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GENERAL INTRODUCTION

14



Cell-penetrating peptides (CPP) can cross cell membranes and deliver biologically active
molecules into cells. Understanding their internalization mechanisms is of first interest for an
appropriate use in the medical field or for biotechnological applications. These peptides have
been found to follow two distinct pathways for their internalization in cells: endocytosis and
direct translocation. They can use these two routes concomitantly at various ratios, depending
on their nature, cell type and various environmental factors. Endocytosis is an energy-
dependent mechanism, responsible for the membrane vesicular traffic, that has been already
described for the passage of large and polar molecules such as proteins, peptides or nucleic
acids through the hydrophobic cell membrane. Direct translocation is an energy-independent
pathway that is not yet understood. Many models have been proposed to explain how CPPs
could cross the hydrophobic core of the plasma membrane without involving receptor
recognition. A first recognition step of the peptide would imply electrostatic interaction with
negatively charged lipids of the plasma membrane. This particular step and the methods to
investigate it at the molecular level are the subject of this thesis.

Previous work showed that some CPPs could remodel the actin cytoskeleton,’? interacted
strongly with negatively charged lipids ® and that phosphatidylinositol-(4,5)-biphosphate (PIP5)
could play a role in Penetratin internalization®. The primary aim of this Ph.D. project is to
analyze the role of the negatively charged lipid PIP,, a known regulator of actin polymerization,
as a binding partner of the CPP Penetratin and as a potential effector of Penetratin
internalization. This work will be presented in the Part 1 of the manuscript.

Internalization of Penetratin in Chinese hamster ovary (CHO)-cells will be studied. In particular,
the role of PIP; in the internalization will be studied, by adding molecules that interact strongly
with PIP,. In parallel, Penetratin interactions with model membranes will be studied. Model
membranes are useful systems to study interactions between membrane-active peptides and
lipids as they allow total control of the lipid composition. Model membranes such as PIP;-
containing lipid vesicles will be used to estimate the effect of Penetratin on the thermotropic
phase behavior of such liposomes. Penetratin binding affinity for PIP,-containing lipid vesicles
will be estimated using tryptophan fluorescence. The binding affinity for PIP, will be compared
to the one for PS, the most abundant negatively charged lipid in the cell membrane, by the
same method.

Affinity photo-cross-linking coupled to mass spectrometry (MS), using benzophenone-
functionalized peptides, was used to study the non-covalent interactions of CPPs and lipid
membranes at a molecular level. Upon irradiation, benzophenone-functionalized Penetratin
can be covalently bound to lipid fatty acid chains in its immediate environment.” This method
allows us to identify Penetratin interaction partners using MS. Using this technique, we studied
the interactions of Penetratin with negatively charged lipids, focusing on PIP,-containing
liposomes with compositions including phosphatidylcholine (PC), phosphatidylserine (PS) and
PIP,.

During our photo-cross-linking experiments, we encountered unexpected results, which we
decided to investigate more in depth. This method has been further developed and exploited
to retrieve valuable information on the peptide-model membrane non-covalent interactions.
This study will be exposed in the Part 2 of this manuscript.
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Highly informative secondary reactions occurring during UV irradiation were revealed, whose
products were unequivocally identified by MS using Matrix-assisted laser
desorption/ionization-Time-Of-Flight (MALDI-TOF) or Electrospray ionization (ESI)-Orbitrap MS
and MALDI-TOF/TOF MS/MS. This work shows how to exploit in an original way the different
reactivities of benzophenone in the context of a lipid membrane. An analytical workflow has
been established for the interpretation of MS spectra, giving access to information on the
CPP/lipid interaction at a molecular level such as depth of insertion or membrane fluidity in the
CPP vicinity. An application of this workflow illustrates the role of cholesterol in the CPP/lipids
interaction. This work represents a noteworthy improvement for the characterization of
interacting partners such as CPPs and membrane lipids using benzophenone photo-cross-
linking. This work is presented in an article published in Analytical Chemistry (see in Appendix).®
In addition, during our study, we encountered unconventional collision-induced dissociation
(CID) gas-phase fragmentation of Penetratin by MALDI-TOF/TOF. This point will also be
discussed in Part 2.

Parts 1 and 2 of this manuscript are intimately linked. The methods for biophysical study such
as calorimetry and for quantification of cell internalization will be presented in Part 1 to
evaluate the Penetratin-PIP, interaction. The same methods will be reused in Part 2 for
evaluation of benzophenone-functionalized Penetratin analogues used for the photo-cross-
linking study. Moreover, the benzophenone-induced photo-cross-linking is used in Part 1 to
evaluate Penetratin lipids preferences using liposomes of binary or multiple composition,
including PIP,. The technique is developed in a methodological point of view in Part 2, for
describing the benzophenone photoreactivity in lipid bilayers. Cross-references to the relevant
points will be made when needed in the text.
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PART 1: PIP; CONTRIBUTIONS
FOR THE INTERNALIZATION OF
PENETRATIN
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Introduction

1. Plasma membrane and phosphatisylinositol-4,5-biphosphate (PIP2)

PIP, is a minor lipid of the plasma membrane. However, probably because of its localized and
high density of charge, it is implied in many cell processes. In this chapter, first a general
description of the membrane composition, structure and dynamic will be given. The various
transport pathways through the membrane will be approached, as well as model systems used
for membranes study. Then, phosphoinositides (Pls) and PIP, properties and roles will be
detailed. Their localization in the plasma membrane will be discussed. Finally, their binding
abilities with proteins will be highlighted.

1.1. The plasma membrane

In all cells, prokaryotic or eukaryotic, from plants or animals, membranes play an essential role
of separation. The plasma membrane, like all biological membranes, has for role to separate
two environments of different compositions. Thereby, it constitutes a barrier between the
cytoplasm contained in the cell and the extracellular environment. This property of separation
is imparted from membrane lipids, whose organization in lipid bilayer allows to delimit the
inside of the cell from its external environment. Lipids fatty acid chains form the hydrophobic
core of the membrane, from 3 to 4 nm thick in general. This hydrophobic core constitutes an
impermeable barrier to hydrophilic molecules.

Membranes also have a communication role between the two environments they separate.
Biological membranes permeability is controlled by membrane proteins. With the contribution
of transport proteins and vesicular traffic, membranes are able to regulate the passage of
specific molecules from one to another environment.

Membranes have as well a structural role. Biomembranes of different cell types present various
shapes, thus adapting to the particular functions of each cell. These various structures are given
by the actin cytoskeleton, which mechanically support the membrane. The cytoskeleton
proteins are among the most abundant proteins as this association of three classes of filaments
form a thick network where associated proteins groups can be anchored.

Finally, most of the cell activity is proven to be held in the core or at proximity of the membrane.
This last role of cell activity support highly depends on the membrane composition in lipids and
proteins, as well as the way they are associated to each other.

The plasma membrane model organized in “fluid-mosaic”, described by Singel and Nicolson in
1972,7 is still relevant today (Figure 1). This model, based on the thermodynamic study of the
membrane principal components organization, presents a membrane constituted of proteins
and glycoproteins inserted in a fluid lipid bilayer. This membrane is asymmetric and dynamic,
proteins and lipids composing it are mobile and can diffuse in the bilayer through lateral and
rotational movements.

In 40 years, the model has been enriched by many studies. In particular, the membrane fluidity
has been discussed.® The membrane appears to be more structured than the model described
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in 1972. The principal advancement, done by Simons and lkonen® and Brown and London'® in
1997, highlights the existence of relatively organized lipid micro domains, also called lipid rafts.
These micro domains are mainly composed of sphingolipids and cholesterol, forming a sort of
platform able to move in the fluid lipid bilayer. This platform hosts proteins which confer it
various functions. In particular, these domains are implied in signalization,!! fusion and
membrane transport!? activities. They can interact as well with structures present outside the
membrane, such as the cytoskeleton.?

Glycoprotein: protein with Glycolipid: lipid with
I L carbohydrate attached / carbohydrate
o &  attached

Phospholipid
Peripheral bilayer
membrane Integral membrane Cholesterol )
protein proteins Protein channel

Cytoskeletal filaments

Figure 1. The fluid-mosaic model of the plasma membrane described by Singer and Nicolson.

Lipids and proteins diffusion is actually limited by interactions inside the membrane and by
interactions held between the membrane and the cellular environment.

Lipids and proteins are the two principal components of the plasma membrane. Carbohydrates
are also present in the membrane, but they are not found in their free form, they are
systematically associated to lipids or proteins and they are present at the external leaflet only.

1.1.1. Membrane lipid composition and structure

Lipids are the major constituents of the plasma membrane, their proportion varying according
to the cell type studied. They principally have a structure and separation role, thanks to their
organization in lipid bilayer. Certain lipids also have important functional roles. They can play a
role in the proteins anchoring at the membrane, in proteins activities modification and in signal
transduction to the cytoplasm. Membrane lipids are classified in 4 principal categories:
phospholipids, sphingolipids, sterols and glycolipids. All these lipids are amphiphilic molecules,
with a polar head and a hydrophobic tail. They auto-assemble in a bilayer held by hydrophobic
and van der Waals interactions between their fatty acid chains.

LIPIDS CLASSES

Phospholipids
Phospholipids (or diacylphosphoglycerides) are the prevailing membrane lipids in eukaryotic
cells. They are composed of a glycerol group linked to two fatty acids and to the lipid polar head
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consisting in a phosphate group bearing a polar group (Figure 2). Their amphiphilic nature is
behind their organization in lipid bilayer, forming the basic structure of the biological
membrane. Length and degree of unsaturation, as well as the polar head nature, can vary. From
these parameters ensue the physicochemical properties proper to each phospholipid.

Hydrophilic
polar head
Hydrophobic fatty acyl chains 9] Variable polar
group
~>NT
NN N NN O

O

Figure 2. General structure of phospholipids, here with the example of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine. In black, the fatty acyl chains, in pink, the glycerol group, in
orange, the phosphate group, and in blue, the variable polar head (here, the choline group,
predominant in number in the plasma membrane).

Phospholipids nature is determined by their polar group. The pKa of the phosphate group is
included between 1 and 2. At physiological pH, it has a negative charge. The phospholipid global
charge depends on the polar group. If this one is neutral (PS, PG, PI, PA), the global charge of
the lipid is negative. If this one is positively charged (PC, PE), the phospholipid is electrically
neutral. Neutral phospholipids are necessarily zwitterionic molecules. This particularity
enhances the polarity of the phospholipids hydrophilic head, which strongly interact with the
aqueous environment. The most frequently encountered phospholipids are presented in Figure
3.

Phosphatidylcholine (PC) Phosphatidylserine (PS) Phosphatidylethanolamine (PE)
X 3 ) X
H, )OO
Ri ~SN R1)k v"z;H . Ri " NH;*
Y =R 3 Y
0 \g/ 0
Phosphatidic acid (PA) Phosphatidylinositol (P1) Phosphatidylglycerol (PG)

)cj)\ o Lo ~OH, oH j\ oH
T~/ "oH
Ri H R1/u\ %\H Ri \)\/OH
R2 R2 R2
T T T
Figure 3. Principal polar groups of phospholipids found in the plasma membrane of eukaryotic
cells, except for PG, of bacterial origin, however commonly used in model membranes. R; and
R2 are various saturated or unsaturated fatty acid chains.

Phosphatidylcholines (PC) are the most abundant phospholipids in the plasma membrane. The
polar head group is constituted by a choline, a positively charged alcohol. PC are zwitterionic
lipids, globally neutral. They represent more than 50% of total membrane phospholipids. They
are located at 75% at the external leaflet.
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Phosphatidylserines (PS) bear a negative charge and are mostly found at the internal leaflet.
They represent most part of the negatively charged phospholipids in the plasma membrane of
eukaryotic cells.

Phosphatidylethanolamines (PE) are zwitterionic lipids that we encounter especially at the
internal leaflet. They constitute the principal lipid components at the internal leaflet.

Phosphatidic acids (PA) present the simplest polar substituent. These lipids are not much
present in the plasma membrane. They are mainly present in the inside of the cell as they are
intermediaries for the other phospholipids biosynthesis.

Phosphatidylglycerols (PG) are negatively charged bacterial lipids, which are not found in the
eukaryotic membranes. However, they are ideal lipids for the in vitro study of membranes,
using negatively charged model membranes, as they are easily available with a wide variety of
acyl chains composition.

Phosphatidylinositols (PIs) and their derivatives are minor lipids of the plasma membrane. Pls
bear a negative charge. Pl derivatives are phosphorylated at the inositol hydroxyl groups (PIP,
PIP,, PIP3), and thus can have several negative charges.

Fatty acyl chains of phosphoglycerides can be of various length and unsaturation degree. In
biological membranes, fatty acid chains present most usually even numbers of carbons, varying
from 14 to 24 carbons. Fatty acid chain lengths are most often C16, C18 and C20.'* These
different chain lengths induce differences in thickness and in rigidity in the membrane. Acyl
chains can be saturated or unsaturated. The most common unsaturated species are 18:1, 18:2,
18:3 and 20:4, where the first number corresponds to the chain length and the second number
reflects the number of double bonds. Natural unsaturated lipids mainly have cis double bonds
rather than trans, which generates a defect in the membrane and prevents ordered acyl
packing, increasing the membrane local fluidity. Moreover, membrane lipids often present an
asymmetry with one saturated chain and one unsaturated chain.

Sphingolipids

The different types of sphingolipids are presented in Figure 4. They have a similar structure to
phospholipids and can be organized in mixed lipid bilayer with phospholipids. Sphingolipids all
derive from the sphingosine, attached to a fatty acid chain by the amino group, also called a
ceramide. Ceramide is the basic constituent of all sphingolipids.

Sphingolipids can be substituted by the same hydrophilic groups as the glycerophospholipids.
The most abundant sphingolipid is the sphingomyelin (SM), which presents a phosphocholine
group linked to the hydroxyl group of the sphingosine and thus is also a phospholipid.

Glycosphingolipids are ceramide derivatives linked to a sugar or to oligosaccharides. They are
mainly located at the membrane outer leaflet. Their acyl chains are inserted in the lipid bilayer
while their hydrophilic saccharide groups are outside the cell. This saccharide part confers them
numerous recognition functions. The simplest is the glucocerebroside. It only presents one
glucose unit linked to the sphingosine. More complex structures called gangliosides have one
or two ramified sugar chains.
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Figure 4. The different types of sphingolipids. In black, the fatty acids, in pink, the sphingosine,
in orange, the phosphate group, in blue, the variable polar head (here, the choline group) and
in green, the variable saccharide group (here, the glucose, forming the glucosylceramide or
glucocerebroside).

Sterols and their derivatives

Sterols are hydrophobic and compact molecules. The elementary structure is a tetracyclic
hydrocarbon. Cholesterol (Figure 5) is the most common sterol in eukaryotic plasma
membranes. It constitutes 30% in mass of all the membrane lipids. The molecule inserts almost
entirely in the lipid bilayer, only the hydroxyl polar group is left at the membrane surface.

/// 1,

Figure 5. Cholesterol molecule.

Glycolipids

Glycolipids (or diacylglycerides) are constituted of a glycerol group linked to two acyl chains and
to one or several carbohydrates. These lipids are abundant in algae and plants photosynthetic
membranes. They are hardly ever found in eukaryotic membranes. They have an amphiphilic
nature and the more the glycoside part is important, the more polar will be the glycolipid.

COMPOSITION AND DYNAMIC OF MEMBRANE LIPIDS

Lipid membranes composition

Lipid composition in the different plasma membranes is wide. Some examples are given in Table
1. The different compositions in lipids give various properties to the membranes, structural,
modulating their shape and contact points with the environment, or functional, as some lipids
are implied in specific roles of signaling or vesicular transport for instance.
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Table 1. Lipid composition of various biological membranes. Given in molar percentage of
total lipid amount. N.D. stands for non-detected and « - » means non-analysed.

Lipid Human CHO Mitochondria Endoplasmic  Escherichia
erythrocyte  cell reticulum coli
External Internal
Cholesterol 25 - N.D. N.D. 20 N.D.
PC 19 51 46 38 46 N.D.
PE 18 21 33 24 21 75
SM 18 9 - - 9 N.D.
Glycosphingolipid 10 - - - - N.D.
PS 9 7 1 4 2 <1
Pl 1 8 10 16 2 N.D.
PG 0 1 N.D. N.D. - 20
Cardiolipin 0 2.3 6 16 - 5
PA - 1 4 2 - <2

Apart from the lipid classes diversity, the composition in hydrocarbon chains can also vary from
one membrane to another (Table 2). SM presents long hydrophobic chains, up to 24 carbons,
with low unsaturation. PC has mainly short fatty acid chains, from 16 to 18 carbons, also with
low unsaturation. Anionic phospholipids PE and PS tend to have long and polyunsaturated
chains, up to 6 double bonds. Combination of the different lipids and fatty acid chains provides
numerous lipid species within one membrane.

Table 2. Gas phase chromatography analyses of the fatty acid chains composition of human
erythrocytes. Data are expressed in % (w/w) of total phospholipids. The most representative
percentage of chains (>10%) are highlighted in bold for each type of lipid.*®

Chain length:unsaturation Total_ . SM PC PE PS
phospholipids
16:0 20.1 23.6 31.2 12.9 2.7
18:0 17.0 5.7 11.8 11.5 37.5
18:1 13.3 <1 18.9 18.1 8.1
18:2 8.6 <1 22.8 7.1 3.1
20:0 <1 1.9 <1 <1 <1
20:3 1.3 <1 1.9 1.5 2.6
22:0 1.9 9.5 1.9 1.5 2.6
20:4 12.6 1.4 6.7 23.7 24.2
23:0 <1 2.0 <1 <1 <1
24:0 4.7 22.8 <1 <1 <1
22:4 3.1 - <1 7.5 4.0
24:1 4.8 24.0 <1 <1 <1
22:5 2.0 - <1 4.3 34
22:6 4.2 - 2.1 8.2 10.1
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Lipids physico-chemical properties and organization

Membrane lipids, mainly phospholipids, self-associate into bilayers in agueous medium.
Following the steric hindrance of both polar head and hydrophobic tails, lipids can take
different orientations in the membrane. As presented in Figure 6, phospholipids organization
in the bilayer is determined by geometric parameters: S the surface occupied by the lipid polar
head,  the surface occupied by one fatty acid chain and O the tilt angle. If the lipid has a large
polar head, as it is the case for PC for instance, chains tilt allows to increase 2, to optimize chains
packing and to stabilize their interaction. Degree of tilt is also influenced by the bilayer
hydration and presence of counterions.

Bilayer plane

-
N
\

—— - —

Bilayer1

. 1
perpendicular |
angle 1

Figure 6. lllustration of lipids organization in the bilayer.

Lipids self-assembly is driven by interaction between the hydrophobic tails through van der
Waals forces and hydrophobic effect. Hydrophilic polar heads are oriented towards the
aqueous environment. Due to their various amphipathic properties and most of all geometric
constraints, the different types of lipids associate in different polymorphic phase as shown in
Table 3. Lipids adopt the shape that allows minimum contact between their hydrophobic
moieties and the aqueous environment. These various shapes can be determined by the critical
packing parameter (V/IS), depending on the lipids geometry. It corresponds to the ratio of the
volume V occupied by the hydrophobic tails over the chains length | multiplied by the surface S
occupied by the lipid polar head. If the critical packing parameter is inferior to %, usually for
lysophospholipids and most detergents, lipids have an inverted conical shape and adopt a
micellar conformation. If the parameter is comprised between % and 1, lipids have a cylindrical
shape and assemble in bilayer, also called lamellar phase. If the parameter is superior to 1, lipids
have a conical shape and associate in hexagonal phase (Hy).

25



Table 3. Polymorphic phases, molecular shapes and critical packing parameters of
phospholipids. Geometric parameters: V is the volume occupied by the lipid fatty acid chains,
| is the chain length and S the surface occupied by the lipid polar head. Adapted from /.

Lipid Phase Molecular Critical packing parameter
shape (V/IS)
Only one or 2 P96 ()
short - N d
hydrophobic tails SO <
Lysophospholipids ' Inverted
Micellar )
Detergents conical
Large polar head Q
%-1
PC,SM,PS,PI,PG, S804
PA, Cardiolipin Bilayer Cylindrical
Small polar head
and unsaturated
fatty acid chains 51
Conical

H | (H
Unsaturated PE exagonal (Hi)

Most of phospholipid have a cylindrical shape and associate in lamellar phase. Lamellar phases
exist in different physical states which determine the lipids lateral order, molecular organization
and fluidity in the bilayer (Figure 7).18 Physicochemical factors such as temperature, pH, ionic
strength have an impact on the physical state of a membrane. Presence of cholesterol in a lipid
bilayer can as well influence the lamellar phase state.

In the gel phase (Lg’ or Lg or S, for solid-ordered), lipids chains are found in trans conformation
and packing is optimized, which gives a very compact lipid structure. Lipid chains are also
elongated at their maximum, forming a thick bilayer. Lateral diffusion and thus membrane
fluidity are highly reduced. Lg' correspond to tilted chains while Lg corresponds to non-tilted
chains. The tilt angle increases with membrane hydration, which makes the bilayer thickness
decrease.

Ordered membranes can be brought to a disordered state by heating above the phase
transition temperature T, of the lipids, which will increase molecular agitation of the
hydrophobic tails. This state is the fluid phase Ly, also called liquid-disordered phase (Lq).
Appearance of trans-gauche defaults give rise to much less ordered organization.
Consequently, lipids lateral and rotational diffusion are favored. Bilayer thickness is also
decreased compared to the gel phase, as the lipid chains are less elongated.
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In the case of tilted lipids, an intermediate phase called the ripple phase (Pg) can be observed.
The transition between the gel and ripple phases occurs at the pre-transition temperature Tpre.
This pre-transition may be due to increase of the interaction between the polar head groups
and the aqueous environment.*?

Ripple phase Pg.
Tm

I

Gel phase LB or LB; + Chol. % + Chol. % . FIUId phase La:
Solid-ordered phase S, Liquid-disordered phase Ly
P9 P

o g

a o o o o

Liquid-ordered phase L,

Figure 7. lllustration of the different physical states of a lipid lamellar phase in agueous
environment.

Thermotropic phase behavior of lipids are greatly influenced by the alkyl chains nature. Long
and saturated chains tend to pack together through hydrophobic and van der Waals
interactions, leading to a gel state of the membrane and a higher transition temperature. Short
saturated chains have less surface for these interactions and thus induce a more fluid
membrane. Tilt caused by an unsaturation in the fatty acid chain also leads to weaker
interactions and consequently a higher fluidity. Polar head groups nature has also an impact on
the phase transitions of lipids.

At physiologic temperatures, the inner leaflet of natural membranes is usually in a fluid phase.
Cholesterol plays in important role in membrane fluidity. As previously mentioned, it is inserted
between the phospholipids composing the bilayer. Considering a lipid membrane in fluid phase,
its impact depends on concentration. For high concentrations in cholesterol, its presence tends
to lower the membrane fluidity as the steroid part interacts with the hydrophobic tails of
phospholipids. Cholesterol in large amounts promotes a typical liquid phase, the liquid-ordered
(Lo) phase, which is a fluid phase considering the lateral diffusion, but where the hydrophobic
chains packing is highly organized (Figure 7). At low concentrations however, it tends to soften
the membrane by increasing disorder.?°
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Membrane asymmetry

The plasma membrane separates the cytosol from the extra cellular environment and present
an asymmetric lipid composition. Most phospholipids are found in both leaflets but are more
abundant in one or another.

In the plasma membrane of human erythrocytes (Figure 8), the outer leaflet is mainly
uncharged, composed of zwitterionic lipids PC and SM while the inner leaflet is strongly
negatively charged due to the presence of PS, Pl and its phosphorylated derivatives. This
contributes to the plasma membrane polarity, together with the difference in ionic
concentration between the intra and extra cellular environments. This asymmetry is
maintained by ATP-driven flippases that pump the anionic species from the outer to the inner
leaflet.?122

Asymmetry is also found in the fatty acid chains distribution. SM and PC, having rather long and
saturated chains (Table 2), form a rigid and thicker lipid layer at the extracellular side of the
membrane. Other phospholipids such as PE, PS, Pl and its phosphorylated derivatives are more
inclined to have unsaturated chains, which induces a more fluid organization of the cytosolic
leaflet in which lateral diffusion occurs faster.

This asymmetry within the lipid bilayer also has an impact on the membrane local curvature.
PE has a conical structure and thus is prone to form non lamellar membrane structures such as
wells or vesicle buds at the inner leaflet of the membrane and can contribute to membrane
fusion or transport pathways.

Outer leaflet

100 — PE Pl PIP PP, PA

Outer leaflet

SM PC PS
30, SM PC PS PE E:i’:,le
9 = 0
30 -
Inner leaflet

100 -

| |

-
-
-

ﬁ'

1

Inner leaflet

Figure 8. Lipid asymmetry of a human erythrocyte membrane. Left: Distribution for each
phospholipid, in percentage of the considered phospholipid. Right: General distribution, in
percentage of the total phospholipids amount. Adapted from %3. Grouped data from:
Bretscher (1971 a,b), Butikofer et al. (1990), Gascard et al. (1991), Gordesky et al. (1972,
1975), van Meer et al. (1981) and Verkleij et al. (1973).

Glycosphingolipids, implied in recognition functions, are mostly found at the extra-cellular
leaflet. Repartition of cholesterol between the two leaflets is very uncertain and it is still not
clear whether it is equally distributed or not.?
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Finally, the plasma membrane asymmetry has important consequences in its functional roles.
For instance, PS exposure on the cell surface serves as signal for phagocytosis and as a
propagation signal in apoptosis and blood coagulation.??

Lateral diffusion

Lipids lateral diffusion in the bilayer implies both lateral and rotational positions of lipids are
continuously changing in the membrane. One lipid molecule can exchange laterally with one of
its neighbors. This motion is called lateral diffusion and takes place about 10 times per second.
Lateral diffusion coefficient ranges generally from 10”7 to 10° cm?.s1.18 A lipid molecule can
also rotate around its own axis, perpendicularly to the bilayer plane. This phenomenon occurs
over times scale of nanoseconds. Proteins are also able to diffuse laterally within the plasma
membrane, but their diffusion rate is a hundred times slower than lipid lateral diffusion.

Brownian motion of lipids in the fluid plasma membrane is however limited by lipid barriers and
by interactions with proteins.? Actually, lipids distribution in the plasma membrane is not
random and some lipids are locally enriched in the bilayer. The first observation of membrane
lateral heterogeneity was made only one year after the fluid mosaic model was published by
Singel and Nicolson and showed that detergent-labile and detergent-resistant fractions of the
membrane could be isolated.?® Numerous findings followed and gave rise to the lipid raft or
microdomain hypothesis.92728 These rafts are enriched in sphingomyelin and cholesterol and
form ordered platforms able to move laterally in the membrane. They would be present in
liquid ordered phase (Lo), a rigid and thick state induced by the presence of cholesterol,
stabilizing the hydrophobic chains interactions. As confirmed by the use of biomimetic model
membranes, certain lipids interact together to form large lateral domains through liquid-liquid
phase separation.?’

Such ordered domains existence in vivo is however controversial due to the lack of direct
observation, mainly due to their very short lifetime of 10 ms of order, and to the unclear
definition of such domains. A consensus definition suggests that rafts are heterogeneous,
mostly composed of cholesterol and sphingomyelin, highly dynamic nanodomains of about 10-
200 nm, which can form clusters larger than 300 nm generated by protein-protein and protein-
lipid interactions.3° These clusters present increased packing and order and decreased fluidity
compared to the rest of the membrane, due to their enrichment in saturated phospholipids,
sphingolipids, glycolipids and cholesterol. Some proteins like glycosylphosphatidylinositol (GPI)-
anchored proteins and lipoproteins are anchored in these clusters and confer them functional
roles. As previously mentioned, these platforms are implied in signalization,'* fusion and
membrane transport 12 activities. They interact as well with membrane external structures such
as the actin cytoskeleton which plays its part in the domains conservation and remodelling.?
Furthermore, these domains are present in the inner and outer asymmetric membrane leaflets,
probably coupled across leaflets,>3? which further impacts membrane organization. A
representation of the membrane lateral heterogeneity is presented in Figure 9.
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Figure 9. General overview of the plasma membrane lateral heterogeneity.?

Caveolae represents a third type of sphingolipid-cholesterol assembly (a subgroup of raft
clusters), which is stabilized by polymerization of the caveolin protein. Caveolae are small
invaginations of the membrane formed by self-association of caveolin proteins, forming a
hairpin loop in the membrane. They are implied in endocytosis and exocytosis. Figure 10 shows
how caveolin proteins associate to caveolae, with the N and C termini facing the cytoplasm,
forming the intramembrane domain inserted within the bilayer. The caveolin scaffolding
domain might interact with cholesterol through basic and bulky hydrophobic residues. The C-
term domain, close to the intramembrane domain, is modified by palmitoyl groups embedded
into the lipid bilayer. Interconnected caveolae structures can occupy a large area of the plasma
membrane.

Caveolin

Figure 10. Caveolin proteins association with caveolae to form hairpin invaginations. Adapted
from 33

Transversal diffusion

The plasma membrane is known to be asymmetric. Phospholipids synthesis mostly takes place
in the cytosolic leaflet of the endoplasmic reticulum. Transversal movement of lipids from one
leaflet to the other is required to generate and maintain the heterogeneous composition of the
membrane.3* Moreover, various cell processes are dependent on the plasma membrane lipid
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composition and its inherent asymmetry and dynamic. As an example, PS exposure at the cell
surface regulates biochemical processes such as apoptosis, bone mineralization, cell-cell
interactions and blood coagulation.?? The transfer of one lipid from one leaflet of the
membrane to the other is called transversal diffusion or flip-flop.

In pure lipid bilayers, phospholipids do not spontaneously diffuse transversally as this process
is energetically unfavorable, implying the passage of the lipid polar head through the
hydrophobic core of the bilayer. Passive diffusion of phospholipids in the plasma membrane is
very slow and can take several hours to several days.'® Only some lipid molecules such as
cholesterol can undergo a fast flip-flop between the leaflets, in less than a second, probably
due to their very small polar head consisting in a hydroxyl group.3>3®

However, phospholipids transversal diffusion can be catalyzed by enzymes.?” Flippases (lipid
transfer towards the inward leaflet) and floppases (lipid translocation to the outward leaflet)
are ATP-dependent that belong to the ABC transporter family and are able to selectively
transfer lipids from a leaflet to the other. As an example, ABCB4, expressed in the liver and one
of the most studied flippase, is able to move the PC from the cytosolic leaflet to the external
leaflet.3® Scramblases are energy-independent and calcium-dependent enzymes that are
involved in transbilayer movement of phospholipids. They are non-selective and can catalyze
non-specific lipid transversal diffusion across the bilayer.?!

Additionally, insertion of external agents such as detergents, lipids, proteins or even
membrane-active peptides in one of the membrane monolayers were found to accelerate
transversal lipid motion. These effects are likely to be induced by perturbation of the interfacial
region of the membrane by formation of hydrophobic defects or pore formation.?!

1.1.2. Membrane proteins

Proteins inserted in the plasma membrane are classified based on their position in the bilayer.
They are responsible for the membrane functional activities. The quantity and type of proteins
vary according to the cell type. Some proteins are completely inserted in the bilayer while other
are anchored to one of the leaflets. They can be associated in protein domains. Usually, protein
domains associated to the extracellular leaflet bind other molecules such as other signalization
proteins, ions, glucose, fatty acids or adhesion molecules present in the external environment.
Domains inserted in the bilayer, and in particular the ones forming canals and pores, allow the
transport of molecules from one to the other side of the plasma membrane. Domains located
at the cytosolic leaflet can be implied in various functions, from proteins anchoring to the
membrane to intracellular signalization processes. Functional properties and location of
proteins in the membrane are generally linked to their sequence and structural characteristics.

There are 3 main categories of membrane proteins: integral (or intrinsic) proteins, peripheral
proteins and lipid anchored proteins (illustrated on Figure 11).
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Figure 11. The different types of membrane proteins and their attachment mode.?

INTEGRAL PROTEINS

Integral proteins can be transmembrane proteins or inserted in one single layer of the
membrane (Figure 11). The transmembrane type crosses the 3 nm thick lipid bilayer. Integral
proteins are completely inserted in the bilayer and are composed of 3 segments. One
hydrophobic segment inserts in the lipid bilayer and the two other segments, whose external
surfaces are more hydrophilic, extend to the external or cytosolic environments. The domain
inserted in the bilayer is composed of hydrophobic amino acids interacting with the fatty acid
chains of the phospholipids. They are usually structured in one or several a-helix or in multiple
B-sheets. Moreover, most of the integral proteins are glycosylated with complex ramified sugar
groups systematically located at the extracellular side of the membrane.

Soluble proteins can fold locally with a wide variety of secondary structures. Intrinsic proteins,
and more precisely their inserted domain in the hydrophobic core of the membrane, have a
very limited panel of folding structures. They are mostly structured in one or more a helix.

a helix inserted in the membrane

a helix are embedded in the membrane through hydrophobic interactions with the fatty acid
chains of some specific phospholipids and probably also through ionic interactions with their
polar head groups. One example is the transmembrane protein glycophorin A, which is the
most abundant plasma membrane protein in erythrocytes. It is a single transmembrane a helix
protein, which means it crosses the membrane through only one a helix. In general, an a helix
inserted in the bilayer is composed of 20 to 25 hydrophobic amino acids, which is about 3.75
nm and is sufficient to cross the plasma membrane. In the membrane, the a helix of the
glycophorin A is associated with the a helix of another glycophorin A to form a dimer.%® Such
association of dimeric membrane proteins is very common and a lot of membrane receptors
are activated by dimerization.

Other transmembrane proteins present a helix bundle, composed of several a helices, usually
parallel or anti-parallel to each other (Figure 11). One of the biggest class is defined by seven
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transmembrane a helices. More than 150 have already been identified. Among them are the
receptors coupled to the G proteins, important for signal transduction. lon channels are the
second prevailing type of helix bundle membrane proteins. They are usually tetrameric, each
of the 4 sub-units having two transmembrane helices. All the helices associated with each other
form a central channel covered with hydrophilic amino acids, while the external surface of the
channel is hydrophobic. lon flows are regulated by reorientation of the a helices.

B sheets forming transmembrane barrels

Porins are another type of transmembrane proteins. They are mainly hydrophilic and are
trimers composed of three identical sub-units. Each sub-unit forms 16 B sheets, which associate
to form a transmembrane B barrel with a central pore (Figure 11). The inner part of the pore is
composed of hydrophilic amino acids while its external surface is covered with hydrophobic
residues. Porins allow the absorption or the rejection of small hydrophilic molecules like
nutrients or waste.

LIPID ANCHORED PROTEINS

Lipid anchored proteins are covalently bound to one or several lipids. The hydrophobic tails of
the lipids are inserted in the membrane and help to anchor the protein to the bilayer. In that
case, the polypeptide chain is not inserted in the membrane. These proteins can be anchored
to the membrane via three main types of lipids: saturated fatty acids, unsaturated fatty acids
or GPIs (Figure 12). Their localization in the plasma membrane is dependent on the type of lipid
they are bound to.

Saturated fatty acids anchored proteins are found at the cytosolic leaflet. Acylation of proteins
with myristate (C14:0) or palmitate (C16:0) promotes the protein insertion in sphingolipids and
cholesterol rich domains of the membrane.3’ The acyl group is linked to the N-terminal glycine
residue.

Another group of cytosolic proteins is anchored to the membrane through an unsaturated and
ramified fatty acid, attached to a cysteine residue in the C-terminal region. Farnesyl (C15) or
geranylgeranyl (C20) tails are bound to the protein via a thioester bond to the -SH group of the
cysteine. In the membrane, prenylated proteins are excluded from the sphingolipid—cholesterol
domains.?’

Certain proteins and glycosylated proteoglycans found at the cell surface are bound to the
external side of the plasma membrane with a GPI group. They are mostly found in liquid-
ordered (Lo) domains. Although the exact structure of this type of anchor varies from one cell
type to another, they always present a Pl with two fatty acid chains inserted in the lipid bilayer
and phosphoethanolamine (in green on Figure 12) binds covalently the anchor to the C-
terminal end of the protein and several sugar units (represented in orange on Figure 12).
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Figure 12. Lipid anchored protein. Adapted from 3’.

PERIPHERAL PROTEINS

Peripheral proteins do not interact with the hydrophobic core of the lipid bilayer. They are
generally bound indirectly to the membrane via non-covalent interactions with intrinsic
proteins or with membrane lipids polar head groups. They can be localized at the extracellular
or at the cytosolic leaflets of the membrane.

Further away from the plasma membrane are found some proteins associated more loosely to
the membrane, such as the actin filaments forming the cytoskeleton. They are associated to
the cytosolic side of the membrane through interactions with one or more membrane proteins
or with adaptor proteins.

1.1.3. Surface sugars

Glycoconjugates are a third essential class of constituents of the plasma membrane. They
extend at the cell surface and form the glycocalyx, the most external layer of the membrane.
Membrane sugars are covalently bound to lipids as glycolipids or to proteins as glycoproteins
and proteoglycan. Glycans are involved in fundamental cell processes such as cell signaling,
communication and cell-cell and cell-extra-cellular matrix interactions. In addition, various
types of glycoconjugates interfere with key cancer cell processes and with the tumor
environment, leading to cancer progression.** The membrane glycan composition is very
diverse. They can be of various monosaccharide composition, they can present various
saccharide bonds (between C1 and C3 or Cl1 and C4), various conformations, various
ramifications, they can be substituted with several sulfation states and they can be bound to
their lipid or protein (aglycone part) via different linkages (Figure 13). Glycoconjugates are
basically defined by the nature of their aglycone part and by the type of linkage they are bound
with.
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Figure 13. Common classes of glycoconjugates in mammalian cells.*!

GLYCOSPHINGOLIPIDS

Glycolipids and glycosphingolipids, briefly described in paragraph 1.1.1., are composed of a
carbohydrate chain bound to a glycerol or a ceramide. Glycosphingolipids are the most
common in mammalian cells and they are major components of the extra-cellular leaflet of the
plasma membrane. They are always placed at the extracellular leaflet of the plasma membrane.
Their classification is based on their glycan part. The ceramide is generally directly bound to a
galactose (galactosylceramide) or to a glucose (glucosylceramide) via a B saccharide linkage.
This first monosaccharide can be substituted with various units of glucose, galactose or sialic
acid (Figure 13).

GLYCOPROTEINS

As all glycoconjugates are found at the outer leaflet of the plasma membrane, glycoproteins
are necessarily transmembrane proteins or GPl-anchored proteins, which are also considered
as glycoproteins (detailed in paragraph 1.2.2.).

