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SUMMARY

Cell-penetrating peptides (CPPs), are short, non-toxic molecules that carry positively charged amino
acids within their sequences. CPPs, such as TAT, polyarginine (R9) and Penetratin allow delivery of
bioactive cargo across cellular membranes. Even though this property has been discovered and studied
in fundamental and applied biology since the end of 1980’s, our understanding of the way CPPs enter
cells is still incomplete. This knowledge gap halts further development and improvement of CPP-
derived compounds and therapeutics, some of which are currently in phase Il and Ill clinical trials.
CPPs enter cells through direct translocation and endocytosis. Direct translocation is an entry
mechanism, which allows CPPs to cross the cell membrane and gain direct access to the cytosol,
independently of endocytic pathways. Our work supports the following model: CPPs directly
translocate into cells by crossing the plasma membrane through ~2 nm wide water pores that they
contribute to create by locally megapolarizing cells (-150 mV). Water pores are created by a
combination of lipid head group reorientation coupled to intrusion of a water column in the membrane
bilayer. Water pores can spontaneously form if cells are sufficiently hyperpolarized. The mild
hyperpolarization achieved through the movement of potassium ions through their channels or mere
presence of CPPs is not sufficient to trigger efficient formation of such pores. This is achieved only in
combination of these two phenomena. The movement of the positive charges carried by the CPPs into
the cell, as well as the transport of extracellular cations, dissipates the membrane potential, resulting
in the collapse of the water pores and sealing of the plasma membrane. Formation of water pores is
therefore transient and does not affect cell viability.

CPPs additionally enter cells through endosocytosis, a vesicular type of entry, used by cells to take up
a variety of extracellular substances. The current evidence indicates that all endocytosed substances
follow a single endocytic maturation pathway towards lysosomes that is characterized molecularly by
the presence of Rab5 and Rab7 on early and late endosomes, respectively. We provide evidence that
there is a second endolysomal pathway that is Rab14-dependent, but does not involve Rab5 or Rab7.
We have discovered this pathway by studying how CPPs are endocytosed. However, this endocytic
route is taken by other, physiological, cationic cargos such as polyamines or homeoproteins. Both
homeoproteins and polyamines are of fundamental importance in biology and medicine. How they are
endocytosed had been unresolved until now. Our study may therefore open new avenues of research

and may help understanding how cargos of translational interest are taken up by cells.



RESUME

Les peptides de pénétration cellulaire (CPP) sont des molécules courtes et non toxiques qui portent des
acides aminés chargés positivement au sein de leurs séquences. Les CPPss, tels que TAT, polyarginine (R9)
et Penetratin permettent la livraison des molécules bioactive a travers les membranes cellulaires. Méme si
cette propriété a été découverte et étudiée en biologie fondamentale et appliquée depuis la fin des années
1980, notre compréhension de la maniere dont les CPPs entrent dans les cellules est encore incompléte. Le
manque de connaissances ralenti le développement et I'amélioration des composés thérapeutiques dérivés
des CPPs. Par ailleurs, certaines molécules dérivées des CPPs sont actuellement en phase Il et Il d'essais
cliniques.

Les CPPs pénetrent dans les cellules par translocation directe et endocytose. La translocation directe est un
mécanisme d'entrée qui permet aux CPPs de traverser la membrane cellulaire et d'accéder directement au
cytosol, indépendamment des voies d’endocytose. Notre travail soutient le modeéle suivant : les CPPs
traversent directement la membrane cytoplasmique grace a des pores d'eau de ~ 2 nm de large. Les CPPs
contribuent a la formation de ces portes en mégapolarisantes localement la membrane cellulaire (-150 mV).
Les pores d'eau sont créés par une réorientation des tétes lipidiques couplée a l'intrusion d'une colonne
d'eau dans la bicouche lipidique. Les pores d’eau peuvent se former spontanément si les cellules sont
suffisamment hyperpolarisées. L’hyperpolarisation obtenue par le mouvement des ions potassium au
travers des canaux ou la présence de CPP n'est pas suffisante pour déclencher une formation efficace de
tels pores. La réalisation de cet evenement n'est réalisé qu'en combinaison de ces deux phénomeénes. La
création de pores d’eau n’est possible que lorsque les deux phénomenes coincident. Le mouvement des
charges positives portées par les CPPs entrant dans la cellule, ainsi que le transport des cations
extracellulaires, dissipe le potentiel membranaire, entrainant I'effondrement des pores d'eau et le
scellement de la membrane plasmique. La formation de pores d'eau est donc transitoire et n'affecte pas la
viabilité cellulaire.

Les CPPs pénétrent également dans les cellules par endocytose, un type d'entrée vésiculaire, utilisé par les
cellules pour absorber une variété de substances extracellulaires. Les preuves actuelles indiquent que
toutes les substances endocytosées suivent une seule voie de maturation endocytique aboutissant a leur
fusion avec des lysosomes. Cette voie est caractérisée au niveau moléculaire par la présence de Rab5 et
Rab7 sur les endosomes précoces et tardifs respectivement. Nous apportons la preuve qu'il existe une
deuxieme voie endolysomale qui dépend de Rab14, mais qui n'implique pas Rab5 ou Rab7. Nous avons
découvert cette voie en étudiant comment les CPPs sont endocytosés. Cependant, cette voie endocytaire
est empruntée par d'autres molécules physiologiques cationiques telles que les polyamines ou les
homéoprotéines. Ces derniers sont d'une importance fondamentale en biologie et en médecine. La fagon
dont ils sont endocytés n'avait jusqu’a présent jamais été élucidée. Notre étude permet donc d’ouvrir de
nouvelles voies de recherche et d’aider a comprendre comment les molécules d'intérét translationnel

(Homéoprotéines et polyamines) sont prises en charge par les cellules.
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ABBREVIATIONS

AP2 Adaptor protein 2
Cas9 Crispr associated protein 9
CS Chondroitin sulfate

CLIC/GEEK clathrin-independent carrier/glycosylphosphotidylinositol-anchored protein enriched

endocytic compartment

CPPs Cell-penetrating peptides

CRISPR Clustered Regularly Interspaced Short Palindromic Repeat
DMEM Dulbecco’s modified Eagle Medium
EGF Epidermal growth factor

F-actin Filamentous actin

FBS Fetal bovine serum

GAG Glycosaminoglycan

GPI Glycosylphosphatidylinositol

GEF Guanine exchange factor

HD Homeodomains

HS Heparan sulfate

HP Homeoproteins

IAA Indole-3-acetic acid

ITC Isothermal titration calorimetry

i.p. intraperitoneal

i.v. intravenous

K9 Nanomeric lysine

LCMV Lymphocytic choriomeningitis virus
LLOME L-leucyl-L-leucine methyl ester

NEM N-Ethylmaleimide

PBS Phosphate-buffered saline

PI Propidium iodide

PI(3)P Phosphatidylinositol 3-phosphate
PI(3,4)P2 Phosphatidylinositol 3,4-biphosphate
PI(3,5)P2 Phosphatidylinositol 3,5-biphosphate
PI(4,5)P2 Phosphatidylinositol 4,5-biphosphate

PI(3,4,5)P3 Phosphatidylinositol 3,4,5-triphosphate

R9 Nanomeric arginine, polyarginine
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RasGAP
SMAC
sgRNA
TAT
Vm

RasGTPase-activating protein

Second mitochondria-derived activator of caspases
single guide RNA
Trans-activator of transcription

Membrane potential
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1. CELL-PENETRATING PEPTIDES AND APPLICATIONS

Cell penetrating peptides (CPPs) are non-toxic molecules of 5-30 amino acids that can translocate into
living cells. CPPs can be hooked to a variety of cargos to allow their transport into cells for therapeutic
or experimental purposes’™®, The origin of CPPs is diverse. For example, TAT4s57 is a 10 amino-acid
fragment derived from the trans-activator of transcription (TAT) HIV-1 protein'’8, penetratin is a 16
amino-acid peptide derived from the Antennapedia Drosophila melanogaster protein?®, and MAP
(model amphipatic peptide) is a synthetic alanine/leucine/lysine-rich peptide®®. CPPs can be
subdivided into three classes, based on their physico-chemical properties (reviewed in?!). Cationic
CPPs, such as TAT, R9 and penetratin, are positively charged and arginine- and lysine-rich. Amphipathic
CPPs, such as MAP, contain both hydrophobic and hydrophilic regions. Hydrophobic CPPs (such as Pep-
7%%), as their name implies, are predominantly made up of hydrophobic residues and have a low net
charge. In addition, CPPs can be fused through covalent bonds or non-covalent interactions to various
types of cargos such as siRNAs, DNA, liposomes, peptides, proteins and nanoparticles (Figure 1). This
allows to increase the intracellular drug concentration in a tissue of interest or in a given cell
compartment and thereby expand compound efficacy.

Recently, a number of CPP-conjugated compounds made it to clinical trials (reviewed in%3'°),
Applications of these compounds are only limited by the cargo related function, not by CPPs
themselves. Currently, there are two compounds that are evaluated in phase Il clinical trials. AM-111%3
and XG-102% that correspond to a TAT-hooked JNK inhibitor tested in the context of hearing loss, and
intraocular inflammation and pain, respectively. Other CPP-derived therapeutics are currently being
evaluated at earlier clinical trial phases targeting Crohn’s disease, central nervous system tumors,
other types tumors, as well as tumor imaging®.

% Therefore, CPPs
: represent a significant
therapeutic potential,

Effector (cargo)
however one of the

Protein

bottle necks in CPP-

Plod <
Lo oo I
. LY

pg, ¥ b

Small drug related research is that

" < sirna there is no consensus
DNA
?Q 0 on their mode of entry

(reviewed in'%1€) due

Figure 1. Scheme depicting cell-penetrating peptide-based application and various types of
cargos that can be carried into the cells. Adapted from Guidotti et al., Trends in Pharmacological  tq the fact that CPP
Sciences, 2017.

internalization depends on numerous factors, among which are CPP sequence, structure,

concentration, time of incubation, bound cargo and local lipid composition of a cell membrane.
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2. CELL-PENETRATING PEPTIDE INTERACTIONS WITH CELL MEMBRANE

To enter cells, CPPs have to cross the protective cell barrier, the plasma membrane, which is composed
of a lipid bilayer made of phospholipids and cholesterols (Figure 2). Phospholipid diversity is based on
the composition of (1) polar head group (choline, serine, inositol, ethanolamine, etc.), (2) backbone
(glycerol or sphingolipid), (3) type of fatty acid (palmitic, oleic, stearic, etc.) and (4) grade of fatty acid
unsaturation. Further diversity within the lipid bilayer comes from the localization of various lipids
within inner and outer cell membrane layers. As such phosphatidylserine and phosphoinositol
phosphates that are found in the inner layer of the plasma membrane. On the other hand, lipids such
as glycolipids and sphingomyelins are mainly present in the outer layer of the plasma membrane. This

corresponds to vertical segregation of the lipid bilayer. Additionally, lateral segregation occurs in

25,26

heterogenous nanodomains enriched in cholesterol and sphingolipids called lipid rafts

Plasma membrane
{ ~y

\
\
\
\
\
/\/\/\ AN
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/
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7]

, . \\\‘IIIIIII
Dissecting ~~
each component

Figure 2. lllustration of cell membrane components. Addapted from FEBS, 2020
Glycolipids and glycoproteins (glycocalyx) present in the outer leaflet of the plasma membrane often

contain sialic acid, which is found within terminal saccharide branches of N-glycans, O-glycans, and
glycosphingolipids and occasionally capping side chains of glycosylphosphatidylinositol (GPI) anchors.
The main characteristic of sialic acids is that they are negatively charged at physiological pH?.
Proteoglycans, found on the outer leaflet of the plasma membrane, can either also be anchored to GPI
or can have a transmembrane conformation, in that case proteoglycans are referred to as syndecans.
Syndecans ensure interactions with cytosolic proteins including filamentous actin (F-actin) and actin-
binding proteins. Proteoglycans consist of a core protein covalently attached to polysaccharides,
glycosaminoglycans (GAGs), either heparan sulfate (HS) or chondroitin sulfate (CS). To further increase
the plasma membrane complexity sulfate groups can be added to polysaccharides at various positions.
Under physiological pH, the sulfate groups are negative charged?3!. Therefore, both sialic acid and
GAGs represent potential electrostatic interaction sites for CPPs. Additionally, interaction with acid
sphingomyelinase®, local membrane deformation?, as well as calcium fluxes3* have been suggested

to play a role in CPP direct translocation into cells.
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2.1 Role of extracellular sialic acid

The role of sialic acid in CPP internalization is concentration-dependent and the lack of sialic acid
appears to favor Penetratin and WR6 peptide uptake®*3’. On the other hand, fluorescently labeled TAT
and TAT-Cre internalization was reduced in CHO-lec2 and A-745 cells deficient in sialic acid®. TAT-Cre-
induced GFP expression in a Lox-STOP-Lox-EGFP system was not affected by the lack of sialic acid could
be due to the fact that such experimental system is leaky in the sense that only one TAT-Cre molecule
could be necessary to trigger GFP expression. Therefore, sialic acid interactions may have a dual effect
on CPP internalization, dependent on the nature and sequence composition of the CPP. Furthermore,
electrostatic interactions between CPPs and extracellular components of the plasma membrane on its

own is not sufficient to trigger CPP internalization.

2.2 Role of extracellular glycosaminoglycans

Cationic CPPs as TAT, R9 and Penetratin interact electrostatically with negatively charged extracellular
GAGs*39%, Based on isothermal titration calorimetry (ITC) experiments such interactions are
dependent on the content of sulfate groups within GAGs and the most likely interactions occur with
heparin, structurally similar to HS3>°°. Penetratin shows higher capacity than TAT or polyarginines to
form stable interactions with heparin®®%>#’, It is therefore, hypothesized that in addition to interactions
with cationic residues, amphipathicity carried by Penetratin, but not by TAT or R9, is necessary to
trigger GAG clustering at the site of CPP internalization. Studies based on heparinase treatments
(enzymatic GAG digestion), the addition of GAG-binding competitors (heparin, HS and CS), as well as
CHO cells deficient in GAGs (A-745 and D-677, CHO-lec2), show that cationic CPPs (TAT, R8, R9 and
Penetratin) entry is diminished in the absence of GAGs3>374651-61 On the other hand, overexpression
of syndecans, increases the cellular uptake of TAT, R8 and penetratin®%62,

Additionally, GAGs have been implicated in TAT and R8 endocytosis through Rac1 phosphorylation and
F-actin remodeling, involved in macropinocytosis3®47:616364 TAT internalization lead to increased
uptake of dextran, which was rendered less efficient in the absence of GAG and sialic acid®,.
Furthermore, TAT bound to 7-nm quantum dots entry is dependent on the presence of GAGs, which
can then trigger Racl activation and actin polymerization.

These data indicate that GAGs play an important role in the regulation of CPP interactions with cell

membrane and therefore their subsequent internalization.

2.3 Role of guanidinium group within cell-penetrating peptide sequence

The nature of cationic amino acids in peptides determines their translocation abilities. It is known for
example that peptides made of 9 lysines (K9) poorly reaches the cytosol and that replacing arginine by
lysine in Penetratin®®% and TAT®> significantly diminishes their internalization. Additionally,
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guanidinium groups play a role in the internalization of R9 and its translocation across octanol/water
medium®’. Arginine substitution for hydrophobic leucine, also led to reduced R9 uptake®.

Both arginine and lysine are basic, positively charged amino acids, that contain guanidinium and lysy|
groups, respectively. Guanidinium, as opposed to lysyl groups can form two hydrogen bonds®, which
allow for more stable electrostic interactions. It has been determined that, once embedded into
membranes, lysine residues tend to lose protons®7°. Furthermore, CPP interaction with GAGs appears
to occur through guanidinium groups found within CPP sequence, as demonstrated for Penetratin in
CHO cells (A-745) deficient in GAGsY.

In conclusion, the presence of guanidinium groups within the CPP sequence ensures for more stable
electrostatic interactions with the extracellular plasma membrane components as polyasaccharides or
negatively charged lipid head groups, which in turn facilitates CPP insertion and translocation across

the lipid bilayer.

