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SUMMARY

Maurocalcine (MCa) is a 33 mer peptide toxin initially isolated from the venom of
Tunisian scorpion Scorpio maurus palmatus. Since then, it can be produced by chemical
synthesis without structural alteration. This peptide triggers interest for three main reasons. First,
it has sequence homology with a calcium channel domain involved in excitation—contraction
coupling and helps in unravelling the mechanistic basis of Ca** mobilization from the
sarcoplasmic reticulum. Second, MCa is a powerful activator of the ryanodine receptor, thereby
triggering calcium release from intracellular stores. Finally, it is of technological value because of
its ability to carry cell-impermeable compounds across the plasma membrane. In this study, I
have designed novel more potent analogues of maurocalcine, either by point mutation, or by
substitution of cysteine residues, which possess better or equal cell penetration efficiencies,
limited cell toxicity and no pharmacological activity on ryanodine receptor. I have analyzed the
interaction of these analogues with membrane lipids and glycosaminoglycans and their role in
cell penetration. Cell entry pathway of MCa occurs through macropinocytosis, atleast when

coupled to streptavidin.

Keywords: Maurocalcine, ryanodine receptor, glycosaminoglycans, macropinocytosis.



RESUME

La maurocalcine (MCa) est un peptide/toxin de 33 acides aminés initialement isolé du
venin d’un scorpion Tunisien Scorpio maurus palmatus. Depuis ce travail pionnier, la molécule a
pu étre produite par syntheése chimique sans altération structurale. Trois raisons font que ce
peptide est particulierement intéressant. D’une part, il présente une homologie de séquence avec
un domaine de canal calcium dépendant du potentiel qui est impliqué dans le couplage excitation-
contraction. Cette homologie est utile pour déchiffrer les bases mécanistiques de la mobilisation
calcium du réticulum sarcoplasmique. D’autre part, la MCa est un activateur puissant du
récepteur a la ryanodine, déclenchant de cette maniere la libération de calcium des stocks
intracellulaires. Finalement, ce peptide a une valeur technologique en raison de sa capacité a
transporter des composés imperméables au travers de la membrane plasmique. Dans ce travail de
theése, j’ai planifié de nouveaux analogues plus efficaces de la maurocalcine, soit par des
substitutions uniques d’acides aminés ou en remplacant I’ensemble des cystéines par des acides
aminés isostériques. Ces analogues possedent des efficacités de pénétration cellulaire équivalente
ou supérieure, présentent des toxicités cellulaires limitées et n’ont pas d’activités
pharmacologiques sur le récepteur a la ryanodine. J ai analysé I’interaction de ces analogues avec
des lipides membranaires et des glycosaminoglycans de surface, et le role de ces composants
dans la pénétration cellulaire de la MCa. L’entrée cellulaire de la MCa se produit par

macropinocytose quand ce peptide se fixe a la streptavidine.

Mots clés : Maurocalcine, récepteur a la ryanodine, glycosaminoglycans, macropinocytose.
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I. INTRODUCTION

The cell membrane, also called plasma membrane, is a fluid mosaic of proteins,
carbohydrates and lipids, leading to the formation of an almost impermeable barrier for the
movement of hydrophilic molecules into the cell. As a result of its impermeable nature to
hydrophilic compounds, the cell membrane also restricts access of many potent pharmaceutical
agents to their targets inside the cell. Among the various strategies being used over the past for
the delivery of molecules across the cellular membrane, use of cell penetrating peptides as

vectors is gaining momentum.

The present thesis concentrates on cell penetrating peptide, namely maurocalcine (MCa),
a unique toxin with its pharmacological target in vivo, the ryanodine receptor (RyR) localized
inside the cells. Herein, studies have been made to design new analogues of MCa either by point
mutation or substitution of cysteine residues, possessing better or equal cell penetration
efficiencies, no cell toxicity and no pharmacological activity on RyR. Further more, the
mechanistic interaction of MCa with membrane lipids and glycosaminoglycans and the pathway

required for the cell translocation have been studied.



II.REVIEW OF LITERATURE

1. Ryanodine receptors

1.1 The mechanics of calcium transport

Calcium is a highly versatile intercellular signal that regulates various biological
processes in cells that include contraction, secretion, synaptic transmission, fertilization,
proliferation, nuclear pore regulation, metabolism, exocytosis and transcription. Cytosolic Ca**
levels in cells are modulated by different types of Ca** transporters like ion channels, exchangers
and pumps (Berridge et al., 2003). In most of the cells, the primary intracellular Ca**
storage/release organelle is the endoplasmic reticulum (ER). In striated muscles, it is the
sarcoplasmic reticulum (SR). The ER and SR contain two multigene families of intracellular Ca”™
-release channel (CRC) proteins, namely the ryanodine receptors (RyRs) and inositol
trisphosphate receptors (IP;Rs) that have been extensively characterized over the past. The RyR
and IP;R display significant amount of amino acid identity, and this homology is most marked in
the sequences that form the channel pores. Though both RyR and IP;R are regulated by calcium,
they still have their own distinguishing functional attributes like IP;R activity requires the
presence of inositol 1, 4, 5-triphosphate while RyR activity is coupled to a voltage sensor in the

plasma membrane of some tissues, such as skeletal muscle.
1.2 Ryanodine receptors: Structure and function

Excitation-contraction (EC) coupling in striated muscle (Figure 1) is the process by which
an electrical impulse is transformed into contraction. At the molecular level, EC coupling is the
process where membrane depolarization induces conformational changes in dihydropyridine
receptor (DHPR) that lead to activation of RyR of SR membrane, which further leads to the
release of intracellular calcium ions from SR, which in turn triggers the contraction of myosin
and actin filaments within the cell (Proenza et al., 2002; Protasi et al., 2002; Tanabe et al.,

1990b).

RyRs (Figure 2) are around 2200-kDa homotetrameric complexes of four = 565-kDa

subunits, forming a central pore. This channel is localized at the membrane of the ER with the
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bulk of its sequence localized in the cytoplasm. They have large N-terminal cytoplasmic domains
that modulate the gating of the channel pore located in the C-terminus (Galvan et al., 1999).

Further studies have defined three different RyR isoforms.

Figure 1: Mammalian striated muscle fiber. Two transverse
tubules innervate one sarcomere. The transverse tubules are
invaginations of the sarcolemma, close to the line where the A
and I bands meet. Two terminal cisternae of SR are junctionally

associated with one transverse tubule and connect with the

longitudinal sarcotubules of SR located around the A band. The

tripartite structure, seen in cross-section of two terminal

cisternae flanking the transverse tubule, constitutes a triad

(Fleischer, 2008).

Side view bottom view

Figure 2: Ryanodine receptor. Three-dimensional surface representation of RyR using cryo-
electron microscopy and image enhancement. Left, transverse tubule face; middle, side view and

right, terminal cisternae face (Fleischer, 2008).



1.3 RyR isoforms

Molecular cloning studies have defined three different isoforms of RyR in mammals,
namely RyR1, RyR2 and RyR3. All three are encoded by different genes present on different
chromosomes (Marks, 1996; Mikami et al., 1989; Takeshima, 1993; Takeshima et al., 1989). In
mammalian striated muscles, the expression of the different RyR protein isoforms is tissue
specific. RyR1 is the predominant RyR isoform in the skeletal muscle (Coronado et al., 1994;
McPherson and Campbell, 1993; Ogawa, 1994). RyR2 is most abundant in cardiac muscles and
RyR3 is found in striated muscles but in relatively low levels (Froemming et al., 2000; Sutko et
al., 1991). RyR isoforms are also found to be expressed in other tissues. Expression of all the
three isoforms of RyR proteins are reported in smooth muscles (Ledbetter et al., 1994; Marks et
al., 1989), cerebrum (Furuichi et al., 1994; Hakamata et al., 1992) and cerebellum (Martin et al.,
1998).