O-glycans and N-glycans

Many transmembrane proteins present glycoside chains bound covalently viag a nitrogen atom
to lateral chains of asparagine (N-glycans) or via an oxygen atom to serine or threonine (O-
glycans). They are called glycoproteins and they are always oriented such as the glycosylated
part of the protein is located at the surface of the cell.

O-glycans can extend with various glucose and galactose monomers and can have diverse
terminal structures, usually containing fucose and sialic acid. Other O-glycans are defined by
the first saccharide unit bound to the protein. They include the O-mannose (O-Man), O-fucose
(O-Fuc), O-galactose (O-Gal) and nucleocytoplasmic O-linked [B-N-acetylglucosamine (O-
GIcNAc).4*3 Moreover, some proteins present a specific form of glycosylation, such as the
Notch receptor, which is a type of O-glycan. The Notch receptor was shown to be important in
cancer cell biology.**

35



N-glycans all present a common pentasaccharide core (Figure 13, dotted line box). This core
can be further substituted with mannose polymers and modified in the terminal region with
GlcNAc, Gal and sialic acid.**

Proteoglycans

Proteoglycans are a sub-class of glycoproteins. They contain one or more polysaccharidic chains
called glycosaminoglycans (GAGs). GAGs are long and linear polymers composed of specific
disaccharide units, attached to the protein sequence through xylose bound to the hydroxyl
group of a serine residue. Hyaluronic acid is an exception as it is the only GAG to be found in its
free form in the extracellular matrix. Usually, one of the sugar is either a uronic acid (D-
glucuronic acid or L-iduronic acid) or a D-galactose, the second sugar is either a N-
acetylglucosamine or a N-acetylgalactosamine. One or the two sugars have at least one anionic
group, carboxylate or sulfate. GAGs chains thus present a lot of negative charges and
participate to the negative charge properties of the cell surface. Following their composition in
disaccharide units, there are various types of GAGs: heparan sulfate/heparin, chondroitin
sulfate, dermatan sulfate, keratan sulfate and hyaluronan. Heparin is the hyper sulfated form
of heparan sulfate. On Figure 13 are shown the structures of chondroitin sulfate and heparan
sulfate. Chondroitin sulfate contains disaccharide repeating units of N-acetylgalactosamine
B1-4 glucuronic acid (GIcNAcB1-4GIcA). It is called dermatan sulfate if the disaccharide units
are N-acetylgalactosamine B1-4 iduronic acid (GIcNAcB1-4ldoA). Heparan sulfate presents
acidic disaccharide repeating units of N-acetylgalactosamine al-4 glucuronic acid or iduronic
acid (GlcNAcal-4GlcA or GlcNAcal-4ldoA).

1.1.4. Transport pathways through the lipid membrane hydrophobic core

The phospholipid bilayer is impermeable to most of hydrophilic molecules, ions and water itself.
It allows to maintain the compositions of the extra- and intra-cellular environments. Only gas
such as CO;, N2 and O,, and small polar and non-charged molecules such as ethanol and urea
can easily cross a lipid bilayer by passive diffusion (Figure 14). These molecules can cross cell
membranes without the help of a transport protein.
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Figure 14. Relative permeability of a pure phospholipid bilayer for diverse molecules.
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ION CHANNELS AND SMALL MOLECULES TRANSPORTERS

For most of the molecules, specialized membrane proteins are required for transportation
through the hydrophobic barrier that is the plasma membrane. They are always
transmembrane proteins with multiple transmembrane segments, generally a helices. They
allow the passage of hydrophilic molecules and can be of several types (Figure 15).

ATP pumps lon channels
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Transporters
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Figure 15. Transport membrane proteins. Adapted from #°.

ATP pumps are ATPases using the energy produced by ATP hydrolysis to transport specific ions
or small molecules through the membrane, against their concentration gradient or the
electrical potential or both. It is an active transport.

lon channels are pore-forming proteins that transport water, specific ions or small hydrophilic
molecules in the direction of their electrochemical gradient. It can be called facilitated diffusion.
lon channels are open by chemical or electrical specific signals. They can be voltage-gated ion
channels that open or close depending on the voltage gradient across the plasma membrane,
or they can be ligand-gated ion channels that open or close following the binding of specific
ligands (Na*, Ca*, K*, ...) to the channel.

Transporters proteins insure the transmembrane transport of a lot of ions and molecules. There
are 3 identified types of transporters: uniporters, symporters and antiporters. Uniporters
transport a specific type of molecules in the direction of its concentration gradient. It is
facilitated diffusion. Most of glucose molecules and amino acids cross the membrane thanks to
this type of transporter.

Symporters and antiporters are co-transporters: they transport simultaneously two different
molecules. One ion or molecule crosses the membrane against its concentration gradient while
the other goes in the direction of its concentration gradient. Like for ATP pumps, co-
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transporters couple the transport of two molecules, one that is energetically favorable and one
that is unfavored. The first one provides the energy needed for the second. Symporters
transport the two molecules to the same side of the membrane while antiporters transport
them in opposite directions (see Figure 15).

VESICULAR TRAFFIC AND ENDOCYTOSIS

Vesicular traffic allows the passage of larger charged molecules, in particular proteins, peptides
and nucleic acids, through the cell membrane and through the cell organelles membranes. In
that way, vesicular traffic encompasses all the polar macromolecules movements following the
secretory and endocytic pathways. They are very complex and regulated pathways, involving
numerous protein and lipid partners.*® The cargo molecules are trapped in lipid vesicles formed
from the membrane of one compartment and deliver the molecules to the next compartment
by membrane fusion. The pathway implied in the passage of the cell membrane is called
endocytosis when it implies the entry in cells, while exocytosis concerns the secretion out of
the cell. This section will be focused on the endocytosis pathways (Figure 16). In these
processes, macromolecules are internalized by invagination of the plasma membrane. They
first arrive in early endosomes, then late endosomes, and finally lysosomes from where they
escape by the action of hydrolases.

Phagocytosis Macropinocytosis

Clathrin- Caveolin-
dependent dependent Clathrin- and caveolin-
endocytosis endocytosis independent pathways

OO0

. 1

Lysosome Early endosome

Figure 16. Pathways of endocytosis.*’

Phagocytosis and macropinocytosis involve the remodeling of the cell membrane by actin
filaments. They wrap their cargo and form larger vesicles (0.5 to 2 um) compared to other
endocytosis pathways (0.05 to 0.1 um). Phagocytosis triggers the cellular uptake of large
particles like bacteria while macropinocytosis carries the uptake of a large volume of fluid and
the molecules that are dissolved in it like growth factors.

Some other endocytosis pathways are receptor-dependent. A cell receptor binds specifically to
a macromolecule, the membrane forms a bud oriented to the inside of the cell, and by
detaching from the membrane, the bud forms a lipid vesicle. These pathways generally drive
the internalization of cholesterol-rich particles called low-density lipoprotein (LDL), of

38



transferrin, an iron-binding protein, of various hormones like insulin and of diverse
glycoproteins.

Clathrin-dependent endocytosis implies the formation of clathrin-coated vesicles, arranged in
the shape of a cage helping the bud formation. The membrane is pinched, and scission occurs
by the action of dynamin, a large GTPase of about 100 kDa able to form tubules and to split
membranes. After budding, the clathrin basket is removed by uncoating proteins and the naked
vesicle is release in the cytosol.*®84°

Caveolin-dependent endocytosis is driven by caveolae invaginations, which are cholesterol and
sphingolipid rich domains (see paragraph 1.1.2.) containing specific receptors and signal
transduction proteins. They are characterized by the presence of caveolins, which are
transmembrane proteins forming a layer at the cytosolic surface of caveolae. Like for clathrin-
dependent endocytosis, dynamin is responsible for membrane pinching and splitting.

In addition, several endocytosis pathways do not use clathrin or caveolin coats. They transport
various cargoes and can sometimes be taken over by bacteria and viruses to enter the host
cell.#

1.2.  Phosphoinositides and PIP;, functional properties and roles

Phosphatisylinositol-4,5-biphosphate (PIP,) contributions for the internalization mechanism of
the CPP Penetratin are the main interests of this work. This section aims to review the main
physicochemical distinctive characteristics of PIP; and its implications, as well as some of the
Pls family, in cell processes.

1.2.1. PIP; head group orientation

The orientation of the PIP, polar group with respect to the bilayer plane is unknown. Some
works showed that Pl is perpendicular to the membrane surface.”%°! If PIP, presents the same
conformation as PI, its polar head should be aligned with its hydrophobic tails and present a
straight global orientation. This potentially cylindrical arrangement coupled with the large size
and very polar head group of PIP, implies that it may extend further into the aqueous
environment than other phospholipids.>?

1.2.2. Charge of PIP;

Pl derivatives (PIP, PIP,, PIP3) are phosphorylated at the inositol hydroxyl groups, and thus have
several negative charges. The other negatively charged lipids of the plasma membrane bear
only one charge, as it is the case for PS, the main negatively charged lipid of the plasma
membrane. This confers very specific interaction properties to phosphorylated Pls. pKa values
of the phosphate at positions 4 and 5 were found to be at 6.7 and 7.7, respectively.> Thus PIP,
can have 3 to 5 charges at physiological pH,>* as depicted on Figure 17. Besides, PIP, charge
depends on several factors such as local pH and interactions with proteins. Presence of salts
can also affect its number of charges.
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Figure 17. PIP; number of charges.

1.2.3. PI(4,5)P; localization and lateral organization in the plasma membrane

PIP; is a minor negatively charged phospholipid of the plasma membrane. PI(4,5)P, represents
more than 99% of the doubly phosphorylated Pls,>* and about 1% of phospholipids of the
plasma membrane of human erythrocytes.>? Known to be an inner leaflet phospholipid, it also
has a significant fraction localized in the outer layer of the membrane (~20% of total PIP;)?3°>
(Figure 8).

Although it is present in low amounts in the plasma membrane, PIP; is implied in many cell
functions. This can be explained by its peculiar distribution in the membrane. Indeed, it is not
distributed uniformly and may be localized in raft domains. Specialized lipid domains rich in
sphingolipids and cholesterol have been reported to concentrate PIP,, up to half of the
membrane PIP; would be localized in these domains, the same domains where caveolin is
gathered.”® These PIP;-enriched sites coordinate membrane fission and fusion processes,
which are spatially localized events involving the actin cytoskeleton. PIP;-enriched sites are also
closely involved in membrane movement.>’

Sequestration of PIP, in these domains can occur either through localized synthesis of PIP; or
through PIP, binding to clustering proteins. Experimentally, localization of PIP, pools can be
achieved using Pls-binding domains labelled with green fluorescent protein (GFP).>® The
pleckstrin homology (PH) domain is able to bind to PI(4,5)P,, PI(3,4,5)P3 or PI(3,4)P,. Like other
lipid-binding proteins, the PH domain anchors to the plasma membrane via specific interactions
with inositide polar head groups asillustrated on Figure 18. In addition, other interactions could
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contribute to the PH domain localization at the plasma membrane: insertion of hydrophobic
residues in the lipid bilayer and electrostatic interactions with other acidic phospholipids.

Ptdins(4,5)P,

PH domain

Figure 18. Anchoring of isolated pleckstrin homology (PH) (or other lipid-binding) domains to
cellular membranes by inositide-specific interactions.>®

Pls signaling are thought to be implicated in the cytoskeletal organization and modulate actin
filaments assembly. Thanks to GFP probes, Pls pools dynamic concentration gradient or
segregated domains could be correlated to activity of cellular functions. The PH domain of the
phospholipase C delta (PLC?) bound to a GFP was localized in actin-rich structures of the
membrane and in cell peripheral protrusions in fibroblasts.®® PIP; has also been localized,
together with PI(4)P 5-kinase and F-actin, at sites of phagocytosis, which requires transient
remodeling of the actin cytoskeleton.®°

Another method using PI(4,5)P, antibodies have been used to detect discontinuous,
nanodomains of clustered PI(4,5)P,. PIP; clusters co-localized with PIP,-binding proteins
GAP43, myristoylated alanine-rich C kinase substrate (MARCKS) protein and CAP23 (GMC),
probably in cholesterol-rich raft-like domains.®*

Finally, branched actin networks anchored to membrane in PIP,-enriched domains has been
evidenced using giant unilamellar vesicles (GUVs) observed in fluorescence microscopy.®? Actin
stress fibers were reported to induce spatial rearrangement in the lipid membrane,
polymerization triggering lipid partitioning in initially homogenous liposomes. This behavior
was found to depend only on the PIP,-N-WASP interaction linking the actin network to the
membrane (Figure 19).
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Figure 19. Assembly of actin networks on phase-separated GUVs. (A) Illustration of
membrane-associated actin on a GUV (only the outer phospholipid bilayer is shown, not
drawn to scale). The lipid PIP, (in red), which binds to N-WASP (in blue) and then activates the
Arp2/3 complex (in yellow) to initiate growth of a dendritic actin network at the surface of the
vesicle. (B) Phase-separated vesicle with membrane-associated actin. (i) Optical phase
contrast image showing the outline of the vesicle and phase-dense actin network. (ii)
Epifluorescence image of fluo-DOPE that labels the Ly domain. (iii) Epifluorescence image of
BODIPY TMR PIP; showing localization of PIP, within the Ly domain. (iv) Overlay of fluo-DOPE,
TMR-PIP,, and optical phase contrast (optical phase-dense object is pseudo-colored in blue)
images showing colocalization of the actin network on the Ly domain. Scale bars are 10 mm.

Figure and legend adapted from 2.

1.2.4. PI(4,5)P;, physiological functions

PIP, is an important signaling molecule in the membrane for the regulation of vesicle exo- and
endocytosis and the modulation of the actin cytoskeleton organization.®¥%* |t is involved in
various cell functions of whom major ones are depicted in Figure 20.

( Binding site for PH
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Cytoskeletal A
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Actin-binding
proteins

Figure 20. Functions of PIP,. Adapted from ©°.

PIP, produces 3 second messengers, is responsible of many ion channels and enzymes
activation, is an effector of actin polymerization and anchors proteins to the membrane. Pls are
implied in the structural functions such as membrane budding and fusion.?’
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Pls in general are strongly involved in membrane transport and are effectors of
translocation.®®®” For example, PIsP located at the external leaflet mediates the internalization
of pathogen effectors in plant and animal.®® PI(4,5)P; is an actor of membrane trafficking. It has
a role in vesicle exocytosis, endocytosis and motility as illustrated in Figure 21.°7%° The ARF
protein recruits Pl kinases and synthesis of PIP; is supported by phospholipase D at localized
sites of the membrane where PI(4,5)P, would be clustered in nanodomains and may form sites
where exocytosis can occur (Figure 21a). After membrane fusion, PIP,-rich nanodomains recruit
proteins required for clathrin-mediated endocytosis like for instance dynamin. Actin filaments
association could help the membrane invagination involving profilin and syndapin, while
pinocytosis and non-clathrin-mediated endocytosis would only depend on actin polymerization
without coat recruitment (Figure 21b). PIP,-rich vesicles, activated by the WASP protein, would
then promote an actin organization in “comet tail” to push the vesicle away from the
membrane to the cytosol (Figure 21c). Finally, PIP, dephosphorylation by phosphatases such as
synaptojanin would allow the vesicles uncoating and dissociation of the actin comet tail
structure (Figure 21d).>’
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Figure 21. Possible roles for PI(4,5)P2 in vesicle exocytosis, endocytosis and motility.>’

PIP, signaling is also important for cell polarity and plays a role in cells motility and migration.
Cell migration relies on the coordination of actin cytoskeleton dynamics and vesicular traffic to
recruit and move the implicated proteins toward the location of migration. PIP;, as a signaling
molecule, would be implicated in the regulation of cell polarity.®°

The reasons why PIP; is implied in so many cell functions are still subject to query but its ability
to form clusters might be a good explanation for its versatility.”® Spatial segregation can indeed
be generated through electrostatic binding with proteins.®> This process is regulated by
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cytoplasmic calcium local concentration. Some natively unfolded proteins containing cationic
regions bind PIP; and release it if local Ca?* concentration increases.

1.3.  PI(4,5)P, binding with proteins

Several cationic/aromatic domains are able to bind PIP; and serve proteins anchoring to the
membrane. In this way, the PH domain and other domains anchor phospholipase C delta (PLC?),
C1 and C2 domains anchor protein kinase C (PKC). In these cases, PIP, serves as a passive
membrane anchor.”? Domains binding PIP, can be structurally diverse.

The example of the domain PH-PLC? binding to the inositol triphosphate 1(1,4,5)Ps is illustrated
on Figure 22. It binds 7 amino acids through direct hydrogen bonds. In particular, Lys 30 and
Lys 57 appear to clamp the phosphate groups 4 and 5 in the binding pocket, each lysine binding
with both phosphate groups.’?
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Figure 22. The I(1,4,5)P3-Binding site on the PH-PLC® domain. Adapted from 7.

The PH-PLC® domain is known to have high specificity and affinity for PIP,, sufficiently to anchor
the protein to the membrane.’? Its affinity for PIP, was measured by calorimetry, using PC/PIP;
liposomes. It binds PIP2 with a Kg = 2 pM.” It has to be noted that the PH-PLC® domain binds
10-times more strongly to IP3 than to PIP,.%?

It seems that the specificity is closely related to the ability of the protein to form a structured
domain. Such structured domains able to bind specifically PIP; are found in other anchored
proteins like the epsin N-terminal homology (ENTH) domain, the binding domain of the clathrin
assembly lymphoid myeloid leukemia (CALM) protein, or the 4.1 protein ezrin/radixin/moesin
(FERM) domain. Epsin and CALM are proteins that regulate the clathrin network formation,
necessary for endocytosis.”””’4 Proteins from the ERM family are, for their part, implicated in
binding the actin filaments to the plasma membrane through interactions with CD44 for
instance.
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PIP, can bind with less specificity to unstructured small molecules such as neomycin or the
peptide sequence corresponding MARCKS effector domain, both showing no specificity to
PI(3,4)P; or PI(4,5)P,.52

1.4. Model membranes to study peptide-lipid interactions

Simplified lipid systems modelling the membrane have been needed to better understand the
complex biological processes occurring at the plasma membrane. Studying of membrane
properties, structure and functioning have pushed the development of such biomimetic
systems. They can be used to assess interactions between the lipid bilayer and membrane-
active molecules, like peptides or drugs, or lipid organization and dynamics, for instance. Many
model membranes exist, and they all have their advantages and drawbacks. The most common
ones are lipid monolayers, micelles, planar lipid bilayers and liposomes.*®

Lipid monolayers allow to detect membrane insertion of diverse amphipathic compounds for
studying protein-lipid, drug-lipid or lipid-lipid interactions at the molecular level.!®7>76
However, the most important limit is they are composed of only one layer of lipids, which
represents a big difference with the plasma membrane bilayer organization.

Micelles and bicelles are the smallest objects mimicking the plasma membrane. Due to their
small size, they are particularly adapted to the NMR structural studies, where the use of larger
model systems is not possible. However, due to their small size, they have a high degree of
curvature compared to the one of the plasma membrane, whose local curvature is negligible.
Moreover, detergents and other molecules composing micelles are far from the lipid
composition of the plasma membrane.

Supported lipid bilayers preparation is quite easy and they are very stable models. A nice
advantage of this model is that it can be easily characterized by various surface techniques as
it is deposited on a solid surface and not in suspension like vesicles. Stability and rigidity of this
model allow its use for microscopy measurement like atomic force microscopy (AFM) or
fluorescence microscopy to image lipid phase partitioning induced by interactions with proteins
or other molecules, for instance. Evanescent field techniques like surface plasmon resonance
(SPR) or total internal reflection fluorescence microscopy (TIRF) also require such a rigidly-
supported bilayer.”’

It is very important to pick the right model according to the kind of experiment pursued. Also,
it can be noted that some of these model membranes can be adapted to some specific
interaction studies. For instance, the actin cytoskeleton can be reconstituted in unilamellar
liposomes or on supported lipid bilayers by using cytosol extracts to observe its behavior and
interactions with lipid membranes.”® In this work, liposomes have been chosen for their
numerous advantages for the study of membranotropic peptide effect on thermotropic phase
behavior of model membranes by calorimetry measurements, binding affinity studies using
fluorescence and even identification of interactions peptide-lipid at the molecular level by
photo-cross-linking coupled to MS. When possible, multilamellar vesicles (MLVs) are chosen
due to their ease of preparation. In the case of fluorescence experiments, large unilamellar
vesicles (LUVs) have been chosen for their low light scattering effects compared to MLVs and
for their low curvature compared to small unilamellar vesicles (SUVs).
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Liposomes or lipid vesicles are the mostly used model membranes for studying membrane
phase behavior and processes. They are in suspension in an aqueous buffer and form spherical
lipid bilayers entrapping an aqueous volume. Their lipid composition can be easily controlled,
and they can be made of single lipid component or mixture of different types of lipids. Unlike
lipid monolayers, their organization in two lipid leaflets better reflects the plasma membrane
complexity. The different types of liposome structures are illustrated on Figure 23 and

described below.
MLV GUV

LUV SuUvV
600000000 500nm—1pum >1um 100-500 nm <50 nm

Figure 23. The different types of liposomes and their size.

MULTI-LAMELLAR VESICLES (MLVS)

MLVs are made by hydrating under vigorous stirring a dried lipid film above its phase transition
temperature. They are composed of several concentric spheres of lipid bilayers spaced by water
molecules and their diameter is usually between 500 nm to 1 um. They are the easiest
liposomes to prepare and their size is close to the one of a cell. They are used for biophysical
studies on the membrane lipids organization and dynamic. However, their size distribution in a
single suspension is wide, it is not possible to control their lamellar degree and only a small
amount of the total lipid composing the MLV (about 10%) is located at the outermost layer.
Also, their internal agueous volume is relatively small in proportion to the quantity of lipids they
are composed of.

UNILAMELLAR VESICLES

Unilamellar vesicles are defined by a single lipid bilayer. There are various types depending on
their size: small unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs) and giant
unilamellar vesicles (GUVs). Giant plasma membrane vesicles (GPMVs) are a particular type of
unilamellar vesicles as they have a lipid composition very close to the one of the plasma
membrane. The vesicles size determines specific parameters such as the lipid ratio between
the two monolayers, the trapped volume of the enclosed aqueous solution, the number of
phospholipid molecules per vesicle and the number of vesicles formed per quantity of lipids.
These parameters are compared in Table 4 for SUVs of 25 nm size and for LUVs of 100 and 500
nm of diameter. Another important parameter that is related to the size of vesicle is the
membrane curvature, which is clearly represented by the lipid ratio inner/outer monolayers.
This ratio is low in small objects due to packing constrains in the bilayer.
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Table 4. Some characteristics of SUVs (25 nm) LUVs (100 nm and 500 nm diameter). The
calculations were made assuming a bilayer thickness of 4 nm and a surface area per

phospholipid molecule of 0.6 nm?.1®
Inner
Diameter monolayer/Outer Trapped Number.of Number of
(hm) monolayer (mole volume phospholipid vesicles/umol of
ratio) (uL/pmol) molecules/vesicle lipids
25 0.46 0.3 4.8 x 103 1.3 x10%
100 0.85 2.5 9.7 x10% 6.2 x 1012
500 0.97 15 2.6 x10° 2.3x 101

SMALL UNILAMELLAR VESICLES (SUVS)

SUVs can be obtained by MLVs sonication. SUVs usually display a mean diameter of 25 to 50
nm. Due to their very small size, their membrane curvature is very high and their internal
volume is lowered (Table 4), which prevents the use of SUVs for permeability studies. The lipid
ratio in the outer layer over the inner layer can be up to 2:1. Lipids physical properties in such
packing restrictions also limit the use of SUVs.

LARGE UNILAMELLAR VESICLES (LUVS)

LUVs show a larger diameter than SUVs and their ratio of lipids in the two monolayers is closer
to 1:1. By this, they represent a better mimic for biological membranes. They are often chosen
for spectroscopic studies as they induce little light diffusion compared to MLVs. The most
common way to produce LUVs is to use an MLVs suspension. MLVs are subjected to several
freeze-thaw cycles and extruded through a membrane of defined pore size to form LUVs at the
chosen diameter. Size of LUVs varies from 100 to 500 nm. Moreover, there are methods to
produce asymmetric LUVs, which are even better mimics for the plasma membrane.’?8°

GIANT UNILAMELLAR VESICLES (GUVS)

Due to their large size, that ranges from 1 up to 100 um, GUVs can be directly observed by
optical microscopy. They are usually visualized in fluorescence or confocal microscopy to study
molecular interactions with lipids.®* Their size is very close to the size of cells. They can be
obtained by two methods: the gentle hydration method or the electro formation method. The
later allows the formation of higher yields of GUVs with low size distribution but is not
compatible with high negatively charged lipids composition.8283 It consists in hydrating a dried
lipid film above the phase transition temperature in presence of an electrical field. The gentle
hydration method implies hydrating a dried lipid film above the phase transition temperature
for a long time, about 36 h.

GIANT PLASMA MEMBRANE VESICLES (GPMVS)

GPMVs are derived directly from biological cells and thus have the same lipid composition as
the plasma membrane. They contain the cell cytosol without the organelles and the actin
cytoskeleton. Their size is comparable to the one of GUVs and sphingolipid and cholesterol rich
domains can be observed in these models.®* However, lipid membrane asymmetry is not
conserved. GPMVs can be generated by several chemical treatments to obtain cell-attached
GPMVs or cell-free GPMVs.2> The most commonly used method to form cell-free GPMVs
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consists in treating the cells with paraformaldehyde and DTT to induce plasma membrane
vesiculation. An alternative method replaces paraformaldehyde and DTT by N-ethylmaleimide,
known to induce GPMV formation.8>8¢

The cell membrane is a complex biological system. It is dynamic and diverse cell processes take
place within or around it. The understanding of all aspects of these processes is only starting.
Thanks to the use of model membranes, interactions of exogenous molecules with the plasma
membrane can be studied at the molecular level. Membranotropic peptides, and among them
CPPs, are an example of membrane-active molecules. In the next section, the CPP Penetratin,
able to cross the cell membrane, will be presented and its internalization pathway will be
discussed. Finally, an emphasis will be done on the Penetratin specific interaction partners
involved in the cellular uptake.
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2. The cell-penetrating peptide Penetratin

CPPs are short amino acid (AA) sequences (4-40 AAs) able to enter in cells through endocytosis
and/or various translocation mechanisms (Figure 24). They are able to deliver biologically active
molecules named cargoes such as nucleic acids, proteins, RNA, nanosized particles, drugs or
diagnostic molecules, linked covalently, generally via disulfide bonds, or by complexation, in
cells and tissues. They are also named “Trojan peptides” or protein translocation domains
(PTDs). Such tools could be very helpful for drug delivery, gene therapy, cancer cells targeting
and for biotechnological applications such as the study of intracellular processes. However, the
CPP uptake mechanisms are still not clear and vary from one CPP sequence to another.

Figure 24. Microscope image of CPP Penetratin labelled with Alexa 488 internalized in CHO-K1
cells.

The first report of a protein able to undergo cell internalization was published in 1988 by two
unrelated papers, for the HIV Tat protein.8”# It was followed in 1991 by the evidence of the
ability to internalize of the 60 AAs Antennapedia homeodomain.®° In 1994, it was reported that
a short peptide sequence of 16 AAs, pAntp(43-58), called Penetratin, was responsible of this
translocation.’® These advancements set the ground for a new area of research in therapeutic
delivery.

Since the first CPPs have been discovered, a lot of new sequences have been added to the CPP
family, up to over 1800 sequences, which are reported in the CPPsite 2.0 database.”* All
peptides of the CPP family are able to enter in cells but they can differ by several factors such
as interaction partners at the plasma membrane, internalization mechanisms and generated
cellular responses. Although their mechanism of entry is still not clear, numerous CPPs are
being evaluated in preclinical and clinical trials. They constitute promising drug delivery systems
by their low cell cytotoxicity and intracellular targeting.®? One of the obstacles for CPP-cargo
conjugates delivery and subsequent biological activity is the availability in the cytosol, often
prevented by trapping of the cargo in endosomes.”®> Another limit for CPP application as
therapeutic delivery is their lack of cell type specificity.

Besides, some CPPs are also antimicrobial peptides (AMPs). It is the case of Penetratin, which
has a potent antimicrobial activity, showing a minimal inhibitory concentration (MIC) of 0.5 to
4 uM, although it does not exhibit any cytotoxicity against eukaryotic cells.®*
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In general, CPPs show little similarity in their sequence. Most of them are built with L-AAs (80%)
and are linear peptides.® CPPs can be classified based on their origin (protein-derived, chimeric
and synthetic) or based on their physicochemical properties. The later classification will be
described in this section, as physicochemical properties describe better the interactions of
these peptides with membrane partners and their effects on the cell.

2.1. Penetratin sequence and structure

Homeoproteins are DNA-binding proteins of the large family of transcription factors, implied in
various morphological cell processes. Their DNA-binding segment, named the homeodomain,
is highly conserved among homeoproteins of living species in general and is composed of 60
AAs arranged in three a-helices. The third helix is specific of DNA targeting recognition. It is
separated from the helix 2 by a B turn.®®

The Penetratin CPP is derived from the Antennapedia homeodomain, coming from Drosophila,
and corresponds to its third a-helix. It corresponds to a short peptide sequence of 16 AAs,
pAntp(43-58), responsible of the protein translocation. Its complete sequence is:
RQIKIWFQNRRMKWKK. This peptide is able to internalize in cells at 37 and 4 °C, is released in
the cytoplasm, and accumulates in the cell nucleus. Internalization studies with shorter versions
of this sequence, i.e. N-term or C-term deletions, showed that this sequence is necessary and
sufficient for the cell uptake.®®

Like many other CPPs, Penetratin has a high content in basic AA residues. It also presents two
tryptophan residues which are necessary for the cellular uptake.®® Interestingly, tryptophan 48
and Phenylalanine 49 are very well conserved in all the homeodomain sequences, and are
important for the homeodomains structure.®’

In aqueous solvent, Penetratin was suggested to adopt a random coil configuration as no
evidence of a clear structure was observed by circular dichroism (CD) studies.®® Another paper
based on CD experiments reports the presence of a mixture of structural conformations and a
low level of secondary structures.®® NMR experiments allow to define more precisely the
peptide behavior. Actually, the edges of the sequence would indeed be observed as random
coil, but the center of the sequence would be found in a short a-helical structure,'® as
illustrated on Figure 25.

ARG 43

TRP 48

Figure 25. Penetratin a-helix structure in solution, AAs in 3-letters code. Adapted from 100,
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Interaction with negatively charged lipids gives rise to a clear structuration of the peptide. In
presence of negatively charged lipids, an amphipathic a-helical structure is observed for low
lipid to peptide ratios or a B-sheet structure for higher ratios.®

2.2. CPP classification by physicochemical properties

The charge, hydrophobicity and their distribution in the peptide sequence are the main
characteristics used to classify the CPPs by physicochemical properties. They will thus be
grouped as cationic, amphipathic and hydrophobic CPPs. This classification is well correlated
with the advancements made on their uptake mechanism.1°%102 A majority of CPPs are
positively charged at physiological pH (83%), while anionic CPPs are very few and are usually
assigned to the other CPP groups individually.'® Table 5 shows some examples of CPP
sequences classified according to their physicochemical properties.

Table 5. Examples of CPPs classified according to physicochemical properties. Penetratin is
highlighted in bold. Adapted from 041> 2N natural, C chimeric, S synthetic.

Type Name Peptide sequence Origin® Ref.
Amphipathic Transportan GWTLNSAGYLLGKINLKALAALAKKIL C 106
Pep-1 KETWWETWWTEWSQPKKKRKYV C 107
MPG GALFLGFLGAAGSTMGAWSQPKSKRKV C 108
(R/W)o RRWWRRWRR S 109
MAP (Model Amphipathic Peptide) KLALKLALKALKAALKLA S 110
pVEC LLILRRRIRKQAHAHSK N 1
ARF (1-22) MVRRFLVTLRIRRACGPPRVRV N 112
Cationic HIV-1 Tat protein, Tat(49-57) RKKRRQRRR N 13
Penetratin, pAntp(43-58) RQIKIWFQNRRMKWKK N 90

Polyarginine (R)n;n=6-12 S 114,115
Engrailed-2 SQIKIWFQNKRAKIKK N 116
Hydrophobic C105Y CSIPPEVKFNKPFVYLI N 17
Pep-7 SDLWEMMMVSLACQY S 118
Anionic p28, Azurin(50-77) LSTAADMQGVVTDGMASGLDKDYLKPDD N 119
PepNeg SGTQEEY S 120

2.2.1. Cationic CPPs

The cationic group includes strongly positively charged CPPs at physiological pH. In order to
differentiate hydrophobic and amphipathic CPPs from the cationic ones, a CPP is considered
cationic only if it presents a continuous stretch of basic residues that is essential for the peptide
internalization, and if it does not form by folding to an amphipathic a-helix conformation.%°

The first CPP discovered is cationic. Tat(49-57) is derived from the human immunodeficiency
virus-1 (HIV-1) protein Tat and its sequence (RKKRRQRRR) contains 8 basic residues. It has been
shown by studies on arginine-based peptides composed of 3 to 12 residues that this number
of charge is the minimal to induce efficient cell uptake!'# and that increasing the amount of
arginine residues enhances the cellular uptake level. However, increasing the amount of basic
residues also increases side effects like cytotoxicity and strong and irreversible interactions with
the plasma membrane, which above 10 arginine residues diminishes the internalization
efficiency. Arginine residues contribute to a higher extent to cellular uptake compared to lysine
residues.??1122 | ysine-based peptides show poor internalization properties. This is explained by
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the ability of the arginine guanidine moiety to form bidentate hydrogen bonds with negatively
charged interaction partners of the cell membrane,'?® which can present carboxylic, sulfate or
phosphate groups, as depicted on Figure 26. This particular binding would be of great
importance for the cationic CPPs cellular uptake at physiological pH.1*>124125 As |lysine residues
do not present a guanidine group, the ability of lysine-based peptides to cross the cell
membrane is lowered.

Basic residues are necessary but not always sufficient for internalization of cationic CPPs. The
example of Penetratin demonstrates that other type of AAs can be essential. For this CPP,
tryptophans play an important role in the cell uptake. It was shown that the two tryptophans
of the Penetratin sequence are crucial for the cellular uptake and that replacement of the
Penetratin W56 by a phenylalanine completely inhibits its internalization qualities.1?6-128
Tryptophans also contribute significantly to cellular uptake of other cationic CPPs and they are
essential for the internalization of CPPs containing less than 8 basic AAs.12%130
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Figure 26. Favorable hydrogen bonds of the guanidinium group of arginine with phosphate,
sulfate and carboxylate groups of the cell membrane.3!

Polycationic stretches are often found in DNA-, RNA- and heparan-binding proteins coming
from all kinds of organisms, which thus represent a wide source of cationic CPPs. An important
group of cationic CPPs are protein-derived from homeodomains, like for instance Penetratin,

Engrailed, oligo-arginines.'3?

2.2.2. Amphipathic CPPs

The amphipathic CPPs group is the most numerous, contributing to over 40% of the known CPP
sequences and also include some anionic peptides.'®® They contain both hydrophilic and
hydrophobic regions of AAs, generally forming two faces. The hydrophilic face is composed of
lysines and arginines, while the hydrophobic face presents hydrophobic residues such as valine,
leucine, isoleucine, and alanine.®? Amphipathic CPPs can be classified into different groups,
depending on their sequence, secondary structure and association with lipids®?: primary,

secondary a-helical, secondary B-sheet and proline-rich amphipathic CPPs.1%3
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PRIMARY AMPHIPATHIC CPPS

In primary amphipathic CPPs, the two faces can exist either in the primary structure (MPG, Pep-
1), or in a stable a-helix structure (Transportan). In general, they are longer than cationic or
secondary amphipathic CPPs, composed of over 20 AAs, so that they can extend through the
hydrophobic core of a lipid membrane. They interact strongly with neutral or anionic bilayers
and could disturb the lipid membrane organization.*

SECONDARY AMPHIPATHIC CPPS

Secondary are generally shorter than primary amphipathic CPPs. They interact with anionic
membranes, but not with neutral bilayers. They do not insert deeply in the membrane and thus
disturb less the lipid membrane organization.

The secondary amphipathic CPPs are unfolded in solution. They take their amphipathic
character by folding upon interaction with anionic molecules like negatively charged membrane
lipids or GAGs.2°1 Many peptides and proteins that bind to lipid membranes are amphipathic a-
helices, with two separated faces composed of hydrophobic AAs and hydrophilic AAs (cationic,
anionic or polar). Thus, we can visualize their amphipathicity on helical wheel projections of the
CPPs, as shown on Figure 27.

PreS2-TLM SG3
Drug Discovery Today

Figure 27. The helical wheel representation highlights peptide amphipathicity, with longer
vector indicating a larger amphipathic moment. Amino acids are colored by amino acid class
(yellow: hydrophobic; grey: apolar; purple: polar; blue: positively charged; red: negatively
charged; green: proline).1%

Most of the amphipathic CPPs are cationic but their translocation abilities would be attributed
to their amphipathic character more than to their positive charge. Several studies have been
trying to predict CPP a-helical sequences by elucidation of the number of helix turns needed,
peptide length, AAs degree of hydrophobicity or amphipathic moment but there is still no
evidence of a reliable prediction model.1%

SECONDARY B-SHEET AMPHIPATHIC CPPS

B-sheet amphipathic CPPs arrange in a B-sheet structure when in contact with a lipid
membrane. Like for a-helical amphipathic CPPs, they present one hydrophobic and one
hydrophilic regions of AAs. This B-sheet structure is essential for their cell penetration.33

PROLINE-RICH AMPHIPATHIC CPPS
Proline-rich amphipathic CPPs are a specific subgroup of amphipathic CPPs. Proline has very
unique properties compared to the other 20 natural AAs:
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e Itisveryrigid due to its pyrrolidine ring;

e [t cannot stabilize an a-helix or B-sheet secondary structure through hydrogen bonds
due to the lack of a hydrogen on its a amino group, as it displays a tertiary nitrogen,
unlike other AAs that present secondary nitrogen in their lateral chain;

e When abundant in a peptide sequence, it can form a typical secondary helical structure
in water, polyproline Il (PPIl), a left-handed helix of 3.0 residues per turn (standard a-
helix is a right-handed helix of 3.6 residues per turn)

2.2.3. Hydrophobic CPPs

The hydrophobic CPPs group is the least represented among all CPP groups; it represents only
15% of the CPPs.1% They comprise either uniquely non polar residues or very few charged AAs.
These hydrophobic sequences have high affinity for the hydrophobic core of the plasma
membrane, and that is probably crucial for their cell uptake. Hydrophobic CPPs have been
discovered after cationic and amphipathic CPPs, which explains why there are only a limited
number. As a consequence, their internalization pathways have been little investigated.
Nevertheless, these CPPs could translocate through lipid bilayers via energy-independent
pathways, thus contrasting with the other CPP groups internalization pathways.!3* The
advantages of a direct translocation are that the peptide is immediately available in the cytosol,
without any risk of endosomal entrapment or degradation. Some hydrophobic CPPs are based
on natural AAs, such as the anionic and cationic BIP pentapeptides, the C105Y peptide, and its
C-term cell-penetrating portion PFVYLI, and the Pep-7 peptide. Unlike cationic and amphipathic
CPPs, scrambling the linear sequences of BIP pentapeptides or of the PFVYLI peptide does not
significantly affect their internalization properties.'3> Hydrophobic CPPs also include peptides
that are chemically modified by stapling to stabilize o-helices™®, prenylation to favor
membrane interactions®*’ or by forming pepducins that are CPPs able to bind to the cytosolic
part of various transmembrane proteins like G proteins and thus remain anchored to the
plasma membrane, where they can modulate receptor signal transduction.38

It can be noted that this classification is not resolute and the assignment of a CPP to one or
another group sometimes vary from one paper to another. Also, some peptides are difficult to
classify following this physicochemical classification, due to their secondary structure
polymorphism. It is the case of Penetratin, classified here as a cationic peptide. In agqueous
solvent, it is poorly structured, upon interaction with negatively charged lipids, it adopts an
amphipathic a-helical structure for low lipid to peptide ratios or a B-sheet structure for higher
ratios.?® In the case of Penetratin, the evidence that the a-helical structure is not mandatory
for its cell uptake®3® supports its classification as a cationic peptide.