2.4 Role of tryptophane within cell-penetrating peptide sequence

Besides electrostatic interactions between the CPPs and the cell membrane the presence of aromatic
residues, as tryptophane is also involved in the CPP internalization. Through tryptophane substitution
for phenylalanine, at positions 48 and 56, it has been demonstrated that Penetratin uptake has been
decreased’. However, substitution of arginines to tryptophane within R9 peptide, had no effect on
the CPP internalization®®7%73, Circular dichroism and NMR studies showed that tryptophane residues
promote B-sheet conformation stabilizing the interactions with HS, CS and heparin®®. The role of
tryptophane in CPP/membrane interactions has been confirmed through a substitution experiment of
three tryptophane for phenylalanines’. In this situation, as the secondary structure was not affected
by the substitution, membrane binding has been preserved, even though CPP uptake was decreased.
This could be due to apparently higher capability of insertion into lipid bilayer of tryptophan, as

opposed to phenylalanine’7®

. Tryptophane interplay with plasma membrane occurs through
interactions with GAGs3>73, In fact, there is a positive correlation between the number of tryptophane
residues within the CPP sequence (R9, R6W3, R6L3, Penetratin, Penetratin(W48F) and TAT) and the
efficiency of interactions with the GAGs*73, As expected CPP/membrane binding for CPPs that contain
arginine and tryptophane residues in their sequence was diminished in the absence of GAGs*>*%,

Together these data suggest that the lack of guanidinium groups that form electrostatic interactions
with negatively charged components of plasma membrane can be compensated by the presence of

aromatic residues through adaptation of a more stable B-sheet conformation of CPP to ensure stable

GAG binding.
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Concluding remarks

The interaction between CPPs and cellular membranes represent the initial step of CPP internalization.
At the plasma membrane electrostatic interactions occur between the basic amino acids and
negatively charges sialic acids, GAGs and phospholipids. Interplay between CPPs and sialic acid,
although less investigated than GAGs, appears to be beneficial in the context of TAT internalization as
opposed to amphipathic Penetratin. CPP/GAG interactions, less discriminatory, play a role in the
internalization of many CPPs. Furthermore, CPP sequence composition, more specifically guanidinium
carried by arginine, forming electrostatic interactions with phospholipids and other negatively charged
membrane components, as well as tryptophan, which facilitates CPP membrane insertion, are crucial
for efficient peptide membrane binding and internalization. As for both endocytosis and direct
translocation the initial step of CPP internalization is dependent on the CPP/cell membrane

interactions, the regulators of such interactions can be involved in both CPP uptake mechanisms.

3. CELL-PENETRATING PEPTIDE DIRECT TRANSLOCATION

CPPs enter cells through direct translocation. Direct translocation is an entry mechanism, which allows
CPPs to cross the cell membrane and gain direct access to the cytoplasm, independent of endocytic
pathways. How does this process occur? Due to current technical limitations, the answer to this
guestion in the majority of cases is based on acellular analysis, primarily NMR studies and coarse-

77-80

grained in silico modeling experiments. Such approaches describe inverse micelles’’*°, carpet

83-89 87-90

model®82, barrel-stave and toroidal pores®®9, as well as membrane potential-dependent pores as
prospective mechanisms of CPP direct translocation. Even though these studies offer insight into
visualization of CPP entry mechanisms, they are performed under non-physiological conditions where
membrane compositions are simplified (lacking various lipids and membrane proteins), and certain

9192 such ‘all or none’ CPP delivery in the extracellular

approximations are employed in in silico studies
space, which would be diffuse and progressive in intracellular studies. In addition, chemical cellular
fixation prior to image acquisition, which is a step that is often employed, can induce CPP release from
endosomes and from the cell membrane into the cytoplasm®%, leading to artefactual CPP intracellular
localization. As direct translocation is not exclusive and is often accompanied by endocytosis (reviewed
in13481697.98) the most reliable approach to distinguish between these two pathways with certainty is

through confocal time-lapse experiments in live cells**1°, Therefore, acellular experiments, fixed or

lysed cell-based approaches should be performed in combination with live cell visualization.

3.1 Inverted micelles
Inverted micelle model consists of electrostatic, as well as of peptide-lipid interactions between the
CPP and the cell membrane that leads to lipid bilayer rearrangement and membrane curvature to the
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point where the CPP will be englobed by the cell membrane lipids in a micelle-like structure”’. The
micelle will then be destabilized and the CPP released into to the cytosol, without ever being in contact
with hydrophobic environment. CPP entry through inverted micelles was first suggested for
Penetratin’’. NMR studies on model membranes showed lipid bilayer destabilization in the presence
of Penetratin’® and TAT” and confirmed the importance of initial interactions between the CPP and
the membrane, suggesting an active role of CPP in the internalization process. Visual interpretations
from transmission electron microscopy” and in silico coarse-grained approach® confirmed the
inverted micelle structures that occur through the interaction between guanidinium groups carried
within the CPP sequence and the negatively charged phospholipids within the plasma membrane?,
that would be compatible with amphiphatic CPPs that carry a relatively small cargo. Additionaly,
substitution of tryptophate residues within Penetratin sequence, prevented inverted micelle
formation’®. These data suggest that CPP/membrane interactions may depend on other factors
beyond charge-dependent electrostatic bonds. Studies showing no membrane permeabilisation
induced by TAT'2 or Penetratin'®® are in accordance with the inverted micelles model. However, this
model is based on interpretations of acellular experiments and not direct assessment in physiological
conditions. The authors mention that the observed data could in addition correspond to pinosome
formation”” or an unusual uni- or multilamellar structure” , potentially reminiscent of fusion pore
described below3*'%, |n addition, later studies show that TAT can indeed translocate through
pores®99:10L105 1 sjlico modelling also suggests that inverted micelle structure could represent the
initial step of a pore formed across the membrane to allow CPP translocation®, This could explain the
discrepancy with a study showing Penetratin entry through toroidal pore based on coarse-grained

simulations®®.

3.2 Membrane destabilization due to cell-penetrating peptide cooperativity

Based on currently proposed mechanisms, partial and local membrane destabilization is key to CPP
translocation across the cell membrane. Whole cell electrophysiology recordings of smooth muscle
cells showed increased ion flow, as well as current jumps in the presence of R9 in a concentration
dependent manner®”. Such recordings indicate membrane destabilization and permeabilization
induced by the CPP over time. However not all cells responded to similar extent. Lack of response in
cells could be due to the potentially decreased CPP entry at a temperature below 37°C%106-108 a5 well

9101 Calcium addition to liposomes

as to heterogeneous CPP uptake within the cell population
restored the current increase induced by the CPP to its original state®’, suggesting that membrane
repair can be achieved through calcium influx!®®. Authors suggest that CPPs induce toroidal pore
formation within the plasma membrane®’. Essentially, these pore structures describe cooperativity

between the oligomerized CPPs at the cell surface through the electrostatic and peptide-lipid
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interactions with the lipid bilayer. Such oligomerization imposes a strain on the lipid bilayer and leads
to its curvature. Barrel stave pore is made of amphipathic CPP hydrophobic interactions with lipids
creating a hydrophilic centre, with no or minimal phospholipid heads reorientations®. Toroidal pore is
triggered by reorientation of phospholipid groups upon interaction with several CPPs that remain
bound to the bilayer and thereby create a pore®®. The barrel-stave and toroidal pore models postulate
that a more efficient interaction can be achieved between the cell membrane and several CPP
molecules working together as opposed to a single CPP!°, The CPP translocation through toroidal
pores is based on in silico modeling data and was initially described for antimicrobial CPPs®3%, Even
though initially described for antimicrobial CPP, other arginine-rich peptides were shown to take
advantage of toroidal pores®”® that require a minimum of six interactions between guanidinium
groups carried by the CPP and phosphate groups on the cell membrane?’.

The pore size was estimated to 0.5-1 nm® and later to 6 nm in diameter'’® based on modeling
experiments. However, the size of the pore, CPP orientation (parallel or perpendicular to the
membrane) and CPP oligomerization could depend on peptide to lipid ratio, membrane fluidity,
hydration and level of interactions between the CPPs and the membranes®11°,

Described as such, the toroidal pore model does not address the directionality of pore formation and
more importantly, its transiency. Earlier studies suggest that that CPP could travel both ways in and
out of the membrane by forming a toroidal pore®®, however this is not consistent with cellular
observations of CPP accumulation within cells and low cytotoxicity. The time-dependent increase in
membrane destabilization in live cells®” does not support the idea of a transient mechanism, which
could reflect on cell viability due to patch clamp procedure and/or incubation with R9, which we cannot
formally ruled out as the level of CPP-induced cytotoxicity over time was not confirmed in smooth
muscle cells®”. Membrane repair can be achieved through calcium influx, followed by exocytosis to
patch the membrane!®, however this has not been tested routinely in the studies mentioned here.

Therefore, an additional stage of the cooperative pore mechanism is still missing.

3.3 Fusion pore

CPP direct translocation can originate from specific areas at the cell surface suggesting discrete
structures within the cell membrane33°6:9%:100.104111 | fact, electron microscopy experiments revealed
that these are multilamenar structures, which are formed specifically in the presence of mono-arginine
CPPs 3319 The initial interaction between the CPP and the cell membrane leads to membrane ruffling
or protrusions that eventually fold on themselves and leading to CPP capture between two layers of
the membrane. Fusion between the two lipid bilayers then occurs in a manner similar to calcium-
assisted vesicle fusion and results in CPP penetration®. However, these structures appear to originate
from the interactions between the cell membrane and the hydrophobic tag carried by the CPP, such

21



as AlexaFluor488, HA or fluorescein®, which makes this entry mechanism irrelevant for non-tagged,
purely cationic CPP. However, we could imagine that similar mode of entry could be taken by
amphipathic CPP or cationic CPPs carrying a hydrophobic cargo for example TAT-RasGAP317.36°, as
well as others. TAT may also enter through a similar mechanism®®, where TAT aggregates may reveal
to be similar multi-laminar structures if visualized at higher resolution. Once these structures are
formed, the fusion pore model suggests that additional CPPs can translocate through such pores!®. In
the proposed model, this will eventually lead to cell lysis and high cytotoxicity, which is not observed.
In live cells, the fusion pore should therefore be transient, however currently there is no mechanism
suggesting the pore closure or membrane repair in this context. We could imagine that such

multilamenar structures are seen as endosomes by the cells and can then be degraded in lysosomes

as they advance in endocytic pathway; however, this remains to be tested.

3.4 pH-dependent cell-penetrating peptide uptake
It has been suggested that the difference of pH across the cell membrane plays a role in CPP uptake.
Authors postulate that pH gradient determines the state of protonation of the fatty acids within the

cell membrane!®

. More specifically, high pH would lead to fatty acid deprotonation, which allows for
binding of CPPs to the negatively charged membrane. This subsequently, leads to fatty acid
protonation, which results in CPP release into the cytosol. Such CPP transfer occurs only from high to
low pH, which could explains the lack of CPP release from acidic endosomes. The authors posit that
the pH gradient is sufficient to induce cationic CPP direct translocation®®,

Based on experimental evidence in live cells, incubation at pH 9, significantly improves TAT uptake in

101 However, this data is

comparison to physiological pH (pH 7.5) or pH 6 in several species
contradictory to the previously reported increased membrane destabilization at low pH in the
presence of R9%, which would lead to increased CPP uptake. Reduced CPP uptake at low pH can also
be a result of inefficient CPP binding to the cell membrane, as is the case of TAT which binding
decreased by 85% at pH 5.0-6.5 in comparison to physiological pH!'2. In addition, when TAT is linked
to a cargo, RasGAPsi7.326, Variations in pH no longer have an effect on the CPP-cargo uptake®.
Unfortunately, no conclusions can be drawn from the pH-dependent uptake experiments of FITC-
tagged CPPs'®, as FITC fluorescence is quenched at low pH. Therefore, pH as a trigger of CPP direct
translocation remains controversial.

Even though, fatty acid (oleic acid) enrichment in the media of live cells ensures better binding and
more efficient uptake over time at various CPP concentrations'®!, the cell membrane is composed of
only trace amounts of free fatty acids!'*!%. Moreover, free fatty acids cannot be replaced by

phospholipids, as the latter remain deprotonated at physiological pH values. Additionally, the pH

difference across the cell membrane is of 0.2 on average!’, which is unlikely to represent the driving
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force for CPP internalization. Therefore, the pH-dependent mechanism would not account for CPP

uptake in physiological conditions.

3.5 Membrane potential-dependent cell-penetrating peptide uptake

Differences in ion concentrations across the cell membrane create an ion gradient, resulting in a
membrane potential. Electrophysiological and pharmacological membrane potential modulations
have revealed that depolarization blocks CPP uptake and hyperpolarization improves the uptake of

cationic CPP. Infact, this mechanism postulates that membrane potential in itself is sufficient to trigger

67,99,100,112 99,116-119

CPP direct translocation based on live cell experiments , as well as in silico studies
Potassium channels are required to establish a basal low membrane potential, subsequently
permissive for CPP direct translocation®. Hyperpolarizing drugs, such as valinomycin, enhance
permissiveness in live cells®°%1%, This is mimicked in in silico simulations, where the electric field

pushes that CPP into the membrane?!®

, which explains very minimal interactions between the cell
membrane and the CPP in the absence of membrane potential in modeling studies®®. When CPPs bind
the plasma membrane, through electrostatic and peptide-lipid interactions, they further decrease the
membrane potential, resulting in a locally hyperpolarized membrane, which we have recently
estimated at around -150 mV®°. This dramatically increases the likelihood of water pore formation.
CPPs can then use these water pores to enter cells according to their electrochemical gradient.

Water pores of 2-nm diameter are created by a combination of lipid head group reorientation coupled
to intrusion of a column of water in the membrane bilayer®. However, larger molecules of up to 5-nm
in diameter bound to CPP (Cre®, carbonic anhydrase and myoglobin!?°, which are 5, 3.5 x 5.3 and 2.6
x 4.4 nm in diameter, respectively) can translocate across the cell membrane as well, but with reduced
efficiency, confirmed by intracellular and in silico experiments®. The 2-nm pore is in addition
compatible with conductance data obtained from oocytes in presence of Pep-1, an amphipathic CPP?1,

122 \water movement likely plays an active role in the

Though unable to be measured in living cells
formation of the pore and is not merely occurring once the pores are formed®. The movement of the
positive charges carried by the CPPs into the cell dissipates the membrane potential, resulting in the
collapse of the water pores and sealing of the plasma membrane®!%, CPP-mediated formation of
water pores is therefore transient and does not affect cell viability®.

Multiple rounds of CPP-driven water pore formation and CPP translocation into cells can lead to
intracellular accumulation of the CPP%%, |nitial CPP binding to the cell membrane is independent of
membrane potential® 12, Nevertheless, cell membrane composition and fluidity can affect CPP direct
translocation. Membrane potential is therefore secondary to peptide-lipid interactions.

Based on in silico modeling, a single CPP molecule®, as well as cooperative interactions between

112,116-119

several CPPs can trigger membrane potential-dependent pore formation , which could be

23



reminiscent of the previously described toroidal pores. We can imagine that if the CPP-cargo complex
is bigger than 5-nm, or if the CPP does not carry a sufficient amount of positive charges (or the cargo
is highly hydrophobic), the CPP-cargo complex can be blocked within the pore. This can potentially lead

to further membrane destabilization and formation of inverted micelle-like structures.

Concluding remarks
All of the CPP direct translocation models, described above, state that initial interaction between the
CPP and the plasma membrane is sufficient to trigger direct translocation. However various factors,
such as charge of the CPP, charge of the cargo, size of the cargo, CPP/lipid ratio, membrane potential,
strength of interaction between the CPP and the phospholipid head groups of the cell membrane,
angle of CPP orientation to the cell surface can modulate the CPP internalization.
Any proposed mechanism of CPP direct translocation has to explain the following intracellular
observations:
i) unidirectional entry, which leads to apparent accumulation/concentration of CPP within
cells over time
ii) lipid bilayer destabilization has to be transient to account for low CPP cytotoxicity
iii) the translocation mechanism across the cell membrane must differ from the mechanism
of endosomal escape, more specifically CPP translocation across endosomal membranes.
The membrane potential-dependent CPP translocation mechanism based on live cell experiments
fulfills the above criteria. However, this model is constricted to the passage of the cargo of up to 5-nm
in diameter. The mechanism for the entry of a larger cargo, whether it is based on CPP cooperativity

for a formation of a larger pore or any other approach, remains to be described.

