M.TFA+6H]%*
581,68
5,0x10°
[M+9H]®* [M+5H]>*
375,70 675,25
0,0 | . L ! IR .
200 400 600 800 1000 1200
m/z

Figure S 6. UV-chromatogram and ESI-MS spectrum of mCPP3 after purification. Sample was recorded

using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 7. UV-chromatogram and ESI-MS spectrum of mCPP1aJA after purification. Sample was rec-

orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 9. UV-chromatogram and ESI-MS spectrum of CPP2aJA after purification. Sample was rec-

orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 8. UV-chromatogram and ESI-MS spectrum of CPP1aJA after purification. Sample was rec-

orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 10. UV-chromatogram and ESI-MS spectrum of mCPP2aJA after purification. Sample was rec-

orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 11. UV-chromatogram and ESI-MS spectrum of mCPP1bJA after purification. Sample was rec-

orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 12. UV-chromatogram and ESI-MS spectrum of mCPP2bJA after purification. Sample was rec-

orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 13. UV-chromatogram and ESI-MS spectrum of mCPP2cJA after purification. Sample was rec-
orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 15. UV-chromatogram and ESI-MS spectrum of mCPP3aJA after purification. Sample was rec-
orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 16. UV-chromatogram and ESI-MS spectrum of mCPP3cJA after purification. Sample was rec-
orded using a gradient from 10-60 % ACN in water within 15 min.
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Figure S 14. UV-chromatogram and ESI-MS spectrum of mCPP1aCF after purification. Sample was recorded using a gradient
from 10-60 % ACN in water within 15 min.
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Figure S 18. UV-chromatogram and ESI-MS spectrum of mCPP2aCF after purification. Sample was recorded using a gradient
from 10-60 % ACN in water within 15 min.
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Figure S 19. UV-chromatogram and ESI-MS spectrum of mCPP2bCF after purification. Sample was recorded using a gradient

from 10-60 % ACN in water within 15 min.
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Figure S 17. UV-chromatogram and ESI-MS spectrum of mCPP3aCF after purification. Sample was recorded using a gradient
from 10-60 % ACN in water within 15 min.
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Figure S 20. Helix projection with size proportional to residues. mCPP1b (left),
mCPP2b (right). Colors refers to residues properties: blue for hydrophilic/posi-
tively charged aa, yellow for hydrophobic/non-polar aa, grey, pink and purple
for uncharged aa, green for special aa, red for hydrophilic/negatively charged
aa. Additionally terminal aa are marked with a red letter; N for N-termini and

C for C-termini.

Figure S 21. Helix projection with size proportional to residues. mCPP1a (left), mCPP2a (middle), mCPP3a (right).
Colors refers to residues properties: blue for hydrophilic/positively charged aa, yellow for hydrophobic/non-polar
aa, grey, pink and purple for uncharged aa, green for special aa, red for hydrophilic/negatively charged aa and
payload cou-pling position in orange. Additionally terminal aa are marked with a red letter; N for N-termini and C

for C-termini.
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Figure S 22. Confocal images of mCPP2aCF unfixed. Samples were incubated with CMXRos mitotracker (red) for 30
min then with mCPP2aCF (green) for 15, 30, 60 or 180 min (left to right) at 5uM and finally with Hoechst (blue) nu-
cleus dye for 10 min. Co-localization spots are indicated with an arrow.

e

Figure S 23. Microscopy images in HEK-293 cells. Samples were incubated with CMXRos mitotracker (red) for 30 min
then with mCPP-CF (green) for 30 min at 5uM and finally with Hoechst (blue) nucleus dye for 10 min. mCPP2aCF
(left) mCPP2bCF (middle) mCPP3aCF (right). Co-localization spots are indicated with an arrow.
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9.2. List of abbreviations
aa: amino acid
ACN: acetonitrile
ADP: adenosine diphosphate
ALD5: aldehyde dehydrogenase 5
AMP: adenosine monophosphate
APAF1: apoptotic peptidase activating factor 1
ATP: adenosine triphosphate
Bcl-2: B cell ymphoma 2
CF: 5(6) -carboxyfluorescein
CPP: cell-penetrating peptide
CoA: coenzyme a
Dde: 2-acetyldimenone
DIC: N, N'-diisopropyl carbodiimide
DIPEA: N, N-diisopropylethylamine
DLC: delocalized lipophilic cations
Dde: N-(1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl)
DNA: deoxyribonucleic acid
DQA: Dequalinium
ESI-MS: electrospray ionization mass spectrometry
ETC: electron transport chain
Et,O: diethylether