2.3. Cell entry mechanisms

CPPs have been discovered 30 years ago and many investigations have been focused on their
internalization mechanisms. However, the way CPPs cross the plasma membrane and enter in
cells are still unclear. Difficulties arise from the fact that CPPs have very wide physicochemical
properties, size, structure or nature of cargo, leading to different behavior and efficiency of cell
uptake.'® In particular, CPPs are able to exploit various routes to cross the plasma membrane
and one CPP can use several routes concomitantly. The proportions of contribution of direct
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translocation and endocytosis vary according to various factors such as the CPP sequence,* the
CPP concentration, the cell type and the cellular differentiation state.*! The various entry
routes belong to two main categories: direct translocation (or direct penetration), an energy-
independent pathway, and the energy-dependent endocytosis pathways (developed in the
Chapter The plasma membrane, paragraph 1.1.2.). Figure 28 represents how wide are the CPPs
entry mechanisms, involving these two main routes.
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Figure 28. lllustration of the probable CPPs internalization pathways. Direct translocation
mechanisms are energy-independent processes including insertion of CPPs through pore
formation and membrane destabilization in a carpet-like model or by inverted micelle
formation. Endocytosis pathways are energy-dependent mechanisms.#2

The evidence of the CPP penetration in cells at 4°C and 37°C strongly suggests that Penetratin
is internalized by a receptor-independent mechanism.**° Cell internalization being decreased
at low temperatures, but not abolished, showed in addition that both direct translocation and
endocytosis pathways are used concomitantly by the peptide to enter cells. Furthermore,
introducing 1 to 3 proline residues does not affect the peptide internalization efficiency,
demonstrating that the a-helical structure is not crucial for the cell uptake. Using Penetratin
analogues composed of D-enantiomer residues or composed of the same 6-AAs positioned in
the reversed order confirmed that no chiral receptor is implied in the internalization pathway
of the CPP. This method allows to modify the a-helix orientation without modifying the
amphipathic properties of the peptide. The same study showed as well that the Penetratin
uptake is very unlikely to imply a pore formation by an a-helical conformation of the peptide.
The inverted-micelle model for this peptide internalization is supported by several reasons.
Pinocytosis, which is a receptor-independent pathway is not favored as endocytosis structures
are not observed at the membrane.

2.3.1. Direct translocation

As it is an energy independent pathway, direct translocation can happen at low temperatures.
It can also occur in the presence of endocytosis inhibitors. It entails multiple models of entry
such as inverted micelles, electroporation-like model, carpet model, counterion model and
other types of membrane destabilization like the ephemeral pore-like or tubule formation. In
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general, these various mechanisms are initiated by interactions of the positively charged CPPs
with negatively charged membrane partners like phospholipids or the glycocalyx, which are the
first membrane components that the CPPs encounter before crossing the cell membrane.

INVERTED MICELLES MODEL

The inverted-micelle (or hexagonal phase IlI) model was proposed in 1996 by Derossi et al.'3°
(Figure 29) as a potential mechanism for the Penetratin internalization. Tryptophans, which are
inducers of inverted-micelles,** were found to be necessary for the cellular uptake.®® Finally,
phosphore NMR studies showed that replacing tryptophans by phenylalanine residues in the
Penetratin sequence prevents its ability to generate formation of hexagonal phases in
phospholipids.14

Transporting hydrophilic reagents into live cells
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Figure 29. The inverted micelles/hexagonal phase Il model, based on the known biological
properties of Penetratin (i.e. no chiral receptor and internalization at 4°C) and on 3P NMR

studies.®

This inverted-micelle mechanism is based on the encapsulation of the CPP within an
invagination of the phospholipid bilayer.1* The CPP is then released from the micelle to the
cytosol by inversion. It is probable that electrostatic interactions between the CPP and the lipid
membrane induces a change in the peptide conformation leading to the modification of the
membrane physicochemical properties.4°

The mechanism is depicted in Figure 29. The cationic CPP would first lie at the negatively
charged surface of the plasma membrane and destabilization of the membrane through
curvature modification would then be induced by a tryptophan residue (tryptophan 48 in the
case of Penetratin), forming an inverted-micelle. The later would then open to the other side
of the membrane.?®
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ELECTROPORATION-LIKE MODEL

The electroporation-like model is based on the transient existence of a transmembrane
electrical field engendered by the asymmetrical distribution of the basic CPP located at the
outer layer of the cell membrane. This would modify the transmembrane organization and
impact its curvature until a point where the internalization would be triggered by ephemeral
structures of inverted curvature in the membrane. This model has been proposed to explain
the Penetratin cell uptake.'*’

COUNTERION MODEL

The counterion model implies a local charge neutralization of guanidinium groups and was
proposed to describe the cellular uptake mechanism of polyarginines.'*® Such basic CPPs
following non-endocytic pathways have to overcome a high energy barrier. In this model, the
translocation would be mediated by anion electrostatically bound to the guanidinium groups
of arginines via bidentate hydrogen bonds (see Figure 26). Polyarginines guanidinium groups
bind tightly to anionic counterions and can form thermodynamically stable complexes with
anionic molecules of the plasma membrane. Herein, it was demonstrated that poly- and
hexaarginine could be transferred from water to a hydrophobic solvent such as chloroform by
forming complexes with amphiphilic anions (SDS, egg vyolk PG, cholesterol sulfate,
pyrenebutyrate and stearate), which was not possible for polylysine.'*® Moreover, the same
study suggests that the same kind of complexes may contribute to the translocation of
guanidinium-rich peptides through lipid bilayers. A same kind of mechanism is proposed for
intracellular release from biomembranes, involving this time hydrophilic polyanions like
heparin.48

The counterion model is also envisaged in the case of arginine-rich CPPs such as Penetratin. It
was found by using water-octanol systems, that anionic phospholipids contribute to Penetratin
partitioning into the octanol phase. A Penetratin analogue with arginine residues replaced by
lysines shows considerable lower partition into octanol, while a Penetratin analogue enriched
in arginine residues exhibits the highest partitioning effect.’® These results also support the
counterion mechanism involving the guanidinium groups for cell internalization.

TRANSIENT PORE FORMATION
Transmembrane pore formation requires several CPP monomers to accumulate
perpendicularly to the plasma membrane in the case of barrel-stave or toroidal pore models or
organize in layer parallel to the membrane surface for the carpet-like model (Figure 30). These
models are particularly described in the case of AMPs for explaining bacterial cells killing as they
can lead to membrane leakage.

Barrel-stave model

The formation of transmembrane pores could be formed by aggregation of several amphipathic
CPP monomers. In the same way as transmembrane proteins, a-helical CPPs could associate
with their hydrophobic residues facing and interacting with the hydrophobic core of the
membrane, while their hydrophilic faces form the inside of the pore. This would engender an
aqueous pore for the CPPs to be internalized and enable the passage of the hydrophilic CPPs.14?
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Toroidal pore model

In this model, a transmembrane a-helical structure is also involved, but the hydrophilic and
positively charged section of the CPPs interact with the membrane phospholipid polar head
groups that go along the pore. They insert in the bilayer and provoke the membrane
rearrangement. In contrast with the barrel-stave model, the toroidal pore model does not imply
peptide-peptide interactions.'*> The toroidal pore model was suggested to explain the
internalization mechanism of the CPP Tat.?>+1>2

Carpet-like model

This model depicts the formation of a layer of peptide monomers lying parallel to the
membrane surface. This carpet-like arrangement of the CPPs is thought to disrupt the lipid
membrane packing, leading to slightly increased fluidity and membrane disruption.4?

Toroidal pore model .
Carpet-like model

Barel-stave model

oS

Figure 30. The transient pore formation models. Peptides hydrophilic regions are shown in
red, hydrophobic regions are in blue. Adapted from >3

An alternative model is proposed in the case of Penetratin translocation (Figure 31). Penetratin
monomers initially in unstructured random coil in solution would undergo a [B-turn
conformation upon association with negatively charged phospholipids at the membrane
surface (Figure 31a). Accumulation of the peptide monomers would lead to membrane thinning
and partial neutralization of the bilayer surface charge implying that other CPPs binding to the
membrane surface would become unfavorable. A transition to a-helical conformation of CPPs
allows transmembrane positioning of peptides via transient pore formation (Figure 31b) and
consequent translocation (Figure 31c).*>*
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Figure 31. Model for the Penetratin translocation proposed by Clayton et al.*>*
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2.3.2. Endocytosis

The endocytosis pathways are described in the previous section on the plasma membrane
(paragraph 1.1.4.). Depending on the CPP sequence and type of cargo, all endocytosis types
can be employed by CPPs: clathrin-dependent, caveolae-dependent, and caveolae- and
clathrin-independent endocytosis and macropinocytosis. Endocytosis pathways can be easily
distinguished from direct translocation as it involves the formation of vesicles and endosomes
at the internal membrane proximity. Thus, using a fluorescently-labelled CPP, endocytosis
pathways should result in a granular pattern as the peptide is trapped in the vesicles. As for
translocation, one should observe a uniform labelling of cells.1® However, both patterns can
be observed for the same CPP sequence, showing the versatility of the CPP internalization
mechanism. Various factors and environmental conditions influence these results: CPP
physicochemical properties, type of cargo, cell line and conditions (confluence, viability),
plasma membrane composition, extracellular environment, temperature, ionic strength and
pH.155

Although many studies have evidence direct translocation as a pathway for the Penetratin
internalization, there is no reason to put the endocytosis route aside. Recent studies have
revealed that the cellular uptake of Penetratin is a more complex process. In this process, GAGs
would be interaction partners of choice to induce Penetratin endocytosis, as it has been
demonstrated by experiments using GAG-deficient cells.* Penetratin internalization at 4°C (i.e.
direct translocation) was not hampered by the GAGs compositions of cells, while endocytic
pathways efficiency (observed at 37°C) were significantly decreased.

Recruitment of Penetratin at the cell surface by GAGs, which were found to promote peptide
aggregation and localized concentration,'®® would constitute a first recognition step before
ignition of the endocytosis process. In addition, the endosomal escape of Penetratin has been
interrogated by modelling in artificial vesicles.’®’ It demonstrated that Penetratin was able to
escape these endosome models, directed by a proton gradient. This also support the possibility
of existence of the endocytic route for Penetratin uptake.

2.3.3. Molecular interaction partners of Penetratin involved in direct translocation

CPPs can follow all endocytic routes as well as direct membrane translocation to internalize. As
mentioned earlier, contributions of these two internalization pathways vary according to the
cell line, peptide sequence, but also many environmental factors such as temperature, pH, etc.
In both types of pathway, the first step should lie in the CPP interaction with membrane
components extending to the extracellular matrix. They would recognize CPPs with various
affinity and selectivity according to their sequence. Internalization efficiency variability
according to the cell type and peptide sequence implicates that CPPs associate with various
interaction partners at the membrane surface.

The negatively charged lipids and carbohydrates are considered to be the first molecular
partners to be encountered by CPPs, which are mostly positively charged. Electrostatic
interactions between CPPs and these cell surface components are the first step for cellular
uptake mechanism.
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As explained in the previous paragraph, GAGs interactions are envisaged in the endocytic
pathways recognition step, but are not considered in the case of direct translocation
mechanism. The following section will be focused on the phospholipid interaction partners of
Penetratin, as it constitutes a prerequisite for the direct translocation pathway. Model
membranes are widely used to evaluate these interactions. Thus, the interaction of Penetratin
with negatively charged model membranes in general, and more specifically with liposomes,
will also be approached.

ZWITTERIONIC LIPIDS

Considering Penetratin interaction with zwitterionic lipid PC, results can lead to contradictory
conclusions depending on the technique used. Using isothermal titration calorimetry (ITC),*>®
electron spin resonance (ESR)™® or differential scanning calorimetry (DSC),'*> several studies
showed no interaction between Penetratin and zwitterionic membrane composed of DMPC,
POPC or DOPC vesicles. Other studies suggest that cationic CPPs could interact with both
anionic and zwitterionic lipids through bidentate hydrogen bonds between their arginine
moieties and the lipid phosphate groups.'*® Phosphorous NMR experiments performed using
the CPP Tat and DMPC vesicles also related a modification of the membrane organization upon
interaction with the cationic peptide.'® The presence of the peptide triggered the formation
of isotropic structures in DMPC bilayers, while this effect was not observed with anionic DMPG
vesicles. This structuration, presumably inverted-micelles, is attributed to interactions of the
peptide with the lipid head group, rather than to electrostatic interactions. Finally, DSC and ITC
experiments revealed that Penetratin interacts with DMPC liposomes in absence of salt, while
it shows no interaction effects in physiological buffer conditions.®** All together, these results
suggest that the Penetratin interaction with zwitterionic lipid PC is rather weak, and could only
be observed in particular in vitro conditions, that would not necessarily reflect the biological
ones.

Other lipids could also be important to consider in the peptide-membrane interaction. For
example, the zwitterionic lipid PE was found to have an effect on the Penetratin affinity for lipid
bilayers composed of egg PC. Its presence triggered the binding affinity of the peptide for the
liposomes.'®* As PE has a conical shape that induces a particular negative curvature in the
membrane, these results highlight the importance of the membrane state in the interaction.
Indeed, the membrane fluidity and curvature should also be a key factor when considering the
interactions peptide to membrane. This particular point will be further introduced and
discussed in the Part 2 of this manuscript.

NEGATIVELY CHARGED LIPIDS

Penetratin, as a cationic CPP, is strongly suspected to form electrostatic interactions with
anionic lipids of the plasma membrane through bidentate hydrogen bonds with the arginine
residues (Figure 26). Several papers have reported this kind of interactions in model
membranes composed of negatively charged lipids. The eukaryotic plasma membrane is
composed mainly of the zwitterionic phospholipid PC, but also contains anionic lipids in lower
amounts, such as PS or Pl derivatives. The PG lipid is also widely used in model membranes to
mimic anionic membranes, although it is mainly found in bacterial membranes. Consistence of
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this use is supported by the fact that many CPPs, including Penetratin, also show antimicrobial
activities, implying that they interact with bacterial membranes.®

Many studies have investigated the interaction of Penetratin with negatively charged model
membranes through various methods. It is now clearly admitted that Penetratin strongly
interacts with anionic lipids.>**® DSC experiments indicated that the peptide binds to the
anionic lipid DMPG, inducing modifications of the lipid headgroup tilting and of the bilayer
fluidity, suggesting peptide insertion between the hydrophobic chains.*#

The importance of anionic lipids as CPP interaction partners at the cell surface has been raised
by using in vitro experiments and model membranes. Considering the biological aspect, anionic
lipids are in minority in the plasma membrane. Also, they are mostly found at the internal
leaflet. Thus, significance of the interaction of Penetratin with negatively charged lipid to
explain the biological process of internalization can be questioned. The fact remains that some
of the negatively charged lipids are found also at the external leaflet. In addition, a hypothesis
consists in the ability of cationic peptides to recruit several anionic lipids and thus form enriched
negatively charged domains in the membrane.3! Recruitment of negatively charged lipids at
the cell surface would be a key factor for the CPP recognition step, before translocation can
occur. The CPP would accumulate in these domains and translocate in this favorable and very
localized region. Evidence of negatively charged lipids recruitment by cationic CPPs can be
found in the literature. Experiments of DSC showed that Penetratin could recruit cardiolipin
and that it induced partitioning in liposomes composed of DPPC and cardiolipin or PG lipids. 62

In particular, electrostatic sequestration of PIP, by cationic peptides has been
demonstrated.?®31%4 This point will be further discussed in section 3. of this introduction. More
generally, links that can be made between PIP; and Penetratin in the literature will be
highlighted.
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3. PIP2 and Penetratin internalization in the literature

3.1. Sequestration of PIP; by proteins basic binding-site or by basic peptides

As commented in section 1 of this introduction, PIP, clustering abilities are very likely to be a
key factor for its versatility of function and its implication in many cell processes. Apart from
localized synthesis of PIP, or PIP, binding to clustering proteins of the plasma membrane, the
PIP, concentration at localized sites of the membrane can be driven by interactions with other
partners, such as a membranotropic agents that can translocate through the plasma
membrane.

A concrete example is the one of the unconventional secretion of the Fibroblast Growth Factor
FGF2, whose vectorial translocation across the membrane is regulated by interactions with PIP;
and heparan sulfates on opposing sides of the membrane.® In particular, FGF2 is able to bind
simultaneously to several PIP,, through high affinity interaction with basic residues of its
binding pocket, including arginine and lysine residues. Atomistic molecular dynamics
simulations are pictured on Figure 32.

Figure 32. High-affinity orientation of FGF2 on the membrane surface, showing all the known
PI(4,5)P,-binding site residues (K127, R128, K133) as well as the previously undetermined
binding site residues (K34, K137, K143). FGF2 is rendered as green cartoon, and its C95 and
C77 residues are shown as van der Waals (vdW) spheres and highlighted by text in the figure.
The key binding pocket residues (K127, R128, K133) are shown as blue vdW spheres, and the
additional binding site residues (K34, K137, K143) are shown as purple vdW spheres. Lipids
are colored as gray vdW spheres (POPC phosphate atoms), red vdW spheres (PI(4,5)P»
bisphosphates), cyan vdW spheres (inositol ring in PI(4,5)P3), orange vdW spheres (phosphate
linking the fatty acid chains and the inositol ring in PI(4,5)P2), and white vdW spheres (fatty
acid chains in PI(4,5)P2). Water molecules and ions are not shown for clarity. Figure and
legend adapted from 1.

Electrostatic recruitment of PIP; has also been reported to occur by interaction with the basic
effector domain of the MARCKS protein.'®* This domain was found to bind to negatively
charged lipids on the cytosolic leaflet of the membrane. Using model membrane containing a
significant portion of monovalent phospholipid PS, MARCKS(151-175) was able to sequester

62



several PIP, (see Figure 33). Interaction with Ca’/calmodulin or protein kinase C
phosphorylation reverses this binding.

Electrostatic Sequestration of PIP,
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Figure 33. Cartoon of the “natively unfolded”” MARCKS protein, shown as a black line,
interacting with the inner leaflet of the plasma membrane. The N-terminal myristate, shown
in yellow, inserts hydrophobically into the bilayer. The MARCKS effector domain (residues
151-175 of bovine MARCKS, shown in the box) interacts electrostatically with acidic lipids (3
PIP, shown in red) through its 13 basic residues (in blue with 1 signs) and hydrophobically
through its five aromatic residues (in green).

Another example of PIP, lateral segregation is the one induced by interaction with the HIV-1
matrix domain (MA). This domain anchors to the intracellular leaflet of the plasma membrane.
Coarse-grained simulations of the HIV-1 myristoylated MA protein interaction with the
membrane revealed that PIP, head group binds with a highly basic region (HBR) of the domain
via interactions with arginine and lysine residues (Figure 34).

Figure 34. PI(4,5)P, head was binding with the myristoylated MA domain. Representative
snapshots from an anchoring experiment of the Myr-MA protein to a membrane model; Myr
residue at the N-terminus of HIV-1 MA was reported in blue spheres, whereas the membrane

was reported in yellow surface. Water molecules were removed from the figure for more

clarity.16®
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This work suggests that, after insertion of the myristoylated moiety and stabilization of the MA
protein orientation, specific interaction between the PIP, polar head and the HBR motif leads
to lateral segregation of PIP, in the membrane. It is advanced that the orientation of the protein
favors the HBR motif positioning to interact preferably with PIP, than with PS, the main
negatively charged phospholipid of the plasma membrane.

The propension of PIP, to form clusters in the plasma membrane has been evidenced through
binding with specific proteins. These proteins usually contain clusters of basic residues that
serve as binding site to interact electrostatically with acidic lipids of the plasma membrane, and
in particular with PIP, polar head groups, recruiting several PIP, to form clusters. Cationic
peptides have been found to induce this effect as well in model membranes.1®® Experiments
using model membranes and analysis by fluorescence spectroscopy suggest that basic peptides
are able to sequester multivalent PIP, but not monovalent PS, supposing that the density of
charge of the PIP, polar heads is a key factor for such interactions and PIP; clustering. Using
several basic peptide sequences, including MARCKS (151-175), they revealed that basic
peptides interact with monovalent PS membranes through electrostatic interactions, without
lateral redistribution of the lipids. Moreover, incorporating PIP, into the liposomes slow the
diffusion of the membrane-bound peptides. The sequestered PIP, would produce an
“electrostatic well” at the binding site, that would require significant energy for the peptide to
desorb and diffuse freely in the membrane.

Altogether, these results strongly suggest that CPPs, as cationic AA sequences, could be able to
recruit PIP, through electrostatic interactions and induce PIP, clustering. This effect could
represent the first recognition step of the peptide, before it could be internalized. As the
majority of PIP; is present at the cytosolic leaflet of the membrane, PIP; clustering could also
step in at the end of the translocation, acting as a “magnet” by pulling the peptide towards the
internal leaflet through electrostatic interactions. These two hypotheses are not contradictory
and could contribute to the CPP internalization mechanism at different steps of the
translocation.

3.2. CPPscan remodel the actin cytoskeleton

Possible role of PIP, in the internalization of CPPs can also be considered from a cellular function
point of view by looking at the effect of cationic CPPs on the actin cytoskeleton. Indeed, recent
studies strongly suggest that the actin cytoskeleton dynamics are implicated in the CPPs
internalization.'®”/18 |n addition, several CPPs have been reported to have a remodeling effect
on the actin network.

NIH-3T3/EWS-Fli cells transformed to tumoral cells exhibit important actin disorganization.
Arginine- and/or tryptophan-rich CPP sequences, including (R/W)s, induce strong remodeling
of the cytoskeleton structure of malignant fibroblasts, while they have no effect on non-
tumoral fibroblasts.! This is also the reason why CPPs are usually considered as biologically inert
molecules, as they do not have this effect on healthy cells. Different CPP sequences also induce
different polymorphism effects, as shown in Figure 35. CPPs were reported to reverse the
tumoral phenotype of EF cells to the non-tumoral phenotype of 3T3 cells, with the appearance
of actin stress fibers after incubation with the CPP.
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Figure 35. Actin organization in EWS-FLI1 expressing cells (EF cells). Fluorescence microscopy
observation of actin (green) labeled with phalloidin-fluorescein isothiocyanate. EF cells were
incubated for 18—24 h with 10 uM (R/W)1s, (R/W)s, Ro, and (D)(R/W)s. Adapted from *.

As a consequence of this structural modification on the cells, it was revealed that CPPs reduces
tumoral cells motility. This fact is particularly interesting for therapeutic purposes. Moreover,
from a mechanistic point of view, this work shows that CPPs have protein partners inside the
cell, such as actin, whose direct binding to the CPPs has been evidenced in vitro by NMR and by
calorimetry experiments, using actin monomers.

The actin remodeling effect of (R/W)s has been further studied few years later by a proteomic
approach.'® First, they confirm the strong phenotype change of EF cells induced by the CPP
using immunofluorescence experiments. Besides, their proteomic study showed that the
remodeling effect of the CPP is not necessarily caused by important modifications of the EF cell
proteins expression levels. They also point out the difficulties to link a phenotype change and
proteome.

3.3.  PIP, implication in the internalization mechanism of Engrailed

PIP, implication in unconventional secretion mechanisms has been evidenced by binding to
basic section of proteins, such as for FGF2%° or the HIV-1 Tat protein.'’® Recently, PIP; has been
reported to be implied in the same kind of unconventional secretion pathway for the Engrailed
protein (En-2).17* Moreover, the same work showed, by using neomycin, that PIP, would also
contribute to the Engrailed internalization mechanism, showing that the two pathways are not
so different. Neomycin is an aminoglycoside antibiotic, positively charged, known to enter into
cells and to bind specifically to PI(4,5)P2.1’>1"3 Co-incubation of neomycin during the
internalization experiment decreased the internalization efficiency of En-2 (Figure 36). This
work suggests a similarity in the secretion and internalization pathways, with contributions of
interaction partners at both sides of the membrane.
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- Neomycin + Neomycin

CHO-K1 cells

HEK293 cells

Figure 36. Influence of neomycin on the internalization of En-2. Observation, after addition of

Trypan Blue in the cell medium, of the internalization of En-2 in CHO-K1 or HEK293 cells after

1 hour of incubation at 37°C, in presence or not of neomycin at 10 mM. Scale bars are 20 mm.
Adapted from 71,

3.4. PIP; could play a role in Penetratin internalization

Direct and clear evidence of a contribution of PIP; in the internalization of Penetratin has not
yet been reported. However, recent work on cells suggest that it could take part in this
mechanism.

Effect of preincubation of CHO-K1 cells with neomycin on the internalization efficiency of a
Penetratin analogue (i.e. functionalized with a benzophenone photoprobe) was evaluated using
a quantification method by MS.# In wild-type cells, the internalization rate was decreased in
neomycin-treated cells after 15 min and 30 min of incubation with the peptide at 37°C, but the
internalization efficiency was recovered after 1 hour of incubation. In GAG-deficient cells (pgsA-
745), cells pre-treated with neomycin showed a constant and lower peptide uptake.

Pre-treatment with neomycin had an effect on the internalization kinetics of Penetratin at 37°C,
which means it affected the endocytic pathway. These results indicate that PIP, would have a
contribution in the internalization mechanism of Penetratin. Recovery after 1 hour incubation
of an internalization rate close to the one of the non-treated cells could lead to several
interpretations. Either the peptide has finally entered in the cell by following a route that do
not imply interaction with PIP, or, more likely, the binding affinity of neomycin for PIP; is lower
than or close to the one of the Penetratin for PIP; and so these interactions are in competition.
In the same way, neomycin could compete at PIP, binding sites with anchored proteins linking
the membrane to the actin cytoskeleton, which would inhibit the endocytosis pathway.
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Figure 37. Effect of neomycin on peptide internalization. CHO-K1 or CHO-pgsA-745 cells were
pretreated with 10 mM neomycin for 30 min, washed, and additionally incubated at 37 °C
with 5 uM extracellular peptide Penetratin analogue for the indicated incubation times. Error
bars are standard deviation obtained from n independent experiments. Figure and legend
adapted from “.

To summarize, PIP,is a regulator of the actin polymerization and has been localized in the same
membrane regions, probably in sphingolipid- and cholesterol-rich nanodomains, where actin is
required for membrane trafficking and cell motility functions as discussed earlier. In addition,
it is highly probable that Penetratin can recruit and form PIP, clusters, like other cationic
peptides do. And finally, some CPPs interact with the actin cytoskeleton, whose dynamics
seems to be implicated in the internalization mechanism. All these facts seem to converge to
highlight the probable role of PIP; as a binding partner of Penetratin and as a potential effector
of its internalization.
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Results and discussion

In the literature, several links can be made between Penetratin and PIP,. First, basic peptides
promote PIP, clustering through electrostatic interactions, which is not the case when
considering the monovalent phospholipid PS. Secondly, some CPPs are able to remodel the
actin cytoskeleton, whose polymerization is regulated by PIP2.%? In addition, Penetratin and
more generally cationic CPPs interact strongly with negatively charged lipids.? Finally, some
internalization experiments on cells showed that PIP, could play a role in Penetratin
internalization.*

This Ph.D. project aims to analyze the role of the negatively charged lipid PIP, as a binding
partner of the CPP Penetratin and as a potential effector of Penetratin internalization. Several
methods have been employed to assess these questions.

First, the effect of PIP; on the internalization efficiency of Penetratin was quantified in cells,
using the PH-PLC® domain to block the PIP; polar heads. Secondly, Penetratin influence on the
thermotropic phase behavior of PIP,- or PS-containing liposomes was evaluated using DSC
measurements. Moreover, the binding affinity of Penetratin for PIP,- or PS-containing
liposomes was estimated by fluorescence spectroscopy. Finally, a method coupling
benzophenone-induced photo-cross-linking and MS analysis was exploited to identify lipid
interaction partners of Penetratin in liposomes composed of PC, PS and PIP,. Results and
discussion of this work are presented in this section.
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1. Influence of the PIP, polar head blockage on the Penetratin
internalization in cells

The contributions of PIP; in the internalization pathway of Penetratin was estimated in cells, by
blocking the PIP, polar heads with the PH domain of PLC? that has a high binding affinity for
PIP,. Quantification of the internalized peptide was achieved by a MS method.

1.1. Internalization quantification by mass spectrometry

MALDI-TOF MS is used to quantify internalized peptides and to study the internalization
pathway of Penetratin.'’#17> Complete protocol is depicted in Figure 38.

Incubation of adherent ( Internalized \

O]

_ r\ cells with ['TH]CPP G: nondeuterated Gly
\’ CPP quantification
,I, Biotin-GGGG
(I'HICPP)

Cell washes Standard
G: bideuterated Gly

1. Digestion of membrane-
bound CPP with trypsin Biotin-GGGG

2. Addition of trypsin inhibitor (BHICPP)
and cell transfer to microtube ;/

1. Addition of a known amount of [2H]CPP
2. Cell lysis, heating 15 min at 100 °C

1. Capture of all bictinylated peptides on
streptavidin-coated magnetic beads
2. Bead washes

l

['HICPP
[PHICPP
1. Addition of matrix and analysis by MALDI-TOF MS
I |h 2. Measurement of the ['THJCPP and [2H]CPP [M+H]* signal areas
miz and calculation of the internalized CPP from the area ratio

Figure 38. Steps of the CPP cellular uptake quantification protocol by MALDI-TOF MS.*74

This method has already been used to study the internalization pathway of various CPPs.’® |t
can be applied to CPPs of diverse sequences and also to CPPs linked to cargo molecules. Also,
the method allows to distinguish the internalized peptide from the membrane-bound peptide.
The method relies on the quantification of the internalized (*H) CPP by using a known amount
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of the corresponding (?H) deuterated peptide as an internal standard. The isotopically-labeled
peptide is synthesized by incorporating deuterated glycine residues at the N-term of the
peptide sequence. MS is rarely used as a quantification technique as the signal intensity
strongly depends on ionization efficiency of the molecules as well as on ions transmission and
detection yields. Nevertheless, using a deuterated version of the peptide allows to obtain two
molecules that are chemically equivalent and only differ by their mass. Thus, they are supposed
to be ionized in the same way and to be transmitted and detected similarly. The two species
will be separated on the mass spectra by the mass difference due to the number of
incorporated deuterium in the deuterated sequence. The ratio of the areas of the two peptides
signals is proportional to the ratio of their quantities and measuring the peptides signals areas
allows to calculate the amount of internalized CPP.

1.2.  Contribution of PIP, in the internalization efficiency of Penetratin

PH-PLC® binds to PIP, with high affinity (Ks = 2 uM measured in vitro,”?> see Introduction,
paragraph 1.3.). Transfecting cells with a plasmid GFP-PH, coding for this domain, allows intra-
cellular blocking of PIP, polar heads and to follow the transfection efficiency by fluorescence
spectroscopy. Figure 39 shows a microscope image of CHO-K1 cells transfected with the GFP-
PH plasmid. The PH domain is localized at the cell membrane. Flow cytometry was used to
evaluate the transfection efficacy and showed a high yield of transfected cells, up to 70-80% of
cells were transfected. Internalization results were corrected by the percentage of transfected
cells.

Figure 39. Microscope image of CHO-K1 cells transfected with a GFP-PH plasmid.

Internalization experiments were conducted on these transfected cells and show that the
transfection clearly makes the internalization efficiency of Penetratin decrease (Figure 40).

Unlike the experiments using neomycin presented in introduction (paragraph 3.4.),
internalization of Penetratin in transfected cells is always significantly lower than the control,
even after 1 hour of incubation. It strongly suggests that results obtained in the study using
neomycin reflected a competition between neomycin and Penetratin. The binding affinity of
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the PH domain for PIP; is higher than the one of neomycin, thus the blocking of PIP, polar head

groups is more efficient.
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Figure 40. Intra-cellular PIP, contributions on Penetratin internalization at 37°C for various
incubation times. CHO-K1 cells were pre-transfected with a GFP-PH plasmid for 24h before
incubation with Penetratin. Error bars correspond to standard deviation obtained for n
independent experiments.

Besides, as the PH domain is not able to cross the cell membrane, only the PIP, present at the
cytosolic leaflet of the membrane is blocked in this experiment. Thus, these results show that
the intra-cellular PIP, would contribute to the internalization pathway of Penetratin. This
correlates with the hypothesis formulated in introduction, proposing that pools of PIP; at the
internal leaflet of the membrane could attract the peptide to the cytosolic leaflet, thus playing
arole as a step at the end of a direct translocation process.
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2. Effect of Penetratin on the thermotropic phase behavior of PIP»-
containing liposomes

As we established a role of PIP, for Penetratin translocation, we then characterized the
molecular interactions of the two molecules more in depth.

Peptide/lipid interaction understanding using a biophysical approach is useful for deciphering
the mechanism of action of membranotropic peptides. In particular, DSC is a method of choice
to evaluate CPPs effect on the lipid phase transitions. The effect of CPPs on the thermotropic
phase behavior of lipid membranes gives access to information on the way CPPs interact with
model membranes.

2.1. Differential Scanning Calorimetry (DSC)

DSC is a thermal analytic method. It is based on the thermal heat difference between a
reference cell and a measuring cell. The measuring cell contains the sample to analyze and the
reference cell contains a component that is inert on the temperature range studied (water or
buffer). The two cells are placed in a calorimeter subjected to a linear temperature gradient
and thermal exchanges induced in the cells are measured. This method allows studying various
systems such as synthetic polymers, liposomes, glass, etc. In particular, it gives access to phase
transitions temperatures and thermodynamic parameters associated to them.
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Figure 41. Thermogram of the lamellar phase transitions of DMPC MLVs showing the three
typical lipid phases (gel phase Lg, rippled phase Pg, and fluid phase Ly) and the corresponding
temperature transitions (Tpre and Tm). Peak areas give access to the transition enthalpies.

Phospholipids organized in lamellar phase usually show two phase transitions (as introduced in
paragraph 1.1.1.). The pre-transition corresponds to the transition between the gel phase and
the ripple phase, while the main transition reflects the transition between the ripple phase and
the fluid phase. Such physical transformations are observed by measuring the amount of heat
absorbed or liberated during the transitions. The instrument controls the temperature
difference and heats the sample cell more or less, depending on the endo- or exothermic effect,
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so as to maintain its temperature equal to the one of the reference cell. The heat difference is
converted in specific heat capacity (Cp) and is usually presented in calories or Joules per mol
per degrees Celsius or Kelvin, as a function of the temperature gradient. Peak areas give access
to the corresponding transition enthalpies. An example of DSC thermogram is given in Figure
41, using MLVs of DMPC. Applying this method to lipid bilayers enables to study the interactions
between a bilayer and an external element such as a CPP, for instance.

Presence of a membranotropic peptide can modify the DSC parameters. Indeed, if a CPP
interacts with the lipid membrane, it can have an impact on the lipid phase transitions as it can
affect lipids properties like lipids packing, membrane organization and fluidity. In general, the
pre-transition is very sensitive to interactions of molecules with the lipid polar head groups as
it is linked to the transition toward the ripple phase.'’’” Thus, a perturbation of the pre-
transition indicates an interaction of the peptide with the lipid polar head groups. A
modification of the main transition temperature and/or enthalpy implies a stronger interaction
with the membrane and is an indicator of the peptide impact on the lipid bilayer fluidity, and
possibly of the peptide insertion below the polar heads level, between the lipid acyl chains.

If liposomes are composed of a mixture of lipids or if a membranotropic peptide is added, the
transition signals can be affected. They can be broadened or a peak splitting can be observed.
Separation of a transition signal into two peaks is assigned to a heterogeneous organization in
the membrane that reflects domain formation. It can either be lipid-rich/lipid-poor domains or
peptide-rich/peptide-poor domains. Deconvolution of the DSC signal can be useful in those
cases to identify the thermodynamic parameters of the different domains.

Lipids miscibility is thus an important aspect when working with DSC experiments. Lipid
mixtures are considered miscible when the transition temperatures T of the lipids are close.
Their analysis in DSC results in a single phase transition peak, that is broad due to the
heterogenicity of the membrane. When mixing lipids that present different Tr, the transition
peaks of each lipid are well separated. In our study, we chose to focus on liposome
compositions of miscible lipids, to observe the effect of the addition of the CPP Penetratin on
the phase transitions of liposomes.

2.2. DSC data interpretation for studying CPP-lipid interaction

Membranotropic effects of peptides using DSC can give access to many interesting aspects on
their mode of interaction. Careful interpretation of DSC thermogram is important to retrieve
all relevant information one can obtain from these type of data. This section will be dedicated
to the interpretation of thermotropic behaviors observed in DSC and what information can be
extracted from each of the DSC parameters.

2.2.1. Pre-transition temperature Tpre

The pre-transition is not always visible on DSC thermograms. Most of the time it is only visible
in pure lipid liposomes and tends to disappear when using model membranes composed of a
mixture of lipids. A modification of the pre-transition temperature upon addition of a
membranotropic peptide usually indicates an interaction of the peptide with the lipid polar
head groups. Moreover, in liposomes composed of a lipid mixture, reappearance of the pre-

73



transition peak upon addition of a peptide can be an indicator of a lipid partitioning in the
membrane.