4. CELL-PENETRATING PEPTIDE ENDOCYTOSIS

Endocytosis is a major entry route used by cells to take up a variety of extracellular substances ranging
from nutrients to pathogens to CPPs. Various non-exclusive mechanisms of CPP endocytosis have been
proposed. However, there is no consensus and clarity in the field regarding the precise nature of the
endosomal pathway used by CPPs and its underlying mechanisms. Similar to direct translocation
(described above), numerous components can affect CPP endocytosis, including initial CPP-cell
membrane interactions, time of incubation, the nature of the cargo hooked to CPPs, as well as cell

lines used.

24



4.1 Cell-penetrating peptide response to endocytic inhibitors

Pharmacological inhibitors of different stages of endocytosis often provide valuable insight and help
determine which endosomal pathway is used by the endocytosed material or a pathogen. This
approach has been employed in the study of CPP endocytosis. In Table 1 we can see that, depending
on the type of inhibitor used, the uptake of a given CPP can be either decreased, unaffected or even
increased in some studies especially for TAT, R8 and R9 peptides, as opposed to WRAP peptide, which
is consistently unaffected by any of the endocytosis inhibitors used. Combinations of several inhibitors,
for example chlorpromazine with Methyl-B-cyclodextrin or EIPA, appear to abolish the CPP cytoplasmic
accumulation with no apparent effect on endocytosis!?*. The effect is often inconsistent between the
studies (see Table 1, the results for TAT and R9), cell lines and the fluorophore used to label the
CPP12>126 Most surprisingly, in some studies, the endocytic inhibitors appear to have an effect on CPP
accumulation within the cytoplasm?®124127 \which can potentially correspond to either increased
direct translocation, favored endosomal escape or cell membrane damage. Time-dependent cell
visualization as well as viability assays are required to distinguish with certainty between these
possibilities. Rendering therefore, static images or flow cytometry data provided by the authors
insufficient.

Unfortunately, no general conclusion can be made based on these studies, since different CPP (even
closely related families) exhibit different behavior. The nature of the CPP and cell type used may
influence the CPP response to various endocytic inhibitors, as demonstrated in a comparative study
using 22 CPPs in 4 cell lines!®. Furthermore, many of pharmacological endocytosis inhibitors lack
specificity and, on their own, may generate data that will not be sufficient to tell unambiguously
whether a given pathway is used in CPP endocytosis. Therefore, several endocytosis inhibitors should
be used (alone or in combination) with appropriate controls: the use of endocytosed material, whose
uptake is known to be affected by that inhibitor. Inhibitor-based studies should be complemented with
genetic and biochemical approaches, as we can imagine that by blocking one endocytic route, another
may be activated. In addition, flow cytometry®1,°5>124126127,129-132 54 \ye|| as experiments performed on

lysed cellst#:133

are inappropriate for such studies, as they do not allow the distinction between the
potential effect of the inhibitor on endocytosis, direct translocation and surface bound CPP. Time-lapse
microscopy would be better suited, as we can imagine that even if there is no effect on CPP endocytosis

134

of a given inhibitor, it could affect the movement of vesicles'**, as well as their maturation and these

potential effects would become obvious by time-lapse microscopy.
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Table 1. Effect of endocytosis inhibitors on CPP uptake. This table lists frequently used endocytosis

inhibitors and their effect on the intracellular uptake of various CPP molecules.

Reagent Function Decreased uptake No effect Increased uptake
Na*/H* exchange
Amiloride TAT-Cre-488°?
inhibition®3>
Amonium Endosome
RI-TAT12
chloride acidification inhibitor

TAT®33, REV!33
Trans-Golgi transport
Brefeldin A R833 TAT-
inhibitor
Technitium?23

TAT!33, REV!3
Endosomal

Chloroquine R833, TAT-
acidification inhibitor
Technitium?®?3

Microtubule
TAT®3, REV133,
Colchicin polymerization
R8133
inhibitor

Translocation of

Penetratin'?4,
Chlorpromazine | clathrin and AP2 from | TAT?%131 and R91%

WRAP
the cell surface®3®

TAT133’134, REV133,

Depolymerizes F- R8133, TAT-
Cytochalasin D TAT>, TAT-Cre>!

actin3%13° Technitium?®?3, TAT-

RasGAP317-326>°

Dynasore Dynamin inhibitor4 R9 and TAT#
R8127 R9141 R16130
Na*/H* exchange R8130 WRAP*%,
EIPA AT, AT
inhibition*®> TAT-RasGAP317.326>°
Penetratin®*®
Cholesterol
Filipin R8%7
sequestration#?
IPA3 Inhibitor of PAK1143:144 R8?7 TAT-RasGAP317.326”°
Trfie,
Methyl-8- Cholesterol TATL148 TAT- R9'* R9 and
Penetratin'?4,
cyclodextrin depletion4>147 Cre®? TAT!?
WRAP37

Chlathrin-mediated
MSD RI-TAT12

endocytosis inhibitor
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Caveolin-dependent
NEM TAT3?
endocytosis inhibitor

Disruption of R813C, full TAT®34,
microtubule TAT®33, REV133,
Nocadazole
assembly/disassembly R8133, TAT-

149 Technitium??3

Cholesterol TATSBL133 REVSS,

Nystatin TAT-Cre>! R8%7, R8-Cre!?’
sequestration*® Rg133

Caveolin-dependent
Okadaic acid TAT3?
endocytosis inhibitor

Interferes with

binding of proteins to
Pitstop R8%7
N-terminus of

clathrin®?

Clathrin-mediated
Sucrose RI-TAT12
endocytosis inhibitor

Microtubule TAT®33, REV13,
Taxol polymerization R833, TAT-
stabilizer Technitium??3

WRAP', TAT!3:,
Wortmannin pan-PI13K inhibitor!>? R8%7 REV!33, R8'33 TAT-

Technitium®?3

4.2 Cell-penetrating peptide colocalization with endosomal markers

Various forms of endocytosis have been described, and the main endocytic routes are clathrin-
mediated endocytosis, macropinocytosis, and CLIC/GEEC*>3>°, Transferrin, dextran and cholera toxin
B enter through clathrin-mediated endocytosis, macropinocytosis and clathrin-independent endocytic
pathways, respectively and are often used to study such entry routes. Colocalization experiments
between transferrin and various CPPs, show partial colocalization between transferrin and R8!27141,
R8-Crel?’, TAT4106112134141138  panetratin'?*14® and WRAP-siRNA, a tryptohane- and arginine-rich
molecule®’. Dextran appears to colocalize with Penetratin?*, as well as minimally with WRAP¥, In
fact, CPPs appear to stimulate dextran uptake®. In turn, cholera toxin B partially colocalizes with
Penetratin!®* and TAT!34148, but not with full size TAT protein®®** or WRAP*¥, Conditional clathrin heavy

chain knock out or caveolin-1 knock out had no effect on TAT uptake®®. Taken together these studies
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suggest that CPPs have a somewhat promiscuous endocytic behavior, especially when it comes to TAT
or Penetratin.

The early endocytic vesicles (endosomes) are formed by membrane invaginations, actin-driven
membrane protrusions (in the case of macropinocytosis for example), or ruffling. Early endosomes
mature into multivesicular bodies (MVBs), late endosomes and finally lysosomes, where degradation

157,158

of the endocytosed material occurs . In some circumstances, the endocytosed material can be

recycled back to the plasma membrane or towards other cellular compartments such as the Golgi**”
159 During maturation and trafficking, endosomes are decorated with telltale markers that can be
traced back to a given stage of endocytosis. Rab5 and Rab7 are such markers that correspond to early
and late endosomes, respectively (Figure 3). Based on visual inspection of representative images in
literature, R8 and TAT colocalizes partially with Rab5A'!. However, a trypthophane-, arginine- rich
CPP, WRAP linked to siRNA cargo shows no colocalization with aforementioned markers or lysotracker

(labels lysosomes in a pH-dependent manner)’. In addition, no colocalization was observed between

trans-Golgi network and TAT or R8. Arginine-rich peptides (R4, R8, R16) were not found in

Clathrin- H H H 130

_ Clathrin mediated  ingependent mitochondria either™®,
Clathrin-and ™ 54 dynamin dvi i t
dynamin- but dynamin-dependent

% These studies confirm that
pH~74  Plasmamembrane  PI45)P, \\ ( Rw/ CPP vesicles correspond to

endosomes. However, the

difference within the CPP

Rab5
pH~6.2 PI(3)P EEA1

Eariyeniosorns sequences (even between

R8 and R16 there is only

Rab5 Recycling endosome . . .
Co partial colocalization)'°, as
pH~5.5 PI(3,5)P, Rab7 00O
well as the presence of the
MVB/ late endosome

l cargo may influence the
Rab7 5 type of endocytic route
H~5.5-45 BPA 1 @O
PH ~5.54. u et RO taken by the CPPs.
Late endosome / More exotic endocytic
lysosome
129
Figure 3. Hallmarks of endocytosis and endosomal maturation. markers such as CXCR4

Endocytosis occurs in clathrin- and/or dynamin-dependent or independent manners. The 127

resulting endosomes first acquire Rab5 and EEA1 on their membranes, then Rab7 and and SDC4"<", a co-receptor

finally Lamp1. The figure also depicts other markers associated with early and late . .

endosomes/lysosomes. Endosomes can be routed to destinations other than lysosomes for HIV-1 infection and a

like the trans-Golgi network or back to the plasma membrane. This involves specific Rab

proteins (e.g. Rab4). See text for additional information. member of cell membrane
proteoglycans, respectively, have also been identified. Photocrosslinking experiments revealed partial
colocalization between R8 and SDC4'?’, which was not observed for CXCR4'?°. siRNA knock down of
SDC4 lead to a decrease of total R8 and R8-Cre uptake, with no additional effect in the presence

endocytosis inhibitors'?’. However, CXCR4 appears to colocalize to a certain extent with R121%°, siRNA
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knock-down of CXCR4 had no effect on the uptake of TAT, R8 or Transferrin'?®, suggesting a specific
role of CXCR4 in the uptake of R12.

Taken together, microscopy-based colocalization studies show that cationic CPPs may enter through
several endocytic pathways. Some specificity could be observed for peptides that carry a high number
of positive charges that potentially can stabilize the initial interaction between the CPP and the cell
membrane. Experiments showing qualitative actin rearrangement in the presence of R8 and Penetratin
support the importance of initial CPP interaction with the cell membrane to induce CPP endocytosis

and potentially direct translocation®°.

Concluding remarks

However, no concrete conclusions can be drawn from these studies. One of the reasons is that not all
of the studies use a confocal microscope!*!. Confocal microscopy improves spatial resolution and
allows a better distinction between closely positioned vesicles both along the vertical and horizontal
planes, which can otherwise lead to false positives in colocalization quantitation. The type of
guantification procedure used to measure colocalization, as well as image quality can also impact the
results. The typically used software for studying colocalization splits the image into pixels and then
considers two channels separately by checking the point of overlap for the single pixels of equal
intensity. This methodology does not take into consideration the morphology of endosomes and in a
situation where two endosomes are close together or one signal is brighter than the other, the
researcher will obtain a false positive result for colocalization. In other studies, there is no rigorous
quantification of colocalization and only a few representative images are shown?106:112:124129,130,134,137,148
We suggest that visual assessment of representative images as well as the use of Mander’s coefficient
calculations would be extremely helpful and much more appropriate in the assessment of
colocalization®, Time of incubation in the presence of the cargo may also play a role, especially in the
case when trafficking is halted. This will lead to overestimation of colocalization in comparison to pulse
chase experiments at earlier time points. In addition, cell line used, as well as the choice of the

fluorophore carried by the CPP may lead to inconsistent results!?>12¢,

5. DISTINCTION BETWEEN DIRECT TRANSLOCATION AND ENDOCYTOSIS

5.1 Temperature and energy dependence

Endocytosis is considered as an energy-dependent process, which can be blocked by lowering the
incubation temperature to 16-20°C to halt endosomal maturation or to 4°C to block endocytosis
altogether. Therefore, by evaluating cellular CPP content at 4°C, investigators claim to be able to study

direct translocation mechanism in the absence of endocytosis?¢°860161 previously published data show
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that CPPs as Penetratin, TAT, polyarginines (over 8 arginines) are able to enter cells at 4°C through
direct translocation in the absence of endosomes®%21%5  Furthermore, unlike at 37°C, CPPs
accumulate on the cell surface at 4°C independently of GAGs**°%¢, These CPP/membrane interactions
seem to require CPP accumulation in certain membrane foci leading to membrane protrusion and
multi-lamellarity prior to internaliaztion64%, According to several other studies CPP endocytosis and
direct translocation are both temperature-dependent processes that are virtually blocked at 4°C%410¢-
108,166 |t has been further demonstrated in a comparative study of 22 CPPs in 4 cell lines, that CPP
response to temperature decrease and endocytic inhibitor treatment is cell type- and CPP-

dependent!?®, Therefore, the effect of temperature on CPP internalization cannot be applied as a

general rule to distinguish endocytosis and direct translocation.

5.2 CPP availability

Different CPP/lipid ratio might prompt one mode of entry over the other. CPP/lipid ratio is determined
by several factors, among which are CPP concentration in the media and cell number, which may
reflect on CPP/membrane binding efficiency. It has been reported by imaging that at lower ratios
endocytosis is favored since only vesicular pattern is observed 3610711116216 ‘awever, the prevalence
of residual direct translocation has not been experimentally evaluated and could depend on the
sensitivity of the experimental setup. Moreover, serum presence in the media affects the CPP
availability. Cationic CPPs interact with proteins present in serum>%®3, which results in lower CPP
availability in the media. On the other hand, serum removal sensitized cells to TAT-RasGAP317.326-
induced death®’. Therefore, CPP concentrations, more specifically CPP/lipid ratios would have to be
adapted for the experiments performed with or without serum to reach a similar biological activity and

CPP uptake in cells.

5.3 Size of cell-penetrating peptide-bound cargo

The nature of the cargo carried by the CPP, such as hydrophobicity, secondary structure and size may
also influence the internalization efficiency of the CPP-cargo complex. Internalization of the large size
(not only molecular weight, but also the volume in space occupied by the secondary structure) cargo
bound to TAT, such as ubiquitin and mCherry enter cells predominantly through endocytosis®®17%,
Similar results were observed with R8-bound to EGFP!®, as well as R9-SMAC complex, a caspase
activator??®, Unfortunately, no endosomal escape has been observed in functional assays, among
which cytosolic deubiquitination of TAT-ubiquitin or SMAC-induced apoptosis, for the above-
mentioned cargo, indicating that the CPP-cargo complexes was trapped in the endosomes. Whether
the lack of cytosolic access is specific to the CPP-large cargo internalization or a general feature of CPP-

related endocytosis remains to be determined.
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5.4 Membrane polarization

Differences in ion concentrations across the cell membrane set an ion gradient, resulting in a
membrane potential. Electrophysiological and pharmacological membrane potential modulations
have revealed that depolarization blocks CPP uptake®”!12 and hyperpolarization improves the uptake
of CPPs that carry positive residues®”/100119172173 (see |ntroduction section 3). In fact, the membrane
potential itself appears sufficient to trigger CPP direct translocation based on live cell

67,100,112

experiments , as well as in silico studies'**!®, We have additionally showed that while blocking

direct translocation, depolarization has no effect on endocytosis of transferrin®, vesicular stomatitis

174 as well as various CPPs®°. The fact that decrease in temperature does affect the plasma

virus
membrane potential'®” is in line with the observation that R12 uptake that was not inhibited at 4°C*%3,
was blocked by a potassium rich buffer. These results suggest that membrane potential modulation,
more specifically pharmacological depolarization may represent a more efficient strategy to study CPP
endocytosis and endosomal escape in the absence of direct translocation (Serulla, et al., manuscript in

preparation).