Non-mammalian skeletal muscles contain nearly equal amounts of two different RyR
isoforms, namely a-RyR and B-RyR which are homologous to mammalian RyR1 and RyR3,
respectively (Airey et al., 1993; Lai et al.,, 1992; Murayama and Ogawa, 1992). In these
organisms, both the isoforms are present in approximately equal amounts in contrast to the

predominant expression of RyR1 in mammals.

The three RyR isoforms share = 70% homology (Nakai et al., 1990). Analysis of the
primary amino acid sequences suggests that the membrane-spanning domains of the RyR are
clustered near its COOH terminus (Blazev et al., 2001; Zhao et al., 1999) and has also revealed

several consensus ligand binding and phosphorylation motifs.
1.4 Regulation of RyR

RyR channels are regulated by various cellular processes, physiological agents,

pharmacological drugs and different closely associated proteins that are discussed below.
1.4.1 Cytosolic Ca2+

The influence of Ca** on the RyR is quite complex. The Ca®* activates, inhibits and also

conducts through the channel. Activation of RyR occurs at low concentrations of Ca** (1-10 uM)
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and inhibition at higher concentrations (1-10 mM). RyR channel isoforms do not behave
similarly in response to Ca" levels (Copello et al., 1997; Laver et al., 1995). RyR1 channel is
almost totally inhibited at 1 mM Ca®* but the other two isoforms, RyR2 and RyR3, require much
higher concentrations of Ca** (Bull and Marengo, 1993; Chen et al., 1998; Chu et al., 1993). The

physiological role of these very high levels of Ca** inhibition is not very well understood.
1.4.2 ATP and Mg**

Cytosolic Mg** is a potent inhibitor of RyR (Copello et al., 2002; Laver et al., 1997;
Smith et al., 1985), whereas ATP is an effective activator of RyR channel (Sonnleitner et al.,
1997; Xu et al., 1996). Again the action of ATP and Mg2+ on RyR channel isoforms is specific.
RyR1 is much more sensitive to ATP and Mg2+ than RyR2 and RyR3 (Jeyakumar et al., 1998).
The action of Mg”* is quite complicated since it may compete with Ca®* both at the activation site
(Laver et al., 1997) and also at the Ca®" inhibition site (Copello et al., 2002), thereby shifting the
Ca® sensitivity of the channel. In the presence of ATP and Mg2+, RyR1 requires less Ca®™ to

activate than in their absence (Takeshima et al., 1998).
1.4.3 Cyclic ADP-ribose

Cyclic ADP-ribose (cADPR) is a metabolite of NADP that dramatically activates
mammalian RyR channels (Meszaros et al., 1993). However, studies later suggested only minor
effects of cADPR on RyR (Sitsapesan and Williams, 1995) and in some cases, no impact was
reported (Fruen et al., 1994). Studies also suggested that two closely associated proteins,
calmodulin and FK-506 binding protein (Lee, 1997), are required for the effect of cCADPR on
RyR. cADPR, in some cases, also appeared to activate the Ca”**-ATPase, which indirectly
activated the RyR channel (Lukyanenko et al., 2001). Overall, the direct action of cCADPR on

RyR channels seems to be controversial.
1.4.4 Phosphorylation/dephosphorylation

RyR is a macromolecular complex that contains many consensus phosphorylation sites.
The effect of exogenously applied kinases and phosphatases on RyR channel has been reported
(Hain et al., 1995; Lokuta et al., 1995; Marx et al., 2000). Protein kinase A (PKA) activates RyR

(Coronado et al., 1994) and this observation is consistent with the fact that PKA significantly
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increases depolarization-induced Ca®* release from SR vesicles (Igami et al., 1999). Reports
suggest that RyR2 is also activated by PKA (Hain et al., 1995), whereas others suggest that PKA
destabilizes RyR2 channel opening through phosphorylation-induced dissociation of FKBP12.6
protein (Marx et al., 2000). The differences in these finding would probably result from different

experimental setup altogether.
1.4.5 Ryanodine

Ryanodine is a plant alkaloid found naturally in the stem and roots of Ryania speciosa
(Elison and Jenden, 1967; Jenden and Fairhurst, 1969). Stepwise studies made over a period of
time with respect to ryanodine include : (i) purification of ryanodine binding protein (Campbell et
al., 1987; Fleischer et al., 1985; Hymel et al., 1988), (ii) visualization of purified tetrameric
complex through electron microscopy (Inui et al., 1987; Lai et al., 1988) and (iii) incorporation of
the ryanodine binding receptor into lipid bilayers, demonstrated that this receptor is an ion
channel (Imagawa et al., 1987). All these initial findings demonstrated that the receptor is the SR
Ca’* release channel in striated muscles (Fill and Coronado, 1988; Fleischer and Inui, 1989).
Ryanodine, as an alkaloid, binds with high affinity to RyR (Fabiato, 1985; Frank and Sleator,
1975). High affinity [*H] -ryanodine turned out to be usefull in identifying different isoforms of
RyR (Sutko et al., 1997).

1.4.6 Caffeine

Caffeine is one among the group of stimulants called methylxanthine, or xanthine that
occur naturally in plants. It is known to activate Ca”* release through the activation of RyR at
millimolar concentrations. It is also reported that caffeine increases the sensitivity of endogenous
RyR to modulators, such as Ca*" and ATP, leading to increased channel activity (Rousseau et al.,

1988).
1.4.7 JTV-519

JTV-519, also known as K201, is a 1 , 4-benzothiazepine derivative that shares a high
degree of structural similarity with the voltage-dependent L-type Ca”* channel blocker diltiazem
(Tse et al., 2001). K201 inhibits diastolic SR Ca** leak and increases calstabin (FKBP) binding to

RyR (Lehnart et al., 2004). Numerous studies have shown that K201 possesses cardioprotective
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and anti-arrhythmic properties because of its ability to inhibit Ca®* leak (Inagaki et al., 2000).
Further more, studies have proposed that K201 inhibits SR Ca”* leak by restoring the binding of
FKBP12.6 to RyR2. The exact role of FKBP12.6 is not very well understood, but it is believed to
stabilize the closed state of RyR2 channel (Kohno et al., 2003).

1.5 Regulation of RyR by associated proteins

There are large numbers of different proteins that are associated with RyR channels and
also these play a role in the modulation of this channel. However not all these proteins have been
thoroughly studied. A brief summary of how some of the proteins interact and modulate the RyR

channel is summarized below.
1.5.1 Calmodulin

Calmodulin (CaM) is a ubiquitous, calcium-binding protein that can bind to and regulate a
multitude of different protein targets, thereby affecting many different cellular functions. CaM
was the first protein that was found to interact with single RyR channels in lipid bilayers (Smith
et al., 1989). At low Ca** levels, CaM activates both RyR1 and RyR2 channels, but in the
presence of high Ca** levels, it inhibits these channels (Fruen et al., 1994; Tripathy et al., 1995).
As far as reports with RyR2 are concerned, CaM has always an inhibitory effect (Fruen et al.,
1994). This modulation of RyR channel involves direct interaction of CaM-RyR and is not
dependent on ATP (Smith et al., 1989). CaM also appears to bind to voltage-dependent Ca**
channels of the plasma membrane, the dihydropyridine receptor (DHPR) of skeletal muscles, and
has a series of structural consequences between DHPR and RyR1 interactions (Hamilton et al.,

2000).
1.5.2 Calsequestrin (CSQ)

Calsequestrin is the major calcium sequestering protein in the SR and it forms a
quaternary complex with the RyR. It has been suggested that Ca** and pH-dependent
conformational changes in calsequestrin modulate RyR channel activity (Hidalgo et al., 1996).
Calsequestrin is known to be located in the direct vicinity of RyR (Franzini-Armstrong et al.,
1987), binds to triadin and junctin (Figure 3) and forms a quaternary complex that controls Ca®™

release (Wang et al., 1998). Again, there are conflicting reports with regard to the activity of
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calsequestrin on RyR. Lipid bilayer studies suggest that calsequestrin activates the RyR channel
(Kawasaki and Kasai, 1994) but there is one study mentioning that calsequestrin inhibits the RyR
channel (Beard et al., 2002). Thus, the role of calsequestrin on RyR channel needs further more

studies.