2.2.2. Main transition temperature Tn,

Transition at a higher temperature to the fluid phase comes with lipid disordering, a decrease
in bilayer thickness and lateral expansion of lipids as they are less packed. The main transition
occurs faster and is associated to a larger enthalpy difference compared to the pre-transition.
Modification of the main transition temperature upon addition of the CPP indicates that the
peptide has an impact on the lipid bilayer fluidity. If the Tn, is increased, the peptide has a
rigidifying effect and favors the gel phase. If the T is decreased, it means the peptide favors
the transition and thus has a fluidifying effect on the lipid membrane.

2.2.3. Main transition enthalpy AHm

The enthalpy of main transition can be extracted from the area under the main transition peak.
It is directly correlated with the van der Waals forces of interaction between the lipid
hydrophobic tails. A decrease in the area of the main transition peak means that the peptide
makes the van der Waals interactions decrease by perturbing the lipid acyl chains packing. It is
an indicator of the peptide insertion in the lipid membrane, where it is intercalated between
the lipid hydrophobic chains.'’®

2.2.4. Full width at half maximum (FWHM) or AT1/»

The full width at half maximum (FWHM) of the transition peak represents the cooperativity of
the transition related with the number of molecules that undergo a transition simultaneously.
Thus, sharpness of the transition peak is correlated with the lipid system purity. For example, a
DSC thermogram of a single-lipid composition liposomes presents a sharp and symmetric
transition peak, where FWHM values can be less than 0.1°C. If a lipid mixture is considered,
transition peaks are usually asymmetric and broader, up to 10-15°C for complex lipid mixtures
such as the ones found in biological membranes.'’® Besides, an increase of this parameter by
addition of a CPP to a liposome suspension should indicate that the peptide inserts between
the fatty acid chains of the lipids,'’® and induces heterogenicity in the membrane.

2.2.5. Shape of the transition peak

The shape of the transition peak, just like the FWHM, is related to the homogeneity of the
system. Heterogeneity can be indicated by appearance of a shoulder or de-doubling of the
transition peak or even appearance of new transition peaks. It can reflect heterogeneity of the
peptide or of the lipid. For example, two phase transition peaks can correspond to peptide-
poor or peptide-rich domains if the peptide is not homogeneously distributed in the lipid
membrane. Otherwise, peak splitting or appearance of new transition peaks can reflect lipids
partitioning in the membrane, forming domains of heterogeneous composition, for instance
upon interaction with a membranotropic peptide.
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2.3.  Penetratin effect on thermotropic phase behavior of PIP,-containing lipid
vesicles

DSC experiments were conducted using MLVs containing PC, PS and PIP, phospholipids. The
polar head of the PS carries one negative charge, while the polar head of the PIP, can have 3,
4 or 5 negative charges at physiological pH, the pKa of the phosphate groups being close to 7
(see Introduction). For simplicity, an average number of 4 negative charges can be considered
for PIP,. Here, the negatively charged proportions in the liposomes containing PS or PIP; is
chosen so that the overall charge is the same. This way, comparison between PS- and PIP,-
containing liposomes can be done for a same global charge of the model membranes.
Liposomes composed of twice the percentage of PIP, were also used to observe a bigger effect.
A control experiment was achieved with a zwitterionic lipid composition using liposomes of
DMPC 100%.

The influence of Penetratin on the lipids phase transitions was measured on liposomes of the
following compositions: DMPC 100%, DMPC/PS (80/20), DMPC/PIP, (95/5) and DMPC/PIP,
(90/10). Brain PIP, and brain PS are used for these experiments. These results are presented in
Figure 42. DSC thermodynamic parameters are reported in Table 6.

Comparison of the pure lipid liposomes thermograms shows that addition of PIP, or PS to DMPC
liposomes decreases the main transition temperature. This is logical as brain PS and brain PIP;
are composed of a heterogeneous composition in fatty acid chains, with a high level of
unsaturated chains. As mentioned in introduction, presence of unsaturation on the fatty acid
chains fluidifies the membrane and thus makes the transition temperature decrease.

In the case of DSC thermograms acquired in presence of MLVs of 100% DMPC, we do not
observe a significant modification neither of the pre-transition temperature, nor of the main
transition temperature and transitions enthalpies upon addition of Penetratin to the system.
This indicates that Penetratin does not interact with lipids polar head groups and its presence
does not impact the lipid bilayer fluidity and the fatty acid chains interactions.

The absence of pre-transition on DMPC/PS (80/20) thermograms is typical of liposomes with a
heterogeneous lipid composition. The main transition peak is also wide, which is in accordance
with the cooperativity of a lipid mixture. The addition of Penetratin to this system does not
significantly affect the thermogram. In addition, the main transition temperature is not
modified. If Penetratin partially interacts with the polar heads of the lipids of this composition,
we cannot see it due to the dilution of the pre-transition signal. Still, the increase of the FWHM
parameter suggests that the cooperativity of the main transition signal is decreased upon
addition of Penetratin to the system, indicating an increase of the membrane heterogenicity.
However, the non-modification of the main transition temperature allows us to conclude that
Penetratin has no influence on the membrane fluidity of these liposomes. Moreover, the main
transition enthalpy is not affected by the presence of the peptide, suggesting that the peptide
does not insert in the membrane. Therefore, if Penetratin interacts with the polar heads of
negatively PS-charged lipids, which is likely as it is a negatively charged phospholipid, this
interaction would be weak and would not induce reorganization in the membrane.
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Figure 42. DSC thermograms illustrating the influence of Penetratin (Biot(O2)-Apa-pen)
addition to MLVs of DMPC, DMPC/Brain PS 20% (mol/mol), DMPC/Brain PIP2 5% (mol/mol)
and DMPC/Brain PIP; 10% (mol/mol), at 1 mg/mL, for ratios peptide/lipid from 0 to 1/10.
Curves, from bottom to top, correspond to the MLVs solution alone (Pure lipid), and then to
ratios peptide/lipid of 1/100, 1/50, 1/25 and 1/10.
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Table 6. Thermodynamic parameters corresponding to DSC thermograms of phase behavior
of DMPC, DMPC/Brain PS 20% % (mol/mol), DMPC/Brain PIP; 5% (mol/mol) and DMPC/ Brain
PIP; 10% (mol/mol) in presence of Penetratin, for ratios peptide/lipid of 1/100, 1/50 and 1/25.

Pen/DMPC (n=1) Tore (°C) Tm (°C)  AHp (kJ/mol)  FWHM (°C)
0 14.2 24.6 16.6 0.7
1/100 14.3 24.8 18.6 0.8
1/50 14.5 24.9 19.4 0.9
1/25 14.5 24.9 20.1 0.9
1/10 14.3 25.0 21.0 1.0
Pen/DMPC:PS 20% mol (n=1)  Tpre (\C)  Tm (°C)  AHm (kJ/mol) FWHM (°C)
0 ] 18.4 18.4 3.9
1/100 . 18.4 17.8 3.2
1/50 . 18.5 21.9 43
1/25 . 18.6 17.8 4.9
Pe”/DMP(Cr;_'DZJ)PZ 5% mol Tore (°C)  Tm (°C)  AHm (k)/mol)  FWHM (°C)
0 - 231401 204+0.1  2.0+0.0
1/100 84+02 238+01 19.7+03  19+03
1/50 105405 244+02 204+03  23+02
1/25 132422 252406 189403  2.4+05
1/10 154436 256+10 183+0.1  2.3+05
Pen/DM PC(nﬁlzP)z 10% mol Tore (°C) T (°C) AHm (ki/mol)  FWHM (°C)
0 ] 214402 212+26  3.1+03
1/100 . 220405 187+16 33408
1/50 64+12 229+05 17.8+10  35+09
1/25 82+1.1 234+07 198+38  44+12
1/10 11.4+00 248+01 159+11  3.1+08

Concerning the results obtained with MLVs containing PIP; at 5% and 10%, we can observe
significant changes in the corresponding thermograms, influenced by the presence of
Penetratin. Indeed, the addition of Penetratin to PIP,-containing MLVs causes modifications of
the pre-transition and main transition, with a more pronounced effect on MLVs containing 10%
PIP, and at high peptide/lipid ratios.

First, the absence of pre-transition typical of lipid mixtures is observed on scans acquired on
MLVs alone. However, unlike PS-containing MLVs, the addition of Penetratin in the presence of
PIP,-containing MLVs induces a reappearance of the pre-transition peak. An effect on the pre-
transition indicates an interaction with the polar heads of lipids. In addition, the reappearance
of the pre-transition peak on a lipid mixture suggests segregation at the membrane level,
forming a heterogeneous organization with domains more or less enriched in certain lipids. The
pre-transition signal is recovered already at a peptide/lipid ratio of 1/100 in the case of 5% PIP;
MLVs, while it is recovered only for a 1/50 peptide/lipid ratio in liposomes of 10% PIP,. This
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suggests that the pre-transition peak appears only when there are enough Penetratin
molecules to recruit a significant fraction of PIP, and form clusters in the membrane.

After recovery of the pre-transition signal, addition of Penetratin at higher peptide/lipid ratios
continues to impact the transition between the gel phase and the ripple phase. The pre-
transition temperature increases upon addition of the peptide, showing that the peptide
interacts with the lipid polar heads.

Furthermore, the modification of the main transition temperature to higher temperatures
implies a significant modification of the Penetratin on the organization of the bilayer. The
increase in this temperature after addition of the peptide shows that Penetratin promotes the
gel phase and has a stiffening effect on these MLVs.

Regarding the MLVs of 5% PIP,, the slight decrease in enthalpy indicates that the peptide is
inserted into the bilayer and disrupts the van der Waals interactions between the hydrophobic
chains of phospholipids. This effect on enthalpy is not drastic, and is in agreement with the fact
that Penetratin does not insert deeply into the model membranes.’® This effect on the
enthalpy is more pronounced on MLVs composed of 10% PIP,, where the main transition
enthalpy decreases from 21.2 kJ/mol in the pure lipid system to 15.9 kJ/mol for a peptide/lipid
ratio of 1/10.

In addition, thermograms obtained with 10% PIP; for a peptide/lipid ratio of 1/25 clearly show
a separation of the main transition peak, confirming the appearance of lateral separation of the
different lipids in the membrane. At this particular peptide/lipid ratio also, the FWHM is larger
and the transition enthalpy (i.e. area under the peak) is increased. These effects are commonly
observed when a membrane partitioning occurs. Deconvolution of the main transition signal,
given in Figure 43, allowed to model the contributions corresponding to the two domains
formed in the membrane.

The main transition signals of the DSC thermograms illustrating the Penetratin interaction with
PIP,-containing liposomes at 10% were modelized thanks to the Nano Analyze software. The
models fit well with the experimental curves.

Deconvolution of the main transition peak in liposomes composed of pure lipids gives two
contributions with close maximum temperatures. An important contribution at 21°C is noticed,
while the second contribution, at 20°C is rather low and the signal is spread over a large range
of temperature. As the pure lipid is considered here, modelized contributions represent the
cooperativity of the PC and PIP, lipids to the phase transition. However, none of these
contribution fits with the DMPC values of enthalpy and T that were obtained previously by
DSC measurement, meaning that no DMPC-rich domain is observed and the membrane is quite
homogeneous. The experimental peak is still narrow and no peak shoulder is observed,
reflecting a good miscibility of the lipids.
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Figure 43. Deconvolution of the main transition signal of DSC thermograms obtain after
Penetratin (Biot(O,)-Apa-pen) addition to MLVs of DMPC/Brain PIP; 10% (mol/mol), at 1
mg/mL, for ratios peptide/lipid from 0 to 1/10. Experimental data (corrected baseline) are in
dark blue. The fitted model is shown as a dashed grey curve. Modelized contributions are in
orange and light blue curves. The corresponding T and AHm are also indicated on the graphs.
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When adding Penetratin to these liposomes, contributions modeling indicate a clear
partitioning in the samples, and this for all peptide/lipid ratios considered. The effect is
enhanced upon addition of increasing ratios of peptide/lipid, until the most important effect
observed at peptide/lipid ratio of 1/25. Then, at 1/10 peptide/lipid, partitioning seems to be
less important. This suggest that the most important segregation in the membrane is obtained
for peptide/lipid ratio of 1/25. It could be that the Penetratin binds to PIP, polar heads and
recruits several PIP,, thus inducing partitioning in the membrane by forming PIP,-enriched
domains. Penetratin addition amplifies the phenomenon by forming bigger clusters of PIP,
until every polar head groups of PIP; present in the membrane are occupied. Then, addition of
Penetratin to the system might tend to break these big clusters in smaller ones, to favor the
Penetratin binding to PIP,. Consequently, at higher percentage of Penetratin, PIP, clusters
might be smaller and thus PIP; would be more dispersed in the membrane, which would result
in @ more homogeneous repartition of PIP, in the membrane (illustrated in Figure 44). Another
hypothesis could be that adding excessive amounts of Penetratin (1/10 pen/lipid) forces the
interaction with the PC lipids. In general, the ratio 1/10 membranotropic peptide over lipids is
too high to observe a realistic effect.

Pen/lipid ratio 1/25 DSC thermograms shape

Penetratin

=7 “Q\ /\*"‘ AW(W

7®@ Lipid bilayer

W% DMPC/PIP,
dﬁ 90/10

Pen/Ilpld ratio 1/10

Figure 44. lllustration of the hypothesis to explain the DSC thermograms obtained.

These results are in line with studies carried out on the interactions between cationic peptides
and negatively charged membranes, which show that these peptides are capable of recruiting
several PIP, molecules and of forming PIP,-enriched regions. It had been shown that this effect
is not possible with monovalent lipids PS.1%3 Nevertheless, the ability of Penetratin to recruit
PIP,, however strongly suspected, had not yet been assessed. Our results constitute the first
asset of the Penetratin recruitment of PIP, and of its ability to form PIP;, clusters. Again, this
segregation induced by addition of Penetratin to liposome systems was not observed in the
case of PS-containing vesicles, even though the amount of charge in the liposomes of 20% PS
and 5% PIP, are equivalent. This highlights the specificity of interaction for PIP, and the
importance of the charge concentration on the phospholipid polar head to induce clustering.
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3. Penetratin-PIP2 binding affinity

The binding affinity of Penetratin for PS- or PIP;-containing liposomes was evaluated by titration
of a Penetration solution with increasing quantity of LUVs, and measured by fluorescence
spectroscopy.

3.1. Fluorescence spectroscopy

This titration method is based on the tryptophan fluorescence. The fluorescence emission
intensity and wavelength of tryptophan is dependent on its environment hydrophobicity. The
environment hydrophobicity of a tryptophan-containing CPP sequence can thus be evaluated
by fluorescence spectroscopy. If the CPP interacts and inserts in the lipid bilayer of the
liposomes, the tryptophan environment becomes more hydrophobic and a shift towards blue
wavelengths, called blue-shift, is observed, as depicted on Figure 45. A saturation curve is
obtained from which a partition coefficient can be calculated to estimate the CPP/lipid binding
affinity.

CPP insertion in lipid membrane
Hydrophobic environment

Figure 45. lllustration of the tryptophan fluorescence method for binding affinity evaluation of
the CPP/lipid membrane interaction.

3.2. Binding affinity of Penetratin for PIP,-containing lipid vesicles

LUVs are the most adapted liposomal system to use in fluorescence spectroscopy as they
engender less diffusion issues compared to MLVs or SUVs. Moreover, the control of their size
and the fact that they are unilamellar liposomes is an advantage compared to MLVs when
working on titration experiments where the amount of accessible lipids at the external leaflet
of the object is decisive and should be reproducible.

The titration experiments were conducted using LUVs containing PC, PS and PIP, phospholipids.
The following LUV compositions were used: POPC 100%, POPC/DOPS (70/30), POPC/DOPS
(60/40), POPC/DOPS (50/50) and POPC/PIP, (90/10). In order to compare the affinity of
Penetratin for PIP; with that of Penetratin for PS, the most abundant negatively charged lipid
in the plasma membrane, equivalent overall charged liposome compositions are studied. Thus,
LUVs of POPC/DOPS (60/40) and POPC/PIP; (90/10) should be considered to compare results
obtained with liposomes presenting the same amount of charge. Liposomes containing 30%
and 50% PS were also studied, and liposomes composed of pure zwitterionic lipids (POPC 100%)
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were used as a control. The blue-shift, which corresponds to the difference of the maximum
wavelength with the one obtained for the Penetratin solution alone, is plotted as a function of
the concentration in total phospholipids in Figure 46.

As expected, no relevant shifting of the tryptophan fluorescence is observed when the titration
is achieved using LUVs composed of zwitterionic lipids POPC at 100%. Addition of anionic LUVs
to the Penetratin solution induces a decrease of the maximum fluorescence wavelength toward
the blue area. Saturation curves are obtained for negatively charges liposomes.
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Figure 46. Saturation curves of the tryptophan fluorescence blue-shift observed upon addition
of LUVs of POPC, POPC/DOPS 30%, POPC/DOPS 40%, POPC/DOPS 50% and POPC/PIP, 10% to
a Penetratin solution at 20 uM, for ratios lipid/peptide from 0 to 400. Error bars correspond

to standard deviation obtained for n independent experiments (n=3).

Molar partition coefficients were calculated from the saturation curves and are represented in
Figure 47. Naturally, increasing the proportion of negatively charged lipids in the LUVs
composition, from 30% to 50% in PS-containing liposomes, makes the partition coefficient
decrease. In other words, the affinity of Penetratin for the liposomes is higher when the amount
of negative charges in the liposomes is increased.

The partition coefficients extracted from these experiments are 377 uM for vesicles containing
10% PIP; and 757 uM for vesicles containing 40% PS, which is equivalent to a factor of 2. These
results show that for an equivalent overall load, Penetratin has twice as much affinity for PIP,
as for PS.
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Figure 47. Molar partition coefficients calculated from the saturation curves obtained from
the tryptophan fluorescence blue-shift observed upon addition of LUVs of POPC, POPC/DOPS
30%, POPC/DOPS 40%, POPC/DOPS 50% and POPC/PIP, 10% to a Penetratin solution at 20
1M, for ratios lipid/peptide from 0 to 400. n = 3 independent experiments.

The charge density on the polar head of PIP; could be an explanation for this phenomenon. To
further investigate the binding affinity of Penetratin for PIP,, it would be interesting to know if
this interaction is only linked to the concentration of charges on the PIP; polar head or if the
conformation of the polar head also plays a role in the binding affinity. Indeed, in all our
experiments, the interaction between Penetratin and PI(4,5)P, has been investigated. Using
PI(3,4)P, or PI(3,5)P; could give more information on the type of interaction that is considered.
In particular, it would inform us on the importance of the position of the phosphate groups,
and thus position of the charges, on the inositol group of PIP,. Limits of this study is the
accessibility of such lipids and the amount of material needed to conduct the tryptophan
fluorescence-based titration as this experiment is lipid-consuming.

83



4. ldentification of lipid interaction partners of Penetratin in PIP»-
containing liposomes

The results presented in the previous sections allowed to compared the interaction of
Penetratin with PIP,- or PS-containing liposomes. The next step is to build PIP,- and PS-
containing liposomes to observe the behavior of Penetratin in presence of these two lipids, like
it is in the plasma membrane. Evaluation of Penetratin preference for PIP, or PS in a single
liposome system was achieved by identification of lipid interaction partners of Penetratin in
liposomes of heterogeneous compositions.
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Figure 48. (A) Bzp-induced photo-cross-linking mechanism on phospholipids. Comparison of
the kinetics of radical hydrogen (H*) abstraction for saturated, and (poly)unsaturated lipids.*&!
m: total mass of the photoreactive peptide/lipid photoadduct. (B) Protocol for Bzp-induced
photo-cross-linking between a biotinylated and photoreactive CPP and MLVs.

A photo-cross-linking method coupled with MS is used to identify lipid interaction partners of
CPPs. This method is based on the photoreactivity of benzophenone (Bzp), which will be further
described and developed in the Part 2 of this manuscript. A peptide functionalized with a Bzp
can indeed be activated under UV irradiation. Bzp is then in an excited triplet state and is able

84



to abstract a radical hydrogen in its immediate environment. When the peptide is inserted into
a membrane, the Bzp can abstract a H* from the fatty acid chain of a phospholipid. The kinetics
of this H® abstraction step depends on the nature of the hydrogens.'®! The reaction is indeed
faster on allylic hydrogens compared to secondary hydrogens that can be found in a membrane
containing unsaturated and saturated lipids, respectively. Finally, a recombination step allows
to create a covalent bond between the Bzp and the lipid (Figure 48). A more detailed
description of the photochemistry will be given in the second part of the manuscript.

Photoadducts obtained with intact phospholipids are heteroadduct products known to be
difficult to observe in MS. To allow better ionization and mass detection performance,
phospholipid saponification was performed on the photoadducts prior to affinity purification
of biotinylated species on magnetic streptavidin beads, which allowed the creation of
photoadducts composed of the biotinylated peptide covalently linked to a simple fatty acid.
The mass difference (Am) between the ionic signal of the non-photo-cross-linked peptide and
the photoadduct allows to identify the fatty acid chain covalently bound to the peptide.

A previous study carried out in our laboratory showed that photo-cross-linking is more efficient
on liposomes composed of negatively charged lipids, on lipids with unsaturated fatty acid
chains, and of short length, in this order.> The first conclusion is directly linked to the fact that
Penetratin interacts preferably with negatively charged lipids. The second results can be
explained by two facts. Penetratin, and CPPs in general, have been found to interact preferably
with disordered regions of the membrane.'8° Moreover, the kinetics of the H* abstraction step
of the Bzp-induced photo-cross-linking drives the reaction to be more favorable on unsaturated
lipids. Finally, short length phospholipids implies less interactions between their fatty acid
chains compared to long chain phospholipids and thus gives rise to a less stiff membrane, in
comparison. Indeed, DSC experiments have reported that Penetratin interacts preferably with
shorter aliphatic chains.6?

Photoadducts theoretical masses and isotopic distributions
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Figure 49. Photoadducts theoretical masses and isotopic distributions obtained with Isopro,
corresponding to the Bzp-functionalized Penetratin (Pen) covalently bound to myristic acid,
palmitic acid or oleic acid.

Liposomes of variable polar heads composition were used to identify interaction partners of
Penetratin in the presence of PC, PS and PIP,. Variable compositions in fatty chains were also
used: myristic acid (MA, 14:0), palmitic acid (PA, 16:0) and oleic acid (OA, 18:1). Irradiation was
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performed at 45°C, to ensure that all lipids are in the fluid phase. The theoretical masses and
isotopic distributions for photoadducts containing these lipids are presented in Figure 49.

4.1. Control experiment on zwitterionic lipid PC MLVs

A control experiment was performed using MLVs of pure PC composition with different fatty
acid chains: DMPC (14:0) and DOPC (18:1). Results are shown in Figure 50. No photoadduct was
detected when using this composition of liposomes. It is likely that Penetratin does not interact
with these zwitterionic lipids or that the interaction is so low that the peptide does not insert
in the membrane, or at such a low level that it is found in the limit of the analysis detection.
These MLV compositions represent a good negative control for our photo-cross-linking

experiments.

DMPC (14:0) MLVs DOPC (18:1) MLVs

<
100 R e 100, ~
> o = z n| o
‘» N~ ‘» o~
c o) o c o~
£ i v e N -hv
o\°0 “ x0 - =
100 & o, 100; @
g wn
al = N x
ol & ol <
[ ~
™ +hv o +hv

0 0
3200 3300 3400m/Z 3500 3600 3700 3200 3300 3400m/z 3500 3600 3700

Figure 50. MALDI-TOF spectra of the Bzp-induced photolabeling between Biot(O)-Apa-Gs-
K(Bzp)-RQIKIWFQNRRM(O)KWKK-CONH, (ApaPen) at m/z 3255 for the protonated [M+H]*
molecule and MLVs composed of zwitterionic lipids DMPC and DOPC. Irradiation occurred for
one hour at 45°C, where all lipids were in fluid phase. The ion at m/z 3277 corresponds to the
[M+Na]*.All data were acquired by MALDI-TOF MS, in reflector positive ions mode, using a
2,5-dihydroxibenzoic acid (2,5-DHB) matrix supplemented with phosphoric acid at 1%.
External calibration was performed using a mixture of 5 peptides and optimization was
performed on the Insulin chain B ion at m/z 3494.

4.2. Binary lipid compositions: The presence of negatively charged lipids
triggers the photo-cross-linking reaction

The photo-cross-linking experiment was applied to MLVs composed of PC and PIP,:
DMPC/DOPIP; (95/5) and DMPC/DPPIP; (90/10) (Figure 51).

The method limit of detection did not allow to use MLVs composition below 5% PIP,. In the first
case, a photoadduct of oleic acid is obtained, corresponding to the fatty chains of DOPIP,. In
the second case, the fatty chains of myristic acid and palmitic acid were photo-cross-linked,
which corresponds to the photo-cross-linking of the fatty acids linked to both polar heads PC
and PIP,. It can be noted that the control experiment was performed on MLVs composed of
100% DMPC where no photoadduct could be observed. We can thus deduct that the
observation of photoadducts in experiments conducted on MLVs composed of lipids with PC
and PIP; polar heads is possible by the presence of PIP; in the liposomes.
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One can notice that the experimental first isotope of the photoadduct containing myristic acid
and palmitic acid is shifted compared to the theoretical distribution given in Figure 48. The
observed mass of the first isotope is at — 2u compared to the theoretical one. This phenomenon
led to detailed elucidation of the mass spectra and was attributed to the formation of a double
bond (formal loss of 2H) on saturated lipids, induced by the Bzp photoreactivity in a constrained
environment that is a saturated membrane. This point is further developed and discussed in
the Part 2 of this manuscript.
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Figure 51. MALDI-TOF spectra of the Bzp-induced photolabeling between Biot(O)-Apa-Gs-
K(Bzp)-RQIKIWFQNRRM(O)KWKK-CONH, (ApaPen, m/z 3255) and negatively charged MLVs of
the following compositions: DMPC/DOPIP; (95/5) and DMPC/DPPIP; (90/10). Irradiation
occurred for one hour at 45°C, where all lipids were in fluid phase. All data were acquired by
MALDI-TOF MS, in reflector positive ions mode, using a 2,5-DHB matrix supplemented with
phosphoric acid at 1%. External calibration was performed using a mixture of 5 peptides and
optimization was performed on the Insulin chain B ion at m/z 3494.

Photo-cross-linking experiments conducted with MLVs composed of PC and PS lipids gave
comparable results (Figure 52). The MLVs compositions used are the following: DMPC/DOPS
(70/30), DMPC/DPPS (70/30) and DOPC/DMPS (70/30). The percentage of PS in the liposomes
was chosen so as to keep as much as possible the proportion PS/PIP, found in the plasma
membrane composition.

In MLVs of DMPC/DOPS (70/30), a photoadduct of oleic acid is obtained predominantly and a
small signal is detected for myristic acid. In the case of DMPC/DPPS (70/30), myristic acid and
palmitic acid are photo-cross-linked. Concerning MLVs of DOPC/DMPS (70/30), only oleic acid
photoadduct could be detected, which corresponds to the fatty acid chain of DOPC.

By comparing the results obtained for PIP,- and PS-containing vesicles, for similar fatty acid
chain compositions, a tendency is already suggested. By comparing DMPC/DOPIP, (95/5) and
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DMPC/DOPS (70/30), results show that only PIP; is labelled in the first case, while a small signal
corresponding to the fatty acid chain of DMPC is detected in the latter case. Also, results
obtained by using MLV compositions of DMPC/DPPIP; (90/10) and DMPC/DPPS (70/30) reveals
a different ratio of photo-cross-linking between myristic acid and palmitic acid. Indeed, for the
same composition in fatty acid chains, the experiment with PIP; shows a higher photo-cross-
linking signal on the palmitic acid, while the myristic acid signal is more intense in the case of
the PS-containing MLVs. Data statistics are not sufficient to evaluate the contributions of each
photo-cross-linking results. Still, in the case of PIP,, the photo-cross-linking efficiency is
reversed compared to previous results as the palmitic acid is longer than the myristic acid.
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Figure 52. MALDI-TOF spectra of the Bzp-induced photolabeling between Biot(O,)-Apa-Gs-
K(Bzp)-RQIKIWFQNRRM(O)KWKK-CONH, (ApaPen, m/z 3255) and negatively charged MLVs of
the following compositions: DMPC/DOPS (70/30), DMPC/DPPS (70/30) and DOPC/DMPS
(70/30). Irradiation occurred for one hour at 45°C, where all lipids were in fluid phase. All data
were acquired by MALDI-TOF MS, in reflector positive ions mode, using a 2,5-DHB matrix
supplemented with phosphoric acid at 1%. External calibration was performed using a
mixture of 5 peptides and optimization was performed on the Insulin chain B ion at m/z 3494.

In general, photo-cross-linking products seem to be highly dependent on the nature of the
phospholipids fatty acid chains and on the photo-cross-linking mechanism, no matter the polar
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head group considered. Indeed, oleic acid chains are preferably labeled compared to the other
types of hydrophobic chains. As no photoadducts were observed with liposomes composed of
PC phospholipids only, the presence of the negatively charged phospholipids seems to be
important to trigger the peptide-lipid interaction. Once, the peptide is inserted in the
membrane, photo-cross-linking can occur in the environment of the Bzp, predominantly with
the fatty acid chains that are the most favored for the photo-cross-linking reaction, i.e.
unsaturated lipids. Still, experiments on MLVs of DMPC/DPPIP; (90/10) show a higher signal for
the palmitic acid photoadduct, although the photo-cross-linking is supposed to be more
efficient on the myristic acid due to its shorter length. In this example, PIP; appears to drive the
photo-cross-linking preferably on the palmitic chains.

A supposition is that the clustering effect of Penetratin, highlighted by our calorimetry
experiments, plays a role in the photo-cross-linking efficiency. Indeed, once the peptide is
inserted in the membrane after PIP, clustering through electrostatic interaction with their polar
heads, the peptide is surrounded by several PIP, phospholipids, which leads to a higher
probability of photo-cross-linking on the fatty acid chains of PIP,.

4.3. Tertiary lipid compositions: PIP, photo-cross-linking over PS
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Figure 53. MALDI-TOF spectra of the Bzp-induced photolabeling between Biot(O,)-Apa-Gs-
K(Bzp)-RQIKIWFQNRRM(O)KWKK-CONH; (ApaPen, m/z 3255) and negatively charged MLVs of
the following compositions: DOPC/DMPS/DPPIP; (60/30/10) and DMPC/DPPS/DOPIP,
(85/15/5). Irradiation occurred for one hour at 45°C, where all lipids were in fluid phase. All
data were acquired by MALDI-TOF MS, in reflector positive ions mode, using a 2,5-DHB matrix
supplemented with phosphoric acid at 1%. External calibration was performed using a
mixture of 5 peptides and optimization was performed on the Insulin chain B ion at m/z 3494,
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The method was then applied to liposomes of a slightly more complex composition, including
PS and PIP; in the same liposomes. PS is the most abundant negatively charged lipid in the
plasma membrane and liposomes compositions were chosen so as to keep as much as possible
the ratio PS/PIP, present in the plasma membrane. The percentage of PIP, in the liposomes is
however limited to the detection limit of the method. Nevertheless, PIP, concentration in the
plasma membrane is not homogeneous and evidence of PIP,-enriched regions in the plasma
membrane has been highlighted in introduction. The lipid compositions used are as follows:
DOPC/DMPS/DPPIP, (60/30/10) and DMPC/DPPS/DOPIP, (80/15/5) (Figure 53). In both cases
the photo-cross-linked lipids correspond to the PC and PIP; lipids, and the oleic acid signal is
the most intense. Very low intensity signal corresponding to the PS fatty acid chains might be
perceived but low signal-to-noise (S/N) does not allow identification of a first isotope.

Bzp reacts on the fatty acid chains of lipids in its immediate environment, which makes it
possible to identify the interaction partners of the peptide. We can therefore deduce from
these results that Penetratin interacts preferentially with PIP; and is inserted into the liposome
membrane close to the PIP; lipids. Once the peptide is inserted into the membrane, the photo-
cross-linking reaction occurs on the surrounding lipids, which are PIP; and neighboring PC lipids,
present in significant proportions in our model membranes.
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Conclusion

In this part of the project, the contributions of the phosphatidylinositol-(4,5)-biphosphate for
the internalization of the cell-penetrating peptide Penetratin were evaluated. Our
internalization studies on cells show the likely contribution of intracellular PIP; for the
internalization of Penetratin. Blockage of the PIP; polar head groups by transfection of CHO-K1
cells by a GFP-PH-PLC? plasmid prior to internalization experiments inhibited the cellular uptake
of the peptide. In order to better define the interaction between Penetratin and the multivalent
phospholipid PIP,, several experiments were conducted on model membranes containing PIP».
As Penetratin is known to interact with negatively charged phospholipids, an emphasis has
been pursued on the comparison of the Penetratin interaction with PIP, and the Penetratin
interaction with PS the negatively charged lipid the most abundant in the plasma membrane.
Calorimetry measurements were used to assess the effect of Penetratin on the thermotropic
phase behavior of such liposomes. It appears that Penetratin interacts strongly with PIP; and is
able to induced PIP; clustering in model membranes, while it is not the case in PS-containing
liposomes. In addition, the Penetratin binding affinity for PIP,- and PS-containing liposomes was
estimated by fluorescence spectroscopy. It appears that Penetratin binds with 2 times more
affinity for PIP,-containing vesicles compared to PS-containing vesicles, for a similar amount of
charges in the liposomes. Finally, a method coupling photo-cross-linking to MS analysis allowed
the identification of PIP; as a favored interaction partner of Penetratin in liposomes containing
PC, PS and PIP,.

Figure 54 illustrates the conclusions obtained on the contributions of PIP; to the internalization
of Penetratin evaluated using model membranes. A model membrane composed of PC, PS and
PIP, in 80/15/5 proportions is considered.

In the presence of this negatively charged membrane, Penetratin is structured in a-helix. We
know from our fluorescence titration experiments that the affinity of Penetratin for PIP; is
stronger than for PS. Penetratin will therefore interact preferentially with PIP,. In addition, our
calorimetry results showed that Penetratin induces lateral separation in liposomes containing
PIP,, strongly suggesting the formation of domains rich in PIP,. These results are supported by
results from the literature, indicating that basic peptides are able to recruit multivalent PIP;
lipids, but not monovalent PS lipids.'®® Penetratin then slightly inserts into the lipid bilayer, as
suggested by our calorimetry results. Once inserted into the bilayer, the peptide is found in the
vicinity of the fatty chains of the PIP; lipids with which it has interacted and the PC lipids which
are in significant proportions in the membranes. This position of the peptide explains the results
obtained by photo-cross-linking, with photoadducts corresponding to the hydrophobic chains
of PIP; and PC.
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Figure 54. lllustration of the conclusions obtained on the contributions of PIP; to the
internalization of Penetratin evaluated using model membranes.

A collaboration with the molecular modeling team of the laboratory allowed us to confirm the
PIP; clustering effect of Penetratin by coarse-grained (CG) simulations. Coarse-graining consists
in representing a system by merging several atoms into "beads". Due to the reduction in the
number of degrees of freedom and elimination of fine interaction details, CG simulations
require less resources compared to all-atom representation and improve sampling in general.
They are well suited to understand protein/lipid interactions, particularly for finding what lipids
preferentially bind to a membrane protein in a complex lipid mixture.'® This work was
performed in the context of the Ph.D. project of Paula Mildn Rodriguez, supervised by Patrick
Fuchs. Penetratin was embedded in a model membrane composed of POPC/POPS/POPIP,
(80/15/5), by using a CG simulation with the MARTINI 2.2 force-field.’®3184 A box containing a
lipid bilayer composed of 200 lipids for 2 Penetratin peptides, one on each leaflet, was
constructed. The two leaflets have the same lipid composition. Having one Penetratin in each
leaflet allowed us to double the statistics at no extra computational cost. Simulations of 10
microseconds were launched. Snapshots of the simulations are presented in Figure 55. The
simulation box was repeated on each side to avoid visualization artefacts due to periodic
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boundary conditions. Very rapidly, Penetratin recruits the PIP; lipids, up to 5 PIP, molecules per
peptide (Figure 55B), while PS lipids seem to diffuse randomly in the membrane. A zoom on the
Penetratin/PIP; cluster (Figure 55C) suggests that Penetratin basic residues (in blue) interact

with the PIP; polar heads, while Tryptophan residues (in orange) insert deeper in the bilayer,
just below the polar head groups.

Figure 55. Representative snapshots from Penetratin forming PIP; clusters in a model
membrane composed of POPC/POPS/POPIP;, (80/15/5), obtained by MARTINI coarse-grained
simulations. (A) Beginning of the simulation, after equilibration. (B) Snapshot at 4 us. PC polar
heads are represented in grey, PSin red and PIP; in green. The Penetratin sequence is in pink
(backbone) and yellow (lateral chains of the residues). Water molecules were removed from
the figure for more clarity. (C) Snapshot of Penetratin binding 5 PIP, molecules at one of the
membrane leaflets. The Penetratin backbone is in pink, the lateral chains of the AA residues
are in yellow, expect basic residues lateral chains that are highlighted with blue beads, and

tryptophan residues that are highlighted with orange beads. PIP; lipids are in green. The
phosphate groups of the phospholipids are shown with grey breads in order to localize the
water/membrane interface. “Beads” are scaled for a better visualization. PC, PS lipids and
water molecules were removed from the figure for more clarity.
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In vivo, in vitro and in silico studies have been used to evaluate the Penetratin interaction with
PIP,. Altogether, these results give more insight on the way Penetratin interacts with model
membranes and on the direct translocation pathway of this peptide. Indeed, the first
electrostatic interactions that the peptide has with the negatively charged molecules at the
extracellular leaflet of the membrane must be a first recognition step, but interactions with the
internal leaflet, which is more negatively charged, is of importance in the internalization
pathway, probably by attracting the peptide toward the other side of the membrane.
Furthermore, the Penetratin ability to form PIP; clusters is likely to be a key factor for the
internalization to be possible. This clustering effect was evidenced by our calorimetry
experiments and is also a good explanation for the stronger interactions toward PIP, observed
in fluorescence and in photo-cross-linking results.
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PART 2: BENZOPHENONE
PHOTOREACTIVITY IN A LIPID
BILAYER TO PROBE CPP/LIPID

MEMBRANE INTERACTIONS
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Introduction

The benzophenone (Bzp) photoreactivity in the context of a lipid membrane will be extensively
studied in this second part of the manuscript. As it has been mainly reported in solution, the
reactivity of the Bzp triplet excited state can be impacted by the particular environment that is
a model membrane. In addition, the Bzp probe being covalently bound to a CPP, the mode of
interaction of the peptide with the lipid membrane could influence the photo-cross-linking
properties. Parameters such as the peptide structuration at the membrane contact, its
positioning in the lipid bilayer, and its interaction with the different physical states of the
membrane — unsaturation degree, lamellar phase, curvature —are so many variables that could
affect and direct the Bzp reactivity. In this introduction, we will attach to describe the mode of
interaction of CPPs with lipid membranes. Then, the classical photoreactivity of the Bzp probe
will be described. Finally, a non-exhaustive description of peptide fragmentation pathways in
MS/MS will be given, as this technique allowed us to characterize the Bzp-induced photo-cross-
linking products.