Concluding remarks

As CPPs enter cells through both direct translocation and endocytosis**17>176

, it is very difficult to
distinguish between these two processes as both provide two independent strategies for CPP cytosolic
access. The most efficient approach appears to be visualization of CPP uptake with a high enough
temporal resolution!®®!”’ however even this is technically challenging. Furthermore, CPP uptake is
dependent on numerous factors as structure, size, hydrophobicity, charge, presence or absence of
serum, temperature, membrane potential and others. Each of these factors should be considered
while studying the CPP internalization and each can potentially be used to study a specific entry
mechanism. While some approaches show some controversial results, others demonstrated that
membrane potential modulation is an efficient method that allows to selectively regulate the direct
translocation of cationic CPPs, up to the point where only endocytosis would take

place®7/100112,119,167.172.173 'However, as many factors, may affect the internalization it is difficult to have

a generalized approach and therefore numerous factors must be considered in a case by case manner.
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RESULTS PART I:

Genetic, cellular and structural
characterization of the membrane
potential-dependent cell-penetrating
peptide translocation pore
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ABSTRACT

Cell-penetrating peptides (CPPs) allow intracellular delivery of cargo molecules. They provide efficient
methodology to transfer bioactive molecules in cells, in particular in conditions when transcription or
translation of cargo-encoding sequences is not desirable or achievable. The mechanisms allowing CPPs
to enter cells are ill-defined. Using a CRISPR/Cas9-based screening, we discovered that KCNQ5, KCNN4,
and KCNK5 potassium channels positively modulate cationic CPP direct translocation into cells by
decreasing the transmembrane potential (Vm). These findings provide the first unbiased genetic
validation of the role of Vm in CPP translocation in cells. In silico modeling and live cell experiments
indicate that CPPs, by bringing positive charges on the outer surface of the plasma membrane,
decrease the Vn, to very low values (-150 mV or less), a situation we have coined megapolarization that
then triggers formation of water pores used by CPPs to enter cells. Megapolarization lowers the free
energy barrier associated with CPP membrane translocation. Using dyes of varying sizes, we assessed
the diameter of the water pores in living cells and found that they readily accommodated the passage
of 2 nm-wide molecules, in accordance with the structural characteristics of the pores predicted by in
silico modeling. Pharmacological manipulation to lower transmembrane potential boosted CPPs
cellular internalization in zebrafish and mouse models. Besides identifying the first proteins that
regulate CPP translocation, this work characterized key mechanistic steps used by CPPs to cross cellular
membrane. This opens the ground for strategies aimed at improving the ability of cells to capture CPP-

linked cargos in vitro and in vivo.
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INTRODUCTION

Cell penetrating peptides (CPPs) are short non-toxic sequences of 5-30 amino acids present in proteins
able to cross membranes such as homeoproteins and some viral components. CPPs can also be used
to deliver bioactive cargo (siRNAs, DNA, polypeptides, liposomes, nanoparticles and others) in cells for

therapeutic or experimental purposes®*#81416_Eyen though they differ in their origin'’-2°

and physico-
chemical properties, the majority of CPPs carry positive charges in their sequence*%1, Poly-arginine
(e.g. R9), HIV-1 TAT47.57, Penetratin (Antennapediassss), and Transportan are among the most used and
studied CPPs.

CPPs enter cells through a combination of two non-mutually exclusive mechanisms®°: endocytosis
and direct translocation®**81216 The nature of these entry mechanisms is debated and not fully
understood at the molecular level. The vesicular internalization of CPPs may occur through clathrin-
dependent endocytosis, macropinocytosis, and caveolin-1-mediated endocytosis¥*®!2, In this case,
access to the cytoplasm requires that the CPPs break out of endosomes through a poorly understood
process called endosomal escape.

Direct translocation allows the CPPs to access the cytosol through their ability to cross the plasma
membrane. There is currently no unifying model to explain mechanistically how direct translocation
proceeds and no genes have yet been identified to modulate the manner by which CPPs cross cellular
membranes. There is a general consensus though that an adequate plasma membrane potential (Vi)
is required for direct translocation to occur. Electrophysiological and pharmacological V., modulations
have revealed that depolarization blocks CPP internalization®”''2 and hyperpolarization improves the
internalization of cationic CPPs®”100119172173 By jtself, a sufficiently low Vi, (i.e. hyperpolarization)
appears to trigger CPP direct translocation in live cells®”1%112_jn sjlico modeling has provided evidence
that membrane hyperpolarization leads to the formation of transient water pores, allowing CPP
translocation into cells®”°%116-118 byt the free energy landscape governing CPP translocation has not
been determined. Moreover, the nature and the structural characteristics of the pores used by CPPs
to cross the plasma membrane have not been investigated in live cells.

Here, we provide the first genetic evidence that validates the importance of V. for CPP direct
translocation and we characterize the size of the water pores used by CPPs to enter live cells. We also
determined the role of the Vi, in modulating the free energy barrier associated with membrane

translocation and the impact of the Vi, on CPP translocation kinetics.
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RESULTS

TAT-RasGAP317-326 enters cells via endocytosis and direct translocation, but only direct
translocation mediates its biological activity

In the present work, we have used TAT-RasGAP3i7.326 as a model compound to investigate the
molecular basis of CPP cellular internalization. This peptide is made up of the TAT4s.s; CPP and a 10
amino-acid sequence derived from the SH3 domain of p120 RasGAP’®, TAT-RasGAPz17.326 sensitizes

179182 and prevents cell migration and

cancer cells to chemo-, radio- and photodynamic therapies
invasion®®, This peptide also exhibits antimicrobial activity'®. Some cancer cell lines, such as Raji
(Burkitt’s lymphoma), SKW6.4 (transformed B-lymphocytes) and Hela (cervix carcinoma), are directly
killed by this peptide in a necrotic-like manner®®. TAT-RasGAPs17.326 kills cells by physical disruption of
the plasma membrane once it has reached the cytosol by direct translocation and interacted with
specific phospholipids found on the cytosolic side of the plasma membrane®. To characterize the
mode of entry of TAT-RasGAP3;7.326, Raji, SKW6.4 and Hela cells were incubated with a FITC-labelled
version of the peptide and visualized over time. Peptide-cell interaction and internalization occurred
through the following pattern: binding to the plasma membrane (Supplementary Movie 1),
internalization leading to vesicular staining and/or diffuse cytosolic staining, and eventually cell death
characterized by membrane disruption (Supplementary Fig. 1a-d and Supplementary Movie 1). Only in
a minority of Raji and SKW6.4 cells, was the peptide solely found in vesicular structures (i.e. in the
absence of cytosolic staining) (Supplementary Fig. 1b). Most of the cells acquired the peptide rapidly
in their cytoplasm without any detectable presence of labelled vesicles (Supplementary Fig. 1a-b and
Supplementary Movies 1-2). Even though labelled vesicles might be masked by the intense cytosolic
staining (when present), these results nevertheless demonstrate that at the concentrations used here
the main mode of entry of TAT-RasGAP317.326 in Raji and SKW6.4 cell lines occurs via a non-vesicular
direct plasma membrane translocation mechanism. This entry can be visualized in living cells prior to
the saturation of the cytosolic signal (Supplementary Movies 1-2). In the case of TAT-RasGAP317.326
uptake in Hela cells, direct translocation and the vesicular mode of entry appeared to occur equally
frequently (Supplementary Fig. 1a-b and Supplementary Movie 3). Direct translocation across the
plasma membrane often seemed to originate from specific areas of the cells (Supplementary Fig. le-

18,36-39

f), suggesting discrete structures on the plasma membrane involved in CPP entry . Laser

187-1%0 \was ruled out as a mechanism of fluorescent dye-

illumination-induced damage to cell integrity
labelled CPP cellular internalization (Supplementary Fig. 1g). Cells were able to concentrate the CPP in
their cytoplasm (Supplementary Fig. 1h). TAT-RasGAPsi7.36 internalization was found to be
temperature-dependent (Supplementary Fig. 1i). The contribution of the peptide surface binding to

the overall cell-associated signal only accounted to about 20% (Supplementary Fig. 1j-k); hence, the
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majority of the cell-associated peptide signal comes from within cells. Despite intensity differences,
the kinetics of appearance of the two populations with vesicular and diffuse cytosolic staining was
similar (Supplementary Fig. 2a-b). There was an almost perfect correlation between i) the percentage
of cells with low intensity peptide fluorescence and the percentage of cells with predominant vesicular
staining (Supplementary Fig. 2c), ii) the percentage of cells with high intensity peptide fluorescence
and the percentage of cells with marked cytosolic staining (Supplementary Fig. 2d). Cell death induced
by TAT-RasGAP317.326 was mostly recorded in cells from the high-intensity fluorescent population
(Supplementary Fig. 2e), which can only be achieved through direct translocation of the peptide
through the cell membrane as cell death was not seen in cells where only vesicular CPP entry had
occurred. Hence, direct translocation of the peptide is what allows TAT-RasGAP317.326 to kill Hela cells.
In Raji and SKW6.4 cells incubated with TAT-RasGAPs17.326, only one fluorescence intensity peak was
observed at a given time point that progressively shifted towards higher fluorescence intensities
(Supplementary Fig. 2f). As little vesicular staining was detected in Raji and SKW6.4 cells incubated
with TAT-RasGAP317.326 (Supplementary Fig. 1a-b), the peak seen in Supplementary Fig. 2f mostly
corresponds to cells that have acquired the peptide through direct translocation. As in Hela cells
therefore, it is the direct translocation of the peptide in Raji and SKW6.4 cells that eventually induces
their death. Together these results show that even though two modes of entry can be used by TAT-

RasGAPs17.326 to penetrate cells, it is direct translocation that is necessary for its biological activity.

Identification of potassium channels as mediators of CPP direct translocation into cells

The mode of CPP cellular entry is still debated and no proteins have been identified that regulate this
process. The CPP entry process starts after the initial electrostatic interactions between the positively
charged CPP and the negatively charged components of the cell membrane3##1216 |nteraction with
acid sphingomyelinase®, local membrane deformation3, as well as calcium fluxes®** have been
suggested to play a role in CPP direct translocation into cells. To screen for genes that control CPP
internalization, we performed a CRISPR/Cas9 screen using TAT-RasGAP317.32¢ as a selective agent
(Supplementary Fig. 3a). In Raji and SKW6.4 cell lines, among the most highly significantly differentially
modulated genes were specific potassium channels or genes coding for proteins known to regulate
such channels indirectly (e.g. PIP5K1A™?) (Fig. 1a and Supplementary Fig. 3b). KCNQ5, identified in Raji
cells, is a voltage-dependent potassium channel. KCNN4 and KCNKS5, identified in SKW6.4 cells, are
calcium-activated channels and belong to the two-pore (voltage-independent) potassium channel

192 respectively.

family
These potassium channels were pharmacologically or genetically inactivated (Fig. 1b and
Supplementary Fig. 4a-c) to validate their involvement in TAT-RasGAP317.326 cellular internalization and
the resulting death induction. The KCNQ family inhibitor, XE-991'%3, fully blocked peptide

38



a Raji SKWeé.4
3 3
g 16 #KCNQ5 & 10" ®KCNN4
$s g w0
é_g wa ®ARRDC3 MAGEB5 é_g }gw
gg oFRMD7 * M Bibsk1a 2 1971 gatP1Ba OKONKS g sLcagata
20 ot £ . 25 108
20 9 8 10¢
82 10° e 104
s5S =2 107 i
a 10 &
o 0 5000 10000 15000 20000 o 0 5000 10000 15000 20000
Genes Genes
b .
Raji SKWe6.4 HeLa
70  IWT 70 HAWT 120 _[lWT
3 6o JEIWT + XE-991 60 | IIWT + TRAM-34 100 |EIWT + XE-991
8. 5o |CIKCNQ5 KO 50 ] LIKCNN4 KO = THWT « TRAM-34
S 40 40 ) IIKCNKS KO CJKCNN4 KO
8 30/ 30 | EIKCNKS KO
© + TRAM34
£ 20
£ 104
04
. 0 40
)
3100 .
2 80
.‘§
a 60 -
o
2 40 1
3 20
[}
©
3 0-
(&} 0 40 0 80
TAT-RaSGAP317_326 [uM]
c No CPP uptake Vesicular Vesicular + cytoplasmic
100
- @ WT Raji e
® KCNQ5 KO
2 60
8
< 40
20
0
0 20 40 60 200 800 O 20 40 60 200 800 O 20 40 60 200 800

Time [minutes]

Fig. 1: Identification of potassium channels as mediators of CPP direct translocation
into cells

a, Identification of genes implicated in TAT-RasGAP317-326 internalization in Raji and
SKW6 .4 cells. The graphs depict the p-value (calculated using the MAGeCK procedure; see
Materials and Methods) for the difference in sgRNA expression between peptide-treated and
control cells for the ~20'000 genes targeted by the CRISPR/Cas9 library. b, Quantitation of
TAT-RasGAP317-326 entry (top) and induced death (bottom) in wild-type (WT) and knock-out
(KO) cells. The WT and the corresponding potassium channel KO versions of the indicated
cell lines were pretreated or not for 30 minutes with 10 uM XE-991 or with TRAM-34 and then
incubated (still in the presence of the inhibitors when initially added) with, or without 40 uM
(Raji and SKW6.4 cells) or 80 uM (Hela cells) TAT-RasGAP317-326. Internalization was
recorded after one hour and cell death after 16 hours (Raji and SKW6.4) or 24 hours (HeLa).
Results correspond to the average of three independent experiments. TAT-RasGAP317-326
concentrations and time of incubation used were adjusted so that the CPP induced similar cell
death (between 60% and 90%) in the wild-type versions of the different cell lines. ¢, Quantita-
tion of the modalities of TAT-RasGAP317-326 entry in wild-type and KCNQ5 knock-out Raji
cells. Cells were incubated with FITC-TAT-RasGAP317-326 for various periods of time and
peptide staining was visually quantitated on confocal images (n>150 cells for each time-point).
The high percentage of cells with vesicular staining in the knock-out (KO) cells results from the
absence of strong diffuse staining masking endosomes. The results correspond to the
average of three experiments.

internalization in Raji

cells and protected
them from the killing
activity of the peptide
(Fig. 1b). Knocking out
KCNQ5 (Supplementary
Fig. 4a) in these cells
produced the same
effect as XE-991 (Fig. 1b

and Supplementary Fig.

4d). SKW6.4  cells
individually lacking
KCNN4  or  KCNK5

(Supplementary Fig. 4b),
or SKW6.4 cells treated
with TRAM-34, a KCNN4
inhibitor941% were
impaired in their ability
to take up the peptide
partially

and  were

protected against its
cytotoxic activity (Fig. 1b
and Supplementary Fig.
4d). Inhibition of KCNN4
activity with TRAM-34 in
KCNK5 knock-out cells
did not further protect
the cells against TAT-

RasGAP317.32¢-induced
death. In Hela cells,
TRAM-34, but not XE-
inhibited

RasGAP317.326

991, TAT-

internalization and subsequent death (Fig. 1b). Thus, in Hela cells, KCNN4 channels participate in the

cellular internalization of the peptide. This was confirmed by knocking out KCNN4 in these cells (Fig.
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1b and Supplementary Fig. 4c). Resistance to TAT-RasGAP317-326-induced death in KCNQ5 knock-out Raji
cells and KCNN4 knock-out SKW6.4 or Hela cells was restored through ectopic expression of the
corresponding FLAG- or V5-tagged channels (Supplementary Fig. 4e-f and Supplementary Fig. 5), ruling
out off-target effects.

To determine if the identified potassium channels affected the biological activity of TAT-RasGAP317.326
once inside cells, incubation with the peptide was performed in the presence of pyrene butyrate, a
counter anion that, through electrostatic interaction with arginine residues (Supplementary Fig. 6a),
promotes quick and efficient translocation of arginine-bearing peptides into cells'®®. Pyrene butyrate,
to promote peptide uptake, has to be used in the absence of serum?®. But since serum removal
sensitized cells to TAT-RasGAP317.32¢-induced death (Supplementary Fig. 6b), we had to adapt the CPP
concentrations to perform the experiments that employed pyrene butyrate (Supplementary Fig. 6c).
Pyrene butyrate was not toxic at the concentrations used (Supplementary Fig. 6d). Potassium channel
knock-out Raji and Hela cells incubated with both pyrene butyrate and TAT-RasGAP3;17.326 Were no
longer resistant against peptide-induced death (Supplementary Fig. 6e). These results demonstrate
that specific potassium channels play crucial role in the cellular entry of TAT-RasGAP317.326 but that they
are not involved in the killing activity of the peptide if it is already in cells.