Figure 3: RyR Ca2+-release complex.
RyR receptor is composed of four subunits
that form the channel, which is associated

with various proteins that function to

modulate its opening. Some of the
associated proteins FKBP, CSQ, triadin

and junction are represented in the figure.

1.5.3 FK-506 binding proteins

FK-506 is an immunosuppressive drug that binds to FK-506 binding protein (FKBP).
Depending on the molecular mass, FKBP members are named as FKBP12 and FKBP12.6.
FKBP12 also known as calstabin 1 is a 108 amino acid protein that shares 85% sequence identity
with FKBP12.6, (calstabin 2). Both FKBP12 and FKBP12.6 associate with RyR1, RyR2 and
RyR3 proteins in apparent stoichiometric proportions (Figure 3) and thus there are four FKBPs
bound to each RyR channel complex (Timerman et al., 1993; Timerman et al., 1996). Reports
suggest that removal of FKBP12 from RyR1 channel activates the channel (Ahern et al., 1994;
Barg et al., 1997) but the impact of FKBP on RyR2 is not very well understood. Some suggest
that removal of FKBP12.6 from RyR?2 channel activates the channel (Xiao et al., 1997) and other
report that FKBP12.6 removal has no impact on the RyR2 channel (Barg et al., 1997). The
FKBP12-binding domain of RyR1 is mapped to its central regulatory domain between amino

acids 2401-2840 (Bultynck et al., 2001), whereby the valylprolyl residue was shown to be critical
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for establishing high affinity FKBP12 interaction (Gaburjakova et al., 2001). Though the
interaction of FKBPs with RyR2 and RyR3 (Murayama et al., 1999) have been demonstrated,
their interaction sites have not yet been determined and characterized very well. Some of the
controversial reports regarding FKBP modulation of RyR1 channel indicate that the removal of
FKBP12 leads to uncoupling of DHPR-RyR1 interaction suggesting that FKBP12 may be a
physical coupler between RyR1 and DHPR (Lamb and Stephenson, 1996).

1.5.4 DHPR-loop peptide

The functional interaction of the voltage-dependent Ca®* channel of the plasma
membrane, the dihydropyridine receptor (DHPR) with RyR in striated muscles, is commonly
thought to produce Excitation-Contraction (EC) coupling (Tanabe et al., 1990a; Tanabe et al.,
1993). Depolarization of the plasma membrane induces conformational changes in DHPR that
leads to activation of RyR channel in the SR membrane. This activation of RyR leads to massive
Ca’* release from the SR which in turn initiates contraction. The interaction of DHPR-RyR is
tissue specific. In skeletal muscles, the interaction is thought to be a physical link between two
proteins, whereas in cardiac muscles, it is the influx of Ca** through muscle that activates the
RyR2 channel. The cytoplasmic II-III loop of skeletal DHPR al-subunit is required for the
functional interaction of DHPR with RyR1 (Tanabe et al., 1990a). Peptide fragments that
correspond to the II-III loop activate single RyR channel function and interestingly, different
regions of the peptide have different actions on RyR1 channel (Lu et al., 1994). Peptide A
corresponds to a functional domain of the II-III loop that is known to activate RyR1 channel
(Dulhunty et al., 1999), whereas peptide C, another domain of the same II-III loop blocks the
activating action of peptide A (Gurrola et al., 1999). In one of controversial report, using a
chimeric DHPR, lacking the peptide A region, expressed in myotubes lacking endogenous
DHPR, normal EC coupling was observed (Grabner et al., 1999). Structural similarities of some
of the reported scorpion peptide toxins with peptide A and their ability to bind and activate RyR
(Samso et al., 1999), is altogether opening a new insight in the study of domain A and scorpion

toxins which is discussed in detail in the following chapter.



2. Venom toxins

2.1 Introduction

Toxins found in venoms are often around 10- to 70-mer peptides with high density of
disulphide bonds. Often people name them as toxin peptides, but it would be more appropriate to
designate them as small proteins, since they possesses secondary structures like o- helices, [-

sheets and turns.

Toxins are usually evolved as part of defensive or prey capture strategies. As a
consequence, they predominantly act on key physiological systems. The major systems that are
targeted by the toxins are the neuromuscular system, the neuronal system and the cardiovascular
system. Within these systems, toxins target a considerable number of macromolecules, including
the ion channels, hormone receptors, enzymes and transporters. However, toxins possess a
number of basic characteristics that we would like drugs to possess which include potency and
specificity. Thus, toxins have become subject of interest as they form an invaluable source of

pharmacological agents.
2.2 Venom biodiversity

Venomous animals have evolved a large array of peptide toxins, many of which are
bioactive. Their small size, relative ease of synthesis, structural stability and target specificity
make them important pharmacological probes. It is estimated that more than 50,000 conopeptides
from cone snails exist, of which less than 0.1% have been characterized pharmacologically. The
ones which are characterized are found to be active on diverse range of ion channels and
receptors associated with pain signaling pathways (Lewis and Garcia, 2003). Similarly,
considering the diversity of venom peptides found in spiders, snakes, sea anemones and
scorpions, it requires lots of work to characterize them pharmacologically. Traditionally, assay-
directed fractionation was used to identify peptides of interest present amongst the large number
of related molecules in the venom. Recent developments of novel high-throughput assays for the
diversity of targets, along with improved separation and sequencing capabilities has simplified

peptide isolation and characterization (Lewis, 2000; Lewis et al., 2000; Olivera et al., 1984).
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Furthermore these peptides are characterized across multiple targets both in vitro and in vivo

using chemically synthesized peptides.
2.3 Pharmacology of venom peptides
2.3.1 Ion-channel peptides

Several venom peptides have been characterized over the past for their pharmacological
targets or activity. A wide range of different voltage-sensitive calcium channel peptides are
characterized from the venom of cone snails (Olivera et al., 1987), spiders (Mintz et al., 1991;
Newcomb et al., 1998) and snakes (de Weille et al., 1991). The a-conotoxins are a class of small
peptides that inhibit nicotinic acetylcholine receptors similar to snake a-neurotoxins (McIntosh et
al., 1999) and are being used as analgesics (Sandall et al., 2003). Voltage-sensitive sodium
channels are crucial for the functioning of the nervous system and it is not surprising that a
number of venom peptides from spider (Nicholson et al., 1994; Omecinsky et al., 1996), sea
anemone (Vincent et al., 1980), coral (Gonoi et al., 1986), scorpions (Possani et al., 1999) and
cone snails (Cruz et al., 1985; Fainzilber et al., 1994) have evolved to target these channels.
Psalmotoxin 1 (PcTX1) is one such example that is a potent and specific blocker of proton-gated
sodium channel. It was isolated from the venom of the South American tarantula Psalmopoeus
cambridgei (Escoubas et al., 2000). Potassium channels are a large and diverse family of proteins
that are implicated in the regulation of many cellular functions. Of the several potassium-
channel-blocking peptides identified so far, only few have shown promising results in vivo.
Multiple sclerosis is a disease of the central nervous system and is characterized by disseminated
patches of demyelination in the brain and spinal cord which results in multiple and varied
neurological disorders. ShK, a 35-residue polypeptide toxin from sea anemone Stichodactyla
helianthus, is known to block voltage-gated Kv1.3 potassium channels and has been found to be

effective against multiple sclerosis (Suarez-Kurtz et al., 1999).
2.3.2 Venom peptides useful in cardiovascular disease