EtOH: ethanol



EPR: enhanced permeability and retention
FADHo,: flavin adenine dinucleotide

FBS: fetal bovine serum

h: hours

HATU: 1-[bis(di-methylamino)methyl]-1H-1,2,3-triazole[4,5-b]pyridinium-3-oxidehexa-fluoro-
phosphate

HEK-293: human embryonic kidney 293 cell line

Hela: human cervical carcinoma cell line

H.O,: hydrogen peroxide

HPLC: high performance liquid chromatography

IMM: inner mitochondrial membrane

IMS: inter membrane space

JA: jasmonic acid

mCPP: mitochondria targeted cell-penetrating peptide
MIM: mitochondrial import machinery

min: minutes

Molt-4: human acute lymphoblastic leukemia cell line
MOMP: mitochondrial outer membrane permeabilization
MPP: mitochondrial processing peptidase

mtDNA: mitochondrial deoxyribonucleic acid

mtPP: mitochondrial penetrating peptide

Mw: molecular weight

m/z: mass to charge ratio
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NADH: nicotinamide adenine dinucleotide
NC: nanocarrier

02--: superoxide anion

OMM: outer mitochondrial membrane
OXPHOS: oxidative phosphorylation
OXA: oxidative assembly complex

PAM: presequence translocase associated motor
PARP-1: poly(ADP-ribose) polymerase-1
PBS: phosphate buffer saline

Pl: propidium iodide

PPi: inorganic pyrophosphate

PS: phosphatidylserine

RIP: receptor interacting protein

ROS: reactive oxygen species

rt: room temperature

SAM: sorting and assembly machinery
SPPS: solid phase peptide synthesis

SS: Szeto-Schiller

TFE: 2,2,2-trifluoroethanol

TCA: tricarboxylic acid cycle

TIM: translocase of the inner membrane
TIS: triisopropylsilane

TOM: translocase of the outer membrane
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TPP: Triphenylphosphonium

VDAC: voltage dependent anion channel
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Figure S 20. Helix projection with size proportional to residues. mCPP1b (left), mCPP2b (right).
Colors refers to residues properties: blue for hydrophilic/positively charged aa, yellow for
hydrophobic/non-polar aa, grey, pink and purple for uncharged aa, green for special aa, red
for hydrophilic/negatively charged aa. Additionally terminal aa are marked with a red letter; N
for N-termini and C fOr C-t@IMINI. .. sss s sss s ss e sseessens 73

Figure S 21. Helix projection with size proportional to residues. mCPP1a (left), mCPP2a
(middle), mCPP3a (right). Colors refers to residues properties: blue for hydrophilic/positively
charged aa, yellow for hydrophobic/non-polar aa, grey, pink and purple for uncharged aa,
green for special aa, red for hydrophilic/negatively charged aa and payload cou-pling
position in orange. Additionally terminal aa are marked with a red letter; N for N-termini and
€ FOT CoABIMMINI. ettt s bbb 73

Figure S 22. Confocal images of mCPP2aCF unfixed. Samples were incubated with CMXRos
mitotracker (red) for 30 min then with mCPP2aCF (green) for 15, 30, 60 or 180 min (left to
right) at 5uM and finally with Hoechst (blue) nucleus dye for 10 min. Co-localization spots are
INAICATEA WITN @N @ITOW......oerieeiceci it sees 74

Figure S 23. Microscopy images in HEK-293 cells. Samples were incubated with CMXRos
mitotracker (red) for 30 min then with mCPP-CF (green) for 30 min at 5uM and finally with
Hoechst (blue) nucleus dye for 10 min. mCPP2aCF (left) mCPP2bCF (middle) mCPP3aCF
(right). Co-localization spots are indicated With @n arroW. ... 74
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