We next determined whether vesicular internalization or direct translocation were affected in cells
with impaired potassium channel activities. Compared to their respective wild-type controls, the
percentage of cells with diffuse cytosolic location of FITC-TAT-RasGAP317.326 was drastically diminished
in KCNQ5 knock-out Raji cells (Fig. 1c) and in KCNN4 and KCNK5 knock-out SKW6.4 cells
(Supplementary Fig. 7a). The effect was similar in the case of KCNN4 knock-out Hela cells, albeit to a
lesser extent (Supplementary Fig. 7b). This was mirrored by an increase in the percentage of knock-
out cells with vesicular staining (Fig. 1c and Supplementary Fig. 7a-b). To assess whether cytosolic
peptide accumulation is due to direct translocation and not endosomal escape, FITC-TAT-RasGAP317-326
internalization was quantitated over time in a condition where the peptide was allowed to enter cells
by endocytosis but then removed from the medium. Supplementary Fig. 7c (left) shows that diffuse
cytosolic internalization of the peptide occurred when the peptide was present in the medium (see
also left panel of Supplementary Movie 4). However, no significant increase in the cytosolic signal was
observed in washed out cells containing peptide-labelled endosomes (Supplementary Fig. 7c, middle
and Supplementary Movie 4, right panel). We could nevertheless detect an increase in cytosolic
fluorescence when endosomal escape was induced by LLOME®’. This confirms our earlier observation
(Supplementary Fig. 1 and Supplementary Movie 1-2) that in live cell conditions the diffuse cytosolic
CPP signal originates from direct translocation and not endosomal escape. The invalidation of
potassium channels did not affect transferrin internalization into cells (Supplementary Fig. 7d) or the

infectivity of vesicular stomatitis virus'’4, substantiating the non-involvement of these channels in
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endocytosis pathways.

One possibility to explain the above-mentioned results is that the absence of potassium channels
prevents the peptide binding to cells. At a 20 BIM concentration, TAT-RasGAP317.326 is readily taken up
by wild-type Raji cells but not by KCNQ5 knock-out cells. At this concentration, peptide binding was
slightly lower in knock-out than in wild-type cells (Supplementary Fig. 7e). However, augmenting the
peptide concentrations in the extracellular medium of KCNQ5 knock-out cells to reach surface binding
signals equivalent or higher than what was obtained in wild-type cells incubated with a 20 @M peptide
concentration still did not result in peptide cellular internalization (Supplementary Fig. 7e). These data
show that differences in peptide binding do not explain the inability of the knock-out cells to take up
the peptide.

We assessed whether the role of potassium channels in cellular internalization also applied to TAT
cargos other than RasGAP317.326. TAT-PNA is an oligonucleotide covalently bound to TAT, which can
correct a splicing mutation within the luciferase-coding sequence®®®'%°, This can only occur if TAT-PNA
reaches the cytosol. The luciferase activity triggered by TAT-PNA was diminished in the presence of
potassium channel inhibitors and in potassium channel knock-out cell lines (Supplementary Fig. 8a).

Cytosolic access of TAT-Cre, which can recombine a loxP-RFP-STOP-loxP-GFpP>%20°

gene construct, was
then assessed. Switch from red to green fluorescence occurs only when TAT-Cre reaches the nucleus.
This took place in wild-type Raji cells but not in the KCNQ5 knock-out cells (Supplementary Fig. 8b).
We finally tested a clinical phase Ill therapeutic D-JNKI1 compound®® used in the context of hearing
loss and intraocular inflammation. The internalization of this peptide was completely blocked in Raji
cells lacking KCNQ5 (Supplementary Fig. 8c, left). D-JNKI1 internalization was also diminished in
SKW6.4 cells lacking KCNN4 and KCNK5 channels, as well as in Hela cells lacking KCNN4 potassium

channel (Supplementary Fig. 8c, middle and right panels). These data demonstrate that the absence of

specific potassium channels diminishes or even blocks the entry of various TAT-bound cargos.

Potassium channels maintain plasma membrane polarization that is required for CPP entry
into cells

Potassium is the main ion involved in setting the plasma membrane potential (Vm). The potassium
channels identified in the CRISPR/Cas9 screen may therefore participate in the establishment of the
cell V. Figure 2a shows that genetic disruption or pharmacological inhibition of KCNQS5 in Raji cells led

to an increase in their Vi, (from -26 mV to -15 mV, validated with electrophysiological recordings;
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Fig. 2: Potassium channels maintain plasma membrane polarization that is required for CPP entry into cells

a, Assessment of the resting plasma membrane potential in the indicated wild-type cell lines and the corresponding potassium
channel knock-out (KO) clones in the presence or in the absence 10 uM XE-991 or TRAM-34. The grey and white zones correspond
to non-treated cells and inhibitor-treated cells, respectively. NT, not treated. The p-values correspond to the assessment of the signifi-
cance of the differences with the control wild-type condition using ANOVA multiple comparison analysis with Dunnett’s correction.
Each dot in a given condition represents an independent experiment. b, Effect of cellular depolarization (left of the grey zone) and
hyperpolarization (right of the grey zone) on peptide internalization in the absence of serum. The indicated cell lines and the corres-
ponding channel knock-out (KO) clones were pretreated or not with depolarization agents (2 ug/ml gramicidin for 5 minutes or high
extracellular potassium buffer for 30 minutes) or with hyperpolarization inducer (10 pM valinomycin), followed by the addition of
TAT-RasGAP317-326 for one hour. Alternatively, hyperpolarization was achieved by ectopic expression of the KCNJ2 potassium
channel. Membrane potential and peptide internalization were then determined. Membrane potential was measured in the presence
of DiBac4(3) by flow cytometry. Peptide internalization was measured by flow cytometry in the presence of 0.2% trypan blue. The
p-values correspond to the assessment of the significance of the differences with the control wild-type condition using ANOVA
multiple comparison analysis with Dunnett’s correction. Each dot in a given condition represents an independent experiment. c,
Quantitation of cytosolic CPP signal (top) and the number of endocytic vesicles per cell (bottom) in wild-type HeLa cells (n>150 cells)
incubated for one hour with 10 uM FITC-CPP in depolarizing (2 pg/ml gramicidin) or hyperpolarizing (10 uM valinomycin) conditions
in the absence of serum based on confocal microscopy images (see Supplementary Fig. 9g). Comparison between different
conditions to non-treated control was done using ANOVA test with Dunnett’s correction for multiple comparison. The number of
endocytic vesicles per cell was quantitated based on confocal images. Statistical comparison was done using t-tests. Quantitation of
vesicles was not performed in hyperpolarizing conditions due to masking from strong cytosolic signal. The confocal images were
acquired in the middle of the cells based on Hoechst fluorescence. d, Internalization of various CPPs in the presence of different
concentrations of potassium chloride in the media. Data for a given experiment are linked with thin blue lines.

42



Supplementary Fig. 9a-b). Surprisingly, such minimal increase in Vi, | between the wild-type and the
respective knock-out cells practically abolished CPP internalization (Fig. 2b), indicating that above a
certain threshold, the Vi, | is no longer permissive for CPP direct translocation. In SKW6.4 and Hela
cells, Vmm measurement was much more variable than in Raji cells. Nevertheless, a trend of increased
Vm was observed when KCNN4 or KCNK5 were invalidated genetically or pharmacologically (Fig. 2a).
As the CRISPR/Cas9 screens performed in various cell lines identified a variety of potassium channels
required for efficient CPP internalization, we conclude that it is the Vi, maintenance activity of these
channels that is important for CPP direct translocation and not some specific features of the channels.
If the reason why invalidation of the KCNQ5, KCNN4, and KCNK5 potassium channels inhibits TAT-
RasGAPs17.326 cellular entry is cell depolarization, a similar response should be obtained by chemically
inducing membrane depolarization. Figure 2b shows that depolarizing cells with gramicidin®* (making

202 within cell membranes) or by increasing the extracellular concentration

non-specific 0.4 nm pores
of potassium (dissipating the potassium gradient) totally blocked peptide entry into the three studied
cell lines. Hence, cellular depolarization in itself inhibits TAT-RasGAP317.326 cellular internalization (Fig.
2b and Supplementary Fig. 9¢). Next, we determined whether hyperpolarization could reverse the
inability of potassium channel knock-out cells to take up TAT-RasGAP317.326. Cells were either incubated

203 'which leads to formation of potassium-like channels, or transfected

in the presence of valinomycin
with KCNJ2 channel that also provokes potassium efflux and membrane hyperpolarization2®, Figure
2b shows that in Raji cells, treatment with valinomycin was able to hyperpolarize KCNQ5 knock-out
cells to a Vi, value similar to the one found in wild-type cells. This fully restored peptide translocation
in the KCNQ5 knock-out cells. Hyperpolarization in SKW6.4 and Hela cells was achieved through KCNJ2
ectopic expression. This reversed the poor capacity of the KCNN4 and KCNK5 knock-out SKW6.4 cells,
as well as KCNN4 knock-out Hela cells, to take up TAT-RasGAPsi732 (Fig. 2b). Moreover,
hyperpolarization increased peptide internalization in wild-type cells (Fig. 2b). Additionally, cells such
as primary rat cortical neurons that naturally have a low Vr, (-48 mV) take up the CPP in their cytosol
more efficiently than cells with higher Vi, such as Hela cells (-25 mV) (Supplementary Fig. 9d).
Altogether, these results demonstrate that the Vi, modulates internalization of TAT-RasGAP317.326 in
various cell lines. This internalization can be manipulated through cellular depolarization to block it
and through hyperpolarization to increase it, confirming earlier results obtained for the R8 CPP in
Jurkat cells®’.

Next, we assessed whether the entry of different classes of CPPs was also regulated by the membrane
potential. The most commonly used CPPs in biology and medicine, TAT, nanomeric arginine (R9),
Penetratin, MAP, and Transportan were tested in depolarized and hyperpolarized conditions. The
cytosolic signal of these CPPs in Hela cells appeared to originate from both vesicular and diffuse

cytosolic staining (Supplementary Fig. 9e-g). With the notable exception of Transportan, depolarization
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led to decreased cytosolic fluorescence of all CPPs, while hyperpolarization favored CPP translocation
in the cytosol (Fig. 2c, Supplementary Fig. 9g and 10a). Transportan, unlike the other tested CPPs,
enters cells predominantly through endocytosis (Supplementary Fig. 9e), which could explain the
difference in response to Vm modulation. The number of CPP-positive vesicles per cell was similar in
normal and depolarized conditions, further confirming that CPP endocytosis is not affected by V, (Fig.
2c, bottom panels). Next, we assessed if modulating Vi, through changes in potassium concentrations
in the extracellular medium (Supplementary Fig. 10b) impacted CPP internalization. Although the
extent of the response varied from one CPP to another, the global observation was that the more
depolarized the cells are, the less able they are to take up CPPs (Fig. 2d). CPP membrane binding was
only minimally affected by depolarization (Supplementary Fig. 10c). The reason why depolarized cells
do no take up CPPs is therefore not a consequence of reduced CPP binding to cells. The V, also
controlled peptide internalization in non-transformed rat primary cortical neurons (Supplementary Fig.
10d). Together these results show that CPP internalization can be modulated in vitro by varying the Vn,
of cells.

Extracellular pH might regulate CPP internalization.

However, in our experimental system,
appearance of TAT-RasGAPs17.326 in the cytosol through direct translocation was unaffected by varying

the extracellular pH, whether or not V., modulators were used (Supplementary Fig. 10e-f).

CPP direct translocation modeling

To further study the mechanism of CPP cellular entry through direct translocation, we took advantage
of coarse-grained molecular dynamics technique and MARTINI force field®?%, In our simulations we
have used TAT-RasGAPs17.326, TAT, R9, Penetratin, MAP, and Transportan in presence of a natural cell
membrane-like composition (for both inner and outer leaflets) while earlier studies have employed
simpler membrane composition®112116119 ' Membrane hyperpolarization was achieved by setting an
ion imbalance!®206-298 through a net charge difference of 30 positive ions (corresponding to a Vi, of
~2V) between the intracellular and extracellular space. This protocol allowed us to observe CPP
translocation across membranes within a few tens of nanoseconds (Fig. 3a-b, Supplementary Fig. 11a
and Supplementary Movie 5).

In presence of the ~2V Vy, the CPPs approached the membrane on the extracellular side and this led
to the formation of a water column within the membrane that the CPP then used to move to the
intracellular space (Supplementary Movie 5). The movement of the positive charges carried by the
CPPs, as well as extracellular cations, to the intracellular compartments via the water pore induced
membrane depolarization. This depolarization provoked the collapse of the water pore and membrane
resealing. Even though CPPs play an active role in their internalization, the mere presence of the CPP
in the absence of a sufficiently low Vi, was not sufficient to trigger water pore formation (Fig. 3b and
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Supplementary Movie 6). These data confirm earlier work describing the role of the V. in CPP
penetration into or through bilipidic membranes®°0112116-119 " pifferences in the physico-chemical
properties of CPPs not only influenced the tendency of each peptide to translocate into the
intracellular compartment (Fig. 3b), but also modified the time needed for water pore formation at a
given Vi, (Supporting Figure 11b). The more positively charged a CPP (e.g. R9 peptide), the higher
probability to translocate across cell membranes (Fig. 3c-d) and faster kinetics of water pore formation
at a given Vm. As usually done in the computational field, we used very high V, values in order to
capture ns occurring events. To estimate the time needed for CPPs to translocate through membranes
at -150 mV, we established the relationship between the time of CPP translocation and the V., in the
Volt range used during the simulation runs (Supplementary Fig. 11b) and extrapolated from this
relationship the time needed for CPP translocation at a Vi, of -150 mV (Supplementary Fig. 11b). Even
though this extrapolation is likely to lack accuracy because of the well-known limitation of the MARTINI
forcefield in describing the absolute kinetics of the molecular events, the values obtained are
consistent with the kinetics of CPP direct translocation observed in living cells (Figure 1c and
Supplementary Fig. 1b and 9e). With the exception of Transportan, the estimated CPP translocation
occurred within minutes. This is consistent with our observation that Transportan enters cells
predominantly through endocytosis and its internalization is therefore not affected by changes in Vn,
(Fig 2c-d and Supplemental Fig. 9e).

We also applied a metadynamics protocol to estimate the impact of the Vi, on the free energy
landscape of R9 translocation. The free energy barriers recorded in depolarized membranes (Vi = 0)
and polarized membranes (Vm = -80 mV) were similar (Fig. 3c-d). The obtained value of about 200
kJ/mol is in in line with recent estimation of the free energy barrier associated with CPP tranlocation
at a Vm=0!8, Only at much lower V,, values (-150 mV) was a marked decreased in free energy barrier
recorded. This indicates that hyperpolarization values found in resting cells (down to about -80 mV in
neurons and higher in many other cells types?®) are not more favorable than fully depolarized
membranes to establish conditions favorable for the formation of water pores. It appears therefore
that cells need to decrease their Vi, to much lower values (e.g. -150 mV or lower) to reach conditions
compatible with water pore formation.