1. CPPs and the membrane fluidity

Electrostatic interactions are not the only factor to be considered when studying the interaction
of CPPs with lipid membranes. In fact, the membrane lamellar state and curvature also have an
importance in this interaction. 618

Studies of the interaction of membrane active peptides with model membranes can give
precious information on various parameters such as the peptide structure, peptide partition
and insertion and peptide-induced membrane perturbation.

1.1. Penetratin structuration

As mentioned earlier, Penetratin tends to adopt a defined secondary structure in contact with
anionic lipid vesicles, while it has a mainly unstructured conformation in aqueous solution or in
presence of uncharged membranes. Penetratin adopts an amphipathic a-helical structure in
presence of negatively charged lipids for low lipid to peptide ratios.?®1?814> This secondary
structure correlates well with the fact that Penetratin corresponds to the third a-helix of the
Antennapedia homeodomain. For higher ratios, and under specific salt concentration or vesicle
aggregation, a PB-sheet structure or a B-sheet / random coil mixt structure has been
observed.?®%2186 Thijs |atter configuration of the peptide would induce a stronger
destabilization of the membrane. The secondary structure variability of Penetratin may be
linked to different experimental conditions as regards to the peptide and lipid concentrations,
buffer contents and temperature. It can be noted that the conditions of low peptide to lipid
ratio where the a-helical structuration is observed is closer to the biological conditions. Also,
as commented in Part 1 introduction, the peptide structuration does not seem to be a crucial
factor for the cell uptake efficiency.'** Nonetheless, the secondary structure of Penetratin in
live cells has been reported using Raman microscopy.*®’ This method has shown a favored
configuration in random coil and B-strand in the cytoplasm, and possibly in B-sheets in the
nucleus. The limit of this method is it does not allow direct characterization when the peptide
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is inside the cell membrane. Although the structuration of the peptide is not necessary for the
cell uptake, it has been evidenced that the backbone rigidity and static presentation of
guanidinium groups increases the internalization of arginine-rich CPPs.188 Probably, the
structuration allowing the good orientation of the guanidinium groups helps the peptide-
membrane interaction in the first step of the internalization pathway.

Elucidation by NMR of the Penetratin structuration in presence of membrane models
containing PIP, is an ongoing project at the laboratory, as part as the Ph.D. work of Edward
Chalouhi, supervised by Olivier Lequin.

1.2. Penetratin positioning in lipid bilayers

Penetratin has been reported to insert superficially in model membrane, as it is not sufficiently
hydrophobic to insert deeply into the phospholipid model membranes.'?® Studies on SDS
vesicles by NMR showed that the peptide lies parallel to the micelle surface without insertion
in the hydrophobic region.'8%1% This parallel orientation at the membrane surface has been
confirmed using bicelles composed of PC and PG lipids. The same study showed that the
tryptophan residues point toward the hydrophobic core of the bilayer, while the peptide seems
to be located at the interface between the lipid polar head groups and their hydrophobic
tails.1% Similar results were obtained by tryptophan fluorescence, where the depth of insertion
of the tryptophan residues was assessed using PC/PG or PC/PS SUVs. Indeed, Penetratin was
found to be positioned parallel to the membrane, at the interface between lipids polar heads
and their fatty acid chains, with tryptophan residues inserted deeper in the bilayer at 13.0 A
from the bilayer center, just below the lipid head groups, considering an average length of the
acyl chains of the membrane bilayer to be 15 A. Moreover, Trp 48 was found to be further
inserted than Trp 56. Actually, a Penetratin variant where the Trp 48 was replaced by a Phe
residue inserts only at 14.5 A from the bilayer center.192193

Although Penetratin does not affect PC liposomes phase transitions, DSC experiments
conducted on PG liposomes showed that the peptide perturbs both the lipid head groups tilting
and the main phase transition. It indicates that the peptide disrupts the van der Waals
interactions between the hydrophobic chains, which means the peptide would insert at a
certain level into those model membranes.!#

Other studies, focusing on the (R/W)s CPP, have shown that the tryptophan residues are
important for the cellular uptake efficacy, not only by their number, but also by their position
in the peptide and by the size of the hydrophobic side they form. The same work estimated the
peptide insertion in the lipid bilayer to around 10 A from the membrane center, using the
intrinsic Trp fluorescence and brominated lipid models of PC/PG LUVs.8°

It is thus very likely that the cationic peptides containing tryptophan residues like Penetratin or
(R/W)s are positioned at the water/membrane interface when in contact with negatively
charged model membranes. Structured in an a helix, their backbone should be positioned close
to the lipid polar head groups, basic residues interacting with the negatively charged polar
heads, while the tryptophan residues are further inserted in the membrane, just below the lipid
polar heads. This positioning of tryptophan and basic residues at the water/membrane
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interface has also been reported when considering the transmembrane proteins positioning in
the plasma membrane.’®*

1.3.  Penetratin influence on membrane organization: fluidity and curvature

X-ray diffraction allows to measure inter-lipid distance and was used to evaluate the effect of
Penetratin on model membranes.’® It showed that the peptide induces phase separation and
lipid rearrangement in the lipid membrane. Using the Laurdan fluorescent probe, the same
work reported that Penetratin induces de-packing of lipids in DMPC and DMPC/DMPG
membranes. They also performed calorimetry (DSC) experiments using DMPC/DMPG
liposomes, which showed that Penetratin favors the transition from the gel phase to the ripple
phase (decrease of the pre-transition temperature). Altogether, these results suggest that the
Penetratin-induced phase partitioning in the lipid membrane represents an important feature
of membrane destabilization for the bilayer translocation, as the peptide favors the ripple
phase, a heterogeneous lamellar state composed of gel-like and fluid-like parts.

Using three CPP sequences, Penetratin, Ry and (R/W)g, and a cholesterol-pyrene probe, the
same group showed more recently that the cholesterol-pyrene molecules dissociate from
clusters upon the peptide-membrane interaction. Their results suggest that the peptide
interaction with the membrane induces cholesterol redistribution and that the amphipathicity
of the peptides increases membrane fluidity and might be important for membrane
translocation.%®

The use of DSC measurements has been very helpful to evaluate the interaction of CPPs with
the different lamellar states of lipid membranes. Penetratin has been reported to interact
favorably with lipids of shorter vs longer fatty acid chains and to recruit unsaturated fatty acids
chains in a heterogeneous lipid composition.'®? This may be caused by their higher fluidity
arising from their lower phase transition temperature. Indeed, when selective lipid interactions
were observed in a binary mixture, the recruited lipid always corresponded to the one having
the lowest phase transition temperature. The hierarchy in the segregation they report is the
same as the one observed with Bzp-induced photo-cross-linking experiments:® the unsaturated
lipids were preferentially recruited first, before lipids with shorter fatty acid chains.
Unsaturated lipids always present a lower Tm. Thus, such preference is likely to be related to
the higher fluidity of these lipids, which better adapt to lipid rearrangements taking place
during the cell translocation and/or perturbation of the lipid bilayer.'6?

CPP/lipid interaction is a cooperative process that can affect both partners. Indeed, Penetratin
was found to adopt an a-helical structure at the contact of negatively charged membranes. In
the same manner, CPPs can also induce a remodeling of the membrane organization. In fact, it
has been reported that Penetratin is able to generate a negative curvature in the lipid bilayer
of GUVs, forming tubules that are favored in the disordered membrane regions.®” This
negative curvature can also lead to the formation of inverted micelle structures upon
interaction of CPPs with model membranes.'* Lipids segregation induced by CPPs also
destabilizes the membrane by formation of boundary defects between the lipid domains.1%%1%°
A study related the ability of poly-lysines to induce domain formation and exploit the
membrane destabilization to enter GUVs through defects in the membrane at the domains
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boundary. The peptide translocation would be favorized by the reduced surface tension in
these boundary defects.?®

Membrane defects can be found at lipid domains boundaries, but also in a curved region of the
membrane and could facilitate the CPP/lipids interactions. The affinity of Penetratin for
liposomes containing the zwitterionic lipid PE, prone to induce a negative curvature by its
conical shape, is an indicator of the implication of such structuration of the membrane in the
peptide/lipid bilayer interaction. Indeed, presence of PE in model membranes increased the
Penetratin affinity for egg PC liposomes from 28 to 0.5 uM, close to the affinity of Penetratin
for negatively charged liposomes of egg PG, at 0.3 uM.*®! Direct translocation could thus be
favored in nanodomains of the membrane enriched in these conical-shaped lipid.?%!

Interaction of arginine-rich CPPs with curved membranes have been related to lipid packing
defects induced by the membrane curvature.® Indeed, the loosening of lipid packing induced
in the curved membrane would promote the cell entry of arginine-rich CPPs, as illustrated in
Figure 56.%02
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Figure 56. (A) Although the guanidino group of R8 is cationic and hydrophilic, other parts of

the molecule are poorly hydrophilic. (B) Curved membranes should have more lipid packing

defects than planar membranes, facilitating the interaction of R8 backbone with lipid core
areas and the eventual translocation. Figure and legend from &.

Lipid packing defects would allow a better exposure of the hydrophobic chains of the lipids,
that would favor the interaction with the hydrophobic backbone of the peptide, while the
hydrophilic part of the peptide would interact through electrostatic binding with the lipids polar
heads.

As the photo-cross-linking method we use is dependent on the CPP interaction with the
lamellar state of the lipid membrane, it is important to consider the influence of membrane
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fluidity and structure in our experiments. As previously mentioned, the Bzp photoreactivity on
lipid substrates is dependent on the lipids unsaturation degree. In addition, insertion depth of
the peptides could be a great advantage to consider in the same time with the interaction
partner identification, for a better characterization of the system.
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2. Benzophenone as a photoactivable probe in model membranes

The Bzp photoreactivity has been extensively described in the literature and the versatility of
its triplet excited state is exploited for a wide diversity of applications in chemical biology, as
illustrated in Figure 57.
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Figure 57. Diversity of applications of the Bzp photochemistry during the past 20 years, due in
part to the rapid development of innovative technologies in chemical biology. 1*: triplet
excited state of Bzp, 3 Bzp*.%03

Upon irradiation, the Bzp chromophore can absorb a photon at >350 nm that promotes the
transfer of a non-bonding n electron of the carbonyl oxygen into the t* orbital of the carbonyl,
leading to an n—mt* transition (Figure 58). The n-mt* triplet is often represented as a diradical
and is the most reactive of the excited state species of Bzp.2%3
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Figure 58. n—1t* transition of BP carbonyl upon irradiation.?%

The most important photochemical reactions of the Bzp triplet excited state are hydrogen
abstraction, [2+2] cycloaddition on a C=C double bond (Paterno-Blchi reaction, oxetane
formation), and to a lower extent triplet sensitized dimerization.
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2.1. Radical hydrogen abstraction

The n-mt* triplet excited state (Figure 59, molecule 1*), which has both high energy and
biradicaloid character, can abstract a radical hydrogen from an appropriate donor molecule,
leading to the formation of Bzp ketyl radical (Figure 59, molecule 2). Recombination of the
radicals resulting from the H*® abstraction and of the Bzp ketyl radical leads to the formation of
a stable covalent bond between the substrate and a benzhydrol group (Figure 59, photo-cross-
linked compound 9). H® abstraction generally takes place within 10-100 ns, while
recombination is slower (>1 ps), and is considered as the rate-limiting step of the photo-cross-
linking reaction. Two Bzp ketyl radicals 2 can also couple to form a benzopinacol (Figure 59,
molecule 7), but no such dimerization is reported for protein-Bzp?®® or peptide-Bzp?%*. The
n-mt* triplet excited state is in equilibrium with the ground state, which provides a certain
photostability of labeled molecules and is particularly adapted when studying biological
systems that often require long incubation times. The n-mt* triplet excited state can also be
reduced by compounds that are poor H*-donors but good electron donors, such as H,0, leading
to the hydrate molecule 12, which can be further regenerated to the ketone molecule 1 that
can again be excited.
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Figure 59. Example of the Bzp-induced photo-cross-linking on a protein substrate.?%

The diradicaloid triplet state is the most reactive toward C-H bonds, forming relatively stable
carbon radicals, thus it is particularly adapted to the cross-linking of lipid acyl chains. The radical
stability drives the rate of H*® abstraction. In that way, the H® abstraction kinetics is ranked in
the order primary < cyclohexyl and secondary aliphatic < primary aliphatic and secondary
benzylic < tertiary aliphatic hydrogens.?®® It can be noted that stability of the Bzp probe is
convenient as it can be manipulated in ambient light.

Bzp-induced photo-cross-linking has been well characterized on peptidic molecules and is
commonly used for protein cross-linking. The radical hydrogen abstraction reactivity of Bzp has
also been used to determine the conformations of the flexible chains in membranes?>2% gnd
to induce cross-linking on lipid substrates in acetonitrile solutions.??” More recently, this
reactivity has been exploited to decipher the interaction of CPPs with model membranes,
implying the photo-cross-linking reaction to occur in a complex system that is a lipid
membrane.”
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2.2. Paterno-Bichi reaction

The Paterno-Blchi (P-B) reaction consists in a [2+2] cycloaddition leading to oxetane formation
on the double bond of unsaturated lipids.?2%7219 |t is a well described reaction and involves a
UV-activated biradical carbonyl group of an aldehyde or a ketone, such as the one present in
the Bzp (molecule 1*), which further reacts in solution with C=C bond(s), as found in
unsaturated lipids. If energy is applied to P-B products, retro Paterno-Biichi reaction (retro P-
B) can happen via two pathways either leading back to the original reactants, or leading to
cleavage of the C-C bond at the initial C=C bond position and the C-O bond of the initial
carbonyl, thus forming a new olefin and ketone/aldehyde and leading to ions characteristic of
the position of the double bond (see Figure 60).208211,212
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Figure 60. Paterno-Bichi (P-B) reaction between a ketone/aldehyde and olefin and possible
retro P-B reactions.

Bzp has been recently described as a P-B reagent of choice for characterization and
quantification of unsaturated lipids by MS/MS, gas-phase fragmentation of the P-B products
leading to diagnostic ions of the position of the double bond.?%%213.214 Energy can be given by
heating or collision with an inert gas during tandem MS experiments. These UV-induced
reactions of the Bzp are well described on lipids in solution (P-B) or in the gas-phase (retro P-
B).208213 p_B reaction coupled with MS/MS is used for identifying and quantifying unsaturated
lipids in complex lipid mixtures.?13214

It is worth noting that the oxetane ring opening through retro P-B can be done by low collision
energy in MS/MS, but also by heating?*2!> or acidic treatment since monosubstituted
oxetanes are known to be unstable at pH 1.21°

2.3. Triplet sensitized dimerization

Bzp can act as a photocatalyst by absorbing a photon and transferring it to a substrate via
sensitization by energy or electron transfer.?!’ Bzp-induced dimerization through
photosensitization has been well described for biomolecular interactions with DNA. Bzp
photoinduced reactions (photooxidation, P-B or retro P-B reactions, C-C bond formation,
dimerization) often competes.?% A study by Liu et al. on Bzp and pyrimidine bases revealed that
the proportion of P-B reaction compared to dimerization via photosensitization, depends on
the relative triplet energy (Er) levels of both entities.?*® When the Er values of the Bzp and the
pyrimidine are close, the two reactions occur concurrently.
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2.4. Double bond formation

A less common reactivity of the Bzp chromophore can be considered as it is driven by the
rigidity of the Bzp environment. As described in solution by Breslow,?1*2?% Bzp can induce the
formation of a double bond on a rigid and constrained substrate. In the system described by
Breslow, rigidity is brought by the constrained molecular scaffold. This selective oxidation
reaction of saturated carbons is directed by geometric control rather than intrinsic reactivity of
the Bzp. A scaffold composed of a cholestanol molecule covalently bound to a Bzp via a more
or less flexible (CHz)n alkane chain spacer was used to evaluate this reactivity (see Figure 61).
The flexible substrate presenting a (CH»), spacer with n=2 shows a classical Bzp cross-linking
reactivity, with formation of a C-C bond between the Bzp probe and the C7 or C14 of the
cholestanol group.??! With the inflexible substrate (n=1), the reaction of the Bzp triplet excited
state can also lead to an olefin product by dehydrogenation.??® This UV-induced reaction
consisting in the abstraction of two radical hydrogens (formal loss of H,) competes with the
photo-cross-linking reaction leading to the C-C bond formation between Bzp and the substrate.

n=2, flexible substrate

N hy Classical C-C bond
o ~ ;4 — formation on C7 or C14
A 0
n=1, rigid substrate C=C bond formation
H H hv
o — o

0] H OH
OO )0
Ho H,

Figure 61. Bzp reactivity on the cholestanol substrate bound to the Bzp with a flexible spacer
or in a rigid structure.??®
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3. Characterization of the Penetratin photoadducts in gas-phase
fragmentation

The aim of this section is to described the typical behavior of peptides subjected to MS/MS
fragmentation, or tandem MS, in particular in MALDI TOF/TOF, which is the main instrument
used in our experiments.

The MS process consists in sequential ionization, analysis and detection of analytes in the gas
phase. Soft ionization techniques that do not induce fragmentation are required for MS analysis
of biomolecules, such as electrospray ionization (ESI)*?? and matrix-assisted laser desorption
ionization (MALDI)?%2. Tandem MS allows to refine the characterization of the analytes by
gaining structural information. In the case of peptide MS analysis, it is a powerful tool to access
the amino acid sequence.

The first step of an MS/MS experiment consists in the selection of the precursor ion of interest
produced in the ion source. This ion is then activated, leading to its excitation (increase of its
internal energy), and consecutive fragmentation when the required conditions are met.
Afterwards, the fragment ions (daughter ions) are analyzed and detected. The actual
experimental setup for MS/MS experiments can be very diverse. For MS/MS in space, two
successive analyzers can be used, in different regions of the instrument (i.e. triple quadrupoles
(TQ), Q/TOF, TOF/TOF). For MS/MS in time, successive sequences within the same enclosure
are used (i.e. ion traps (IT), Fourier-transform ion cyclotron resonance, FT-ICR).

The activation of the accelerated precursor ion can occur in a collision cell filled with an inert
gas such as nitrogen, argon or helium, leading to its excitation and potentially to its
fragmentation. This type of dissociation is called collision-induced dissociation (CID) or collision-
activated dissociation (CAD). Fragmentation can also be induced by capture of a low-energy
electron < 1 eV (electron-capture dissociation, ECD) or electron transfer in a gas-phase ion-ion
chemistry (electron-transfer dissociation, ETD). The odd-electron species formed then undergo
rearrangement implying radical-type mechanism fragmentation.

In the case of CID fragmentation, before collisions with the gas, the initial internal energy of the
precursor ion depends on the ionization process (E%). During the collision, energy is
transferred to the center of mass (Ecm) such that:

M gas

ECM = Ek X
Mgas + Mincident precursor ion

With Ex = kinetic energy of the incident precursor ion, Mgas = mass of the inert gas, Mincident
precursor ion = Mass of the incident precursor ion.

After collision, the precursor ion has an energy corresponding to the sum of the E%. and E"int
the internal energy due to the collision itself. It represents a very small fraction of the Ecm
especially if the Ex given to the precursor ion is low.

One can distinguish high and low collision energy fragmentation depending on the kinetic
energy given to the parent ion, which determines the amount of energy given to the ion (E%nt).
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Apart from the instrumental conditions used, the fragmentation pattern of a peptide depends
on intrinsic factors such as the size of the peptide, the nature of the AAs and its charge state.

In this work, a MALDI-TOF/TOF instrument allowing CID fragmentation was used for the
characterization of the Penetratin photoadducts induced by the Bzp-based photo-cross-linking.
A scheme of the equipment is presented in Figure 62.

(" MALDI ion TOF analyzer
TOF analyzer y Detector
source . Fragment ions .
. Precursor ion CID . Signal
Peptide . . separation in )
L selection fragmentation detection
\__ionization m/z
Accelerating T
inear
voltage V,
g 0 TIS Reflector detector
GV, (G<1) Time ion detector (off-axis)
| Ground | selector
y v TOF 1 TOF 2 O
________|:|___ __________ . ]| Collision |_ _H ___________________________________________ -
cell Z axis
Ezl Ez2
X1, Y1 X2, Y2 |
deflectors  deflectors X3, V3
deflectors

Figure 62. Scheme of a MALDI-TOF/TOF instrument.

In this equipment, high-energy CID fragmentation is performed. lons are accelerated at a high
kinetic energy of 1 keV, from 10 to 100-times higher than the usual values in ESI-trap-based
fragmentation (20 eV). lons with such a high internal energy are subjected to abundant
fragmentations involving high-energy processes, leading to numerous consecutive
dissociations. In general, high-energy CID allows the production of low-mass fragments like
immonium ions that are usually not observed in low-energy CID.

3.1. Peptide fragmentation pathways

The aim of tandem MS is to produce a population of peptide fragment ions that differ in mass
by an amino acid residue in order to characterize the amino acid sequence of the fragmented
peptide, called the precursor peptide ion. A peptide bond can be fragmented at three different
positions along the peptide backbone, giving different complementary ions. The commonly
used nomenclature of the peptide bond fragmentation is represented in Figure 63. The N-term
fragments are denoted by ax, bx, and cx where x is the number of amino acid residue a carbons
in the fragment ion. The complementary C-term fragment ions are denoted by x;, y; and z,,
where (x + z) is the number of amino acid residues in the parent peptide ion.

106



y4
w9
~N=CHTC-N-CH-C---
|'_\>x Rx+1
aX

Figure 63. Peptide fragment ions nomenclature.?%

CID dissociation consists in the collision of peptide cations with rare gas atoms. The gas
collisions supply enough internal energy to the peptide cation to induce covalent bond
cleavage. In these conditions, fragmentation occurs at the amide bonds, forming the
structurally informative b and vy ions that contain the N-term and the C-term, respectively
(Figure 64).22>7227 Other consecutive neutral loss of water or ammonia are usually observed.

In electron-mediated dissociation (ExD) techniques, the radical fragmentation mechanisms are
involved. These methods rely on the transfer of an electron from an appropriate donor to the
protonated peptide. It leads to the formation of an even-electron c and odd-electron z* ions
(Figure 64).2%8
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Figure 64. Fragment ion types produced from a multiprotonated parent ion following either
CAD or ETD.??8
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An overview of the principal peptide fragmentation mechanisms by CID, leading to the
formation of b and vy ions, will be presented, as well as the main route for the formation of ¢
and z ions in ExD. An emphasis will be made on the possible radical-type reactions, induced in
the MALDI source by using a reducing matrix, that can also lead to c and z ions, usually typical
of the electron-mediated dissociation.

3.1.1. CID fragmentation pathways, formation of b and y ions

THE MOBILE PROTON MODEL

lonized peptides excited under CID collision conditions dissociate mainly by charge directed
fragmentation.??® Peptides can be protonated at various sites including side chain groups, N-
term amino group, amide oxygens and nitrogens.

One or more protonation sites can be energetically and/or kinetically favored, leading to the
sequestration of the additional proton, for example on a basic amino acid. In that case, an
important energy is needed in order to mobilize the proton toward a less favored protonation
site.

Moreover, molecular orbital calculations showed that the protonation on the amide nitrogen
leads to a weakened amide bond, while the protonation on the amide oxygen stabilizes the
amide bond.?*® However, the protonation on the amide nitrogen is thermodynamically
unfavored comparted to the protonation on the amide oxygen, on the N-term amino group or
on a basic AA side chain.

Upon excitation by collision, the ions internal energy is increased, which can explain how the
less favored protonation sites can be activated. The mobile proton model has been proposed
by the group of Wysocki in 1996 to explain this phenomenon (Figure 65).23! This model reflects
the ability of the additional proton to migrate upon excitation toward various protonation sites
before fragmentation. Thus, various isomers of the ionized peptide are assumed, leading to a
larger population of fragments.

-

0
I 1 -
NH C NH C
HN \/ \NH/\C/ v \NH/\C/
L |
0 0
Figure 65. The mobile proton model.?3?

Under CID conditions most of the backbone cleavages of protonated amide bonds occur by
rearrangement-type reactions. This is mainly due to the high energy needed for the direct bond
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cleavage pathways to occur. lons excited by CID do not have enough energy to fragment
following these latter pathways. The majority of fragment ions are thus formed via
rearrangement-type pathways.

The principal mechanisms for the formation of b and y ions involve an attack on the carbon
center of the protonated amide bond either by the N-term neighbor amide oxygen?3? or by the
nitrogen of the N-term AA group?3. These two mechanisms are presented below, as well as an
unconventional amide bond cleavage leading to the formation of a non-classical cyclic isoimide
b ion.

THE CLASSICAL Bx-Yz PEPTIDE FRAGMENTATION PATHWAY

The classical bx-y, fragmentation mechanism is depicted in Figure 66. The peptide protonation
is first sequestered on the protonation site with the highest proton affinity, which can be the
N-term amino group (as represented here) or a basic AA side chain.

The by-y, fragmentation pathway is initiated by the transfer of the mobile added proton from
the protonation site to the nitrogen of the amide bond where will occur the cleavage. The
oxygen of the neighbor amide bond attacks the carbon center of the protonated amide bond
via a nucleophilic attack, leading to the formation of a protonated oxazolone derivative.?34-237

The rearrangement of the intermediate complex leads to a dimer of the two fragments sharing
the added proton.?*? Dissociation of the proton-bond dimer is driven by the proton affinity of
the fragment species, leading to a neutral fragment and a by or y; ion. by ions, as well as the
neutral fragments complementary of the y; ions, are oxazolone derivatives.

Besides, y; ions have been reported to be protonated truncated peptides. They contain the
added proton and the hydrogen coming from the nitrogen N-term of the cleaved amide bond,
which migrated to the newly formed vy; ion during the proton transfer step between the
oxazolone derivative and the truncated peptide in the proton-bound dimer.?33
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Figure 66. Classical fragmentation leading to the formation of the b (oxazolone) and y ions.

THE DIKETOPIPERAZINE PEPTIDE FRAGMENTATION PATHWAYS
The classical bx-y; fragmentation mechanism cannot explain all observed fragment ions in CID
MS/MS. In some cases, the neutral counterpart of the y; ion is a diketopiperazine derivative
(Figure 67). This pathway implies the mobilization of the added proton on the nitrogen of the
amide bond to be cleaved. Actually, two diketopiperazine pathways exist, one leading to a yn-2
ion (Figure 67A) and one leading to a y; or yn-n ion (when n>2, Figure 67B).
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Diketopiperazine contains two cis amide bonds. Thus, trans-cis isomerization of the initially
trans N-term amide bond is necessary in the diketopiperazine-yn-2 pathway, with protonation
of the N-term amide bond.?*® The mobile proton is then moved to the nitrogen of the bond to
be cleaved and the N-term amino group attacks the carbon center of the protonated amide
bond. A loose complex is obtained, composed of the protonated diketopiperazine derivative
and the leaving truncated peptide. Spontaneous proton transfer to the C-term fragment occurs,
as the proton affinity of the obtained cyclic peptide is much lower than that of linear peptides.
The complex dissociation thus leads to the yn-2 ion and a neutral diketopiperazine derivative.
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Figure 67. Diketopiperazine (A) yn-2 and (B) y; or yn-n pathway. N is the number of amino acid
residues in the peptide and n is the amide bond cleaved.??°

In the case of the yn-n ion formation (n>2), the cis-trans isomerization is not necessary, as the
neutral counterparts of the yn-n ions are cyclic peptides that can adapt all of their amide bonds
in the trans conformation.??” This pathway is initiated by the mobilization of the added proton
on the nitrogen of the amide bond to be cleaved. Nucleophilic attack of the N-term amino group
on the carbon center of the protonated amide bond leads to the formation of the cyclic peptide
in complex with the truncated yn-n ion. Since the proton affinity of cyclic peptides is much lower
than that of linear peptides, the added proton is transferred to the C-term fragment and the
complex dissociates to form the yn.n (n>2) ion and its complementary neutral cyclic peptide.

As it is the case for the classical bxy, fragmentation pathway, the y ions obtained by the
diketopiperazine pathways are truncated protonated peptides. They contain the added proton
and a hydrogen that was initially bound to a nitrogen N-term and was transferred to the
truncated peptide upon cyclization of the N-term cyclic peptide during the formation of the

diketopiperazine pathway complex.?33
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PEPTIDE FRAGMENTATION PATHWAYS VIA NUCLEOPHILIC ATTACK OF SPECIFIC AMINO ACID
SIDE CHAINS

Peptide fragmentation pathways can involve the interaction of the backbone functional groups,
as previously presented, but some peptides can also dissociate via amide bond cleavage
generated by nucleophilic attack of specific amino acid side chains to form non-classical bx ions.
This type of nucleophilic attack can be initiated by the side chains of histidine, glutamine,
asparagine, lysine, and arginine residues located at the N-term neighbor of the considered
protonated amide bond to be cleaved. It leads to various cyclic and non-classical N-term ions.
Competition with the classical bx-y; dissociation pathway can lead to a mixture of the two
isomeric forms of the fragments N-term to the cleavage site, oxazolone-derivative type and
non-classical b ion type. Generally, the classical bx-y; dissociation is dominant but the side chain
induced-cleavage at the C-term of histidine and glutamine residues can sometimes occur in
significant proportions.

As Penetratin contains a glutamine and an asparagine, the fragmentation pathways induced by
the amide oxygen of these two AAs side chains will be presented here.

The initiation of this pathway consists in the mobilization of the added proton on the nitrogen
of the amide bond in C-term to the GIn or Asn residue (Figure 68). It is followed by the
nucleophilic attack of the amide oxygen of the GIn or Asn side chain on the carbon center of
the protonated amide bond. A non-classical cyclic isoimide derivative b ion is formed.??
Similarly to the classical bx-y; pathway, a relatively stable dimeric complex is formed, composed
of the cyclic isoimide and of the truncated C-term peptide. This complex dissociated after
rearrangement and proton transfer between the fragments, determined by the proton affinity
of the species involved.

The same amide bond can also be dissociated by the classical bx-y; pathway which leads to the
oxazolone by ion and therefore it is possible to form isomers of the fragment b ion N-term to
the cleavage site. Evidence of the co-existence of the two isomers in the mass spectrometer
has been reported upon fragmentation of short GIn- or Asn-containing sequences.?3*?41 These
studies also revealed that the oxazolone isomer is more stable than the isoimide one for both
the GIn- and Asn-containing b ions. Moreover, the relative energies of the two isomers are
much closer for the GIn-than for the Asn-containing peptides. Also, cleavage of the amide bond
C-term to Asn and GIn involving nucleophilic attack of the side chain amide nitrogen has been
calculated to be energetically unfavored.
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Figure 68. Non-classical amide bond cleavage initiated by the Gin side chain leading to the
formation of a non-classical cyclic isoimide b ion.??°

3.1.2. ExD and radical mechanisms, formation of c and z ions

Electron-mediated dissociation is initiated by the production of peptide cation radicals via
collisional electron transfer from a suitable donor. The electron donor can be a simple electron
flow (ECD),?*? a neutral atom or molecule (electron capture-induced dissociation, ECID) or a
anion radical (ETD)?*3 (see equations 1 to 3).2%
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(peptide + nH)™ + e~ = (peptide + nH)™1* (1)
(peptide + nH)™ + A™* = (peptide + nH) 1+ + A (2)
(peptide + nH)™* + N > (peptide + nH)*(" 1 + N** (3)

ECD, ETD, and ECID can be referred to under the acronym of ExD. The association of an electron
to the protonated peptide generates fragile radical species. Despite their differences, the ExD
mechanisms all involve the formation of an aminoketyl radical intermediate that gives rise to
radical-type of fragmentation pathways, and leads to the formation of c and z ions, as depicted

on Figure 69.
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Figure 69. ETD fragmentation scheme. Fragmentation scheme of a multiply protonated
peptide after reaction with a low energy electron to produce c- and z-type ions.?*

3.1.3. Radical fragmentation induced by a reducing matrix

Usually observed in electron-induced dissociation, c and z ions can be less classically formed in
the ion source when using a reducing matrix, promoting radical mechanisms. As they are
formed in the MALDI source, these produced ions will be detected as a resolved ion signal at
their expected m/z values. This type of reaction is called in-source decay (ISD) and can occur
when using matrices able to release hydrogen radicals upon the UV-laser irradiation of the
MALDI. The hydrogen radicals can react with the analyte peptide to produce radical species
that can further undergo specific dissociations. They can lead to c and z ions by the mechanism
presented in Figure 70.
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Figure 70. Radical mechanism for the formation of c- and z-fragments by a H*® transfer from a
reducing matrix.?4®

The 2,5-dihydroxibenzoic acid (2,5-DHB) was chosen as matrix for the analysis of the Bzp-
induced photo-cross-linking because it is the matrix of choice to ionize lipids?*:?*¢ and because
it has been shown that it was also the best one for peptide-lipid photoadducts.” It is a reducing
matrix, known to induce ISD in the MALDI ion source.?*® This process involves a prompt H*
transfer from the 2,5-DHB matrix, which results in protonated radical species very similar to the
ones produced by electron-mediated dissociation.

Apart from peptide cleavage, I1SD induced by reducing matrices can also lead to the reduction
of disulfide bonds due to the high hydrogen atom affinity of sulfur atoms. Cleavage of one
disulfide bond implies the addition of two hydrogen radicals, resulting in +2u shift in the peptide
mass, leading to the deformation of the isotopic distribution by an increased intensity of
[M+2H+H]*.24°
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The peptide structuration and insertion in the model membrane, the membrane composition,
unsaturation degree and lamellar state are all important factors to consider when using the
Bzp-induced photo-cross-linking method. The Bzp photoreactivity will be impacted by these
parameters and the typical reactions of the Bzp triplet excited state, mainly reported in
solution, will be observed in a more complex system that is a lipid membrane. Moreover, the
peptide fragmentation pathways have to be kept in mind for a good characterization of the
produced photoadducts species.
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Results and discussion

When used as a photo-cross-linking reagent, H® abstraction type reactivity is exploited to create
a covalent C-C bond between two non-covalent interaction partners. This reaction is shown on
Figure 71 in the specific context of a photoreactive Bzp-modified peptide and a lipid interaction
partner (C-C bond, molecules 2 and 3). Covalent bond formation can also occur through a [2+2]
cycloaddition on a C=C double bond leading to an oxetane ring (P-B reaction), shown on Figure
71 (Oxetane, molecule 5). Other secondary reactions have also been described, such as
dimerization of molecules containing C=C double bonds (Figure 71, lipid dimer, molecule 7)
after sensitization of the corresponding molecule by triplet excited Bzp (Figure 71, molecule
6*), or Bzp-assisted photooxidation through H* abstraction leading to the formation of a new
C=C double bond (Figure 71, double bond, molecule 4).2**220 Most of these reactions are
reported in the literature and were identified independently using small molecules in
solution.?® In the present study, we used Bzp photo-cross-linking coupled to MS to study the
non-covalent interactions between CPPs and lipid bilayers.

Direct translocation is a purely physico-chemical process involving membrane destabilization
by the CPP whereas endocytosis is thought to be more dependent on other membrane binding
partners such as proteoglycans. Getting a precise molecular knowledge of CPP/lipids
interactions is crucial for a better understanding of those internalization pathways.?>* Such non-
covalent interactions can be studied by affinity photo-cross-linking using a peptide
functionalized with a photoreactive probe.??® Photo-cross-linking-based interactomics is a
developing field, in particular for the study of protein or peptide-membrane interactions,
using either photoreactive lipids,?>>72°¢ or photoreactive peptides or proteins.?>’ There
are very few studies focusing on identification of CPPs membrane interaction partners.
In 2016, the proteoglycan syndecan-4 was identified as a primary cell-surface target for
octaarginine, using a diazirine-modified peptide.?*® Work from our group focused on
Bzp-functionalized CPPs to identify lipid-type partners.>?>® By comparing various
photoactive probes, it showed that Bzp is the most adequate to study peptide/lipid
interactions.?*° Its hydrophobicity, guaranteeing good insertion in lipid membranes, and its long
history in lipids labelling, makes Bzp a photoprobe of choice for these systems. Upon irradiation,
the photoreactive CPP functionalized with a Bzp can form a covalent C-C bond with a methylene
group (CH>) of the lipid fatty acid chain in its immediate environment (Figure 71), as commonly
described in the literature.?® Kinetics for the radical hydrogen abstraction step vary according
to the nature of the phospholipids acyl chains.'®! More recently, our group showed that the
CPP Penetratin interacts more preferably with negatively charged phospholipids, with
unsaturated and/or short fatty acid chains, using Bzp-based photo-cross-linking coupled to
MS.>

The CPP properties of the Bzp-functionalized peptides will be evaluated on their internalization
efficiency in cells and on their effect on the phase behavior of negatively charged liposomes.
Photo-cross-linking efficiency of these peptides will also be estimated. Then, a mapping of the
observed Bzp photoreactivity in lipid membranes will be presented. It will be highlighted how
to exploit secondary reactions of the photo-cross-linking experiment to retrieve valuable
information on the peptide-model membrane non-covalent interactions. An analytical
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workflow for the interpretation of MS spectra will be presented, giving access to information
on the CPP/lipid interaction at a molecular level such as depth of insertion or membrane fluidity
in the CPP vicinity. An application of this workflow illustrates the role of cholesterol in the
CPP/lipids interaction. In addition, observation of an unconventional CID gas-phase
fragmentation of Penetratin by MALDI-TOF/TOF will be discussed. This work has been published
in Analytical Chemistry in 2019 (in Appendix).®
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1. CPP properties of Bzp-functionalized peptides

The CPP Penetratin was functionalized with a Bzp probe for the photo-cross-linking experiment.
The Bzp probe was either positioned at the N-term of the Penetratin sequence, or positioned
inside the sequence, replacing the tryptophan 48. The first analogue is designed to keep intact
the Penetratin sequence. The second aims to maintain a similar hydrophobicity of the peptide.
In fact, the hydrophobic tryptophan residues are suspected to have a role in the internalization
pathway by inserting between the hydrophobic tails of the membrane lipids. This second
analogue is thus expected to have a membranotropic activity comparable with the one of
Penetratin. Furthermore, incorporation of the aminopentanoic acid (Apa) spacer at the N-term
of the peptide, between the biotin sulfone and the rest of the peptide, is supposed to induce
better peptide recapture on streptavidin-coated magnetic beads. In total, 4 Penetratin
analogues, and their corresponding deuterated versions containing 5 deuterated glycine
residues, were synthetized for the photo-cross-linking experiments and internalization assays:
Biot(02)-Gs-K(Bzp)-pen (referred as Pen in the manuscript), Biot(0O,)-Apa-Gs-K(Bzp)-pen
(referred as ApaPen in the manuscript), Biot(O2)-Gs-pen(K*®Bzp) and Biot(O3)-Apa-Gs-
pen(K*Bzp). Penetratin analogues were tested in internalization experiments on CHO-K1 cells
and their effect on thermotropic phase behavior of DMPC and PIP,-containing liposomes were
measured in DSC. Photo-cross-linking experiments were also conducted with the (R/W)q CPP,
which was functionalized with a Bzp placed at the N-term of the sequence: Biot(02)-Gs-K(Bzp)-
(R/W)s.