Several venom peptides are being used against cardiovascular diseases, one such example
is captoprill, an antihypertensive agent that essentially inhibits angiotensin-converting enzyme

(ACE). ACE is a vasoconstrictor associated with hypertension and an essential enzyme for the
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production of angiotensin (Dei Cas et al., 2003). Another classical example that is in preclinical
development as a novel anti-bleeding agent for use in open heart surgery is Textilinin, a novel
antifibrinolytic serine protease inhibitor from the venom of common brown snake (Filippovich et

al., 2002).
2.3.3 Venom peptides useful in treating cerebrovascular accident

A stroke, or cerebrovascular accident (CVA), occurs when blood supply to part of the
brain is disrupted, causing brain cells to die. When blood flow to the brain is impaired, oxygen
and glucose cannot be delivered to the brain. Ancrod from the venom of Malayan pit viper and
batroxobin from the venom of Bothrops atrox moojeni reduces this neurological deficits by
enzymatically cleaving the blood fibrinogen (Bell, 1997) when used in the early stages of stroke

(Samsa et al., 2002).
2.3.4 Venom peptides useful in diabetes

Diabetes mellitus, is a syndrome characterized by disordered metabolism and abnormally
high blood sugar resulting from insufficient levels of the insulin hormone. Exendin-4 peptide
from the venom of Heloderma suspectum, is presently in phase III clinical trials for the treatment
of type 2 diabetes (Eng et al., 1992) and this peptide shares structural homology with another
toxin namely a-latrotoxin, from the black widow spider that has been found to be useful in the
treatment of alzheimers disease (Perry and Greig, 2002). Paralleling to these latest developments,
further applications regarding toxins are emerging that are of technological nature and are

discussed in the later chapters.
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2.4 Scorpion toxins
2.4.1 The Scorpions
2.4.1.1 Diversity and classification

Scorpions are one of the most ancient groups of animals on earth with about more than
400 millions of years of evolution and approximately 1,500 different species. During this lengthy
evolutionary period, they have largely preserved their morphology and have adapted to survive in
a wide variety of habitats including tropical forests, rain forests, grasslands, temperate forests,
deserts and even snow covered mountains. Scorpions belonging to family Buthidae are
represented by the genera Androctonus, Buthus, Mesobuthus, Buthotus, Parabuthus and Leirus
located in North Africa, Asia and India. Centruroides are located in USA, Mexico, and Central
America. Tityus are found in South America and Uroplectes in Africa (Debont et al., 1998;

Hancock, 2001).
2.4.2 The scorpion venom
2.4.2.1 Composition and classification

Scorpions are interesting organisms because of the fact that their venoms contain
molecules of medical importance. Advanced methods of fractionation, chromatography and
peptide sequencing have made it possible to characterize the venom components. The basic steps
involved in the characterization of venom is the identification of peptide toxins, analyses of their
structure, function and targets (Favreau et al., 2006). Scorpion venoms contain a variety of
biologically active components that include enzymes, peptides, nucleotides, lipids, mucoproteins
and biogenic amines. The best studied components are the polypeptides that are active on the ion
channels and receptors (Catterall, 1980; Garcia et al., 1997; Valdivia et al., 1992). Some of the
criteria’s that are being used to classify the scorpion toxins are based on their molecular size as
long chain toxins and short chain toxins; according to activity on distinct animals as mammal-
specific toxins, insect-specific toxins and crustaceans-specific toxins; based on the mechanism of
action as neurotoxins and cytotoxins; and toxins with disulphide bridges and without disulphide
bridges. Toxins with disulphide bridges are usually active on ion channels. Those without

disulphide bridges are important bioactive peptides that have been discovered recently. Based on
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the action on ion channels, four different families of scorpion venom toxins have been defined
namely: Na*- channel toxins (Catterall, 1980), K*-channel toxins (Carbone et al., 1982; Miller et
al., 1985), CI'-channel toxins (DeBin et al., 1993) and Ca**-channel toxins (Valdivia et al., 1992).
Na*- channel toxins belong to long chain scorpion toxins consisting of 60-80 amino acids with
four disulphide bridges. To date, around 230 primary structures of Na'- channel scorpion toxins
have been determined (Srinivasan et al., 2002). K™-channel toxins are composed of 20-70 amino
acids and generally compacted by three disulphide bridges. Based on their molecular size and
location of cysteine residues, K*-channel scorpion toxins are further classified as a-KTx, B-KTx,
and y-KTx (Tytgat et al., 1999). Further few short-chains K*-channel scorpion toxins from the
venoms of Heterometrus fulvipes are designated as kappa-KTx because of the presence of a novel
bihelical scaffold (Chagot et al., 2005). Maurotoxin (MTX), a 34-residue toxin initially isolated
from the venom of the scorpion Scorpio maurus palmatus is found to be active on several K'-
channel targets namely, apamin-sensitive small conductance Ca**-activated K* (SK) channels
(Kharrat et al., 1996; Kharrat et al., 1997), intermediate conductance Ca**-activated K* (IK)
channels (Castle et al., 2003), and several types of voltage-gated Kv channels (Shaker B and
Kv1.2) (Carlier et al., 2000). MTX does not block the Kvl.1 channel type, whereas it is
moderately active on Kv1.3 (Fajloun et al., 2000b). CI" channel scorpion toxins are usually low
molecular weight peptides consisting of 35-38 amino acids with four disulphide bridges. One
remarkable CI' channel scorpion toxin is chlorotoxin. It has been purified from Leiurus
quinquestriatus and blocks the channel in the epithelium of mouse. It binds specifically to CI'
channels in glia cells. Kurtoxin from Parabuthus transvaalicus binds with high affinity and
inhibits Ca**-channel by modifying the voltage-dependent gating (Lopez-Gonzalez et al., 2003).
Many of the scorpion toxins are active on intracellular calcium release channel, the ryanodine

receptor which is discussed below in detail.
2.4.3 Scorpion toxins active on ryanodine receptor
2.4.3.1 Imperatoxin A (IpTx,)

IpTx,, a 33- amino acid peptide was the first discovered member of an ever growing
family of scorpion toxins active on the RyR and initially purified from Pandinus imperator

(Valdivia et al., 1992). This peptide has three cysteine residues that stabilize its three-dimensional

14



structure by forming disulphide bridges (Zamudio et al., 1997). IpTx,, was found to increase
[} H]-ryanodine binding on skeletal muscle RyR, but not on the cardiac RyR, although it induces
the appearance of long-lived subconductance states in both isoforms (Tripathy et al., 1998). IpTx,
shares similar structural and functional properties with peptide A (Figure 5) Later on, it was
showed that peptide A of the II-III loop of DHPR (Glu®®-Leu®”) binds to the same RyR1 site as
IpTx,. Using ['*1]-labelled IpTx,, it was found that IpTx, binds on RyR1 with nanomolar affinity,

whereas peptide A interacts at micromolar concentrations (Gurrola et al., 1999).
2.4.3.2 Ryanotoxin (RyTx)