This observation is in apparent contradiction with our results showing direct translocation in cells at —
25 mV (Figure 2), as well as to the experiment demonstrating that CPP cytosolic internalization was
more efficient in cortical neurons in comparison to less negatively charged Hela cells (Supplementary
Fig. 9d). We therefore postulate that the presence of CPPs on the cell surface induces locally a
substantial voltage drop from the resting Vm. To test this assumption, we analyzed the electrostatic

potential map in a molecular system composed of the R9 peptide in contact with the plasma
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Fig. 3: Hyperpolarization favors the formation of ~2 nm-wide water pores used by CPPs to translocate into cells

a, Visualization of in silico modelled, time-dependent, TAT-RasGAP,,. ... penetration and subsequent translocation across cellular
membrane through a water pore. Water molecules within membranes are depicted by red spheres (and by red dots outside the
membrane). b, Quantitation of CPP localization in hyperpolarized or depolarized conditions based on coarse-grained molecular dynamics
simulations. Membrane hyperpolarization was achieved through a net charge difference of 30 positive ions between intracellular and
extracellular space in a double bilayer system obtaining a transmembrane potential of -2.2 V. Such low membrane potential was required
to visualize translocation within the time frame of the simulations (100 nanoseconds). ¢, Free energy landscape of R9 translocation
reported as a function of CPP-membrane distance. The metadynamics simulations have been performed at transmembrane potential
values of 0 mV, -80 mV, and -150 mV (black, brown, and green curve). d, Free energy barrier for CPP translocation at different transmem-
brane potential values. e, Electrostatic potential maps of molecular systems that contain or not one R9 peptide in contact with the cell
membrane, without any applied external electrostatic field. f, Quantitation of the percentage of cells with cytosolic staining after the
indicated treatment. The indicated compounds (32 ug/ml PI, 200 png/ml dextran, 40 uM CPP, except MAP, which was used at 20 uyM) were
incubated for 30 minutes on Hela cells. Depolarization, indicated by an asterisk, was induced with 2 ug/ml gramicidin. The percentage
of cells displaying cytosolic internalization of the indicated molecules was then determined on confocal images (n>200 cells; see Supple-
mentary Fig. 12a-b). Inset corresponds to an enlargement of the percentage of cells positive for dextran in the presence of R9. The results
correspond to at least three independent experiments. g, Left graph: quantitation of Pl cytosolic internalization in wild type HelLa cells
after 30 minutes of incubation in normal, depolarizing (2 pg/ml gramicidin) or hyperpolarizing (10 BM valinomycin) conditions in the
presence or in the absence of 40 uM FITC-R9. Cytosolic internalization was quantitated from confocal images using ImageJ (n>300 cells;
see the methods and Supplementary Fig. 12b). Right graph: as in left graph, but using lower laser power to avoid saturation of the signal
obtained in saponin-permeabilized cells. The p-values correspond to the assessment of the significance of the differences with the non-
treated (NT) control condition using ANOVA multiple comparison analysis with Dunnett's correction. The results correspond to three
independent experiments. h, Relation between cytosolic Pl cytosolic internalization and membrane potential measured with the
DiBac4(3) sensor in HelLa cells. Each dot represents an independent experiment. i, The relation between PI cytosolic internalization and
membrane potential from panel e was used to calculate membrane potential based on Pl fluorescence in HelLa cells and its correspon-
ding KCNN4 KO. Measured membrane potential was acquired in the presence of DiBac4(3) based on its cytosolic fluorescence. Each
dot in a given condition represents an independent experiment.
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membrane in the absence of an external electrostatic field (Fig. 3e). The results indicate that the
presence of CPPs at the cell surface is sufficient to decrease locally the transmembrane potential to
about -150 mV (Fig. 3e). This was not observed in the absence of the CPP.

In conclusion, our data support a model where CPPs further decrease the Vm of resting cells to very
low values (equal or less than -150 mV) that are compatible with spontaneous water pore formation

and that we coin megapolarization.

Structural characterization of the pore allowing CPP entry in live cells

To evaluate the structural characteristics of the water pores triggered by CPPs in live cells, cells were
co-incubated with molecules of different sizes and FITC-labelled CPPs at a peptide/lipid ratio of 0.012-
0.018 (Supplementary Fig. 11c-d). These ratios correspond to the experimental conditions we are using
when cells are exposed to 20-40 EIM CPPs. Propidium iodide (PI), with a diameter of 0.8-1.5 nm?° or 3
kDa, 10 kDa, and 40 kDa dextrans, 2.3 +0.38 nm?!}, 4.5 nm and 8.6 nm (size estimation provided by
Thermofisher), respectively, were used to estimate the size of the water pores formed in the presence
of CPP. While Pl and CPPs efficiently co-entered cells, there was only marginal co-entry of the dextrans
with the CPPs (Fig. 3f and Supplementary Fig. 12a-b). CPPs did not bind to PI (Supplementary Fig. 12c)
and thus Pl entry and accumulation within cells was not the result of CPP carry over. The marginal
cytosolic co-internalization of dextrans was inversely correlated with their size (inset in the third panel
of Fig. 3f). These data indicate that water pores triggered by CPPs allow molecules up to ~2 nm to
efficiently enter cells. These results are in line with the in silico prediction of the water pore size
obtained by analyzing the structure of the pore at the transition state (i.e. when the CPP is crossing
the cell membrane; see Figure 3a). The average diameter of the water pore corresponding to the
transition state is 1.6+/-0.26 nm.

Molecules in the 2-5 nm diameter range can still use this entry route to a limited extent (of note, the
Cre recombinase with a diameter of 5 nm, estimated from crystal structure (NDB:PD0003), can
translocate into cells when hooked to TAT; see Supplementary Fig. 8b) but molecules with larger
diameters are mostly prevented to do so.

Despite identical net positive charges (Supplementary Fig. 9f), K9 was less capable of translocating into
cells compared to R9 (Fig. 3f and Supplementary Fig. 9e)®. This may be due to the deprotonation of
K9 once in the plasma membrane (see discussion). However, in the few cases when cells have taken
up K9, PI co-internalized as well (Fig. 3f). This indicates that K9 has a reduced capacity compared to R9
to trigger water pore formation but when they do, PI can efficiently translocate through the pores
created by K9.

Pl staining is commonly used to assess cell membrane integrity, frequently associated with cell death
(see for example Supplementary Fig. 2e). This dye poorly fluoresces in solution (Supplementary Fig.
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These results

formation does not compromise cell survival.

Modelling experiments indicate that water pores are created in membranes subjected to sufficiently
high (absolute values) V. We therefore tested whether the mere hyperpolarization of cells (i.e. in the
absence of CPPs) could trigger the translocation of Pl into cells, indicative of water pore formation.
Figure 3g (left) shows that the hyperpolarizing drug valinomycin significantly increased Pl cell
permeability. In contrast, depolarization, mediated by gramicidin, reduced PI internalization (Fig. 3g,
left). Cells incubated with CPPs took up PI in their cytosol to an even greater extent than when cells
were treated with valinomycin (Fig. 3g, left).

Figure 3h shows the correlation between cytosolic Pl accumulation over time and V.. Based on this
correlation, we estimated the V, of cells incubated with a CPP to be in the order of -150 mV (Fig. 3i).
In accordance with the modelling experiments, these data further support the notion i) that water
pore formation in cells is favored by cell hyperpolarization and inhibited by depolarization and ii) that
CPPs themselves®212 fyrther contribute to the establishment of local megapolarization in the plasma

membrane.

Megapolarization improves CPP internalization in vivo

We investigated whether it was possible to experimentally manipulate the V. to favor CPP

internalization in in vivo situations. Systemic exposure of zebrafish embryos to valinomycin in eggwater

led to cell hyperpolarization (Supplementary Fig. 13a) and improved internalization of a TAT-based CPP
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(Supplementary Fig. 13b). This systemic treatment, while not acutely toxic, halted development
(Supplementary Fig. 13c-e). However, local valinomycin injection did not affect long-term viability
(Supplementary Fig. 13f) and efficiently increased CPP cellular internalization (Fig. 4a). Subcutaneous
injections of valinomycin in mice induced tissue hyperpolarization (Supplementary Fig. 13g) and
boosted the CPP delivery in skin cells (Fig. 4b). These results demonstrate that hyperpolarizing drugs

can be used to ameliorate CPP internalization in animal tissues.

DISCUSSION

Multiple models, mostly inferred from artificial experimental paradigms, have been proposed to
explain CPP direct translocation. These include the formation of pores made of the CPPs themselves
that they use for their own entry, the formation of inverted micelles in the plasma membrane that
translocate the CPPs, or diffusion of the CPPs across the plasma membrane®##%12 Qur simulation and
cellular data, while providing no evidence for such models, demonstrate that CPP cellular
internalization is potassium channel- and V., -dependent in vitro and in vivo. Potassium channels are
required to establish a basal low V. subsequently permissive for CPP direct translocation.
Hyperpolarizing drugs, such as valinomycin, enhance permissiveness. When CPPs come into contact
with the plasma membrane, they decrease even more the Vn, resulting in a locally megapolarized
membrane. This increases the likelihood of water pore formation that the CPPs then use to penetrate
cells according to their electrochemical gradient (Supplementary Fig. 14). Water pores are created by
a combination of lipid head group reorientation coupled to intrusion of a column of water in the
membrane bilayer. Water movement plays therefore an active role in the formation of the pore and is
not merely occurring once the pores are formed. The movement of the positive charges carried by the
CPPs into the cell, as well as the transport of extracellular cations (e.g. Na*), dissipates the Vn, resulting
in the collapse of the water pores and sealing of the plasma membrane. CPP-mediated formation of
water pores is therefore transient and does not affect cell viability. Multiple rounds of CPP-driven
water pore formation and CPP translocation into cells can lead to intracellular accumulation of the CPP
to concentrations higher than found outside cells (Supplementary Fig. 1h).

It has not been possible to measure directly the precise values of the V., that allow the formation of
water pores used by CPPs to enter cells. Using an indirect calculation mode based on the uptake of Pl
alongside CPPs, we have estimated that a Vi, in the order of -150 mV is required for water pores to be
formed (Figure 3h). This might be an underestimation however as modeling data indicate that, at -150
mV, the free energy barrier, while being markedly diminished compared to those calculated at -80 mV
or 0 mV, is not fully abrogated (Figure 3d). Possibly therefore, the local V., where CPPs interact with

the plasma membranes is much lower than -150 mV.
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Our model posits that the number of positively charged amino acids influence the ability of CPPs to
hyperpolarize cells and hence to form water pores that they take to translocate into cells. CPP
hydropathy strongly correlates with penetration of water molecules in the lipid bilayer, thus
supporting the hypothesis that the amount of water each CPP can route inside the membrane is
modulated by the hydrophobic and hydrophilic character of the peptide?'®. The nature of cationic
amino acids in peptides determines their translocation abilities. It is known for example that peptides
made of 9 lysines (K9) poorly reaches the cytosol (Fig. 3f and Supplementary Fig. 9e) and that replacing
arginine by lysine in Penetratin significantly diminishes its internalization®%. According to our model,
K9 should induce megapolarization and formation of water pores that should then allow their
translocation into cells. However, it has been determined that, once embedded into membranes,
lysine residues tend to lose protons®®7°. This will thus dissipate the strong membrane potential
required for the formation of water pores and leave the lysine-containing CPPs stuck within the
phospholipids of the membrane. In contrast, arginine residues are not deprotonated in membranes
and water pores can therefore be maintained allowing the arginine-rich CPPs to be taken up by cells.
An additional potential explanation to the internalization differences observed between arginine- and
lysine-rich peptides is that even though both arginine and lysine are basic amino acids, they differ in
their ability to form hydrogen bonds, the guanidinium group of arginine being able to form two
hydrogen bonds®® while the lysyl group of lysine can only form one. Compared to lysine, arginine would
therefore form more stable electrostic interactions with the plasma membrane.

Cationic residues are not the only determinant in CPP direct translocation. The presence of
tryptophane residues also plays important roles in the ability of CPPs to cross cellular membranes. This
can be inferred from the observation that Penetratin, despite only bearing 3 arginine residues
penetrates cells with similar or even greater propensities compared to R9 or TAT that contain 9 and 8
arginine residues, respectively (Figure S9f). The aromatic characteristics of tryptophane is not sufficient
to explain how it favors direct translocation as replacing tryptophane residue with the aromatic amino
acid phenylalanine decreases the translocation potency of the RW9 (RRWWRRWRR) CPP”%. Rather,
differences in the direct translocation promoting activities of tryptophan and phenylalanine residues
may come from the higher lipid bilayer insertion capability of tryptophane compared to
phenylalanine’’®. There is a certain degree of interchangeability between arginine and tryptophan
residues as demonstrated by the fact that replacing up to 4 arginine residues with tryptophan amino
acids in the R9 CPP preserves its ability to enter cells (ref. 10). It appears that loss of positive charges
that contribute to water pore formation can be compensated by acquisition of strengthened lipid
interactions when arginine residues are replaced with tryptophan residues. This can explain why a
limited number of arginine/tryptophane substitutions does not compromise CPP translocation through

membranes.
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This phenomenon however cannot be modeled by coarse-grained in silico simulations because the
protonation state is fixed at the beginning of the simulation runs and is not allowed to evolve.
Therefore, the uptake kinetics of lysine-rich peptide, such as MAP, appears artefactually similar as the
uptake kinetics of arginine-rich peptides such as R9 (Supplementary Fig. 11b). CPPs can also enter cells
through endocytosis, a mode of entry that is not inhibited by cell depolarization (Fig. 2c and
Supplementary Fig. 7). The differences between CPPs in terms of how efficiently direct translocation
is modulated by the Vi (Fig. 2c-d and Supplementary Fig. 10a) could be explained by their relative
dependence on direct translocation or endocytosis to penetrate cells. The more positively charged a
CPP is, the more it will enter cells through direct translocation and consequently the more sensitive it
will be to cell depolarization (Fig. 2c). On the other hand, when endocytosis is the predominant type
of entry, CPP cytosolic uptake will be less affected by both hyperpolarization and depolarization, which
is what is observed for Transportan internalization in Hela cells (Fig. 2c and Supplementary Fig. 10a).

We propose, based on the work described here, that hyperpolarization induced by drugs such as
valinomycin represents a simple alternative or parallel approach to optimize CPP internalization.
However hyperpolarizing drugs may be toxic when systemically applied. For example, valinomycin at
the concentrations used to induce hyperpolarization (10 @M) would be lethal if systemically injected
in mice (LD50 in the low micromolar®?). On the other hand, local administration of valinomycin is far

less toxic?1>2t6

as confirmed here in zebrafish and mice. Hyperpolarizing agents may therefore be
preferentially used for local or topical applications, which is incidentally the case for the clinically
approved CPPs'?,

Strategies to improve CPP delivery are becoming increasingly complex through the use of
nanoparticles?'’, double-coated nanoparticles?!?, liposome-polycation-DNA complexes?'®, branched

220

peptides*?®, etc. Our data provides a characterization at molecular level that can be taken advantage

of to i) improve or optimize « old » CPPs, ii) design new CPPs, iii) help explain the behaviors of newly

discovered CPPs?*122

, iv) discriminate between target cells and cells that should be left unaffected
based on Vr, and v) distinguish between direct translocation and endosomal escape. The present work
indicates that the impact on megapolarization should be evaluated when chemical modifications are

performed on cationic CPPs to augment their delivery capacities.
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SUPPLEMENTARY INFORMATION

Effect of serum on cell sensitivity to TAT-RasGAP317.326 and CPP internalization

Serum removal sensitized cells to TAT-RasGAP317.32¢-induced death (Supplementary Fig. 6a); therefore,
the peptide concentrations had to be adapted to perform the experiments in the absence of serum to
reach a similar biological activity (Supplementary Fig. 6b) and CPP uptake in cells. Treatment with
pyrene butyrate (Supplementary Fig. 6) and valinomycin (Fig. 2) was used in the absence of serum as
the latter is expected to interfere with the drug?®. Serum-removal did not affect the cell membrane
potential (Supplementary Fig. 9b) and the cytosolic internalization results were very similar between
the experiments performed in the presence or in the absence of serum, once the CPP concentrations
were adjusted (Fig. 2c and Supplementary Fig. 10a). Our results are in line with the previous

56,163

observations that cationic CPPs interact with proteins present in serum , which results in lower CPP

availability in the media.

Evaluation of water pore formation free energy though MARTINI coarse-grained models

The metadynamics protocol applied in this study has been validated by estimating the water pore
formation free energy in a well-studied??*?%> symmetric DOPC membrane. Each layer contained 100
lipids. The membrane was solvated with 3’000 water molecules, obtaining a molecular system of
11’500 particles The MARTINI force field??%2%” was used to define phospholipids’ topology through a
coarse-grained (CG) approach. The polarizable water model has been used to assess the water
topology??®. The molecular system has been minimized by a steepest descent protocol, and then
equilibrated through five MD simulations of 1 ns each under the NPT ensemble. Position restraints
were applied during the first three molecular dynamics (MD) simulations and gradually removed, from
200 kJ/mol*nm?2to 10 kJ/mol*nm?2. Velocity rescaling?®® temperature coupling algorithm and time

constant of 1.0 ps were applied to keep the temperature at 310.00 K. Berendsen?®

semi-isotropic
pressure coupling algorithm with reference pressure equal to 1 bar and time constant 5.0 ps was
employed. Electrostatic interactions were calculated by applying the particle-mesh Ewald
(PME)?! method and van der Waals interactions were defined within a cut-off of 1.2 nm. Periodic

232233 protocol was applied to

boundary conditions were applied in all directions. A metadynamics
estimate the free energy of water pore formation. The lipid/water density index has been selected as
collective variable (Supplementary Fig. 15). The well-tempered metadynamics simulations were
computed using GROMACS 2019.4 package and the PLUMED 2.5. open-source plug-in. Gaussian
deposition rate of 1.2 klJ/mol every 5 ps was initially applied and gradually decreased on the basis of
an adaptive scheme, with a bias factor of 50. Gaussian widths of 0.5 was applied following a well-

established scheme232:234-237

. In particular, the Gaussian width value was of the same order of
magnitude as the standard deviation of the distance CV, calculated during unbiased simulations. Each
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system was simulated (with a 20 fs time step) until convergence was reached. The well-tempered
metadynamics simulations were computed using GROMACS 2019.4 package?® and the PLUMED 2.5
open-source plug-in®° . The reconstruction of the free-energy surface was performed by the
reweighting algorithm procedure?®, allowing the estimation of the free energy landscape. Further
details about the convergence of the metadynamics simulation of a full DOPC membrane is reported
in Supplementary Fig. 16. The comparison between the water pore formation free energy estimated
by our MARTINI coarse-grained simulations and previous estimations available in literature is reported

in Table S5.