1.1. Internalization efficiency of the Penetratin analogues

Internalization in cells of photoactivable Penetratin was quantified using the Burlina et al.
method,*”® described in Part 1 of this manuscript. One million cells were incubated with
peptides for 1 hour at 37°C. The membrane bound peptide was digested with trypsin.
Extracellular concentration of peptides was 10 uM. It showed that Penetratin functionalization
with a Bzp photoprobe does not reduce its cell penetration ability (Figure 72), but rather
enhances it, probably due to the higher hydrophobicity of the Bzp-functionalized peptide.

Differences in internalized peptide quantity measured for Biot(0)-Gs-K(Bzp)-pen and Biot(O3)-
Gs-pen were highly significant (p < 0.001). An enhancement of almost 7-fold of the
internalization is observed with the Bzp on the peptide, probably due to a higher
hydrophobicity of the peptide and thus a better insertion in the lipid membrane. As previously
showed,* Bzp does not impair the CPP properties of Penetratin. Biot(O2)-Gs-pen(K*Bzp)
internalization properties are closer to the ones of Biot(0O,)-Gs-pen, as expected. Still, it shows
3 times more internalized peptide compared to the non-photoreactive peptide. The impact of
Apa incorporation on the internalization is less clear. In the case of the Biot(O3)-Apa-Gs-K(Bzp)-
pen, presence of Apa spacer enhances the internalization efficiency by almost 2-fold, while in
the case of Biot(O;)-Apa-Gs-pen(K*®Bzp), internalized peptide is decreased by a factor 2
compared to the same peptide without Apa. In all cases, the Bzp-functionalized Penetratin
analogues show higher internalization efficiency than the non-photoreactive Penetratin.
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Figure 72. Quantification of internalized cell penetrating peptides Bzp-functionalized
Penetratin analogues and Penetratin Biot(O2)-Gs-pen in wild type CHO-K1 cells as described in
17> (error bars correspond to standard deviation on 6 replicates from 2 independent
experiments)

1.2. Effect of the Penetratin analogues on thermotropic phase behavior of PIP,-
containing liposomes

The effect of the Bzp-functionalized Penetratin analogues on the phase transitions of PIP,-
containing MLVs was measured by DSC, for a peptide/lipid ratio of 1/25. Thermograms are
presented in Figure 73, and the related thermodynamic parameters are given in Table 7.

As for the non-photoreactive Pen (results in Part 1), the Penetratin analogues do not impact
the phase transitions of DMPC liposomes. Their influence on DMPC/PIP; (95/5) are very similar.
They induce a recovering of the pre-transition signal and an increase of the main transition
temperature, like it was the case for the non-photoreactive Penetratin.

A clear decrease of the main transition enthalpy can be observed for all peptides, showing that
the peptides insert in the lipid bilayer and perturb the van der Waals interactions between the
fatty acid chains of the lipids. This effect is enhanced compared to the results obtained for the
non-photoreactive Penetratin (Part 1). Thus, the presence of the Bzp probe induces a better
insertion of the peptide in the bilayer, which is consistent with previous results showing that
the internalization efficiency is enhanced by the Bzp-functionalization of Penetratin. Moreover,
the decrease in enthalpy is even more important on peptide containing an Apa spacer, which
seems to anchor even better the peptide to the membrane.

In the case of peptides Biot(02)-Gs-K(Bzp)-pen (Pen) and Biot(02)-Apa-Gs-K(Bzp)-pen (ApaPen),
a shoulder can be observed, below the half maximum of the peaks. Bzp positioning at the N-
term of the sequence, which increases the hydrophobicity of the peptide, seems to induce a
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partitioning in the membrane. For the two other peptides, the main transition peaks are narrow
and no shoulder or peak splitting are observed.
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Figure 73. DSC heating scans illustrating the effect of the addition of Penetratin analogues on
the thermotropic phase behavior of DMPC and PIP,-containing MLVs. The curves correspond
to pure lipid and peptide to lipid ratio of 1/25.

Table 7. Thermodynamic parameters corresponding to DSC thermograms of phase behavior
of DMPC and DMPC/Brain PIP, 5% (mol/mol) in presence of Bzp-functionalized Penetratin
analogues, for ratios peptide/lipid of 1/25.

DMPC Tore (°C)  Tm ("C)  AHm (k)/mol)  FWHM (°C)
Pure lipid 14.8 24.6 25.8 0.6
Biot(0,)-Gs- pen(K*®Bzp) 14.6 24.5 23.0 0.6
B'(;te(:alﬁgf;? 14.5 245 22.6 0.6
Biot(02)-Gs-K(Bzp)-pen 14.6 24.5 21.6 0.6
Biot(0O2)-Apa-Gs-K(Bzp)-pen 14.5 24.5 19.9 0.6

Pen/DMPC: PIP2 5% mol ~ Tore (°C)  Tm (°C)  AHm (kJ/mol)  FWHM (°C)
Pure lipid - 22.8 23.8 1.6
Biot(02)-Gs- pen(K*®Bzp) 12.5 24.2 17.7 1.3
B";te(:(zllﬁgjj? 12.8 243 15.1 1.4
Biot(O2)-Gs-K(Bzp)-pen 12.5 24.1 19.6 1.3
Biot(0O2)-Apa-Gs-K(Bzp)-pen 12.1 24.2 15.3 1.9
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To resume, Bzp-functionalized Penetratin analogues show similar behavior in presence of lipid
bilayers. Their internalization properties are not impaired by the presence of the Bzp probe and
they have similar influence on the thermotropic phase behavior of liposomes composed of
DMPC or DMPC/PIP, 95/5. Nevertheless, their behavior can be more or less pronounced
depending on the Bzp positioning in the sequence and presence or not of an Apa spacer. Photo-
cross-linking yields of these peptides should as well be influenced by these parameters.

1.3.  Photo-cross-linking efficiency of the Bzp-functionalized Penetratin
analogues on DMPG liposomes

The photo-cross-linking efficiency of the Bzp-functionalized Penetratin analogues was tested

on DMPG liposomes. The theoretical masses and isotopic distributions for photoadducts

containing myristic acid (MA) are presented in Figure 74, for each Penetratin analogue. MALDI-
TOF spectra are shown in Figure 75.

Photoadducts theoretical masses and isotopic distributions

Biot(O,)-Gs-K(Bzp)- Biot(O,)-Apa-Gs-
Biot(0,)-Gs-K(Bzp)-pen  Biot(0,)-Apa-Gs-K(Bzp)-pen pen(K*8Bzp) K(Bzp)-pen(K*2Bzp)
+ Myristic acid + Myristic acid + Myristic acid + Myristic acid
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Figure 74. Photoadducts theoretical masses and isotopic distributions obtained with Isopro,
corresponding to the Bzp-functionalized Penetratin analogues covalently bound to myristic
acid.

Photoadducts containing the Penetratin analogue covalently bound to myristic acid are
detected with high signal intensity. In all cases, the observed photoadduct is shifted to the
lower mass and the first isotope is detected at - 2u in comparison to the theoretical one. This
shift is very reproducible and is observed no matter the peptide sequence. It will be discussed
more deeply in the following section, dealing with the mapping of the Bzp photoreactivity in
lipid membranes.

Since MALDI ionization of the photoadducts only relies on the peptide moiety (no ionization
site on the fatty acid part), the intensity of the ion species likely reflects the relative proportion
between the photoadducts and the peptide in the MLVs.> Therefore, we assume that the
relative intensities between Penetratin and photoadducts are proportional to the photolabeling
yields.

The two peptides that contain the Apa spacer show slightly more intense signals for the
photoadduct compared to the signal of the Penetratin alone. The Penetratin analogues show
comparable properties that are more or less pronounced depending on the sequence
considered. Thus, the choice of a Penetratin analogue can be adapted to the requested
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experiment. For instance, the peptides containing the Apa spacer can be used for interaction
partners identification when the interaction partner is present in low amounts in the liposomes.
This allows to generate higher photo-cross-linking signals and improves the method sensitivity,
as it is the case for the experiments conducted on PIP,-containing liposomes presented in Part
1 of this manuscript, where the Biot(O)-Apa-Gs-K(Bzp)-pen was used.
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Figure 75. MALDI-TOF spectra (positive ions, reflector mode) of the Bzp-induced photo-cross-
linking between Penetratin analogues and negatively charged MLVs of DMPG. Top to bottom:
Control Pen without irradiation (-hv), Pen+DMPG+hv, for each Penetratin analogue sequence.
Similar conditions of analysis were used in all spectra of the manuscript, 2,5-DHB is used as
the matrix. Me: methylation, [ox.]: oxidation.

The Penetratin analogue Biot(O2)-Gs-K(Bzp)-pen was chosen to conduct the protocol
optimizations and the evaluation of the photoreactivity of Bzp in the context of a model
membrane. These experiments were performed using 100% PG liposomes where the photo-
cross-linking efficiency is high enough for good detection of the photoadducts. Also, the
advantage of this sequence is that the integrity of the Penetratin sequence is maintained.

1.4. Effect of Bzp-functionalized Penetratin and (R/W)s on thermotropic phase
behavior of DMPG liposomes

Photo-cross-linking experiments optimization and study of the detailed photoreactivity of Bzp
in model membranes was conducted on MLVs composed of 100% PG lipids. The peptides used
for these experiments are Biot(O2)-Gs-K(Bzp)-pen (Pen) and Biot(02)-Gs-K(Bzp)-(R/W)g. The
effect of these peptides on the thermotropic phase behavior of DMPG liposomes was evaluated
by DSC. Results are shown in Figure 76 and the corresponding thermodynamic parameters are
presented in Table 8. Addition of the peptides to the MLVs suspension induces the loss of the
pre-transition signal and an important enlargement of the main transition peak. Here, the main
transition enthalpy is not decreased, suggesting that the peptides do not insert deeply in the
PG membrane, as it has been previously shown in the literature.16218
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Figure 76. DSC heating scans illustrating the effect of the addition of Biot(0,)-Gs-K(Bzp)-pen
and Biot(02)-Gs-K(Bzp)-(R/W)g on the thermotropic phase behavior of DMPG MLVs. The
curves correspond to pure lipid and peptide to lipid ratio of 1/100 and 1/50.

Table 8. Thermodynamic parameters corresponding to DSC thermograms of phase behavior
of DMPG (mol/mol) in presence of Bzp-functionalized Penetratin and (R/W)s analogues, for
ratios peptide/lipid of 1/100 and 1/50.

DMPG Tore (°C)  Tm (°C)  AHm (kJ/mol)  FWHM (°C)
Pure lipid 15.6 23.9 20.7 1.1
Biot(02)-Gs-K(Bzp)-pen 1/100 - 23.6 20.0 2.0
Biot(O2)-Gs-K(Bzp)-pen 1/50 - 22.2 21.4 6.5
Biot(02)-Gs-K(Bzp)-(R/W)s 1/100 - 24.2 21.6 2.1
Biot(02)-Gs-K(Bzp)-(R/W)e 1/50 - 20.9 25.3 3.3

The shape of the main transition signal is greatly impacted by the presence of the peptides.
Several domains are probably formed upon addition of the peptides to the MLVs. They can be
lipid domains or peptide domains. As a pure lipid composition is considered here, the
partitioning observed should be related to peptide-rich or peptide-poor domains. Indeed,
(R/W)s is known to aggregate easily in solution and at the lipid membrane.?®® Peak
deconvolution was performed on the main transition signals in presence of the peptides.
Results are shown in Figure 77. It is clear that the transition signals are composed of different
contributions. However, their composition obtained by peak deconvolution are quite complex
and three contributions are needed to obtain a good correlation with the experimental curves.
Still, an important trend can be highlighted from those simulations. It seems that, upon addition
of increasing quantity of peptide, the contribution of a pure DMPG lipid region (Tm observed
here at 23.9°C) decreases (contribution peak in orange) in favor of the appearance of a
contribution at a lower transition temperature (contribution peak in light blue). The effect is
even more pronounced in the case of the (R/W)s peptide. A peptide-rich region would thus be
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formed and would have a localized fluidifying effect on the lipid membrane (decrease of the
transition temperature). By spreading in this localized region, lipids logically induce more
compacity in the rest of the membrane, which explains the increase of transition temperature
for the first contribution (in orange).
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Figure 77. Deconvolution of the main transition signal of DSC thermograms obtain after Bzp-
functionalized analogues of Penetratin (Biot(02)-Gs-K(eBzp)-pen) or (R/W)g (Biot(O2)-Gs-
K(eBzp)-(R/W)q) addition to MLVs of DMPG, at 1 mg/mL, for ratios peptide/lipid of 1/100 and
1/50. Experimental data, with corrected baseline, are in dark blue. The fitted model is shown
as a dashed grey curve. Cooperativity of heterogeneous composition is modelized by three
contributions, presented in orange, light blue and pink curves. The corresponding Trm and AHm,
are also indicated on the graphs.

These results are well correlate to the literature on the interaction of Penetratin and (R/W)g
with PG liposomes, evaluated by DSC measurements, whose thermograms aspect are very
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similar to the ones we obtained with the Bzp-functionalized peptides. Indeed, Penetratin has
been related to importantly impact the transition temperature, enthalpy and cooperativity of
DMPG phase behavior, while it does not affect the phase transition of DMPC liposomes.1* The
same work also reports aggregation and precipitation effects of the peptide on the DMPG
liposomes. As for the (R/W)s peptide, the main transition of DMPG liposomes is also greatly
disturbed upon interaction with the peptide. (R/W)s induces a reduction of the phase transition
temperature, cooperativity and pre-transition enthalpy until disappearance at peptide/lipid
ratio 1/50, showing that the peptide interacts with the lipid polar heads of DMPG, favors the
fluid phase. A broadening of the transition signal was also reported.?%!

To summarize, presence of a Bzp moiety covalently bound to the CPP has for effect to enhance
the internalization properties of the peptide and does not change much the peptide effect on
the thermotropic phase behavior of lipid membranes. Presence of the Bzp in the peptide
sequence enhances the effect of the peptide on the phase transition of PIP,-containing
liposomes in that the Bzp-functionalized peptide inserts deeper in this membrane, compared
to the non-photoreactive peptide. In PG MLVs, the Bzp-functionalized peptides induce
partitioning and seem to aggregate in some regions of the membrane. However, they do not
insert deeply in PG membranes.
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2. Mapping of the benzophenone photoreactivity in lipid membranes

In the present study, we fine-tuned the affinity photo-cross-linking protocol and MS detection
parameters to significantly increase photo-cross-linking vields, and ions production and
detection, resulting in high S/N MS spectra and improved sensitivity. By doing so, we detected
secondary products of lower intensity compared to the photo-cross-linked ion species. These
secondary reactions occurring during UV irradiation of the sample are highly informative.

Herein, we give a thorough mapping of the photoreactivity of Bzp coupled to two different CPPs
(Penetratin and (R/W)s) to characterize their interaction with biomimetic lipid membranes. This
model allowed to observe all the classical and less common reactivities of Bzp described on
Figure 71 by direct MS analysis, either by MALDI (Figure 78) or ESI (Figure 79). We show that all
these reactions can occur concomitantly in a single complex biological system: a membrane-
active peptide inserted within a phospholipid bilayer. In particular, we show how they compete
depending on the nature of the phospholipids we used and thus of the physicochemical state
of the membrane surrounding the Bzp. Analysis of all the described reaction products can
significantly improve characterization of CPP-membrane interactions using Bzp photo-cross-
linking coupled to MS, by providing at least three types of information. First, identification of
the classical C-C bond adduct(s) will give information on the nature of the lipids in the
immediate peptide environment. Then, unusual isotopic distribution for the adduct peak can
be used as a marker of membrane fluidity around the peptide. Finally, detection and
identification of intermediate ions will provide information on the depth of insertion of the
peptide in the membrane. All this information is obtained at the MS level directly, thus limiting
the amounts of material needed. In particular, it allowed us to confirm that these CPPs favor
interaction with fluid disordered regions of the membrane and do not insert deeply.'8 After a
comprehensive description and characterization of all the side reaction products we observed,
we will illustrate how to exploit them via a simple analytical workflow allowing direct MS
spectra interpretation leading to information about interaction and insertion of this
membrane-active peptide in lipid bilayer with binary mixtures. The final goal of this study is to
understand how membrane permeability is influenced by a CPP sequence, how the lipids
structure influences entry of CPP into cells and to locate preferred interaction sites between
CPPs and lipids.

129



+
N
c

—_— m
©
Pen Pen — | ¥ 8
100 © OF"'J
> ) -hv
§7] +Na - >
3 \ Hox ][ P 2U o
§ 0 ‘ A w
< ! r o T T T —
$ T e o 23
Pen + DMPG / ~\ Pen + MA o @
100 Pen on  +2262/ —| @
L L 228.2, +hv
+[ox.] D ! e
‘ +[ox.] Y i -H,0 ﬁ[ox.]
0 . e ) v L tlox.],
! , 2, , ,
! [ Pen + OA
Pen + DOPG ! . N & | +282.2
100 A S - B +hy
8 233 T ] e
Pen IR » +ox)
ol m R A 5] : ‘
: | @ —
Pen + DLOPGP : ! g Pen + LoA
en 1 1
100 | LR e | g +2802  +hy
+[ox.] i 3 S q P +Me
‘ +ox], N A ® & SV A H[ox]
0! VLTI > v ™ M o™ " ; ! X
3100 3180 3260 / 3340 3420 3500
m/z

Pen + DMPG

% Intensny8
o o
g&zmn

+hv

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
1
i Pen + DOPG ~
' o
1 M~ © O -
1 100 @ — §
' © ™ ™
! N ™ +hv
: fo IRIVLN LKHMMA.MMLHM Lt sk MM A s
1
1
i Pen + DLOPG
1
N~
: N © I\ ©
! : <t N N~
l 10 R
' 100] S 2 N +hv
I LMWWMWMMW
1
'
Lol ‘ ‘ ‘ ‘
v 3250 3270 3290 3310 3330 3350
AN m/z S

Figure 78. MALDI-TOF spectra (positive ions, reflector mode) of the Bzp-induced photo-cross-linking between Pen and negatively charged MLVs of
various fatty acid chains. Top to bottom: Control Pen without irradiation (-hv), Pen+DMPG+hv, Pen+DOPG+hv, Pen+DLoPG+hv. Similar conditions of
analysis were used in all spectra of the manuscript, 2,5-DHB is used as the matrix. Me: methylation, Na: sodium adduct, [ox.]: oxidation. The panel on
the right is a zoom on the intermediate ions in the region 3250<m/z<3350.
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2.1. General methodology

Our previous study” showed that Pen interacts preferably with negatively charged lipids so we
chose to focus first on MLVs composed of PG phospholipids only for the full description of side
reactions. In a second step we used binary mixtures of lipids: PG and cholesterol (Chol), to
unveil Pen preferences according to bilayer fluidity properties. Photo-cross-linking using the
photoreactive and biotinylated Pen and the rationally designed CPP (R/W)s was applied to MLVs
composed of a single PG phospholipid and we varied the nature of the fatty acid chains. We
used saturated DMPG (14:0) and DPPG (16:0), mono-unsaturated DOPG (18:1 cis A°) and 18:1
(trans A°) PG, and poly-unsaturated DLoPG (18:2 cis A* 1?).

The resulting photo-cross-linked species with intact phospholipids are heteroadducts known to
be challenging to observe in MS. To allow a better MS ionization/detection yield, phospholipids
saponification was performed on the photoadducts before affinity purification of the
biotinylated species on streptavidin-coated magnetic beads and MALDI-TOF (Figure 78) or ESI-
Orbitrap (Figure 79) analysis, thus leading to photoadducts composed of the peptide covalently
linked to a simple fatty acid.> This step is crucial for the robustness of the setup. Measuring the
mass shift (Am) between the ion signal of the non-crosslinked peptide (Pen, or (R/W)s) and the
photoadducts allows identification of the fatty acid covalently linked to the peptide.
Optimization of the photo-cross-linking protocol led to good quality ion signals corresponding
to the expected peptide/fatty acid photoadducts as shown in the MALDI-MS spectra acquired
using 2,5-DHB as the matrix (Figure 78).

Optimizations achieved on the protocol and on MS acquisition parameters are the following:

. Synthesis of fully oxidized peptides, using Biot(O2) and Met(O>)

. Use of a narrow spectrum UV-lamp

. Good temperature control and stability (45°C over 1h irradiation)

. Homogenous shaking of the samples over 1h

. Short saponification step with high NaOH concentration

J MALDI-TOF acquisition parameters in reflector mode were optimized on Insulin chain B

(m/z 3494) for the detection of peptides around 3100-3500 u

Expected adducts, corresponding to a C-C bond formation (molecules 2 and 3) between the
photoreactive Pen and the different intact fatty acids are referred to in the manuscript as:
Pen+myristic acid (MA; 14:0), Pen+oleic acid (OA; 18:1 cis A°) Pen+linoleic acid (LoA; 18:2 cis
A%1?) or in SI Pen+palmitic acid (PA; 16:0), Pen+elaidic acid (EA; 18:1 trans A°) (Figure 82). MS
spectra obtained with Pen or (R/W)s (Figure 89) gave comparable results. All side reactions (P-
B and oxidation products) observed for Pen were also observed when using (R/W)s for photo-
cross-linking experiment.

High S/N ratio MALDI MS spectra allowed the unambiguous detection of low intense
intermediate ions in the region between the m/z of the non-crosslinked Pen and the m/z of the
intact photoadduct. These intermediate ions (highlighted in the dashed box and zoom in Figure
78) are only observed after photoirradiation (+hv spectra). Using an ESI ion source, these
intermediate ions are even more intense (Figure 79). Therefore, these intermediate ions must
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be treated as products of the UV-induced secondary reactions, and not occurring during the
UV MALDI irradiation.
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Figure 79. Flow injection analysis-ESI-Orbitrap MS spectra (positive ions) of the Bzp-induced
photo-cross-linking between Pen and negatively charged MLVs of various fatty acid chains.
Control Pen without irradiation (-hv), Pen+DMPG+hv, Pen+DOPG+hv. MA and OA stand for
myristic acid and oleic acid respectively. Resolution (R) was set at 100000. Biotinylated
species such as Pen or photoadducts are observed in the positive ions mode with different
charge states z = 3, 4, 5 and 6. We chose to focus on the most abundant z =5 ion for this
figure.

2.2. Benzophenone-induced in-source decay (ISD)

Focusing on the ion signals measured in MALDI-TOF MS (Figure 78), one can observe that the
ion for Pen is not strictly identical to the theoretical one, predicted by IsoPro software. Pen
experimental isotopic distribution (theoretical first isotope at m/z 3156) contains a contribution
at +2u (m/z 3158) as clearly observed in Figure 78. On Figure 80A, left panel, we superimposed
experimental isotopic distributions of the Pen ion signal obtained with 2,5-DHB as a MALDI
matrix (blue dots), theoretical distribution as predicted by IsoPro (black triangles) and
simulations of a massif resulting of two species with a +2u difference (grey diamonds). Isotopic
pattern simulation showed that the species at +2u contributes for 25% to the experimental
signal (Figure 80A, grey diamonds). This pattern was observed for uncross-linked Pen incubated
alone or with lipids, with and without irradiation in MALDI MS spectra acquired in the same
conditions (laser fluence and 2,5-DHB matrix) whereas ion signals in ESI were similar to the
theory. We explain this unexpected isotopic distribution by a mechanism involving ISD in the
MALDI source. The +2u contribution in the isotopic pattern of Pen is purely matrix-dependent
since it is observed with 2,5-DHB (Figure 80A, blue dots) but not with CHCA (a-cyano-4-

132



hydroxycinnamic acid) (Figure 80A, orange squares), in which case the isotopic distribution fits
the theoretical ratio (Figure 80A, black triangles). Contrarily to CHCA, the reducing 2,5-DHB
matrix is known to induce ISD in the MALDI ion source, as mentioned in the introduction.?4®
This process involves a prompt H* transfer from the 2,5-DHB leading to a complex isotopic
distribution with two components: [M+H]* (75%) and [M+3H]* (25%). We performed a control
experiment with a peptide without Bzp and no contribution at +2u was observed in either CHCA
or DHB (Figure 80A, right panel). This strongly suggest that a reaction occurring on Bzp is
responsible for this contribution and we propose a mechanism involving the specific reduction
of the Bzp carbonyl by 2,5-DHB in the photoactivatable Pen ion (Figure 80B).

We can thus expect that ISD does not occur in the Pen-lipid complex, once the Bzp (in its
reduced form) is covalently bound to a fatty acid. Indeed, we observe no contribution at +2u
for intact photoadducts (Figures 78 and 81A). Moreover, photo-cross-linking data were also
analyzed by ESI, where beads were eluted in 20 % formic acid. Results are presented in Figure
79, and ISD is not observed on the peptide isotopic pattern.
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Figure 80. (A) Isotopic patterns of Pen with (left) or without (right) K(Bzp), acquired in 2,5-
dihydroxybenzoic acid (2,5-DHB) or a-cyano-4-hydroxycinnamic acid (CHCA) matrix (error bars
correspond to standard deviation). (B) Proposed mechanism for the reduction on Bzp
functionalized Pen using 2,5-DHB as matrix. (error bars correspond to standard deviation)
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2.3.  UV-induced redox reactions involving Bzp

The isotopic distribution of the Pen-MA photoadduct obtained with MALDI (Figure 78) and ESI
(Figure 79) ion sources differs from the one predicted by the IsoPro software for the pure
compound. The experimental isotopic distribution of Pen-MA photoadduct (theoretical first
isotope at m/z 3384) contains a contribution at -2u (m/z 3382) as indicated in Figure 78. On
Figure 81A, left panel, we superimposed the experimental isotopic distribution of the Pen-MA
ion signal (blue dots), the theoretical distribution (black triangles) and simulation of a pattern
resulting of two species with a -2u difference (orange diamonds).
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Figure 81. A) Isotopic ratios of the Pen-lipid photoadducts with MA (DMPG), OA (DOPG) and
LoA (DLoPG) (error bars correspond to standard deviation). B) UV-induced photoredox activity
of the Bzp leading to double bond formation in a constrained DMPG MLV.

Isotopic pattern simulation showed that the species at -2u contributes for 75% to the
experimental signal. This pattern is observed for Pen-MA in MALDI and ESI MS spectra showing
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that this photoreactivity of the Bzp is not due to the UV laser (A=355nm) during the MALDI
ionization process, but occurs in solution during the photolabeling step. This is also observed
for the Pen-PA adduct (Figure 82) but not observed with Pen-OA (Figure 81A, middle panel),
Pen-EA (Figure 82) or Pen-LoA adducts (Figure 81A, right panel).

We explain this shift towards lower m/z by specific redox photoreactivity of the Bzp towards
saturated lipids. As described in solution by Breslow,?1%2%° Bzp can induce the formation of a
double bond on a rigid and constrained substrate. In Figure 81B, we propose such UV-induced
mechanism occurring on the fatty acid chain of a lipid in a vesicle composed of saturated
phospholipids that provides the constrained environment. In the system described by Breslow,
rigidity is brought by the constrained molecular scaffold whereas in our system, rigidity is
imposed by the saturated membrane. This UV-induced reaction consisting in the abstraction of
two radical hydrogens (formal loss of H,) (molecule 4, Figure 71) competes with the photo-
cross-linking reaction leading to the C-C bond formation between Bzp and a fatty acid (molecule
2, Figure 71). Considering the kinetics of H* abstraction by Bzp on secondary, allylic and doubly
allylic hydrogens,®' competitive formation of the double bond will be favored on saturated
lipids (Figure 48). The combination of the lower rigidity of an unsaturated vs saturated lipid
membrane and the favorable kinetics of the C-C bond formation on allylic or doubly allylic
positions explains why the -2u contribution is not observed on photoadducts obtained with
DOPG, trans-C18:1 and DLoPG.
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Figure 82. MALDI-TOF spectra positive ions, reflector mode of the Bzp-induced photo-cross-
linking between Pen and negatively charged MLVs of various fatty acid chains. Control Pen
without irradiation (-hv), Pen+DPPG+hv, Pen+18:1 (trans A9) PG+hv.

Once the double bond is formed on a saturated fatty acid (molecule 4, Figure 81B), the photo-
cross-linking reaction is favored on the newly-modified fatty acid (molecule 9, Figure 81B). This
consecutive reaction involves the presence of a second Pen with activated Bzp (molecule 1*)
in the close vicinity of the new unsaturation, which is highly probable in the conditions used for
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the photo-cross-linking reaction (lipid/peptide ratio 10/1). Furthermore, since the membrane
possibly becomes more fluid around the defect caused by the double bond, insertion of the
Pen and the probe will be facilitated in this area. Indeed, as discussed in introduction, Pen is
known to interact more favorably with lipids in fluid phase.®?

It can be noted that other lipid species were used for photolabeling, in particular saturated
DPPG and unsaturated 18:1 (trans A°) PG. Data obtained by MALDI-TOF are shown in Figure 82.
DPPG behaved strictly as DMPG, leading to palmitic acid (PA) as photoadduct, with a clear -2u
contribution on the adduct peak, which supports our interpretation of the double bond
formation on saturated lipids. 18:1 (trans A%) PG behaved strictly as DOPG (18:1 cis A°), giving
an elaidic acid (EA) photoadduct, showing favored C-C bond formation on the allylic position of
the fatty acid and no double bond formation. This shows the importance of kinetics of H*
abstraction by Bzp over membrane fluidity for the double bond formation to occur.

2.4, UV-induced covalent bond formation and rupture

Intermediate ions (Figure 78) are noticed in the MS spectra whatever the ion source MALDI or
ESI, showing that they are not produced by irradiation of the MALDI UV-laser. Tandem MS
(MS/MS) was useful to characterize these ions. All intermediate ions and expected intact
photoadducts were characterized by fragmentation using high energy CID (MALDI-TOF/TOF,
gas N, 1keV, selected window +7u) (Figure 83). Post-source decay (PSD) was also performed
on intact photoadducts and gave the same information (Figure 84).

2.4.1. Peptide-lipid covalent bond stability

Gas-phase fragmentation of the intact photoadducts (Figures 83 and 84) shows a favored
fragmentation pathway corresponding to the dissociation of the covalent bond formed
between Pen and the fatty acids as previously observed for peptide-peptide photoadducts,?
showing that they all contain the intact Pen sequence. Neutral loss leading to Pen fragment ion
(m/z 3156) corresponds to the loss of the lipid part covalently bound to Pen, confirming that
the proton is located on the peptide. This is clearly visible with the CID MS/MS fragmentation
of the Pen-LoA entire photoadduct. This highly intense fragment ion peak at the m/z of Pen
shows that this newly-formed bond is unstable and can be easily broken during CID, or even
afterwards in the flight tube (after reacceleration of the fragment ions) by PSD as shown by the
broad fragmentation signal just next to the parent ion (Figure 83). Its fragility is probably
increased compared to MA and OA because of the presence of multiple double bonds in the
LoA, stabilizing the fragment ion resulting from the loss of the fatty acid (formation of a tertiary
radical ion). This is in good agreement with the observed relative intensities of the
photoadducts ion signals compared to the Pen ion signals (Figure 78), which are inversely
proportional to the relative stability of the radical resulting from the fragmentation of the
newly-formed C-C bond.
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Figure 83. High mass range 2050 < m/z < 3500 MALDI-TOF/TOF spectra (gas N2, 1 keV, selection window +7u) of the Bzp-induced photo-cross-linking
between Pen and negatively charged MLVs of various fatty acid chains. Control Pen without irradiation (-hv), Pen+DMPG+hv, Pen+DOPG+hv,
Pen+DLoPG+hv. MA, OA and LoA stand for myristic acid, oleic acid and linoleic acid respectively. (B) is a zoom in the mass range corresponding to the
relevant fragment ion species which were present on MS/MS of the Penetratin alone (precursor ion m/z 3156.6) and on the MS/MS of the Penetratin +
intact lipid with the corresponding mass increment of the intact lipid noted as +MA (precursor ion m/z 3382.8), +OA (precursor ion m/z 3438.9) and
+LOA (precursor ion m/z 3436.9). A) High mass range of the MS/MS spectra (from 2050 to 3500 m/z), B) Magnification of the mass range
1965<m/z<2650.
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Figure 84. High mass range 1980 < m/z < 3500 MALDI-PSD spectra of the Bzp-induced photo-cross-linking between Pen and negatively charged MLVs of
various fatty acid chains. Control Pen without irradiation (-hv) (precursor ion m/z 3156.6), Pen+DMPG+hv (precursor ion m/z 3382.8), Pen+DOPG+hv
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A) High mass range of the MS/MS spectra (from 1980 to 3500 m/z), B) Magnification of the mass range 1980<m/z<2650.
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2.4.2. Information from Paterno-Blchi and retro Paterno-BUchi reactivities

Further MS/MS data analysis of the photoadducts revealed that the reactivity of Bzp and fatty
acids is more complex than only the expected formation of a C-C bond. Indeed, it appears that
the observed intact photoadducts actually mask two different photoinduced reactivities of the
Bzp towards lipids: classical C-C bond formation (molecules 2 and 3) and [2+2] cycloaddition
leading to oxetane formation (P-B reaction, P-B) on unsaturated OA and LoA (molecule 5 and
Figure 85).298-210 These two pathways lead to products with the same elemental composition,
which makes them undistinguishable at the MS level. They have the same m/z and identical
isotopic pattern. It has to be noted that the oxetane formation on unsaturated lipids can also
occur on oxidized MA that contains a double bound as described in the previous section.
MS/MS spectra of the intact photoadducts therefore contain fragment ions originating from
both species. These UV-induced reactions of the Bzp are well described on lipids in solution (P-
B) or in the gas-phase (retro P-B) and are presented in introduction. In the present study, we
describe the Paterno-Biichi reactivity of Bzp linked to a CPP in the context of lipid membranes,
a constrained 2D molecular organization.

P-B reaction coupled with MS/MS is commonly used for identifying and quantifying unsaturated
lipids in complex lipid mixtures. As it is induced by UV irradiation, this P-B reaction can occur in
our system when unsaturated lipids are present, leading to two oxetane regioisomers as
depicted in Figure 85. If we consider both products are formed (oxetane rings + C-C bond),
these two populations of ions are selected and fragmented together during the MS/MS. The
resulting MS/MS spectra contain fragment ions originating from both species. We observed
fragment ions that could not be accounted for if only conventional C-C bond formation was
occurring in our system and were consistent with P-B and retro P-B reactivities. We previously
mentioned that the covalent bond formed between Bzp and the fatty acid is the most fragile
bond in MS/MS analysis. This fragile Pen-lipid bond is a mixed population of both C-C bond and
oxetane rings (two regioisomers). Interestingly, P-B and retro P-B reactivities could also explain
certain so-far unidentified species in our MS spectra, i.e. the so-called intermediate ions
described above (Figure 78, zoom).

The oxetane ring opening through retro P-B can be done by low collision energy in MS/MS, by
heating?®3~%% or acidic treatment.?'® Our experiment requires heating at 45°C for 1h during the
photolabeling step in solution, and acidic pH (1-2) in the 2,5-DHB MALDI matrix or in the ESI
solvent (formic acid 0.1%). There is also steric hindrance due to the presence of Pen on the Bzp.
Therefore, both retro P-B a and B products (a and B ions schemed in Figure 85) can be observed
at the MS level (dashed box, Figure 78) which is a real asset in our analytical approach.

Further MS/MS fragmentation applied to the P-B regioisomer products leads to diagnostic y
and o fragment ions (Figure 86, m/z at 319, 349 for the Pen-OA adduct, numbered peaks 5" and
7, respectively and m/z at 277, 317, 349 for the Pen-LoA adduct, numbered peaks 2, 5 and 7,
respectively) offering structural information about the unsaturated lipids.
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The o and B ions are present in MS/MS with very low intensity and with consecutive fragments
v and & (Figure 85) in the low m/z region (Figure 86) proving that both C-C bond and oxetane
ring formation coexist. The y and & ions, requiring additional energy to be generated, are only
observed using CID or PSD fragmentation. y and & ions were observed in MS/MS spectra from
both precursor ions: the intact photoadducts or the retro P-B products a and B (Figures 85 and
86). y and & are specific diagnostic ions of the existence of the P-B reaction, proving that both
reactivities of Bzp occurin our system. They are absent in the control sample without irradiation
(-hv) and their m/z is shifted according to the position and/or number of the double bond(s) in
the fatty acid that is covalently linked to Bzp (Figure 86, y and 6 ions 3, 5, 5" and 7). The m/z
values of the a, B, y and & ions observed in MS and MS/MS are summarized and compared to
expected m/z in Table 9. The m/z values observed in MS and MS/MS are highlighted in bold. P-
B reaction can happen on unsaturated OA and LoA. Intermediate ions observed with DOPG at
m/z 3266.71 and 3296.71 (Figure 78) indeed match masses of the expected retro P-B products
B and a, respectively (Table 9).

We did not identify retro P-B products a and B for DLoPG on MS spectra probably due to the
fragility of the oxetane ring which leads back to the original reactants: Pen and LoA (Figure 85).
However, MS/MS fragmentation of the expected intact photoadducts obtained with DOPG (m/z
3438.88) and DLoPG (m/z 3436.87) gives access to retro P-B fragments corresponding to
products y and & in the low mass range of the MS/MS spectra (Figure 86, retro P-B fragments
3, 5, 5 and 7) proving the presence of the oxetane ring photoproducts at m/z 3438.88 and
3436.87. Retro P-B fragments y and 6 at m/z 349 and 319/317 show comparable relative
intensities. This is in agreement with the P-B regioselectivity, which is mainly linked to steric
hindrance of the substituents on the olefin and is not an issue in our case.?®? Both attacks of
the carbonyl of the Bzp are equiprobable on the fatty acid double bond.

Other ions are reproducibly observed with similar relative intensities, in the low mass range in
all MS/MS spectra. They correspond to Pen b-ions as well as ions at m/z 209, 259, 292, the
structures of which are schemed in Figure 86 (ions 1, 2, 4) according to mechanisms published
in the literature.?®3 A structure is also proposed for the ion at m/z 331 (ion 6) observed with
DOPG.