RyTx is a 11.4-kDa peptide from the venom of the scorpion Buthotus judiacus that
induces changes in ryanodine receptors of rabbit SR. RyTx was found to increase the binding
affinity of [*H]-ryanodine in a reversible manner with a 50% effective dose at 0.16 uM. Results
also suggested that binding sites for ryanotoxin and ryanodine were different and thought to be
useful in identifying domains coupling the ryanodine receptor to the voltage sensor, or domains

affecting the gating and conductance of the ryanodine receptor channel (Morrissette et al., 1996).
2.4.3.3 Hemicalcine (HCa)

HCa is a 33-mer peptide toxin isolated from Hemiscorpius lepturus, which is the most
dangerous scorpion of Khuzestan, the south-west, hot and humid province of Iran. Of all scorpion
stings, 10-15% during the hot season and almost all cases during the winter are due to H.
lepturus. These observations are based on a sample of 2534 patients who brought a scorpion
specimen to a medical centre while seeking treatment (Radmanesh, 1990). This peptide is active
on ryanodine sensitive Ca** channels, as it increases [*H]-ryanodine binding on RyR1 and
triggers Ca’* release from SR. It shares 85 and 91% sequence identity with four other scorpion
toxins active on RyR, namely maurocalcine, imperatoxin A, opicalcine 1 and opicalcine 2

(Shahbazzadeh et al., 2007).
2.4.3.4 Buthotus judaicus toxin (BjTx)

Buthotus judaicus toxin 1 (BjTx-1) and toxin 2 (BjTx-2) are two novel peptides purified
from the venom of the scorpion Buthotus judaicus and found to be active on RyR. Their amino

acid sequences differ only in 1 residue out of 28 wherein residue 16 corresponds to Lys in BjTx-1
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and Ile in BjTx-2. Despite slight differences in ECsp, both toxins increase the binding of [*H]-
ryanodine to RyR1 at micromolar concentrations but had no effect on RyR2. Three-dimensional

1

structural modeling reveals a cluster of positively charged residues (Lys'' to Lyslé) as a

prominent structural motif of both BjTx-1 and BjTx-2 (Zhu et al., 2004).
2.4.3.5 BmK-PL

BmK-PL is a peptide toxin isolated from the venom of Chinese scorpion Buthus martensi
Karsch. This toxin was found to stimulate Ca®*-release channel activity of SR by an indirect
mechanism, that does not involve direct interaction of the toxin with RyR, but possibly by

binding to an associated protein such as triadin (Kuniyasu et al., 1999).
2.4.3.6 Maurocalcine (MCa)

MCa is a 33 amino acid residue peptide toxin isolated from the scorpion Scorpio maurus
palmatus. Three similar peptides have been isolated or cloned from the venoms of different
scorpions: IpTx, (El-Hayek and Ikemoto, 1998), that shares 82% sequence identity with MCa,
and both opicalcine 1 and 2 (Zhu et al., 2003), from the scorpion Opistophthalmus carinatus, that

show 91% and 88% sequence identities with MCa, respectively.

Figure 4: (A) Scorpio maurus palmatus (Shachak and Brand, 1983),(B) 3-D structure of MCa.
The structure was drawn by VMDI.8.6 software. Blue represents the basic amino acids and

yellow the disulfide bridges.
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Figure 5: Sequence alignment of peptide A, IpTxa, and MCa. Schematic representation of the
DHPR complex illustrating the subunit composition. MCa has sequence similarities with domain
A of the II-III loop from the Caya;; subunit of DHPR and with IpTx,, another scorpion toxin
(Esteve et al., 2003)

MCa triggers interest for three main reasons. Firstly, MCa is a powerful activator of the
ryanodine receptor (RyR) (Figure 6), thereby triggering calcium release from intracellular stores
(Chen et al., 2003; Esteve et al., 2003). MCa binds with nanomolar affinity onto RyR1, a calcium
channel from the sarcoplasmic reticulum (SR), and generates greater channel opening probability
interspersed with long-lasting openings in a mode of sub-conductance state (Fajloun et al.,
2000a). Using a set of RyR1 fragments, two discrete domains of RyR1 responsible for its
interaction with MCa were identified. MCa was found to bind to two discrete RyR1 regions
encompassing residues 1021-1631 and 3201-3661, respectively. The second site was further
restricted to amino acids 3351-3507. (Altafaj et al., 2005). MCa also interacts directly with RyR2
with an apparent affinity of 150 nM and found to bind to two domains of RyR2, which are
homologous with those previously identified on RyR1. The effect of MCa binding to RyR2 was

evaluated by [*H]-ryanodine binding experiments, Ca** release measurements from cardiac
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sarcoplasmic reticulum vesicles and single-channel recordings, showing that MCa has no effect

on the open probability or on the RyR2 channel conductance level (Altafaj et al., 2007).

Plasma membrine 3507-3551 1631-1028

————s
MCa

ﬂ 20 nmol Ca®*

I min

Figure 6: Schematic drawing of the ryanodine receptor. RyR is a calcium channel localized in
the membrane of the endoplasmic reticulum. Its function is to produce calcium release from this
internal calcium stock. MCa has a well identified binding site on RyR that is localized on the
cytoplasmic side of the channel. Binding of MCa to its site on RyR triggers calcium release from
endoplasmic reticulum vesicles and Ca’*release can be measured by the change in fluorescence

intensity of a calcium indicato,r as shown here (Boisseau et al., 2000).

Secondly, MCa has a unique sequence homology with a cytoplasmic domain of the pore-
forming subunit of the skeletal muscle DHPR (Figure 5). This homology implicates a DHPR
region that is well known for its involvement in the mechanical coupling between the DHPR and
RyR1, a process whereby a modification in membrane potential is sensed by the DHPR,
transmitted to RyR, and produces internal calcium release followed by muscle contraction. It is
therefore expected that a close examination of the cellular effects of MCa on the process of
excitation-contraction coupling may reveal intimate details of the mechanistic aspects linking the
functioning of the DHPR to that of RyR. In that sense, a role of domain A in the termination of
calcium release upon membrane repolarisation has been proposed through the use of MCa

(Pouvreau et al., 2006).

18



Third, MCa appears unique in the field of scorpion toxins for its ability to cross the
plasma membrane; this raises considerable technological interest in the peptide and is discussed

in detail in the later chapter.
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3. Membrane transport

3.1 Introduction

The Plasma membrane is a dynamic structure that separates the chemically distinct
intracellular cytoplasm from the extracellular environment and also regulates the entry and exit of
small and large molecules. Small molecules such as amino acids, sugars, ions and nutrients can
cross the plasma membrane through the action of integral membrane protein pumps or channels

(Figure 7). For the uptake of larger molecules, cells have developed a process termed as

Membrane transport

| |
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Figure 7: Classification system of membrane transport.
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3.2 Endocytosis

Endocytosis is a basic cellular process that is used by cells to internalize a variety of
molecules. Macromolecules are carried into the cells by vesicles formed by the invagination of
the membrane. These vesicles are pinched-off into the cytoplasm. Since the macromolecules can
be quite diverse, understanding the different pathways that mediate their internalization and how

these pathways are regulated is important for many areas of cell and developmental biology.

20



Endocytosis occurs by multiple mechanisms that fall into two broad categories, phagocytosis or

“cell eating” and pinocytosis or “cell drinking” (Figure 8).