In silico pore formation kinetics though Martini coarse-grained simulations

The water pore formation kinetics has been investigated in this study by applying a constant
electrostatic potential to the molecular system!8241-248  An asymmetric multi-component membrane
was constructed and solvated using CHARMM-GUI?*2%° Each layer contained 100 lipids (Table S2), in
a previously described composition?®!. The membrane was solvated with 3’000 water molecules,
obtaining a molecular system of 11’500 particles. The MARTINI?2%227 force field was used to define
phospholipids’ topology through a coarse-grained (CG) approach. The polarizable water model has
been used to model the water topology??®. The elastic network ELNEDYN?*? has been applied to
reproduce the structural and dynamic properties of the CPPs.

For each molecular system, one CPP was positioned 3 nm far from the membrane outer leaflet, in the
water environment corresponding to the extracellular space. Then, the system was equilibrated
through four MD simulations of 1 ns under the NPT ensemble. Position restraints were applied during
the first three MD simulations ang gradually removed, from 200 klJ/mol*nm? to 10 kJ/mol*nm?2,
Velocity rescaling??® temperature coupling algorithm and time constant of 1.0 ps were applied to keep

the temperature at 310.00 K. Berendsen?°

semi-isotropic pressure coupling algorithm with reference
pressure equal to 1 bar and time constant 5.0 ps was employed. Then, all systems were simulated for
the production run in the NPT ensemble with the time step of 20 fs. Electrostatic interactions were
calculated by applying the particle-mesh Ewald (PME)?3! method and van der Waals interactions were
defined within a cut-off of 1.2 nm. Periodic boundary conditions were applied in all directions.
Trajectories were collected every 10 ps and the Visual Molecular Dynamics (VMD)*3 package was
employed to visually inspect the simulated systems. GROMACS 2018 was used for simulations and data
analysis?®®. The relatively small size of the molecular system and the application of Coarse-Grained
Martini forcefield, allowed us to study the pore formation kinetics, requiring many simulations at
varying field strengths. In detail, 25 simulations were performed for each molecular system at different

external electric field strengths from 0.0055 V/nm to 0.090 V/nm. In the MD simulations, an external

electric field E.«: was applied parallel to the membrane normal z, i.e., perpendicular to the bilayer
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surface. This was achieved by including additional forces Fi=q*E.x acting on all charged particles i. All

the MD simulations were performed until the water pore formation event was observed. In order to

determine the effective electric field in simulations, we applied a computational procedure reported

in literature?’. The results are reported in Supplementary Figure 11.

Supplementary Tables

Table S1: Media composition

CAS Number Component Quantity in g/I
s
13477-34-4 Calcium Nitrate Tetrahydrate 0.10000000
7487-88-9 Magnesium Sulfate Anhydrous 0.04884000
50-99-7 D-Glucose Anhydrous 2.00000000
56-40-6 Glycine 0.01000000
39537-23-0 L-Alanyl-L-Glutamine 0.44600000
74-79-3 L-Arginine Free Base 0.20000000
70-47-3 L-Asparagine Anhydrous 0.05000000
56-84-8 L-Aspartic acid 0.02000000
30925-07-6 L-Cystine Dihydrochloride 0.06520000
56-86-0 L-Glutamic Acid 0.02000000
71-00-1 L-Histidine 0.01500000
51-35-4 L-Hydroxy-L-Proline 0.02000000
73-32-5 L-Isoleucine 0.05000000
61-90-5 L-Leucine 0.05000000
657-27-2 L-Lysine Monohydrochloride 0.04000000
63-68-3 L-Methionine 0.01500000
63-91-2 L-Phenylalanine 0.01500000
147-85-3 L-Proline 0.02000000
56-45-1 L-Serine 0.03000000
72-19-5 L-Threonine 0.02000000
73-22-3 L-Tryptophan 0.00500000
69847-45-6 L-Tyrosine Disodium Salt Dihydrate 0.02883000
72-18-4 L-Valine 0.02000000
67-48-1 Choline Chloride 0.00300000
58-85-5 D-Biotin 0.00020000
137-08-6 D-Ca Pantothenate 0.00025000
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59-30-3 Folic Acid 0.00100000
87-89-8 Myo-Inositol 0.03500000
98-92-0 Nicotinamide (Nicotinic acid amide) 0.00100000
150-13-0 P-Aminobenzoic Acid (PABA) 0.00100000
58-56-0 Pyridoxine Hydrochloride 0.00100000
83-88-5 Riboflavin 0.00020000
67-03-8 Thiamine Hydrochloride 0.00100000
68-19-9 Vitamine B12 0.00000500
70-18-8 L-Glutathione Reduced 0.00100000
34487-61-1 Phenol Red Sodium Salt 0.00530000
WATER 996.66117500

Table S2. Phospholipid composition considered in the present study

Inner membrane Outer membrane
type Number of lipids % Number of lipids %
POPC 18 18 39 39
POPE 27 27 6 6
PSM 10 10 21 21
POPS 11 11 - -
POPI 5 5 - -
CHOL 29 29 34 34
total 100 100 100 100

Table S3. Primer sequences for the second PCR

F2a AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTTGTGGAAAGGACGAAACACCG

F2b AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTCTTGTGGAAAGGACGAAACACCG

F2c AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGAGCTCTTGTGGAAAGGACGAAACACCG

F2d AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCATAACCTCTTGTGGAAAGGACGAAACACCG
F2e AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCTAACGTCTTGTGGAAAGGACGAAACACCG
R2_iC_26 | CAAGCAGAAGACGGCATACGAGATGCTCATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
R2_iA_12 | CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
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Table S4. List of sgRNAs used to disrupt target genes

Target gene sgRNA name sgRNA sequence

KCNN4 sgKCNN4.1 CTGCCCGAGTGCTACAAGAA
KCNN4 sgKCNN4.2 CATGGTGCCCGGCACCACGT
KCNK5 sgKCNKS5.1 ATGGTGGTAATGACGGTCGC
KCNK5 sgKCNKS5.2 CTCTGCCTGACGTGGATCAG

KCNQ5 sgKCNQ5.1 TCTAGGAATTAATTCACAGC

KCNQ5 sgKCNQ5.2 ACAGATCCTCCGCATGGTCG

Table S5. Comparison of the nascent water pore free energy estimation

Force field Free energy difference (kJ/mol) References
All-atom
95.4 Ting, C.L. et al.?®®
(CHARMM36)
All-atom
104.6 (by extrapolation) Dixit, M. et al.?*
(CHARMM36)
CG-MARTINI 93+/-1.5 This study
Table S6. List of oligos used for sequencing after TA cloning
Target gene Oligo name Oligo sequence
KCNN4 KCNN4.1.TA.F GCAGAGAAGCACGTGCA
KCNN4 KCNN4.1.TA.R GGCAGCATGAGACTCCTTCC
KCNQ5 KCNQ5.1.TA.F GGGACATGATGTACAATGGA
KCNQ5 KCNQ5.1.TA.F CCAGAGAGCATCTGCATATG
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Supplementary Fig. 1: Characteristics of TAT-RasGAP317-326 internalization.

a, Depiction of the different modes of CPP entry into cells. Confocal microscopy was performed on the indicated cell lines incubated for one hour with 40 pM FITC-TAT-Ras-
GAP,,. 5 in RPMI, 10% FBS. Cells were washed with PBS prior to visualization. Vesicular staining is indicative of CPP endocytosis while diffuse cytosolic staining is a
consequence of CPP direct translocation into cells. Scale bar: 10 um. b, Quantitation of the different modes of CPP entry as a function of time (FITC-TAT-RasGAP, . ...
continually present in the media) using the experimental conditions presented in panel a. Types of staining were visually quantitated as indicated in panel ¢ (n>150 cells
per condition). There was no indication of fluorescence quenching due to endosomal acidification in at least the first hour of CPP exposure (see panel d). Results corres-
pond to the average of three independent experiments. ¢, Visual attribution of the various types of staining associated with FITC-CPP internalization in wild-type Hela cells.
Cells 1-9 took up the CPP through both direct translocation and endocytosis (cells 1-4 and cells 5-9 displaying strong and weak cytosolic signal, respectively); cells 10-15
acquired FITC-TAT-RasGAP, _ ... in vesicles only, no cytosolic staining being detected. The experimental conditions are those of panel a. Scale bar: 20 um. d, Potential
effect of fluorophore quenching in CPP-containing endosome detection. Wild-type Hela cells were incubated for one hour at 37°C in the presence of 40 uM TAT-Ras-
GAP317-326 labeled with either FITC (susceptible to quenching at low pH) or TMR (not quenched at low pH) fluorophores. The number of vesicles was visually determined
based on confocal images. There were no fewer vesicles detected in cells when the peptide was labelled with FITC than when it was labelled with TMR. e, Representative
confocal images of focal and homogenous cytosolic entry of 80 uM FITC-TAT-RasGAP,,, ... in HelLa cells over time. f, Quantitation in Raji and Hela cells of the patterns
described in panel e. An apparent homogenous type of entry could be focal if the entry point is outside of the confocal plane. Focal diffusion is likely therefore to be underes-
timated. The results correspond to three independent experiments. g, Cytosolic acquisition of fluorophore-labelled CPPs is not a consequence of laser-induced cellular
damage. Hela cells were incubated with 80 uM FITC-TAT-RasGAP,,, ... for 30 minutes with the indicated frequencies of laser exposures (n>130 cells per condition).
Quantitation of the cytosolic fluorescence intensity (n<230 cells per condition) is shown on the left and the percentage of cells with cytosolic fluorescence is shown on the
right. FITC-TAT-RasGAP,,, ... translocation into cells occurred similarly after 30 minutes whether the cells were illuminated once or 60 times over the 30 minutes period.
Even if one argues that a single illumination is sufficient to cause the internalization seen after a 30 minute incubation period with the CPP, then the internalization should
be the same whether the illumination is performed at 1 minute or at 30 minutes. This is not what is observed: the internalization of the FITC-labelled CPP increases overtime
independently of the number of times the cells are illuminated. The results correspond to three independent experiments. h, Cells can concentrate CPPs in their cytosol.
Wild-type Raji and HeLa cells were incubated with 40 uM FITC-TAT-RasGAP,,, ., for one hour at 37°C in RPMI, 10% FBS. Images were acquired with a confocal micros-
cope. TAT-RasGAP, . ... fluorescence quantitation was performed using ImageJ using region of interest within the cytosol of cells that had acquired the peptide through
direct translocation. The dotted line represents the fluorescence in the cell culture media (i.e. outside of the cells). i, Quantitation of FITC-TAT-RasGAP,_, ... internalization
at the indicated temperatures. Cells were incubated on a Thermoblock for one hour. Peptide internalization was measured by flow cytometry in the presence of 0.2% trypan
blue to quench the surface-bound fluorescence. The results for each cell line correspond to three independent experiments. The data was normalized to the fluorescence
at 37°C (dashed line). j, Assessment of the contribution of surface bound FITC-TAT-RasGAP,,, ., to overall cell-acquired fluorescence. HeLa cells were incubated with 80
UM FITC-TAT-RasGAP,,, .. for 60 minutes in 24 well plates in 0.5 ml RPMI, 10% FBS. Then, cells were washed once with PBS (1 ml), trypsinized, and resuspended in 0.5
ml PBS containing or not 0.2% trypan blue. Cell-associated fluorescence was recorded by flow cytometry. Data were normalized to the fluorescence values of cells
incubated with FITC-TAT-RasGAP,_, ... in the absence of trypan blue. The results correspond to the average of three independent experiments. The efficiency of trypan
blue-mediated FITC quenching is presented in the next panel. k, Quantitation, in the absence of cells, of the emitted FITC fluorescence at 525 nm (excitation at 488 nm)
of FITC-TAT-RasGAP,_, ...at the indicated concentrations in PBS in the presence or in the absence of 0.2% trypan blue. Fluorescence was recorded in 96-well plates using

a CYTATIONS apparatus.
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Supplementary Fig. 2: TAT-RasGAP317-326 enters cells via endocytosis and direct translocation, but only direct transloca-
tion mediates its biological activity

a-e, Hela cells were incubated with 80 uM FITC-TAT-RasGAP,,. ... in RPMI, 10% FBS for the indicated periods of time. Peptide
internalization and cell death was assessed by flow cytometry. a, Left: representative flow cytometry dot plot showing the gating strate-
gy used in flow cytometry experiments. Right: representative flow cytometry histogram of Hela cells incubated with FITC-TAT-Ras-
GAP,,, .,s in RPMI, 10% FBS for 60 minutes. The dotted line represents cellular auto-fluorescence. b, Variation over time of the low
and high intensity peak values. Peptide internalization was assessed by flow cytometry. The results correspond to three independent
experiments. Note the different scales used to plot the median values of the low and high intensity populations. ¢, Quantitation of cells
with low intensity peptide fluorescence and vesicular staining. Total peptide internalization was assessed by flow cytometry. The
percentage of cells with low CPP cytosolic fluorescence was visually quantitated on confocal images (n>150 cells per condition). The
results correspond to three independent experiments. d, Quantitation of the pattern of appearance of cells with high intensity peptide
fluorescence and strong diffuse cytosolic staining. Data assessment as in panel c. The results correspond to three independent experi-
ments. e, Kinetics of FITC-TAT-RasGAP,, ...-induced death in the two populations described in panel (b). Cell death was assessed by
propidium iodide (PI) staining. The results correspond to three independent experiments. f, Representative flow cytometry histograms
of Raji (left) or SKW6.4 (right) cells incubated with 40 uM FITC-TAT-RasGAP, , ... for different period of time. The results correspond
to one of three independent experiments. Note: concentrations above 40 pM of TAT-RasGAP led to too extensive Raji and
SKWE6 .4 cell death, preventing analysis of peptide internalization at these concentrations.