In Figure 83B, in the zoom in the mass range corresponding to the relevant fragment ion species
obtained by MS/MS of the photoadducts, it can be noticed that very low intensity ions
correspond to P-B fragments a and B obtained on the photoadducts Pen+0A and Pen+LoA, with
the peptide part being fragmented as to give an unconventional c15 ion. As previously
commented, the oxetane bond is very fragile, thus it is very likely to be the first bond to be
fragmented, and the remaining energy is sufficient to get supplemental fragmentations on the
peptide backbone. Thus, the highly intense ions of the peptide fragment ions bound to the
intact lipid part (c15, bl6, etc.) probably correspond to fragments of the Pen-lipid adducts
linked by a classical C-C bond formed by the photo-cross-linking reaction.
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Table 9. Overview of possible Paterno-Blchi products obtained by Bzp functionalized peptide reaction on various unsaturated lipids. In bold: ions
observed on the MS or MS/MS spectra realized (MALDI-TOF/TOF) on the photo-cross-linking reaction mixtures between Pen and various lipids: DMPG,
DOPG and DLoPG after saponification and streptavidin purification of the biotinylated complexes. Mass error between expected and theoretical mass is

lower than 20 ppm.

P-B product Retro P-B product in MS After MS/MS
Lipid Observed Expected Adduct A Observed Expected Adduct Observed Expected
[M+H]* m/z [M+H]* m/z mass (Da) [M+H]* m/z [M+H]* m/z mass (Da) [M+H]* m/z [M+H]" m/z
Oxidized myristic 3254.73 3254.69 +98.07 307.13
acid (-Ha) 3382.80 | 3382.81 | +226.19 | AS
3252.75 +96.13 305.19
14:1 (A®)
Oleic acid 3296.72 3296.74 +140.12 349.38 349.18
3438.87 3438.88 +282.26 | A°
18:1 (A%) 3266.71 3266.77 +110.14 319.39 319.21
3296.74 +140.12 349.37 349.18
A9
Linoleic acid 3264.76 +108.13 317.39 317.10
3436.89 3436.87 +280.24
18:2 (A>1?) 3336.78 +180.15 389.21
AlZ
3224.72 +68.09 277.32 277.16
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More interestingly, P-B reaction can happen as a second step reaction on DMPG, after
formation of the double bond as described previously. In fact, both C-C bond and oxetane rings
(Figure 71) can be generated on the newly-formed unsaturated lipid (m/z 3382, corresponding
to the -2 u shift of the ion at 3384, Figure 78). The intermediate ion observed at m/z 3254.74
on MS spectrum of Pen+DMPG+hv (Figure 78) matches the mass of the retro P-B product a
(Table 9). When subjected to MS/MS fragmentation, this ion does not lead to subsequent loss
of the lipid part and thus, we do not observe any peak in the m/z region of Penetratin (Figure
87). Indeed, the oxetane fragmentation leading to a specific alkene structure (given in Figure
85), it is not possible to observe the intact Pen ion anymore after fragmentation. This is
particularly interesting as the retro P-B product allows MS characterization of the position of
the newly formed double bond on MA as being on C6-C7 (total mass of the retro P-B product
ion corresponding to the mass of Pen + 98u), without further MS/MS fragmentation. In the case
of saturated phospholipids, all positions having an equivalent reactivity towards H*® abstraction
by Bzp, the positioning of the double bond gives a direct indication of the insertion depth of
Pen in the membrane.
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Figure 87. Mass spectra of the Bzp-induced photo-cross-linking between Pen and negatively
charged MLVs of DMPG. Top to bottom: MALDI-TOF spectra (positive ions, reflector mode)
Pen+DMPG+hv, MALDI-TOF/TOF spectra (gas Nz, 1 keV, selection window +7u)
Pen+DMPG+hv precursor ion Pen, intermediate ion Pen+98.1 and photoadduct Pen+MA.
Similar conditions of analysis were used in all spectra of the manuscript, 2,5-DHB is used as
the matrix.

The C6-C7 position suggests a rather shallow insertion of the Pen in the lipid bilayer, which is
consistent with what is known about Pen interactions with membranes.'®® Pen carries many
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cationic residues and their deep insertion in the membrane would come with a very high
energetic cost (see introduction). Furthermore, Pen carries two W residues, which are known
to position themselves at water/lipid interfaces rather than inserting deeply within
membranes.*®* Finally, Bzp-modified Pen has little effect on the fluidity and organization of a
DMPG bilayer as probed by DSC.>*° No P-B fragments y and & are observed in MS/MS with
DMPG, probably due to the relatively low quantity of photoadduct at m/z 3382, which impairs
acquisition of MS/MS spectra with high S/N.

The same type of figure is presented for the Pen+OA photoadduct (Figure 88). Here, the more
intense intermediate ion that can be subjected to MS/MS fragmentation is the one at the mass
corresponding to Pen +140u. This mass actually reflects the contribution of two species: the
retro P-B fragment a and one of the products of the oxidation reactions on unsaturated lipids
that will be described in a following paragraph. The structures of these two ions are given in
Figure 88. As it is the case for the DMPG ion, the retro P-B product has a specific alkene
structure that cannot lead to the intact Pen ion upon fragmentation. The observed Penion here
must be due to the fragmentation of the oxidation product since they are both selected in the
same selection window during the MS/MS experiment because they have the same m/z.
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Figure 88. Mass spectra of the Bzp-induced photo-cross-linking between Pen and negatively
charged MLVs of DOPG. Top to bottom: MALDI-TOF spectra (positive ions, reflector mode)
Pen+DOPG+hv, MALDI-TOF/TOF spectra (gas Ny, 1 keV, selection window +7u) Pen+DOPG+hv
precursor ion Pen, intermediate ion Pen+140.1 and photoadduct Pen+OA. Similar conditions
of analysis were used in all spectra of the manuscript, 2,5-DHB is used as the matrix.
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In the MS/MS spectra deciphering work, it has been very useful to exploit the data acquired
with the different sequences of Penetratin Pen and ApaPen. Indeed, the Apa spacer of mass
99u could be used as a tag to unequivocally identify the various fragment ions of the peptide-
lipid adducts. The example of the b16 fragment ion is highlighted in the Figure 89.
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Figure 89. Zoom in the mass range 1965 < m/z < 2650 of MALDI-TOF/TOF spectra (gas Na, 1
keV, selection window +7u) of the Bzp-induced photo-cross-linking between Pen and ApaPen
and negatively charged MLVs of various fatty acid chains. Control Pen without irradiation (-
hv), Pen+DMPG+hv, Pen+DOPG+hv, Control ApaPen without irradiation (-hv),
ApaPen+DMPG+hv, ApaPen+DOPG+hv. MA and OA stand for myristic acid and oleic acid,
respectively. MS/MS of the Pen alone (precursor ion m/z 3156.6) and on the MS/MS of the
Pen + intact lipid with the corresponding mass increment of the intact lipid noted as +MA
(precursor ion m/z 3382.8), +OA (precursor ion m/z 3438.9). MS/MS of the ApaPen alone
(precursor ion m/z 3255.7) and on the MS/MS of the ApaPen + intact lipid with the
corresponding mass increment of the intact lipid noted as +MA (precursor ion m/z 3481.9),
+0OA (precursor ion m/z 3537.9).

2.5. Bzp-induced photosensitization

In our experiments with DMPG or DOPG, we could reproducibly detect low intense covalent
photoadducts corresponding to Pen covalently linked to two fatty acids in the higher m/z
region. MALDI-TOF spectra illustrating lipid dimerization on DMPG are shown on Figure 90. One
Bzp moiety cannot form two covalent bonds with two distinct fatty acids. The presence of such
adducts can thus only be explained by dimerization of fatty acids due to Bzp-induced
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photosensitization of an unsaturated fatty acid (Figure 71, molecules 6* and 7). Two distinct
activated Bzp moieties (1*) are involved: a crosslinker and a sensitizer.

This dimerization implies photosensitization of double bonds on the fatty acid and thus can only
be observed on a previously oxidized myristic acid (loss of H;) bearing a newly-formed C=C
bond. Isotopic distribution of the dimer adduct seems different from the theoretical one
obtained for the pure compound with Isopro and a +2u contribution could help explain the
observed isotopic pattern. However, low S/N does not allow us to have sufficient statistical
accuracy to simulate a contribution at +2u, which would correspond to a single covalent bond
between the two lipid chains.
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Figure 90. MALDI-TOF spectra positive ions, reflector mode of the Bzp-induced photo-cross-
linking between Pen and negatively charged MLVs of DMPG. Control Pen without irradiation (-
hv), Pen+DMPG+hv, with focus on the lipid dimer adduct at m/z 3608.95. Theoretical m/z for
the protonated Pen+MA dimer is at m/z 3609.01 and the theoretical isotopic pattern is given

in the grey box (Isopro).

Bzp-induced dimerization through photosensitization has been well described for biomolecular
interactions with DNA. As discussed in introduction, Bzp photoinduced reactions
(photooxidation, P-B or retro P-B reactions, C-C bond formation, dimerization) often competes
(Figure 71).2% In our case, the product of dimerization via Bzp photosensitization are always
detected as low intensity ions compared to other Bzp photoinduced products, indicating that
this pathway is probably not energetically favored, provided protonation occurring on the Pen
moiety and therefore ionization yields comparable for all types of photoproducts.

Very interestingly, we observe fatty acid dimerization with DOPG, but also DMPG which
confirms the photooxidation (loss of Hy) of MA. Without this newly-formed unsaturation,
photosensitized dimerization of MA would not occur.

Finally, it is described in the literature that UV irradiation of Bzp in solution in isopropanol leads
to homodimerization of ketyl radicals to form benzopinacol. In our experiments in lipid
membranes, we observed no homodimerization (Figure 71, molecule 8) of Pen or (R/W)q either
in the presence of liposomes or by irradiation of the control Pen or (R/W)s alone, which is
consistent with the results reported for protein-Bzp?® or peptide-Bzp?%4.
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2.6. Radical oxygen species-induced oxidation reactions

Apart from P-B products a and B, the intermediate ions region of MS spectra (Figure 78)
contains species at +140.1/+138.1, +154.1/+152.1 and +168.1/+166.1 compared to the m/z of
the non-crosslinked Pen for unsaturated DOPG and DLoPG. It is known that double bonds of
(poly)unsaturated fatty acids can be cleaved during UV irradiation by reaction with radical
oxygen species (ROS)?®* (Figure 91). Theoretically, we could observe these ions with DMPG
after double bond formation, but none are observed, probably due to the higher acyl packing
preventing penetration of water soluble radicals and oxidation.?®* These oxidation ions thus
reflect membrane fluidity around the CPP. The scheme of this reactions is presented in Figure
91, explaining the oxidized intermediary ions observed in the MS spectra for DOPG.

Pept_ [M+H]*, m/z 3438.88

(+C1gH3,0,, 282.26 Da)

. [M+H]*, m/z 3324.78 [M+H]*, m/z 3310.76
+H (CHysO, 168.14 Da) (C1oH150, 154.14 Da)

Pept

N
H

- [M+H]*, m/z 3295.77

_ (CioHz, 140.16 Da) R = phospholipid polar head

Figure 91. Scheme of the possible oxidation reactions occurring on the photoadducts
between Pen and oleic acid when using DOPG vesicles for the photo-cross-linking experiment.
These structures correspond to the intermediary ions observed in the MALDI-TOF spectra of
the Figure 2 in the manuscript. Their m/z are highlighted in bold.

148



Minimizing dissolved O, by working under nitrogen atmosphere and using degassed buffers or
not, containing or not an antioxidant (butylated hydroxytoluene, currently used to reduce lipid
degradation by oxidation) led to the same results. Therefore, we assume that ROS-induced
processes are probably intrinsic to our system.

2.6.1. (R/W)q photoadducts

(R/W)s showed a different behavior compared to Penetratin in MS and in MS/MS fragmentation
(see Figures 92 and 93). Photo-cross-linking yields are different than with Pen. However, same
trend is observed with a higher yield for unsaturated fatty acids. The peptide sequence has
indeed an influence on the stability of the formed peptide-lipid adduct. For all adducts,
fragmentation corresponding to the dissociation of the newly formed covalent bond between
(R/W)s and the fatty acid is highly favored leading to an abundant fragment ion (base peak) at
the m/z of the (R/W)s peptide (m/z 2392). Abundant losses arising from protonated arginine
residues are observed at lower m/z for all fragment ions as well as for the parent ion, explaining
the high noise observed in the region between the parent ion and the fragment ion at the m/z
of (R/W)s. These losses are due to the high R content of the (R/W)q peptide (6R). The loss of
17u, which corresponds to the neutral loss of NHz from the R side chain is in competition with
losses of 42 (NH=C=NH) and 59u (NH=C(NH3), from the guanidyl groups.?®> Most of the internal
energy is consumed by both fragmentation pathways in the case of (R/W)s. Fragment ions (b-
or y-ions) corresponding to fragmentation of the peptide backbone are observed with very low
intensity. However, some P-B fragments are still produced in the low mass range of the MALDI-
TOF/TOF spectra (Figure 93).
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Figure 92. MALDI-TOF spectra positive ions, reflector mode of the Bzp-induced photo-cross-
linking between Biot(03)-Gs-K(Bzp)-RRWWRRWRR-NH; (R/W)g and negatively charged MLVs
of various fatty acid chains. Control (R/W)g without irradiation (-hv), (R/W)s+DMPG+hv,
(R/W)o+DOPG+hv, (R/W)s+DLoPG+hv.
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Figure 93. MALDI-TOF/TOF spectra (positive ions, reflector mode) of the Bzp-induced photo-cross-linking between Biot(02)-Gs-K(Bzp)-RRWWRRWRR-
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3. New insights in Pen preference for fluid-phase bilayers

After identifying all side-products and reactions, as described above, we go further on the
characterization of CPP/lipids interaction in a membrane bilayer. Since MALDI ionization of the
photoadducts only relies on the peptide moiety, the intensity of the ion species likely reflects
the relative proportion between the photoadducts and the peptide in the MLVs.> Therefore,
we assume that the relative intensities between Pen and photoadducts are proportional to the
photolabeling yields, which are very different depending on the PG acyl chain (Figure 78 and
81). These photolabeling yields can be ranked as follows: OA > MA~PA~EA > LoA (or cis 18:1 >
14:0~16:0~trans 18:1 > cis 18:2). Pen-OA photoadduct shows the highest relative intensity
compared to Pen. These results cannot be explained with the H*® abstraction kinetics that are
more rapid for doubly allylic over allylic and secondary hydrogens (kinetics given in Figure 48).
The cis 18:1 unsaturation (OA) is indeed more cross-linked than the trans 18:1 one (EA). Trans
fatty acids adopt a linear configuration similar to that of saturated fatty acid, while cis fatty
acids have a bent configuration. Trans fatty acids are more packed than cis ones. This suggests
that Pen shows preferential interactions with OA lipid chains found in fluid phase, as it has been
previously reported (see introduction).'®? It is therefore not surprising that Pen-MA, Pen-PA
and Pen-EA photoadducts show comparable relative intensities compared to Pen. These acyl
chains being saturated or trans-unsaturated are indeed found in more packed membrane
domains (see main transition temperatures given in the Experimental section). In addition,
although DLoPG should give the fastest kinetics thanks to the doubly allylic H* abstraction*®!
(Figure 48), the corresponding photoadduct (Pen-LoA) has the lowest intensity signal relative
to the one of Pen (Figure 78). This is likely due to the low stability of the formed adduct
compared to other acyl chains, as supported by tandem MS (MS/MS; Figure 83) whose data
that have been discussed above.

Altogether, these first results, with PG acyl chains only, clearly establish that H* abstraction
kinetics do not dominate photo-cross-linking reactions of PG MLVs with Pen and that other key
parameters such as the membrane fluidity has to be taken into account to understand Pen
photoadducts.
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4. Analytical workflow and application of the methodology

On Figure 94, we propose a simple analytical workflow for the comprehensive interpretation
of MS spectra of Bzp-based CPP/lipid photo-cross-linking experiments taking into account all
the secondary reactions we described above.
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Figure 94. Analytical workflow for the comprehensive interpretation of the photo-cross-
linking MS spectra.

Information on the interaction can be obtained at three levels. Identification of the CPP/fatty
acid adduct(s) tells about lipid recognition preference by the CPP (Figure 94, blue boxes).
Analysis of the isotope distribution of the adduct(s) peak(s) and in particular the presence of
the first isotope at m-2u compared to the expected m/z, gives information about the fluidity of
the membrane in the vicinity of the Bzp (Figure 94, purple boxes). Finally, careful identification
of potential intermediate ions gives an indication on the depth of insertion of the Bzp probe in
the membrane, as it allows determination of the position of the photo-cross-linked C=C bond
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as well as the position of any potentially newly formed C=C bond on the crosslinked fatty acid
(Figure 94, orange boxes).

To illustrate this workflow, we studied the interaction of ApaPen with binary membranes
composed of DMPG/Chol or DOPG/Chol (75:25 mol/mol). It is indeed very interesting to study
the interaction of CPPs with Chol-containing membranes as it was previously showed that Chol
is involved in the internalization mechanisms of tryptophan-rich CPPs such as Pen or (R/W)q.1??
Chol is known to condense and rigidify lipid bilayers containing phospholipids with unsaturated
fatty acyl chains such as DOPG. In contrast, it has been found that Chol has preferential
interactions with saturated lipids,?®® and that it fluidizes bilayers of di-saturated phospholipids
(see Part 1 introduction for more details).?®’ The obtained MS spectra are presented on Figure
95 (DMPG/Chol) and Figure 96 (DOPG/Chol). For DMPG/Chol, two adducts are observed (m/z
at 3481 and 3641), corresponding to ApaPen+MA and ApaPen+Chol respectively. This shows
that Chol molecules are present in the close vicinity of the CPPs bound to the membrane, likely
because the peptide prefers the more fluid phase of the DMPG/Chol mixture. On the other
hand, with DOPG/Chol, no ApaPen+Chol could be observed. This suggests that the interaction
between ApaPen and DOPG is tighter than with DMPG or that ApaPen tends to exclude Chol
from its immediate environment in the more rigid DOPG/Chol bilayer, to stay in a more fluid
phase.
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Figure 95. MALDI-TOF spectra (positive ions, reflector mode) of the Bzp-induced photo-cross-
linking between ApaPen and binary MLVs of DMPG + 25% Chol. Top to bottom: Control
ApaPen+DMPG+25% Chol without irradiation (-hv), ApaPen+DMPG+hv and
ApaPen+DMPG+25% Chol+hv. lons at 3353 and 3367 are a retro P-B product ions with X=
(CH2)4 and X= (CH3)s, respectively. mwa = 228, Mchol = 386.
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Figure 96. MALDI-TOF spectra (positive ions, reflector mode) of the Bzp-induced photo-cross-
linking between ApaPen and binary MLVs of DOPG + 25% Chol. Controls ApaPen+DOPG+25%
Chol. without irradiation (-hv) and ApaPen+DOPG+hv, ApaPen+DOPG+25% Chol.+hv. Na:
sodium adduct, [ox.]: oxidation. Retro P-B products observed in the MS spectra are o and 3
ions as presented in Figure 85. Intermediate ions at +110 are 3 ions and ions at +140 are a
ions with X'= (CH32)4 and X= (CHa)4, respectively. moa = 282.

When looking at isotope distribution of the adduct signals, the Chol adduct is at the expected
m/z and the MA adduct still contains a contribution at -2u. With DOPG, the OA adduct is at the
expected m/z, showing that the presence of 25% of Chol in the membrane does not rigidify the
membrane enough to allow the formation of an additional C=C bond on DOPG or that the
peptide recruits DOPG (and excludes Chol) to stay in a more fluid environment.

Finally, when looking at the intermediate ions, two distinct retro P-B products are clearly
identified with DMPG in the presence of 25% Chol (m/z at 3353 and 3367) whereas only one is
detected in the absence of Chol (m/z at 3353). In the latter case, the intermediate ion
corresponds to the formation of the C=C bond between C6 and C7. As described above, the C6-
C7 position suggests a rather shallow insertion of ApaPen in the lipid bilayer, which is consistent
with what is known about Pen interactions with membranes as deep insertion of Pen cationic
residues in the membrane would imply high energetic cost. Also, Pen W residues are known to
position themselves at water/lipid interfaces of membranes.*®* It has been previously showed
that Bzp-modified Pen has little effect on the fluidity and organization of a DMPG bilayer as
probed by DSC.?*?

In the presence of Chol, the additional intermediate ion corresponds to the formation of the
C=C bond between C7 and C8, showing heterogeneous depth of insertion, with some Bzp
moieties reaching deeper in the hydrophobic core of the membrane. This clearly shows that
the presence of Chol has a disordering effect on the DMPG membrane and allows deeper
insertion of the CPP. Because retro P-B on Chol would only lead to ring opening with no mass
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modification compared to the Chol adduct, no information on the position of the formed
covalent bond can be obtained. However, the most likely positions are the C4 and C7 allylic
carbons on Chol. Labelling on C7 would be consistent with the position of Chol in a phospholipid

membrane.2®
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5. Formation of unusual c ions during the fragmentation of the
Penetratin sequence by high energy CID (MALDI-TOF/TOF)

Focusing on MALDI-TOF/TOF data (in the range 1965 < m/z < 2650) presented in the manuscript
in Figure 83, we can observe conventional b and y ions (b16, b17, y15, y16) as well as the c15
ion from the Pen peptide without irradiation (-hv) and after irradiation (+hv) where same
fragment ions are observed, crosslinked to the intact fatty acid as noted with +MA, +OA and
+LoA for the adducts with myristic, oleic and linoleic acids, respectively. One can notice
important losses of 42u (HN=C=NH) from b ions due to the presence of internal R residues?®>
and the stable c15 ion, unusual for CID fragmentation. This c15 ion is highly intense and is even
the base peak in the region of the peptide fragments (Figure 83, zoom on the peptide
fragments). This stable c ion is unusual for CID fragmentation for which generally only b and y
ions are observed in the case of peptide fragmentation. It can be noted that the complementary
z8 ion is also observed at m/z 1160. c and z ions are generally described when peptides are
fragmented by methods involving the use of electrons for fragmentation (ETD and ECD, see
introduction).

An acetylated Penetratin sequence (Ac-RQIKIWFQNRRMKWKK-NH;) was used in order to assess
whether the presence of this unconventional fragmentation is specific to the peptide sequence.
The MS/MS spectrum is presented in Figure 97. The interpretation of the MALDI-TOF/TOF
acetylated Penetratin fragmentation data allows us to observe the conventional b and y ions as
well as highly intense c8 ion and its complementary z8 ion at the QN bond in the middle of the
Penetratin sequence. We can thus be sure that the formation of these ions is not due to the
presence of a lipid in the peptide/lipid photoadduct, to the Bzp photoprobe or to the biotin
group. It is worth noting that c8 and z8 ions observation is independent on the matrix used. As
previously mentioned, 2,5-DHB is a reducing matrix known to induce radical mechanisms in the
ion source that could lead to the formation of c and zions in CID. The unusual ions are observed
in 2,5-DHB and CHCA matrices, dismissing the hypothesis of an ISD mechanism-type in the ion
source involving a reducing matrix such as the ones presented in introduction.

Another interesting feature is that the fragmentation of the Engrailed homeodomain peptide,
which has a very similar sequence to that of Penetratin (SQIKIWFQNKRAKIKK), does not lead to
the observation of c or z ions.

The aim of this section is to understand how a c ion is produced and why specifically at the
position between the residues Q and N of the Penetratin sequence. For this purpose, several
shorter sequences of Penetratin were synthetized and analyzed in MALDI-TOF/TOF.
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Figure 97. MALDI-TOF/TOF spectrum (gas N3, 1 keV, selection window *7u) of the acetylated Penetratin (precursor ion m/z 2287.32). CHCA is



5.1. Mechanisms for the formation of cions by CID MS/MS in the literature and
comparison with our observations on the Penetratin sequence

In the literature, very few papers report the production of c ions by CID MS/MS and most of
them concern the observation of c1 ions at the N-term of the peptide sequence. In this present
case, the fragmentation occurs in the middle of the Penetratin sequence, between the
glutamine and the asparagine residues (RQIKIWFQNRRKMWKK).

It has been reported that the peptide primary structure is a prerequisite for the formation of ¢
ions in high energy CID using a tandem magnetic-sector mass spectrometer, whatever the
position of the cleaved bond is in the peptide sequence.?® In this work, ions were accelerated
from the source region into the magnetic sector by a 10 kV electric field. This acceleration is
significantly greater (around 100 times) than the acceleration typical for a quadrupole
instrument and in the same range as the acceleration used with a TOF (20 kV). This work
showed that the cx ion formation is promoted by the nature of the amino acid at the C-term
(x+1) to the cleavage position. In particular, the nature of the x+1 residue seems to influence
the intensity of the produced cx ion, where the cx ion is the product ion of the cleavage
between residues x and x+1. In some cases, the x+1 residue could offer a hydrogen atom in
of the residue amide bond that could be transferred to the nitrogen atom of the amide bond.?%°
The mechanism is proposed in Figure 98, considering the shorter sequence of Penetratin, the
decapeptide RQIKIWFQNR, which is sufficient to observe the c ion in question.

with HN NH, with HN NH;
R1 = RQIKIW R1 = RQIKIW
H,N__O HN
o H" transfer in
— NH\)J\
R(NH\_)LNH Nl"\k NH NH
: H NH;
o
N J \
V® @
H Precursor ion RQIKIWFQNR H
[M+H]* m/z 1387.8 c8ion m/z 1117.7 neutral

Figure 98. Proposed mechanism for the formation of the c8 ion upon fragmentation of the
peptide RQIKIWFQNR, via a hydride transfer in (.

Their study on 168 peptides spectra acquired using high energy CID MS/MS allowed the
correlation between formation of a cx ion and the nature of the residue in position x+1. They
have demonstrated that having a threonine in the position x+1 considerably favors the cx
cleavage. Also, to a lesser extent, tryptophan, lysine, serine and asparagine residues, in this
order, favor the cx fragmentation directed at the N-term of these residues (Figure 99).

T>W>K>S>Q>C>N>L>D>Y>F>R>P>G>E>ASH>V>I>M
50 20 10 5 0%

Figure 99. Amino acid residues in decreasing order relative to the probability they occur at the
x+1 position to cx cleavage (expressed as a percentage). Results from 2%°,
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The nature of the residue at the position x appeared to have little effect on the c ion formation.
Still, they also propose a ranking of the amino acid residues favoring residues Q and R at the N-
term of the produced cion (Figure 100).

R>Q>P > W
28.2 188 1.3 0%

Figure 100. Amino acid residues in decreasing order relative to the probability they occur at
the x position to cx cleavage (expressed as a percentage). Results from 2°.

What emerges from this study is that the QN amino acids position seems likely to favor the c
ion fragmentation, even though it is not the most favorable.

In addition to the nature of the amino acid residues in the vicinity of the cleavage site, the same
work highlights the importance of the presence of an arginine residue on the N-term fragment,
which would be a prerequisite to observe the c ion. This basic residue would retain the proton
and direct the fragmentation. Indeed, fragmentation can occur without being observable, if the
fragment thus formed is not charged. Thus, the presence of a protonatable basic residues on
the peptide sequence conditions the observation of ¢ and z ions. This could explain why we do
not observe the c and z ions with the Engrailed-2 sequence, as the N-term residue is a serine,
contrarily to the arginine of the Penetratin sequence. Thus, the lysine residue in position 4 of
the sequence SQIKIWFQNKRAKIKK which is similar to Penetratin, does not seem to protonate.
Decapeptides inspired from the Penetratin and the Engrailed sequences were synthetized and
analyzed in high energy CID MALDI-TOF/TOF (1 keV, N, gas). Presence or not of the considered
c and z ions are reported in Table 10. The c ion could be observed only if a residue with high
proton affinity like an arginine was present on the N-term fragment. Thus, these results are
well correlated to the literature. Also, it can be noted that the presence of a lysine in position
4 of the Penetratin is not sufficient to observe the c ion, thus this residue must not be
protonated as in the SQIKIWFQNKRAKIKK sequence.

Table 10. Observation of the ¢ and z ions corresponding to the cleavage at the position QN of
decapeptides MALDI-TOF/TOF spectra.

Peptide sequence QN cion QN z ion
RQIKIWFQNR Yes Yes
SQIKIWFQNR No Yes
RQIKIWFQNK Yes Yes
SQIKIWFQNK No Yes

Another work has shown the production of ¢l ions from peptides containing a glutamine
residue at the position 2 of their sequence, acquired with an ESI-Q/TOF instrument. These c1
ions were obtained by the rearrangement of a non-classical cyclic isoimide b2 ion, which was
verified by H/D exchanges. However, the c ions observed show a relatively low intensity
compared to the one observed in the case of Penetratin. The same type of mechanism could
be considered with an asparagine as the x+1 residue to the cleavage site, as it can also lead to
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the formation of a non-classical cyclic isoimide b ion (see introduction). This mechanism,
adapted to the peptide RQIKIWFQNR, is presented in Figure 101.

The unconventional cg ion would be produced by a sequence-specific reaction involving the N
residue in position 9 of the sequence, by a rearrangement (hydride transfer in the gas phase)
of a non-classical form of the b9 ion involving the formation of a cyclic isoimide form??? in the
gas-phase during CID. It can be noted that this mechanism involving the rearrangement of a b
ion, does not allow the production of the complementary z ion observed on our spectra. The
presence of the complementary z ion implies that a direct fragmentation pathway is involved.
However, it is possible that the two mechanisms co-exist.

with — with ]
R1 = RQIKIW HNYNHz R1 = RQIKIW HN_NH;
H,N.__O NH HoN. O NH
0} 0] - > (¢} le}
H Ho T H H
©) N N
R1/N\)J\N N\.)J\N N, Ri” \;)J\N o) "N NH2
: H : H : H ™
S o = 2 0 o 4 o
o \@ @\\
N|||||||||H
-CNHQ o
Precursor ion RQIKIWFQNR - Cyclic isoimide Classical yg ion
[M+H]* m/z 1387.8 Non classical bg ion
m/z 1214.7
with with H®

R1 = RQIKIW R1 = RQIKIW
HN.___O
o Cycle rearrangement

O
in gaz phase CID or PSD: H ) o]
—— RS \)J\N ‘ﬁi R/N\)L NH,
H U

: N

2 OH H" transfer in B i H g + | o

g ) "
Cyclic isoimide

Non classical bg ion

cg ion
m/z 1117.7

Figure 101. Proposed mechanism for c¢8 ion formation from a consecutive reaction occurring
on the b9 ion of the peptide RQIKIWFQNR, via a cyclic isoimide intermediate.?%%270

The nature of the second residue for the production of c1 ions has also been investigated by
another group, using an ESI-Q/TOF instrument, who reports as well an influence of the peptide
length.?’! They report that a glutamine or an asparagine residue in position 2 of the peptide
sequence favors the formation of c1 ions. The effect of the nature of the first amino acid was
tested and led to the conclusion that there is a correlation between the size of the residue of
the amino acid in position 1 and the intensity of the c1 ion. It was not reproducible for every
peptide sequences but, in general, intensity of the c1 ion increased with molecular weight of
the residue in position 1. They explain this by the occurrence of different b2 ion structures,
which result in different fragmentation behaviors and therefore variable intensities of the c1

ions.2’1

Using pentapeptides mimicking the c8 cleavage site of Penetratin, we tested the effect of
various amino acid residues at the N-term position to the cleaved amide bond (Figure 102). We
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find the same tendencies as the ones reported in the literature,?®®2’! gpart for the W residue
in position x, which seems to lower the direct fragmentation reaction.

1 W Cx/Bx+1 Zn-x/Bx+1
0,83
0,8 -
0,6 -
04 - 0,35 0,39 0,35
0,26
0.17 0,25 0,21

0,2 1 ' 0,08 I I 0,11

0

RARNR-NH2 RAQNR-NH2 RAGNR-NH2 RAENR-NH2 RAWNR-NH2

Figure 102. Relative intensities cx/bx+1 and zn-1/bx+1 observed in MALDI-TOF/TOF spectra
(gas Ny, 1 keV, selection window +7u) of pentapeptides to investigate the c¢8 and z8 ions
formation on the Penetratin sequence. Effect of the nature of the residue in position x, N-
term to the cleavage site.

In their case, the cl ions formation has been attributed to two competing mechanisms: one is
a consecutive fragmentation of the b2 ion (the same as proposed in the previous paper?’°,
Figure 101) and the other consists in a direct fragmentation forming the c1 ion and its
complementary zmax-1 ion. The later pathway implies the intervention of the mobile proton
model, with the protonation of the nitrogen atom of the amide bond between the residues x
and x+1. The amide bond would be cleaved by the nucleophilic attack from the -NH, amide
group of the lateral chain of a glutamine or an asparagine residue in position 2 of the peptide
sequence, which leads to the production of the c1 ion. This mechanism is presented in Figure
103, considering the shorter sequence of Penetratin, the decapeptide RQIKIWFQNR, which is
sufficient to observe the ¢ and z ions in question. It can be noted that in our case, the
nucleophilic attack would be initiated by the asparagine residue.

— 1,®

with with HN NH2
R1 = RQIKIW HN NH R1 = RQIKIW

NH
Mechanism HoN O
involving the
mobile proton
NH
NH\)J\ NH2 \)J\NH %J)J\
NH2

Precursor ion RQIKIWFQNR Neutral z2 ion m/z 271.2
M+H]* m/z 1387.8 OR OR
[ ] z c8ion m/z 1117.7 neutral

Figure 103. Proposed mechanism for the formation of c8/z2 ions from peptide RQIKIWFQNR,
leading to a z2 fragment with a four-ring structure at the N-term residue. Adapted from 27%.

By comparing the intensity ratios of the c and z ions over the b2 ion intensity, they also showed
that increasing the peptide length made the ratio of the c1 ion intensity over the b2 ion
intensity decrease, showing that the direct mechanism is less favored. As their basic residue
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was always positioned at the C-term of the peptide sequence, this could be an effect of the
increasing distance of the mobile proton to the cleavage site.

In our case, using Penetratin analogues of various lengths (Figure 104), without changing the
positions of the amino acids, we show that a longer peptide chain tends to make the c and z
ions intensity increase, thus favoring a direct fragmentation pathway.

B Cx/Bx+1 m Zn-x/Bx+1

1,21
1,2 -
0,96
08 | 061 0,75
0,39
04 |
I 0,17 0,21 0,26
0
_NH2 _NH2 _NH2 _NH2
QNR O_NR O_NR \N\(\(
RA RWF Rq\\(\\NF\K\\N;QNRR\\I\K
Q
pC-R

Figure 104. Relative intensities cx/bx+1 and zn-1/bx+1 observed in MALDI-TOF/TOF spectra
(gas N, 1 keV, selection window *7u) of Penetratin analogues to investigate the c8 and z8
ions formation on the Penetratin sequence. Effect of peptide chain length.

Another fragmentation pathway has been proposed for the formation of ¢ ions, this time not
necessarily in position 1 of the peptide sequence. It would involve a positive charge localized
on the N-term part of the peptide, and a glutamine, asparagine or lysine residue in position x+1
to the cleaved bond.?”? They indeed observed cx ions on model peptides having an N-term
arginine residue upon low-energy CID, using an ESI-Q/TOF instrument. The protonated basic
residue would sequester the positive charge and remote it from the cleavage site. They used
amino acids substitutions, hydrogen-deuterium exchange and density functional theory
calculations to provide a suitable pathway. It consists in a MclLafferty-type rearrangement via a
charge remote fragmentation. This pathway is presented in Figure 105, adapted to the
sequence RQIKIWFQNR.

, ® — HN NH,
with HN NH, H with H®
R1 = RQIKIW \\l/ R1=RQIKIW |, \

HoN o NH
Charge remote
McLafferty-type
Q Q rearrangement NH\)J\
/NH\)J\ NH NH» N NH
R B NH \J( NH

Neutral z2 ion m/z 271.2
Precursor ion RQIKIWFQNR OR OR
[M+H]* m/z 1387.8 c8ion m/z1117.7 neutral

Figure 105. Proposed direct mechanism for the formation of ¢8/z2 ions from peptide
RQIKIWFQNR via a charge remote McLafferty-type mechanism. Adapted from 272,
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In general, it is difficult to draw conclusions from these different studies. Some examples from
the literature on the observation of c-ions in CID, as well as our experiments on shorter versions
of Penetratin, suggest an importance of the peptide structure as well as the position of the
amino acids in the sequence in relation to the fragmentation site. According to a study of the
primary peptide structure, residues Q and N and their positioning would be favorable for the
observation of such ions ¢.?%® A mechanism for the formation of ions c involving rearrangement
from an ion b has also been proposed.?’° However, it would appear that the ion ¢ observed in
the case of Penetratin is at least partly derived from direct fragmentation since the
corresponding ion z is also observed. Another study suggests that the production of c-ions is
dependent on the amino acid in position 2 and the length of the peptide, and propose a
mechanism for the direct fragmentation involving a mobile proton.?’! It should be noted that
protonation sites should be taken into account in this type of study. Indeed, fragmentation can
occur without being observable, if the fragment thus formed is not charged. Thus, the presence
of protonable basic residues on the peptide sequence conditions the observation of c ions.
Finally, a more recent article proposes a MclLafferty-type mechanism induced at a distance by
a localized N-terminal charge of the peptide.?’?

All these works result from the study of different peptide sequences in terms of nature of amino
acids, peptide length and very probably 3D structure in the gas phase. It is thus quite difficult
to retrieve a rational interpretation and to compare these results to each other and to our data.
Besides, the c ions production seems to be the result of different routes of fragmentation that
are in competition with each other.

5.2. Peptide protonation state

A work reports the MS/MS fragmentation of the Penetratin peptide, using an ESI-Q/TOF
instrument and with varying the collision energy from 12 to 40 eV. Fragmentation of the multi-
protonated peptide at charge +4 does not lead to the formation of ¢ or zions.?’3 They observed
the same b and y fragments whatever the collision energy used. In this paper, they estimated
the probability of protonation for the different basic residues of the Penetratin sequence for
the [M+4H]*" form based on energies calculation. A comparison of the energy conformers is
presented in Table 11.

In addition, they suggest that the peptide structuration in a-helix would prevent the
fragmentation of the central peptide domain. However, this hypothesis is based on the
structure of Penetratin in membrane-like environments studied by NMR spectroscopy.09189 |t
has already been shown that Penetratin structures in an a-helix in contact of a membrane.
However, this is not the case in the context of gas-phase fragmentation of Penetratin.