Macropinocytosis
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Clathrin- and
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Figure 8: Endocytosis pathways. Large particles are taken up by phagocytosis, whereas fluid
uptake occurs by macropinocytosis. Both processes are triggered by actin-remodelling.
Depending on various factors, particles can be taken up by many other pathways that are

dependent on clathrin or caveolin or independent of both (Mayor and Pagano, 2007).
3.2.1 Phagocytosis

Phagocytosis is a process in mammals that is driven by specialized cells, including
macrophages, monocytes and neutrophils to clear large pathogens such as bacteria and cellular
debris (Aderem and Underhill, 1999). This process is regulated by specific cell-surface receptors
and signaling cascades. Particle internalization is initiated by the interaction of specific receptors
on the surface of the phagocyte, leading to the polymerization of the actin and internalization of
the particle (Hall and Nobes, 2000). Recent advances have highlighted the significance of
phagocytic receptors, in particular the fibronectin receptor and other integrins (Blystone et al.,

1994). The mechanism underlying actin assembly remains obscure. Recent advances suggest that
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phosphatidylinositol 3-kinase and protein kinase C have a role in actin polymerization (Fallman
et al., 1992; Panayotou and Waterfield, 1993; Zamudio et al., 1997). Further more, it is not clear
if actin polymerization alone can drive particle internalization or if it requires molecular motors.
Recently it has been shown that myosin II accumulates in macrophages and neutrophils during
phagocytosis, implying that it might act as mechanical motor (Stendahl et al., 1980; Valerius et
al., 1981). After internalization, the actin-based machinery is shed from the phagosome and the
infectious agents are destroyed with the help of various acids, free oxygen radicals and acid
hydrolases (Russell, 1995a; Russell, 1995b). There are different modes of phagocytosis which are

basically determined by the particle to be ingested and the receptor that recognizes the particle.
3.2.2 Pinocytosis

Pinocytosis is a process of intracellular accumulation of molecules either by nonspecific
binding of the solutes to the cell membrane or by binding to specific high-affinity receptors.
During this process, there is invagination of the plasma membrane. This process is also referred
to as cellular drinking, since the substances around the area of invagination are dissolved in water

and ingested into the cell
3.2.2.1 Macropinocytosis

Macropinocytosis defines a series of events leading to extensive reorganization of plasma
membrane. Unlike phagocytosis, macropinocytosis starts with the reorganization of actin, but
here the protrusions do not climb up, but instead they collapse and fuse with the plasma
membrane to generate large endocytic vesicles, called macropinosomes (Conner and Schmid,
2003). Macropinosomes are relatively large vesicles as compared to other pinocytotic vesicles
and provide efficient route for non-selective endocytosis of solute macromolecules. Rab proteins
are small GTPases that control multiple membrane trafficking events during the process of
macropinocytosis. To date around twelve Rab members have been located around the endocytotic
structures. Of these, Rab5 controls several processes including invagination, endosomal fusion,
signaling and motility (Stenmark et al., 1994). ADP-ribosylation factors (ARFs) are also small
GTPases that function in membrane traffic. One variant ARF6 in conjugation with actin

cytoskeleton, exchange factors and activators, help in regulating macropinocytosis, cell adhesion
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and migration (Donaldson, 2003; Sabe, 2003). Also possible involvement of rafts in
macropinosome formation has been suggested (Watarai et al., 2002). However, the fate of the
macropinosome is being debated since studies suggest either fusion with lysosomes (Racoosin
and Swanson, 1993) or with each other (Hewlett et al., 1994) and this perhaps depends on the cell
type used (Swanson and Watts, 1995).

3.2.2.2 Clathrin-mediated endocytosis (CAE)

Clathrin-mediated endocytosis was previously referred to as receptor mediated
endocytosis but, nowadays it is well established that most pinocytic pathways also involve
specific receptor-ligand interactions. The uptake of transferrin and its receptors is a classical
example of CAE (Hanover et al., 1984; van Dam and Stoorvogel, 2002). CAE is important for
intercellular communication during tissue and organ development and throughout the life of an
organism as it modulates signal transduction (Di Fiore and De Camilli, 2001; Seto et al., 2002).
CAE of membrane pumps that controls the transport of ions across the plasma membrane in
neurons helps in controlling synaptic transmission and may have a role in learning and memory

(Beattie et al., 2000). It is also involved in recycling vesicle proteins (Takei et al., 1996).

Figure 9: Clathrin-mediated endocytosis. (1) Assembly of clathrin triskelions into polygonal
lattice with the help of adaptor proteins; (2) Deformation of plasma membrane into coated pits;
(3) Recruitment of dynamin to the neck of coated pits; (4) Pinching off of the coated pit; (5)

Recycling of clathrin triskelions, adaptor proteins and dynamin (Conner and Schmid, 2003).
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CAE involves interaction of multi-functional adaptor proteins with plasma membrane, clathrin
and several accessory proteins and phosphoinositides. It occurs at specialized structures called
coated pits, which are formed by the assembly of cytosolic coat proteins, the main assembly unit
being clathrin. Assembly unit of clathrin called triskelion, is a three-legged structure consisting of
three heavy and three light chains (Greene et al., 2000; Schmid, 1997). Under non-physiological
conditions, clathrin triskelions self-assemble into closed polygonal cages, however in
physiological conditions, it requires adaptor proteins. Two classes of adaptor proteins have been
identified based on their ability to assemble clathrin, namely monomeric assembly protein AP180
and heterotetrameric adaptor protein (AP1-4) (Kirchhausen, 1999; Robinson and Bonifacino,
2001). Complex formation between AP180 and AP2 gives greater clathrin assembly activity
suggesting synergistic effects between them in clathrin assembly (Hao et al., 1999). AP2
basically consists of two domains namely, core and ear. The Core consists of two large
structurally related subunits called a- and B2- adaptins, a medium subunit, u2, and a small
subunit, 62. Ears are formed by the carboxy termini of a- and f2- adaptins, respectively (Collins
et al., 2002). Together, the coat proteins, clathrin, AP2 and AP180 are involved to select the
cargo and form coated pits. These coated pits are eventually pinched off from the plasma
membrane, a process regulated by dynamin. Dynamin is a large-molecular-mass protein with
GTPase activity. It has an N-terminal GTPase domain involved in binding and hydrolysis of
GTP. The central region specifically binds to phosphatidylinositol-4, 5-bisphosphate and the C-
terminal region is involved in dynamin oligomerization and self assembly (McNiven et al., 2000;
Mubhlberg et al., 1997; Schmid et al., 1998; Wigge and McMahon, 1998). After the endocytic
vesicle is pinched off, clathrin is recycled back to the plasma membrane and reused, whereas the

endocytic vesicle is targeted to the early endosome (Figure 9).
3.2.2.3 Caveolin-mediated uptake

Caveolae are flask-shaped invaginations of the plasma membrane and are characterized
by the presence of caveolin in many cell types (Figure 10). Caveolin is a hairpin-like integral
membrane protein of 21 kDa. Caveolins are palmitoylated in the C-terminal segment (Dietzen et
al., 1995), phosphorylated on tyrosine residues (Glenney, 1989), bind to cholesterol (Murata et

al., 1995) and they form dimmers and oligomers (Monier et al., 1995). Caveolins are essential for
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the formation and stability of caveolae. In the absence of caveolins, no caveolae are seen and
when expressed in cells lacking caveolae, they induce caveolar formation (Fra et al., 1995).
Basically three isoforms of caveolins have been identified; Caveolin-1 and 2 are often seen in
majority of differentiated cells, whereas caveolin 3 is localized in skeletal and cardiac muscles

(Way and Parton, 1995).