317-326

59



foYeYe; SN,
atd o
Lentivirus CRISPR WT cells
libra
’ SO,

TAT-RasGAP;47.306 - treated population / \l‘Jntreated population

Q &
@D Ts, DG,
&te ©©
Gy 5@
i PCR amplification
of sgRNA region

%, ’
cPPT > €

psis RAE| Us sgRNA EFS  SpCass Flag PzAPuro WPRE

High-throughput sequencing
and comparison of sgRNA abundance

b

% Raji

5 « KCNQ5

8 « ARRDC3
i MAGEB5
£ « FRMD?
£ § « PIP5K1A
1
S E

o

=

N

{2

o]

= 8

5 . SKW6.4

§ 18 4 « KCNN4

k. : ;" * KCNK5
B & 13/ i * ATP1B3
59 S SLC39A14
-6 [ S
B ’
&) ©

E

o

[ =

N

[

[e)

= 9 11

Non-treated control
(log2 normalized sgRNA counts)

Supplementary Fig. 3: CRISPR/Cas9 screen and target gene identification.

a, Scheme of the CRISPR/Cas9 screening strategy to identify genes involved in TAT-RasGAP317-326 cellular entry.
Raji and SKW6.4 cells were infected with a single guide RNA (sgRNA) CRISPR/Cas9 lentiviral library in conditions
favoring the expression of only one specific sgRNA per cell (which is indicated by differentially colored cells). The
infected cells were then incubated in the presence or in the absence of 40 uM TAT-RasGAP317-326 for 8 days (Raji)
or 17 days (SKW6.4). The expression of sgRNAs in both populations was assessed by massive parallel sequencing
to determine the enrichment or depletion in specific sgRNAs in the peptide-treated population. b, Scatter-plot depicting
the changes in sgRNA expression between the control and treated cell populations. The most significantly modulated
sgRNA sets are color-coded.
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Supplementary Fig. 4: Validation of genes involved in the TAT-RasGAP317-326 internalization identified through CRISPR/Cas9
screening

a-c, Sequencing of the regions targeted by the sgRNAs disrupting KCNQS5, KCNK5 and KCNN4 potassium channels in Raji
(panel a), SKW6.4 (panel b) or HeLa cells (panel ¢). Mutations, insertions and deletions induced by the CRISPR/Cas9 system
are shown in red. Except the cases mentioned below, these mutations induce a frame shift and early termination of the open
reading frame. The sequences targeted by the sgRNAs are highlighted in yellow. The sgRNA-induced mutations in the first
allele of clone Q5-2, in the first allele of SKW6.4 cells clone N4-2, and in the first allele of clone K5-2 do not induce a frame-shift
but are located in critical domains necessary for potassium channel activity, such as the pore-forming region of KCNKS5 (uniprot
accession number:095279), region adjacent to the pore of KCNQS5 (uniprot accession number: Q9NR82) or calcium recogni-
tion domain of KCNN4 (uniprot accession number: O15554). Hence, these alleles presumably encode non-functional channels.
Clones Q5-1 in Raji, N4-1 and K5-1 in SKW6.4, and N4-1 in Hela cells were those that were used in subsequent experiments.
The blue nucleotides correspond to silent changes, aimed at reducing sgRNA-targeting, introduced in the KCNQ5-encoding
lentiviral vector used in panel e. PAM (protospacer adjacent motif) sequences are italicized. d, The indicated wild-type (WT) and
knock-out (KO) cells were tested for their ability to be killed by TAT-RasGAP317-326. Cell death was assessed after 16 hours.
e, Wild-type or KCNQS5 knock-out Raiji cells were infected or not with a sgRNA-resistant FLAG-KCNQ5-encoding lentivirus and
treated with TAT-RasGAP317-326 for 16 hours. Expression of FLAG-KCNQS5 construct was detected by western blot using an
anti-FLAG antibody. f, KCNN4 knock-out (KO) SKW6.4 and Hel a cells were infected or not with a KCNN4-expressing lentivirus
and then treated with TAT-RasGAP317-326 for 16 hours (SKW6.4) or 24 hours (HelLa). Cell death was assessed by flow
cytometry of Pl-stained cells. Expression of KCNN4-V5 construct was detected by western blot using an anti-V5 antibody. Note
that the Raji, SKW6.4 and HelLa knock-out cell lines still express Cas9 and the sgRNAs targeting the potassium channels.
Hence, the ectopically expressed wild-type channel-encoding cDNAs can be targeted by the CRISPR/Cas9 system but this
nevertheless allows for a detectable expression of the FLAG- or V5-tagged constructs although to much lower levels than in
similarly infected wild-type cells lacking Cas9 and sgRNAs (see Supplementary Fig. 5). In Raji cells, the re-expressed KCNQS
channel contained 5 silent changes in the sgRNA recognition site (see panel a) but this proved insufficient to allow for a strong
ectopic expression (see Supplementary Fig. 5a, last two lanes). In panels d to f, the results correspond to the average of three
independent experiments.
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Supplementary Fig. 5: Uncropped western blots assessing the expression of tagged potassium channels
through lentiviral expression

a, Wild-type and KCNQ5 knock-out Raji cells infected or not with FLAG-tagged KCNQ5. b, Wild-type and KCNN4
knock-out SKW6.4 cells infected or not with V5-tagged KCNN4. ¢, Wild-type and KCNN4 knock-out HelLa cells
infected or not with V5-tagged KCNN4. The bands encompassed by dashed purple rectangles are those shown in
Supplementary Fig. 4e-f.
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Supplementary Fig. 6: Potassium channels modulate TAT-RasGAP317-326 entry, but not how the peptide induces death.
a, Structure of pyrene butyrate and its interaction with arginine residues found in CPPs. b, Quantitation of concentration-dependent
TAT-RasGAP317-326 induced death in Raji, SKW6.4 and Hel a cells in the presence or in the absence of serum. The results corres-
pond to the median of three independent experiments. ¢, Quantitation of wild-type (WT) and knock-out (KO) cell death after incuba-
tion for 16 hours (Raji and SKW6.4) or 24 hours (HelLa) in serum-free RPMI media in the presence of increasing concentrations of
TAT-RasGAP317-326. Arrows indicate the chosen peptide concentrations for experiments performed in the absence of serum
described in panels d and e. The results correspond to the median of three independent experiments. d, Cell death assessment in
wild-type (WT) and knock-out (KO) Raji and HelLa cells incubated in RPMI without serum, treated (+ pyrene butyrate) or not (NT)
with 50 uM pyrene butyrate for the indicated periods of time. DMSO (0.25% vol:vol) was used as a vehicle control for the condition
in the absence of pyrene butyrate. The results correspond to the median of three independent experiments. The scheme on the right
depicts the structure of pyrene butyrate and how the molecule interacts with arginine residues found in CPPs. e, Assessment of
peptide-induced death at different time points in pyrene butyrate-treated cells lacking or not specific potassium channel. Cells were
incubated with 5 uM (Raji) or 10 uM (HelLa) of TAT-RasGAP317-326, pre-incubated or not with 50 uM pyrene butyrate for 30
minutes (in RPMI without serum). The results correspond to the median of three independent experiments.
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Supplementary Fig. 7: Potassium channels modulate direct CPP translocation, but not endocytosis.

a, Same as Fig. 1c, but for wild-type, KCNN4 and KCNK5 SKW6.4 knock-out cells. The results correspond to the average of three independent
experiments. b, As panel a, but for wild-type and KCNN4 knock-out HelLa cells. The results correspond to the average of three independent
experiments. ¢, Quantitation of TAT-RasGAP317-326 cytosolic access resulting from direct translocation (left, n=19) and endosomal escape
(middle, n=16 and right. n=22) in the presence or in the absence of 1 mM LLOME, a endosome/lysosome disruptor35. In direct translocation
condition, the peptide was continuously present in the media, while it was washed out after 30 minutes to assess endosomal escape. LLOME
was used to show that our experimental setup allows for the detection of cytosolic CPPs if they are released from endocytic vesicles. The
results correspond to three independent experiments. d, Quantitation by flow cytometry of 20 Kg/ml AlexaFluor488-transferrin internalization in
the indicated wild-type (WT) cell lines and their corresponding knock-out (KO) versions, pretreated or not for 30 minutes with the XE-991 (10 ®
M) or TRAM-34 (10 ¥M) potassium channel inhibitors. Transferrin internalization was allowed to proceed for 60 minutes (still in the presence of
inhibitors when these were used in the 30 minute pre-incubation period). To quench membrane bound transferrin fluorescence, cells were
incubated with 0.2% trypan blue prior to flow cytometry analysis. The independent experiment replicates are color-coded. e, Assessment of
FITC-TAT-RasGAP317-326 cell surface binding on wild-type and KCNQ5 knock-out Raji cells after 60 seconds of incubation (top), as well as
associated peptide internalization after one hour of treatment (bottom). The results correspond to at least five independent experiments.
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Supplementary Fig. 8: Potassium channels regulate the cellular internalization of various TAT-bound cargos.

a, TAT-PNA-induced luciferase activity in the indicated cell lines pretreated or not with potassium channel inhibitors (XE-991 or
TRAM-34) or genetically invalidated for specific potassium channels. Results are normalized to non-stimulated cells (dashed
lines). The independent experiment replicates are color-coded. The p-values correspond to the assessment of the significance of
the differences with the control wild-type condition using ANOVA multiple comparison analysis with Dunnett’s correction. b, Repre-
sentative microscopy images of wild-type and KCNQ5 knock-out Raji cells expressing loxP-RFP-STOP-loxP-GFP and treated or
not with 20 uM TAT-Cre for 48 hours. The results correspond to one of three independent experiments. ¢, Internalization of
FITC-D-JNKI1 after one hour of incubation in the indicated cell lines genetically invalidated (KO) or not (WT) for specific potassium
channels. The results correspond to the median of three independent experiments.
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Supplementary Fig. 9: Intracellular internalization of various CPPs.

a, Membrane potential measurement validation. Membrane potential of wild-type and KCNQS knockout (KO) Raji cells was measured using DiBac4(3),
a fluorescent membrane potential sensor, or by performing perforated patch electrophysiology recordings. Each dot in the figures reporting DiBac4(3)
measurements corresponds to the median of 10°000 cell recording. For perforated patch, each dot in the figures corresponds to the membrane potential
of one cell. b, Membrane potential measurement in wild-type Raiji cells performed in the presence or in the absence of 10% serum. Membrane potential
was assessed using DiBac4(3). ¢, Representative confocal images of wild-type Hela cells incubated with 80 uM FITC TAT RasGAP317 326 for one
hour in the presence (depolarized) or in the absence (not treated) of 2 pg/ml gramicidin. Scale bar: 10 um. d, Representative confocal images of primary
rat cortical neurons (left) and wild-type Hela cells (right) incubated for one hour at 37°C with FITC-TAT-RasGAP317-326 in the absence of serum. To
highlight the differential capacity of these cells to take up the CPP in cytosol, a low concentration of TAT-RasGAP317-326 (2 uM) was used here. At
higher concentrations, this CPP readily enters HelLa cells (see panel ¢). Post incubation cells were washed and imaged with a confocal microscope
using the same laser settings for both cell types. Nuclei of HeLa cells were labelled with Hoechst (blue staining). Scale bar: 20 um. e, Confocal microsco-
py quantitation of HeLa cells displaying the indicated types of CPP internalization. The CPPs (40 uM, except for MAP 20 uM) were continuously present
in the media during the course of the experiment. The results correspond to the average of three independent experiments. f, Sequences of the
indicated CPPs and their net charge. Positively charged amino acids (arginine and lysine) are color-coded. g, Representative confocal images of
wild-type HelLa cells incubated with 10 uM of the indicated CPP in the absence of serum in physiological, depolarized (2 ug/ml gramicidin) or hyperpola-
rized (10 uM valinomycin) conditions. Refer to Fig. 2¢ for the corresponding quantitation of cytosolic fluorescence and number of CPP-positive endocytic
vesicles per cell. Scale bar: 10 um.
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Supplementary Fig. 10: Effect of membrane potential modulation on CPP internalization.

a, Cytosolic CPP levels in normal or depolarized (2 Kg/ml gramicidin) conditions in Raji (top) and HelLa (bottom) cells (n>150) incubated for
one hour at 37°C with the indicated CPPs in RPMI with 10% FBS. Cytosolic fluorescence was quantitated using ImagedJ based on confocal
images by selecting a region within a cell devoid of CPP-containing endosomes. Statistical analysis to compare normal and depolarized
conditions at given concentrations was performed using ANOVA test with Tuckey correction for multiple comparisons. b, Setting membrane
potential by varying extracellular potassium concentrations. Assessment of membrane potential changes in Raji cells incubated in RPMI
medium containing the indicated concentrations of potassium chloride (isotonicity was maintained by adapting the sodium chloride concen-
trations; see methods). Membrane potential was measured with DiBac4(3). The results correspond to the median of 4-6 independent expe-
riments. ¢, Assessment of FITC-CPP binding to cellular membrane of wild-type Raji cells in normal or depolarized conditions after 60
seconds of incubation (top), as well as associated peptide internalization after one hour of treatment (bottom). Cells were preincubated for
30 minutes in the presence of RPMI-media containing 5.2 or 91.9 mM potassium chloride and then treated with 40 KM of the indicated
CPPs. The results correspond to at least six independent experiments. Comparison between non-treated or depolarized conditions was
done using two-tailed paired t-test. d, Assessment of membrane potential (top) and FITC-TAT-RasGAP317 326 cytosolic uptake (bottom)
in control, depolarized (TEA-treated), and hyperpolarized (valinomycin-treated) primary rat cortical neurons. The results correspond to the
median of at least three independent experiments based on confocal images (n>100 cells). e, Quantitation of cytosolic TMR-labelled
TAT-RasGAP,, ... internalization (left) and number of CPP-positive vesicles (right) in HeLa cells (n>150) at the indicated pH in depolarizing
and control conditions. These experiments were performed in the presence of 10% FBS as acidification or alkalization were toxic for the
cells in the absence of serum. Cells were preincubated in media at the indicated pH in presence or in the absence of 2 Bg/ml gramicidin
(depolarization), prior to addition of 40 XM TMR-TAT-RasGAP317-326 for one hour. The quantitation was performed based on confocal
microscopy images using ImageJ. Statistical analysis was performed using ANOVA test with Tuckey correction for multiple comparisons. f.
The pH values remained stable throughout the duration of the experiment in panel e.
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Supplementary Fig. 11: In silico modeling of CPP direct translocation.

a, Schematic depiction of the molecular system used estimate water pore formation kinetics. The static electric field (Eext) has
been highlighted with a green arrow. Water molecules are shown as red structures (small when outside membranes and large
when found within membranes). b, Assessment of the time necessary for water pore formation in the presence or in the absence
of the indicated CPPs at 37°C based on in silico pore formation kinetics experiments. A fitting function [t=A0*e(A1*V)] was used,
where t is the simulation time of water pore formation, V is the transmembrane potential, AO and A1 the fitting coefficients. The
Pearson correlation coefficients of the fitting curves are R.;=0.85, Ry, 0,095, Ryyo=0.92, Ryyrpocpe,  =0-91, Ry, =080,
and R, ..,=0.87. ¢, Fluorescence of FITC- or TMR-labeled TAT-RasGAP,,, ... as a function of the peptide concentration in 200
ul PBS in 96-well plates using CYTATIONS apparatus. The curves were fitted with Michaelis-Menten-like equations). d, Fluores-
cence-based CPP/lipid ratio calculations in HelLa cells (the lipids considered here are those of the plasma membrane). Cells
(75°000) were incubated with the indicated concentrations of FITC- or TMR-labeled TAT-RasGAP,,, ... for one minute at 37°C in
1 ml RPMI, 10% FBS (in this condition, no or only marginal CPP uptake into cells occurs; hence here the CPP signal associated
with cells corresponds to cell surface-associated peptides). Cells were then washed on ice twice with ice-cold PBS, lysed in RIPA
buffer and scraped. Fluorescence was measured using a CYTATIONS apparatus. This fluorescence was converted in moles of
CPPs using the standard curve presented in panel c. Knowing the cell number, the cell surface area (= 1600 um?) and the number
of lipid molecules per pm? of plasma membrane (=5*10°), the moles of lipids in the membrane of the 75’000 HelLa cells used in
this experiment could be calculated. The graph reports the CPP to lipid ratio as a function of the CPP concentrations.
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Supplementary Fig. 12: Evidence for low molecular weight pore formation in living cells during CPP direct translocation.

a, Representative images related to Fig. 3f. HeLa cells were incubated with 32 pg/ml propidium iodide (PI) in the presence or in the absence
of 40 uM FITC-R9, or left untreated for 30 minutes at 37°C in RPMI, 10% FBS. Depolarization was induced with 2 ng/ml gramicidin. Images
were obtained by confocal microscopy. As shown below in panel (d) the fluorescence produced by 32 ng/ml of Pl is under the threshold of
detection. The observed fluorescence dots and signal at this concentration correspond therefore to cell autofluorescence and not Pl fluores-
cence (compare images i and ii). Hence, when Pl fluorescence is detected in cells (see the example in panel a), the corresponding PI
concentration is higher than 32 ng/ml (see panel d). In other words, cellular Pl fluorescence is detected when cells are able to concentrate
this cationic dye in their cytoplasm, as they are able to do with cationic CPP (see Supplementary Fig. 1h). b, Criteria used for the visual
scoring performed for Fig. 3f, based on images in panel (a) of this figure in HeLa cells. The percentage of cells positive for Pl and cells that
have acquired FITC-R9 through direct translocation, have been assessed based on the following criteria. Cells 1, 3-6 are considered as
positive for PI (left) and cells 1-6 are counted as those where direct translocation has occurred (right). The rest of the cells were considered
as negative. Scale bar: 20 um. ¢, Pl does not interact with R9. The potential binding between Pl (6 mM) and R9 (0.6 mM) at 37°C was
assessed by isothermal titration calorimetry. Representative power and heat of injection are shown. This experiment was repeated three
times with similar results. d, PI fluorescence detection in media in the absence of cells. Wells containing the indicated Pl concentrat