Although these results could suggest that the absence of ¢ and z ions on the Penetratin is due
to the low energy collision used, our recent work using a CID ESI-TQ (40 eV, Ar) and an ESI-LTQ-
Orbitrap (CID, NCE 20%, N2) instruments actually reveals a different tendency. In fact, the c and
zions could be observed only when fragmentation is performed on the Penetratin in the charge
states [M+H]* or [M+2H]%*, with a higher intensity of the cion fragment of [M+H]*. Above these
charge states, at [M+3H]** and [M+4H]**, the c and z ions were not observed. Still, cx ions have
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a low intensity on the CID spectra obtained with the collision gas Ar and N, compared to the
intensities observed in MALDI-TOF/TOF.

Table 11. Single-point energy calculations of Penetratin with four protons located at different
positions using B3LYP/6-31G* //HF/3-21G*.273

Protonation AE AE
site (kcal/mol) Protonation site (kcal/mol)
R'RIORTTK? 435 R'R'TK*K'® 50.8
R1R1UR'I'IK'\3 0 R1 RHK4K15 54.3
R'RIORTTKT> 0.33 RIRTTKAK!3 57.9
R'RIORTK'® 2.0 RIRVTKI3K!® 223
R'RTOK*K'® 29.2 R'RTTK'3K'® 24.8
R'R1OK*K'> 37.7 R'RTTK'>K'® 29.8
R] R1UK4K13 27.6 R'IURH KUK]S 26.6
R'ROK'3K™ 26.7 RIORTTKT3K® 21.1
R1R10K13K16 14.9 R'IURHKTSK]G 29.3
RIR1OKI5KTE 23.2

These results might suggest an importance of the structure of the peptide in the gas phase for
the direct fragmentation. Indeed, the multi-protonated state of Penetratin could favor charge
repulsion and thus a different conformation of the peptide, impacting the fragmentation
processes for the charge states above +2.

5.3. Peptide structuration

This leads us to the issue of the peptide structuration in the gas phase. Indeed, the charge
repulsion above +2 leading to the loss of structure in the gas-phase, shows that the structure
is needed for the c/z fragmentation to occur. Also, the fact that the c ions intensity is higher
when the sequence is longer could indicate a mechanism dependent on the structure.

A collaboration with the NMR team of the laboratory allowed us getting some insight on this
question by collecting molecular dynamics of the Penetratin peptide in vacuum, using the
Amber force field ff14SB. This work was performed in the context of the Ph.D. project of Edward
Chalouhi, supervised by Olivier Lequin. A simulation was acquired with a unique protonation
site on the Arg 10, following the protonation sites probabilities mentioned earlier (Table 11)
and based on our observations with the peptide SQIKIWFQNKRAKIKK which is similar to
Penetratin and does not seem to protonate on Lys 4.272 The simulation lasts 10 ns, starting from
a conformation in a-helix, and at T= 500 K. Snapshots of the simulation at 4 ns, 6 ns and 8 ns,
as well as Ramachandran diagrams for each amino acid residue of the Penetratin sequence,
numbered from position 43 to position 58 of the Antennapedia third helix sequence
R*QIKIWFQNRRMKWKK>8-NH,, are given in Figure 106.

The molecular dynamics results show that the region of the QN residues has a propension to
structure in an a-helix, whereas the rest of the sequence do not structure. Interestingly, the
peptide would present a partial helix structure a, precisely at the level of the residues at the
center of the sequence, where the fragmentation giving the atypical c ion occurs. Indeed, the
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a-helix conformation is maintained throughout the simulation on the residues Trp 48, GIn 50,
Asn 51 and Arg 52.

The structuration of this particular region of the peptide seems very interesting regards to the
specific fragmentation observed in CID MS/MS. Further study on the peptide structure could
help to understand this particular formation of the c¢/z fragment ions at the NQ position.
Additional simulations of the Penetratin structuration in vacuum, with multi-protonation sites
involved, are now studied, whose results will help deciphering the phenomenon.

Besides, additional experiments in ion mobility could provide interesting information on this
point. Measuring the effective cross-section of Penetratin in vacuum could inform us, by
comparing this effective cross-section with the theoretical cross-section for Penetratin in the
form of an a-helix, about the possible role of this structure in the fragmentation of the QN bond
leading to the cion.
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Figure 106. Molecular dynamic simulation of the Penetratin in vacuum (Amber forcefield
ff14SB).
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5.4. Pursuance of the project to elucidate the c ions formation

The comparative study of the fragmentation of Penetratin in the gas phase with various ions
activation techniques (high and low energy CID, ExD) is the subject of a project directed by
Emmanuelle Sachon and is currently in progress (TGE, fédération de recherche FT-ICR). Indeed,
experiments to vary the collision energy or to apply other types of fragmentation by the use of
FT-ICR mass spectrometers and electron fragmentations (ETD, ECD and EID) would provide
additional information to better define this mechanism.

First experiments using an ESI-TQ instrument allowed to obtain more information about the
mode of formation of the c ion at the QN position by using the parent ion mode. In this mode,
all the precursor ions of the c ion formed by CID are searched. When an ion (Q1 in scanning
mode) dissociates in the collision cell to give the ¢ fragment, its m/z value is recorded.
Therefore, even if it is always the same c fragment ion that reaches the detector (Q3 fixed value
onthe m/z of the cion), the spectrum will provide all the precursor ions from which it is derived.
It appeared that the cxion is produced from the full peptide [M+H]* and [M+2H]?* but not from
bx+1, using the sequence RWFQNR-NH,. In this specific sequence, fragmentation of the peptide
backbone at the QN position between CH-NH leads to the c4 ion of interest at m/z 635 (Figure
107). In addition, MS? experiments performed on an ESI-LTQ-Orbitrap instrument showed that
the bx+1 ion does not produce the cx ion with RWFQNR-NH,, the bx+1 ion produces the cx ion
(low intensity) with RQIKIWFQNR-NH,, and the cx ion produces only b and a no c ion.

190702-8 1 (4.064) Sm (SG, 1x2.00); Sb (1,5.00 ); Sm (SG, 1x1.00) [M+H]* Parents of 635ES+
100
635.4
[M+2H]2*
% 453.3
155.8 2520 3326 5311 7915 958.3 1043.0 1158.0
Q- s putd \A' eyl ) T N“\ e by \I‘J\ a WMWWW’”A\” WM"\'WWWMM\W\M‘ '\J £t
1907022 1 (2.107) Sm (SG, 1x1.00)  [M+2H]?* Scan ES+
w2 ) 1.52e9
100
RWFQNR-NH,
= % 119.9
157.0 399.3 *
288.1°°47 531.6 [VHH]*
Wil ]
0 \L l“‘l\”kﬂdm L L\ MN\L“\ A t b t T T + T \h T T T m/z
100 200 300 400 500 600 700 800 900 1000 1100

Figure 107. Parent ion mode of the c4 ion at m/z 635 (ESI-LTQ, 40 eV, Ar gas).
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The use of an ESI-LTQ-Orbitrap instrument allows us to strengthen the hypothesis that the cx
ions are probably produced viag two fragmentation pathways, especially in the case of the
longer peptide chain, involving a direct fragmentation and a consecutive rearrangement of the
bx+1 ion. In the case of shorter sequence (RWFQNR), it seems that only the direct mechanism
leads to the cx ion.

Still, many questions remain about the c ion formation specific to the QN position. How far is
the peptide structuration implied in the fragmentation process? How does it impact the
formation of the different structures of the bx+1 ion (oxazolone, diketopiperazine, cyclic
isoimide) and can lead consecutively to the cx ion?

The project will continue with the use of an FT-ICR instrument that allows the peptide
fragmentation in the CID or in the EXD modes. Accessibility to the two modes of fragmentation
on the same equipment allows to compare the ions production obtained without artefacts due
to the use of different instruments of variable geometry and source conditions. The ExD
fragmentation modes (ECD, ETD and EID) are electron-induced fragmentation that will allow to
observe the production of c and z ions in a classical manner.

First observations using the ECD mode of fragmentation on the ESI-Q-FT-ICR shows that all the
c ions are produced with similar intensity, and that the QN position is not particularly favored
in the case of a fragmentation induced by electrons.

167



Conclusion

In this study, we give a full description of Bzp photoreactivity within a lipid bilayer and illustrate
how it can be exploited to study the interactions of two CPPs, Pen and (R/W)s with lipid
interaction partners at the molecular level. The studied reactions encompass classical C-C bond
formation, oxidation of the fatty acid chains via double bond C=C formation, Paterno-Blchi
reaction as well as Bzp-induced photosensitization leading to unsaturated lipids dimerization.
Additionally, oxidation reactions leading to double bond cleavage can be observed on
unsaturated lipids. The occurrence of consecutive reactions on the same fatty acid chain,
requiring more than one UV-activated Bzp suggests that CPPs accumulate in the same region
and are close to each other.

Mapping of these secondary reactions is important, for at least three reasons, which we
summarized on an analytical workflow showing how to extract the maximum information out
of a simple MS spectrum.

First, ignoring the photoredox reactions involving Bzp could lead to false interpretations or
photoadduct identification, especially when working with binary mixtures containing saturated
and unsaturated lipids with the same chain length. Careful analysis of the isotopic distributions
will allow to differentiate the two products. Indeed, the isotopic pattern of the unsaturated
lipid adduct should fit with the theoretical one, while the isotopic pattern of the saturated lipid
adduct should reflect the heterogeneous contributions of the intact lipid adduct and the
oxidized lipid adduct at — 2u.

Second, careful analysis of isotopic distribution can give information on membrane fluidity in
the immediate environment of the CPP. Additionally, presence of ions resulting from ROS-
induced oxidation of the CPP/lipids photoadducts gives an indication on membrane fluidity
which influences penetration of water-soluble radicals and oxidation.

Finally, analysis of the retro P-B products allows finer characterization of the CPP/lipid
interaction at the atomic level without using MS/MS, giving information on the depth of
insertion of the CPP in the membrane. We illustrate this by analyzing the interaction of
Penetratin with membranes composed of a binary mixture of PG and Chol.

Being aware of these side reactions and knowing how to extract the information they provide
at the MS level will be an asset for studying interaction of CPPs or any membrane active peptide
with complex biological membranes composed of multiple lipids. This is a great advantage
when analyzing sub-picomolar amounts of a given species knowing that MS/MS requires more
material than MS experiments.

Finally, this is the first report of Paternd-Bichi reactivity and Bzp-induced photosensitization in
a Bzp-based lipid photo-cross-linking setup. Such reactivity was previously reported to occur
with DNA,?'>?7% suggesting the universality of this phenomenon, which should never be
overlooked when studying biomolecular interactions with Bzp-based photo-cross-linking. In
addition, our study shed new light on the insertion depth of CPPs with regard to membrane
fluidity properties, and brings evidence for the relevance of such approach using liposomes as
an intermediate study before going to cells.
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An unconventional gas-phase fragmentation pathway of Penetratin, leading to the formation
of c-ions in CID MS, was also observed, at the specific position QN in the middle of the peptide
sequence. The cx ions are probably produced via multiple fragmentation pathways, involving
at least a direct fragmentation and a consecutive rearrangement of the bx+1 ion structured in
a non-classical cyclic isoimide form. Contribution of the structuration of the peptide to the
atypical fragmentation has been discussed. The propension of the QN region of the peptide to
structure in a-helix in vacuum seems to play a role in the existence of the ¢/z fragmentation.
This study is still on-going to elucidate the unconventional mechanism. This work consists in a
fundamental study of peptides fragmentation mechanisms in the gas phase. The better
understanding of mechanisms in the gas phase will allow an easier interpretation of peptides
MS/MS spectra for de novo sequencing and also to improve the identification and
characterization of proteins in proteomics.

Several students have worked on this part of the project as part as their internship graduating
programs. Carla Kirschbaum has participated to the experiments and bibliography work on the
Paterno-Buchi reactions occurring in the peptide/lipid membrane system during her Master 1
internship. Samy Leprévost, as part as his 3™ year Bachelor internship, has synthetized and
analyzed in MALDI-TOF/TOF the short length sequences of the Penetratin for the elucidation of
the cions formation in CID MS/MS. Marine Cosset has participated to the production of control
experiments on the 2,5-DHB-induced ISD as part as the publication process of the Analytical
Chemistry article during her Master 2 internship and will continue to work on the identification
of interaction partners of membranotropic peptides using the method of photo-cross-linking
coupled to MS during her Ph.D. starting this year.
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GENERAL CONCLUSION
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This Ph.D. work has consisted in the study of the interactions of the CPP Penetratin with lipid
membranes from a molecular point of view. First, the contributions of PIP, to the internalization
of Penetratin were evaluated, mainly by biophysical approaches. In a second step, the
photoreactivity of Bzp in model membranes was investigated. Figure 108 resumes the main
conclusions of the project.

In the first part of this manuscript, the contributions of PIP; in the internalization of the CPP
Penetratin were highlighted. In particular, the interaction of Penetratin with model membranes
containing PIP, has been better identified. These results showed that PIP, present in the
intracellular membrane leaflet is involved in the mechanism of peptide entry into the cell, and
that its blocking by interaction with the PH domain inhibits the internalization of Penetratin in
CHO cells. In addition, experiments conducted in DSC have highlighted the interaction of
Penetratin with the polar heads of PIP;, as well as its superficial insertion into the membranes.
The same study also suggested that Penetratin recruits several PIP, molecules and induces
stiffening of model membranes containing PIP,. These effects have not been observed on
liposomes containing PC or PS. In addition, tryptophan fluorescence studies have shown that
the binding affinity of Penetratin is higher for liposomes containing PIP, than for liposomes
containing PS, with an equivalent overall charge. Finally, photo-cross-linking experiments
coupled with MS have identified PIP, as a partner in the interaction of Penetratin in liposomes
composed of PC, PS and PIP,. The clustering effect of Penetratin on PIP, lipids has been
confirmed by a molecular modeling simulation, where 4 to 5 PIP; lipids were recruited by a
Penetratin molecule, in a model membrane composed of PC, PS and PIP, at a proportion
80/15/5.

In the second part, the Bzp photoreactivity in the particular context of lipid membranes was
pointed out. The revealed secondary reactions of Bzp occur simultaneously in a single complex
biological system: a membranotropic peptide inserted in a phospholipid bilayer. This work
represents a significant improvement for the interaction partners identification by photo-cross-
linking, and shows how to exploit in an original way the different reactivities of Bzp in the
context of a lipid membrane. We have proposed an analytical workflow for the interpretation
of mass spectra, providing access to information on the CPP/lipid interaction at the molecular
level such as insertion depth or membrane fluidity in the vicinity of the CPP. An application of
our analytical workflow illustrates the role of cholesterol in CPP/lipid interaction. It showed that
the presence of cholesterol, known to fluidify membranes composed of saturated lipids, allows
a deeper insertion of the CPP into the lipid bilayer. Besides, the lipid partner identification by
the classical photo-cross-linking reaction showed that the Penetratin interacts preferably with
the fluid phase, as reported earlier in the literature. In addition, secondary reactions involving
the intervention of several activated Bzp, such as lipid dimerization or double bond formation,
suggest an aggregation of the CPP at the PG membrane, which has also been reported by DSC
experiments.

Finally, the MS/MS fragmentation of Penetratin revealed the formation of c ions, atypical in CID
fragmentation. Some avenues of reflection have been proposed in order to elucidate this
fragmentation pathway occurring at a very precise location in the peptide sequence. In
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particular, the relationship between structuration in the gas phase and fragmentation process
has been pointed out, using different MS instruments and NMR structure-based simulation.

The peptide’s ability to form PIP; clusters, favored interaction with the fluid phase state, deeper
insertion in presence of membrane cholesterol and propension to aggregate embody as many
features to better understand the interaction of Penetratin with the lipid bilayer and to give
insights on the direct translocation pathway of the peptide through the plasma membrane. The
Bzp photoreactivity seems to constitute a powerful tool for the molecular analysis of the
membranotropic interaction with model membranes. Indeed, the versatility of the Bzp
photoprobe allows to have access to various parameters such as insertion depth, sensitivity to
the membrane lamellar state and interaction partner identification, representing a broad panel
of information about the mode of interaction of the peptide with the lipid bilayer.
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MATERIAL AND METHODS
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1. Material

1.1. Lipids

Dimyristoyl phosphatidylcholine (DMPC), Dipalmitoyl phosphatidylserine (DPPS), Dimyristoyl
phosphatidylglycerol (DMPG) and Dipalmitoyl phosphatidylglycerol (DPPG) powders were
purchased from Genzyme (Switzerland). Dioleoyl phosphatidylcholine (DOPC), 1-palmitoyl-2-
oleoyl-phosphatidylcholine  (POPC), Dioleoyl phosphatidylserine (DOPS), Dimyristoyl
phosphatidylserine (DMPS), Brain PS, Brain PI(4,5)P,, Dioleoyl phosphatidylinositol-4,5-
bisphosphate (DOPI(4,5)P2), Dipalmitoyl phosphatidylinositol-4,5-bisphosphate (DPPI(4,5)P3),
Dioleoyl phosphatidylglycerol (DOPG), Dielaidoyl phosphatidylglycerol (18:1 (trans A9) PG),
Dilinoleoyl phosphatidylglycerol (DLoPG) and cholesterol (Chol) powders were purchased from
Avanti Polar Lipids (USA). Lipids structural formulas, and fatty acids compositions in the case of
brain lipid extracts, are given in Figure 109. For Brain lipid extracts, the structural formula of
the most representative fatty acid chain is given.
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Brain PI(4,5)P, - Avanti Number 840046

14:0
14:1
16:0 4.6

16:1

18:0 37.0
18:1 6.1

18:24
18:34
20:04
20:14

20:2 3.2
20:3 2.0
20:4 36.8

22:0
22:11
22426
24:04
24:1

Unknown - 7.7 Average MW 1096.385

Brain PS - Avanti Number 840032

14:0+
14:1 -
16:0+
16:1 1

18:.0 42
18:2-
18:3-
20:0-
20:1 -
20:2-
20:3-
20440 2
22:0-
22:1 1
22:6 I 11
24:0-
24:1 -

Unknown {— 15 Average MW 824.966

Figure 109. Structural formulas and fatty acids compositions for lipids used in the manuscript.
Unsaturated fatty acids, except 18:1 (trans A°) PG, are represented in their natural cis form.

1.2. Liposomes preparation

Chloroform was obtained from Carlo Erba.

1.3. Peptides

Standard Boc amino acids, MBHA resin and HBTU were purchased from Iris Biotech (Germany),
benzoyl benzoic acid was obtained from Alfa Aesar (US). DMF (Peptide synthesis grade),
acetonitrile (HPLC grade), TFA (Optical spectroscopy grade), DCM (Analysis grade) and
piperidine (Peptide synthesis grade) were obtained from Carlo Erba (France). Hydrofluoric acid
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(HF) was obtained from GHC Gerling Holz & Co. (Germany) and was handled in a HF teflon
apparatus (Toho, Japan), anisole and dimethyl-sulfide were purchased from Sigma Aldrich (US).

Peptides used are obtained by peptide synthesis in solid phase, using Boc strategy. Penetratin
N-terminal tags are adapted to the experiments carried out. Table 12 details all the peptides
used, with their exact mass and the type of experiment for which they were designed and used.

Table 12. Detail of peptides sequences used for the different experiments. The mono-isotopic
mass, calculated with Isopro, does not take in account the TFA counter-ion mass (M =113
Da), present for each basic residue (R and K). (Bzp = benzophenone, Apa = aminopentanoic

acid, Pen = RQIKIWFQNRRMKWKK)

Sequence Use Mono-isotopic exact mass

Biot(02)-Apa-pen-NH; DG MBS 2601.44
spectroscopy

Biot(02)-Gs-pen-NH; Internalization MS 2787.48
Biot(02)-Gs(D,D)-pen-NH: 2797.56
Biot(02)-Gs-K(eBzp)-pen-NH; 3155.62
Biot(02)-Gs(D,D)-K(eBzp)-pen-NH3 3165.70
Biot(02)-Gs-pen(K48(eBzp))-NH 2969.54
Biot(0,)-Gs(D,D)-pen(K48(eBzp))-NH, 2979.62
Biot(0,)-Apa-Gs-K(eBzp)-pen-NH, MS-coupled photo- 3254.69
Biot(Os)- Apa-Gs(D, D)-K(eBzp)-pen-NH; OSSN 3264.76
Biot(02)-Apa-Gs-pen(K48(eBzp))-NH» 3068.61
Biot(0O,)- Apa-Gs(D,D)-pen(K48(eBzp))-NH2 3078.68
Biot(02)-Gs-K(eBzp)-RRWWRRWRR-NH; 2391.20

1.4. Photo-cross-linking reagents

Methanol, NaOH and NaCl were purchased from VWR. Triton X-100 and TRIS were obtained
from Sigma Aldrich (US), SDS from Appli-Chem (US). PBS was purchased from Gibco.
Acetonitrile (HPLC grade) was obtained from Carlo Elba (France).

1.5. Cell transfection

We thank Jennifer Gallop, from the Gurdon Institute of Cambridge, who has provided the
plasmid GFP-PH-PLC® used for the transfection experiments. The plasmid map is given in Figure
110.

The Fugene transfection agent was purchased from Promega.
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Figure 110. Map of the plasmid GFP-PH- PLC?.

1.6. Mass spectrometry matrices

Acetonitrile (HPLC grade) and TFA (Optical spectroscopy grade) were purchased from Carlo Elba
(France), phosphoric acid from Acros Organics, DHB from Fluka (Germany), and CHCA from
Sigma Aldrich (US).

2. Peptide synthesis

Peptides were synthesized by Boc solid-phase peptide synthesis using DMF. Peptides were
coupled manually on a Rink-amide MBHA-resin (amino acid activation by HBTU/DIEA). Peptides
were cleaved from the resin with anhydrous HF treatment for 2h at 0°C, in the presence of
anisole and dimethylsulfide. All peptides were HPLC purified (purity 295%) and analyzed by
MALDI-TOF (DE-Pro, Applied Biosystems) reflector, positive ions mode, using CHCA as the
matrix.

Peptide synthesis in solid phase is realized on a MBHA resin, with a substitution rate of 0.53
mmol/g resin. Amino acids couplings are done manually, in a polypropylene syringe equipped
with a sintered filter and a cap.

Kaiser test

The Kaiser test is done after each coupling or deprotection step, in order to check the presence
or not of a free amine group.?’>
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Few resin beads are taken and transfer to a test tube. Few drops of each of the following
solutions are added on the resin beads:

= Ninhydrin 5% in ethanol
=  Phenol 0.32% in ethanol
= Potassium cyanide 0.02 mM in pyridine
The obtained suspension is heated at 100 °C for 3 min.
Beads color is checked:
= |fthe testis positive: Presence of a free NH, = beads become blue.
o After a deprotection: deprotection is complete.
o After a coupling: coupling is not complete.
= |f the test is negative: Absence of a free NH, = beads are colorless.
o After a deprotection: deprotection did not work properly, the peptide is
protected.
o After a coupling: coupling is complete.

First amino acid coupling

Resin solvation DMF for 1 hour
Deprotonation DIEA 10% x 3
Coupling The amino acid (6 equivalents) and the HBTU (5.8 eq.) are

dissolved in DMF and 14 eq. DIEA are added. The activated
amino acid solution is incubated for 1 hour on the resin at
room temperature, under gentle stirring.

Washings DMF x 3
DCM x 3
Kaiser test Must be negative

Couplings of the following amino acids

Boc deprotection Incubation in TFA for 1 minute x 3
Washings DCM x 3
DMF x 3
Kaiser test Must be positive
Deprotonation DIEA 10% x 3
Coupling The amino acid (6 equivalents) and the HBTU (5.8 eq.) are

dissolved in DMF and 14 eq. DIEA are added. The activated
amino acid solution is incubated for 1 hour on the resin at
room temperature, under gentle stirring.

Washings DMF x 3
DCM x 3
Kaiser test Must be negative

Coupling of the biotin sulfone

Boc deprotection Incubation in TFA for 1 minute x 3
Washings DCM x 3

DMF x 3
Kaiser test Must be positive
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Deprotonation DIEA 10% x 3

Coupling The amino acid (6 equivalents) and the HBTU (5.8 eq.) are
dissolved in DMF and 14 eq. DIEA are added. The activated
amino acid solution is incubated overnight on the resin at
room temperature, under gentle stirring.

Washings DMF x 3
DCM x 3
Kaiser test Must be negative

Trp deformylation

Washings DMF x 3
Deformylation Resin incubation in piperidine at room temperature for: 1
min, 3 min, 5 min, 10 min, 15 min, 30 min, and 60 min.

Resin drying
Washings DMF x 3
DCM x 3
MeOH x 2
Drying Under vacuum for 2 to 3 hours

Hydrofluoric acid (HF) cleavage

Peptide cleavage by HF is done in presence of anisole (1.5 mL/g resin) and dimethyl sulfide (0.25
mL/g resin). The cleavage step is achieved at 0°C, under vacuum and under stirring, during 3
hours. After complete HF evaporation under vacuum, the peptide is recovered, precipitated
and washed in cold ether, on a sintered filter. The peptide is then dissolved in a 10% acetic acid
solution and recovered in the filtrate. It is lyophilized before conservation at -20°C.

Purification

The peptide is purified by HPLC in reversed phase on a preparative column Nucleodur C18 HTec
5 um (Macherey-Magel), with a linear gradient H,O/acetonitrile 0.1% TFA from 15% to 35% in
acetonitrile 0.1% TFA over 20 min.

Characterization

Peptides are characterized in MALDI-TOF MS (Applied Biosystems 4700) in positive ions
reflector mode, using a CHCA matrix (a-cyano-4-hydroxycinnamic acid).

3. Lipid vesicles preparation

3.1. Multilamellar vesicles (MLVs)

MLVs are prepared from lipid stock solutions in methanol or a mixture of chloroform/methanol
(1:1) depending on the lipid solubility. The required volume of stock lipid solution is diluted in
1 mL chloroform, in a glass tube. The solvent is evaporated under a nitrogen flow, to form a
homogeneous lipid film on the glass tube wall. Traces of solvent are dried under vacuum for 1
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hour. The lipid film is then hydrated in 1 mL buffer and heated above the lipids transition
temperature. The MLVs are formed by strong stirring on a vortex.

Suspensions of MLVs at 2 mM lipid concentration were prepared as follows. The appropriate
amount of lipids was dissolved in chloroform alone or chloroform/methanol (1:1). Lipid films
were formed on the wall of a glass tube by evaporating the solvent under nitrogen stream.
Remaining solvent traces were removed under vacuum for 1 hour. Lipid films were then
hydrated with a Phosphate Buffered Saline (PBS) solution pH 7.4, at a temperature above the
lipid phase transition and vortexed extensively.

3.2. Large unilamellar vesicles (LUVs)

LUVs are prepared from a MLVs suspension. MLVs are frozen in liquid nitrogen and then defrost
at room temperature. This freezing-defrosting cycle is repeated 5 times. The obtained lipid
suspension is extruded on a polycarbonate membrane of 100 nm porosity. This step is
performed thanks to the “Mini-Extruder” (Avanti Polar Lipids), by 15 passages through the
membrane.

4. Penetratin interaction with model membranes

4.1. DSC

The calorimetry experiments were performed on a Nano DSC microcalorimeter (TA
instruments). Series of DSC scans were acquired using a scan rate of 0.5 °C/min, with a delay of
10 min between sequential scans to allow thermal equilibration. Data analysis was performed
with the program Nano Analyze provided by TA instruments. The total lipid concentrations used
were around 1 mg/mL, considering full hydration of the phospholipids mixtures. The peptide
was gradually added to the same sample of lipid MLVs to obtain peptide/lipid molar ratios of
1/100, 1/50, 1/25 and 1/10. For each peptide concentration, a minimum of three, and up to
ten heating and cooling scans were performed for each analysis depending whether or not the
spectra was reproducible.

4.2. Fluorescence spectroscopy

A Penetratin solution at 20 uM in PBS (150 pL in a quartz cell) was titrated by adding LUVs at
increasing concentration, from 0 to 3.5 mM. A blank was measured using 150 pL PBS. Trp-
fluorescence spectra were acquired using a FP 8300 Jasco fluorimeter. Emission spectra were
recorded from 300 to 500 nm using a 280 nm excitation wavelength. The excitation and
emission band-pass were set at 5 nm and 2.5 nm respectively. The temperature was regulated
with a Peltier device at 25°C. The graphs and the statistical treatment of experiments was
performed with GraphPad Prism software.

5. CPP internalization in cells and quantification by MALDI-TOF mass
spectrometry

The quantification of the CPP internalization in cells was performed using the Burlina et al.
protocol.1”>
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For the classical internalization experiment, 10° adhering cells of wild type CHO-K1 or of xylose
transferase deficient CHO-pgA 741 were plated in 12-well culture plate a day before the
experiment. For the transfection experiment, 10> adhering cells of wild type CHO-K1 were
plated in 12-well culture plate a day before the experiment.

5.1. Cells transfection with the plasmid GFP-PH

CHO-K1 cells were transfected with the GFP-PH plasmid using the Fugene transfection agent,
for a ratio reagent/DNA of 3/1. The culture buffer was removed and replaced by ImL OptiMEM
per well. The transfection solution was prepared at 0.020 pg/ul DNA in OptiMEM. The
transfection agent was then added, with mixing carefully by pipetting 15 times by placing the
pipette tip well in the center of the tube (without touching the tube wall with the pipette tip).
The solution was incubated 5 to 10 min at room temperature. Then, 50 plL/well of the
transfection solution was added to the cell wells containing 1 mL OptiMEM. Cells were
incubated for 24 hours at 37°C. The percentage of transfected cells was determined by flow
cytometry.

5.2. Cells incubation with the peptide

Washings HBSS 1 mL/ well x 2
DMEM 1 mL / well
Internalization Incubation with 0.5 mL / well peptide at 10 uM in DMEM

Washings HBSS 1 mL/ well x 2

Cells Trypsin 0.05% 500 pL / well for 5 minutes

detachment

Trypsin Place inice

inhibition Trypsin inhibitor (10 mg/mL) 100 puL / well
BSA (1 mg/mL) 100 uL / well

Cells washing Transfer cells into protein low-binding tubes

Rinse the wells with TRIS 50mM and transfer in the tubes
Pellet cells by centrifugation 2 min at 3000 rpm
Eliminate the supernatant
1 mL buffer A and vortex
Pellet cells by centrifugation 2 min at 3000 rpm
Eliminate the supernatant

Cells lysis Add [?H] peptide to the lysis buffer at a known concentration
Lysis buffer (Triton 0.3%, NaCl 1 M) + deuterated peptide 150 plL/tube
Boil directly for 15 min

Lysate collection Place inice
Pellet cell residues by centrifugation 5 min at 10 000 rpm
Collect the supernatant
850 uL buffer A and vortex
Pellet cell residues by centrifugation 5 min at 10 000 rpm
Collect the supernatant
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5.3. Streptavidin-functionalized magnetic beads preparation

5 ul/sample of a magnetic beads suspension (MyOne Streptavidin M280, Life Technologies) are
taken. Beads are washed successively with 20 plL/sample of buffer A (TRIS 50 mM, BSA 0.1
mg/mL), buffer B (TRIS 50 mM, BSA 0.1 mg/mL, 0.1 % SDS), buffer C (TRIS 50 mM, NaCl 1 M,
BSA 0.1 mg/mL), and again with 20 plL/sample of buffer A. Finally, beads are put back in
suspension in 20 uL/sample of buffer A.

5.4. Purification

Following the hydrolysis step, 20 uL of the magnetic beads suspension previously prepared is
added in each sample and the mixture is placed on gentle agitation during 1 hour, at room
temperature), to capture the biotinylated peptides [*H] and [?H]. Samples are then placed on a
magnetic holder and beads are washed successively with 200 plL buffer A (2 times), 200 pL
buffer B (2 times), 200 uL buffer C (2 times), 200 L, 100 pL, and with 50 L distilled water.
Samples are incubated with a biotin solution at 8 uM (50 uL). Beads are washed with 200 pL
distilled water, 50 uL and 10 uL of H,0:acetonitrile (ACN) (1:1). Beads are eluted with CHCA
matrix at 10 mg/mL in H,O/acetonitrile 0.1% TFA (1/1).

5.5. Mass spectrometry analysis.

MS spectra were acquired by MALDI-TOF MS on a 4700 Proteomics Analyzer (Applied
Biosystems) or with an Autoflex Il (Bruker Daltonics), in positive ions reflector mode, using a
CHCA matrix at 10 mg/mL in H,O/acetonitrile 0.1% TFA (1/1). MALDI-TOF acquisition
parameters were optimized on Insulin chain B (m/z 3494) for the detection of peptides around
3100-3500 u. Laser fluence was adjusted just above the ion production threshold. The amount
of intact internalized [*H]CPP is calculated from the area ratio.

6. Identification of lipid interaction partner of Penetratin in PIP,-
containing liposomes

6.1. Model membranes photo-cross-linking

Photo-cross-linking experiments were performed on samples containing 10 nmol peptide and
100 nmol lipid (MLVs) in PBS, 200 uL total volume, as previously described.> Samples were
placed under a 365 nm lamp (6 W, VWR) at 3 cm distance in open microtubes. Irradiation
occurred for one hour at 45°C, at which all the lipids used are in fluid phase (Tm(DMPC)=24°C,
Tm(DOPC)=-17°C, Tm(DOPS)=-11°C, Tm(DMPS)=35°C, Tm(DPPS)=54°C, Tm(DMPG)=23°C,
Tm(DPPG)=41°C, Tm(DOPG)=-18°C, Tm(18:1 trans A9) PG=12°C and Tm(DLoPG)=-57°C), under
gentle stirring, using a thermostated multi-tube stirrer. Working under nitrogen atmosphere
and using degassed buffers or not, with or without addition of an antioxidant (butylated
hydroxytoluene) gave the same results.

After irradiation, samples were hydrolyzed by adding 200 pL of 4 M NaOH in MeOH to each
tube (2 M NaOH in H,O/MeOH (1:1) final concentration) for 10 minutes. Samples pH was
adjusted to pH 7 by addition of 48 uL acetic acid (96%).
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6.2. Streptavidin-functionalized magnetic beads preparation

5 ul/sample of a magnetic beads suspension (MyOne Streptavidin M280, Life Technologies) are
taken. Beads are washed successively with 20 puL/sample of 0.1% Triton X100, TRIS 50 mM, TRIS
50 mM 0.1% SDS, TRIS 50 mM 1 M NaCl and again with 20 plL/sample of 0.1% Triton X100.
Finally, beads are put back in suspension in 20 puL/sample of 0.1% Triton X100.

6.3. Purification

Following the hydrolysis step, 20 uL of the magnetic beads suspension previously prepared is
added in each sample and the mixture is placed on gentle agitation during 1 hour, at room
temperature), in the presence of 0.1% Triton X100, to capture the biotinylated peptides and
their attached photoadducts. Samples are then placed on a magnetic holder and beads are
washed successively with 200 uL TRIS 50 mM (2 times), 200 pL TRIS 50 mM 0.1% SDS (2 times),
200 pL TRIS 50 mM 1 M NaCl (2 times), 200 pL, 100 uL, and with 50 pL distilled water. Samples
are incubated with a biotin solution at 8 uM. Beads are washed with 200 uL distilled water, 50
pl and 10 plL of H,O:ACN (1:1).

6.4. Photoadduct characterization

Beads were then eluted for 5-10 min at room temperature (beads were resuspended during
incubation using vortex) with 3 pL of 20 mg/mL 2,5-DHB supplemented with 1% phosphoric
acid in water/acetonitrile (1:1). On the magnetic sample holder, 1 pL of supernatant is taken
and deposited on a MALDI plate. Complete protocol is summarized on Figure 110. In the case
of ESI analysis, beads were eluted in 3 uL of 20 % formic acid to be compatible with ions
production and 1 to 2.5 pulL were loaded onto the injection loop of 20 uL. It is worth mentioning
that recovery from the beads was less efficient than with 2,5-DHB.

Streptavidin-coated

B
P o, (\. magnetic beads
Biotin Bzp CPP

) hv NaOH

MLVs in PBS
Peptide/Lipid ratio 1/10

CPP + fatty acid

Figure 111. Protocol for Bzp-induced photo-cross-linking between a biotinylated and
photoreactive CPP and MLVs.

Samples are analyzed by MALDI-TOF MS on a Voyager DEPro or on a 4700 Proteomics Analyzer
(Applied Biosystems), in positive reflector mode. The mass difference between the isotopic
massifs of the peptide-lipid photoadduct and of the peptide alone indicates us about the nature
of the lipid partner.
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Significant optimizations were achieved on the published protocol and on MS acquisition
parameters on the following points:

. Synthesis of fully oxidized peptides, using Biot(O,) and Met(O3)

. Use of a narrow spectrum UV-lamp (6 W, VWR)

. Good temperature control and stability (45°C over 1h irradiation)

. Homogenous shaking of the samples over 1h

. Short saponification step (10 min) with high NaOH concentration (2 M)

. MALDI-TOF acquisition parameters in reflector mode were optimized on Insulin chain B

(m/z 3494) for the detection of peptides around 3100-3500 u

6.5. Mass spectrometry analysis.

MS spectra were acquired by MALDI-TOF MS on a 4700 Proteomics Analyzer (Applied
Biosystems) or with an Autoflex Il (Bruker Daltonics), in positive ions reflector mode, using a
2,5-DHB matrix at 20 mg/mL in H,O/acetonitrile (1/1), supplemented with phosphoric acid at
1%. MALDI-TOF acquisition parameters were optimized on Insulin chain B (m/z 3494) for the
detection of peptides around 3100-3500 u. Laser fluence was adjusted just above the ion
production threshold. For high energy CID (N2 gas, 1 keV) MS/MS experiments (MALDI-
TOF/TOF), the precursor ion selection window was adjusted +/- 7u. For MALDI PSD experiments
(Laser induced dissociation, post-source decay fragmentation), the analyzer was operated in
LIFT mode, the selection window was automatically chosen at +/- 10% of the m/z of the
precursor ion. For ESI flow-injection analysis (FIA), the solvent used was acetonitrile/H,0
(20/80) containing 0.1% formic acid, flow rate 30 uL/min. Spectra were acquired with a high
resolution (R=100000) using the Orbitrap mass analyzer (Thermo Scientifics). ESI-MS/MS
acquisition was impaired due to very low amount of material recovered after beads elution
using 20% formic acid.

6.6. Studies and simulations of isotopic distributions.

Theoretical isotopic distributions were calculated with the Isopro 3.0 software for the pure
molecules. Theoretical distributions were shifted to the desired m/z (-2u or +2u). Simulations
were obtained by combining these new distributions to the theoretical ones, with the
percentage of contribution of the two species. Contribution percentage were adjusted by
comparing visually the simulations to the experimental isotopic distributions. Data treatment
was performed with Excel.
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