Figure 10: Caveolae. Caveolae are
generally considered to be "invaginated"
Caveolin lipid rafts formed primarily due to
Phospholipids enrichment of proteins known as the
Sphingolipids caveolins. Lipid rafts are rich in
Cholesterol

cholesterol and sphingolipids (Galbiati et
al., 2001 ).

The lipid composition of the caveolae corresponds to that of lipid rafts rich in cholesterol
and sphingolipids. They are essential for the formation and stability of caveolae (Brown and
London, 1998; Simons and Toomre, 2000). Removal of cholesterol from the plasma membrane,
leads to the disappearance of caveolae. Thus caveolae can also defined as caveolin-containing
plasma membrane invaginations rich in lipid rafts (Rothberg et al., 1992). In addition caveolae
also contains dynamin which is localized to the neck of flask-shaped caveolar vesicles (Henley et
al., 1998; Oh et al., 1998). As in case of clathrin-mediated endocytosis, dynamin is involved in
pinching off the caveolar vesicles from the plasma membrane (De Camilli et al., 1995; Sever et

al., 2000).

Recent works have confirmed the caveolar entry of cholera toxin (Montesano et al.,
1982), folic acid (Rothberg et al., 1990), serum albumin (Schnitzer et al., 1994) and alkaline
phosphatase (Parton et al., 1994). Simian virus 40 (SV40) is one of the most exclusively studied
ligands for caveolar endocytosis (Pelkmans et al., 2001; Roy et al., 1999). SV40 has several
advantages as model ligand since the particle is well characterized in terms of composition and

structure. SV40 after binding to the plasma membrane through the major histocompatibility
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(MHC) class I antigen (Breau et al., 1992), diffuses laterally until it gets trapped in caveolae
(Pelkmans et al., 2001). Lateron, virus containing caveolae, which are relatively smaller in
diameter compared to virus-free caveolae (Stang et al., 1997), pinch off from the plasma
membrane and move as caveolin-coated endocytic vesicles in the cytoplasm. Virus-free caveolae
do not internalize. Some of the other events triggered during this process include tyrosine
phosphorylation (Pelkmans et al., 2002), recruitment of actin and formation of actin tails (Chen
and Norkin, 1999). But most of these events are transient; once SV40 is internalized,

phosohotyrosines disappear and actin cytoskeleton returns to a normal pattern.
3.2.2.4 Clathrin- and caveolin- independent uptake

The mechanisms of endocytosis governed independent of caveolae and clathrin are very
poorly understood. Each of these endocytosis processes fulfills unique functions in cell by the
transport of various cargoes that include ligands, fluid, adhesion molecules and toxins.
Depending on the type of cargo molecules to be transported, there are different types of processes
involved in the formation of vesicles, pinching-off of the vesicle from the plasma membrane and
in the regulation of entry of the cargo (Figure??). Again intracellular destiny in each case is not

identical.

Rafts are small structures that diffuse freely on the surface of the cell (Edidin, 2001).
They have unique lipid compositions that provide a physical basis for selectivity of membrane
proteins and glycolipids (Anderson and Jacobson, 2002). Since rafts are small, they can be
captured and internalized within an endocytic vesicle. Caveolae represents just one type of lipid
rafts rich in cholesterol and sphingolipids. Based on ferro-fluid purification method, recently an
endosomal protein, namely Flotillin-1 was identified. Flotillin-1 was found to reside in a specific
population of endocytic intermediates and these intermediates accumulated both
glycosylphosphatidylinositol (GPI)-linked proteins and cholera toxin B subunit. It was found that
flotillin-1 small interfering RNA (siRNA) inhibited both clathrin-independent uptake of cholera
toxin and endocytosis of a GPI-linked protein (Glebov et al., 2006). It has been reported that
glycosylphosphatidylinositol-anchored proteins (GPI-Aps) have been endocytised to a recycling
endosomal compartment but not to the Golgi through a clathrin- and caveolae- independent

pathway (Sabharanjak and Mayor, 2004).
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With ultrastructural and biochemical experiments, it was shown that clathrin-independent
endocytosis of IL2 receptors exists constitutively in lymphocytes and is associated with
detergent-resistant membrane domains (Lamaze et al., 2001). Thus recent identification of cargo
molecule specific pathways helps in defining various mechanisms of endocytosis that have been

broadly classified as independent of clathrin and caveolae uptake.
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4. Cell-penetrating peptides

4.1 Introduction

Cell-penetrating peptides (CPPs) also known as protein transduction domains (PTDs) or
membrane transduction peptides (MTPs) are usually 7 to 33 amino acid long peptides capable of
translocating into cells. These peptides are classified either as cationic or amphipathic peptides
based on their sequence. Cationic CPPs contain clusters of primarily arginine residues. Studies
evolving in the field of CPPs have mainly focused on three important aspects, namely: 1)
Defining the structural properties of CPPs that afford the capability to translocate the cell
membrane, ii) Elucidating the translocation mechanism of these peptides which remains a
controversial topic and iii) Exploiting the ability of the CPPs to deliver a wide range of

impermeable molecules across the cellular membrane.

In a non-exhaustive list of CPPs, one point to be noticed is the lack of sequence
homology, but again they possess some common functional features. Structure based studies
indicate an important role of basic amino acids in transduction (Mi et al., 2000; Mitchell et al.,
2000). In addition, the spatial separation of hydrophobic and positively charged residues appears
important for defining good transducers (Oehlke et al., 1998; Scheller et al., 1999). Generally,
CPPs lack cell selectivity. They can enter into numerous cell types though the quantitative
comparison of the efficacy of penetration in various cell types for different CPPs would reveal
some differences. A recent systematic evaluation of transduction of fluorescent oligo-arginines
has showed highly variable differences of penetration between D- and L- forms of peptides

(Tunnemann et al., 2007).

Cell penetration of CPPs does not require any specific membrane receptor for their
translocation but this does not mean that they do not interact with any membrane components.
Two types of cell surface components have been shown to interact with CPPs,
glycoaminoglycans (GAGs) and the negatively charged lipids (Console et al., 2003; Magzoub et
al., 2002) and the basis of these interactions were shown to be electrostatic (Ziegler and Seelig,
2004). One more assumption which is being hotly debated is that CPPs do not require metabolic

energy for cell entry (Thoren et al., 2000). Evidence for this comes from experiments in which
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CPP cell entry was preserved even at 4°C (Esteve et al., 2005) or in the presence of metabolic
inhibitors (Vives et al., 2003). However several mechanisms of penetration have been proposed
(Patel et al., 2007). In one process, penetration involves a reorganization of the plasma membrane
which allows the peptide to move from the extracellular face of the membrane to the intracellular
one (Thoren et al., 2004). This mechanism allows for the delivery of the peptide freely into the
cytoplasm (Vasir and Labhasetwar, 2007). In another process, CPPs may follow any endocytotic
pathway, a process which requires energy (Ross and Murphy, 2004). The type of endocytosis
namely macropinocytosis, clathrin- or caveolin-dependent, clathrin- and caveolin-independent
endocytosis depends on the cell type, CPP sequence and nature of cargo. Various experimental
strategies are therefore pursued to favor the leak of CPP and cargo from the endosomes to the

cytoplasm like addition of the lysosomotropic reagent chloroquine (Turner et al., 2005b).
4.2 Classes of Cell penetrating peptides
4.2.1 Tat-related peptides

The HIV-1 Tat is a protein composed of 86 amino acids that binds to the trans-acting
response element (TAR) of the viral RNA to transactivate the viral promoter (Frankel and Young,
1998). In the late 1980s, energy-independent translocation of the Tat protein was reported
(Frankel and Pabo, 1988; Green and Loewenstein, 1988). In 1994, it was reported that chemical
conjugation of the Tat protein (residues 1-72 and 37-72) to other proteins enabled the conjugates
to be efficiently internalized into cells (Fawell et al., 1994). Further studies suggested that the
arginine-rich segment in the Tat protein (residues 48-60) is a critical component of translocation
(Vives et al., 1997). Genetically engineered fusion proteins of Tat fused with cargo proteins, were
produced in E. coli, purified and purified fusion proteins were shown to be efficiently
internalized into the cells (Wadia and Dowdy, 2002; Wadia and Dowdy, 2003). Successful in
vivo delivery of Tat-B-galactosidae fusion protein to various organs in mice after intraperitoneal
injection of fusion protein was reported (Schwarze et al., 1999). Tat fusion proteins have been
used to treat mouse models of cancer and inflammation (Snyder and Dowdy, 2005; Wadia and

Dowdy, 2005).
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Tat has also been used to deliver phage encapsulated DNA to cells, and liposome
encapsulated DNA for gene expression in mice (Eguchi et al., 2001; Glover et al., 2005).
Efficiency of transduction of Tat depends on the cargoes being used and this principle is clearly
demonstrated by difficulties in transducing large cargoes like nucleic acids (Fischer et al., 2005;
Meade and Dowdy, 2007). An interesting finding based on the studies with Tat suggested that the
cell fixation process has a considerable effect on the cellular localization of the internalized
peptide. In unfixed cells, the internalized peptide was seen in punctuate structures within the
cytosol, whereas in fixed cells, the punctuate structures were lost and the peptide was found

diffused throughout the cytosol and in the nucleus (Richard et al., 2003).

Cell penetrating peptide Amino acid sequence

Tatyg.s7 RKKRRQRRR

Penetratin RQIKIWFQNRRMKWKK

Transportan GWTLNSAGYLLGKINLKALAALAKKIL

Pep-1 KETWWETWWTEWSQPKKKRKYV

MPG GALFLGFLGAAGSTMGAWSQPKKKRKV

Polyarginines (Ry) RRRRRRRRR

Crotamine YKQCHKKGGHCFPKEKICLPPSSDFGKMDCRWRWKCCKKGSG

Table 1: Amino acid sequence of CPPs.

4.2.2 Penetratins (Homeodomain-derived peptides)

Homeodomain proteins belong to the class of transcription factors that bind to DNA
through specific sequence of 60 amino acids called the homeodomain. It consists of three a-
helices, with one [ turn between helices 2 and 3. It was first found that the 60 amino acid long
polypeptide was able to cross the plasma membrane of the differentiated neurons (Joliot et al.,
1991a). Several mutants of homeodomains were analysed for the cell penetration and it was
found that with deletion of two hydrophobic residues at positions 48 and 49 within the third a-
helix, the peptide lost its ability to cross the plasma membrane (Joliot et al., 1991b). Further
more, a synthetic peptide of 16 residues corresponding to amino acids 43-58 of the homeodomain
called as penetratin was confirmed to possess the translocation properties of the entire
homeodomain (Derossi et al., 1994). Penetratin is claimed to be the first reported CPP. It is

characterized by a high content in basic residues and hydrophobic residues mostly tryptophanes
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(Derossi et al., 1994). Biophysical studies indicate that penetratin interacts with purely lipidic

vesicles and that these interactions involve tryptophane residues (Christiaens et al., 2002).

Cellular internalization of penetratin occurs at 37°C as well as 4°C which suggest that
internalization does not require receptor protein (Derossi et al., 1994), but recent studies also

indicate the involvement of an endocytic uptake (Duchardt et al., 2007; Maiolo et al., 2005).
4.2.3 Transportans

Transportan is a 27 amino acids long chimeric peptide containing the first 12 amino acids
from the amino-terminal part of neuropeptide galanin followed by the 14 amino acid long wasp
venom peptide, mastoparan, both connected via a lysine residue (Pooga et al., 1998a; Pooga et
al., 1998b; Pooga et al., 1998c; Pooga et al., 1998d). The N-terminal part of the neuropeptide,
galanin is recognized by galanin receptors and the mastoparan part of the molecule shows an
inhibitory effect on basal GTPase activity in Bowes melanoma cell membranes. This feature may
represent a drawback for transportan as a carrier peptide. To eliminate any cellular activity,
truncated and modified analogues were designed and tested for cellular penetration. One of the
analogues namely transportan 10 retained the cell penetration ability but lacked the GTPase

activity (Soomets et al., 2000).
4.2.4 VP22

VP22 is a structural protein from herpes simplex virus type 1 (HSV-1). It is highly basic
and consists of 301 amino acids (Leifert and Whitton, 2003). VP22 has been reported as being
able to exit the cell in which it is synthesised via an uncharacterized, golgi-independent secretory
pathway, and subsequently enters surrounding cells by a non-endocytic mechanism. This
remarkable property of intercellular trafficking of VP22 where it is disseminated to many
surrounding cells is retained even when it is fused to another protein such as the green fluorescent
protein (Elliott and Meredith, 1992). Some studies were not able to detect VP22 intercellular
trafficking in live unfixed cells, but rather only after cell fixation (Aints et al., 1999; Elliott and
O'Hare, 1999). Anyway, the potential intercellular trafficking of VP22 makes it a promising tool

for overcoming low transduction efficiencies in gene therapy.
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4.2.5 MPG and Pep families

MPG is a 27 amino acid peptide that contains two domains namely, the hydrophobic
domain derived from the fusion sequence of HIV gp4l (glycoprotein 41) and a hydrophilic
domain derived from the nuclear localization sequence of SV40 T-antigen. Pep differs from MPG
mainly in the hydrophobic domain which contains a tryptophan-rich cluster. The hydrophobic
and hydrophilic domains are required mainly for the interactions with nucleic acids, intracellular
trafficking of the cargo and solubility of the peptide vector. In both peptides, the integrity and
flexibility of both domains are improved by a linker domain (WSQP) (Morris et al., 1997;
Simeoni et al., 2003). MPG and Pep are found to form stable complexes with several cargoes,
that includes plasmid DNA, nucleic acids, siRNA, proteins, peptides and quantum dots without
any chemical modification or cross-linking and are able to efficiently deliver them across the
plasma membrane in a variety of cell lines (Morris et al., 2001; Morris et al., 2007; Simeoni et

al., 2003; Simeoni et al., 2005).
4.2.6 Crotamine

Crotamine is a 42 amino acid cationic peptide from the venom of South American
rattlesnake Crotalus durissus terrificus. This peptide is cross linked by three disulphide bonds. Its
three dimensional structure as determined by 'H-NMR is arranged as afpp. Such folds are
usually seen in scorpion toxins active on Na" channels (Fadel et al., 2005). By using mouse
embryonic stem cells, it was first demonstrated that crotamine can actively translocate across the
plasma membrane (Kerkis et al., 2004). Recently, crotamine, at non-toxic concentrations, was
shown to bind electrostatically to plasmid DNA leading to the formation of a stable DNA-peptide
complexes, whose stabilities overcame the need for chemical conjugation for carrying nucleic

acids into cells (Nascimento et al., 2007).
4.2.7 Maurocalcine (MCa)

MCa is a 33-amino acid residue peptide toxin initially isolated from the scorpion Scorpio
maurus palmatus. Two pieces of evidence suggest that MCa should be able to cross the plasma

membrane to reach its intracellular target. First, MCa has biological activity consistent with the
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direct activation of RyR when added to the extracellular medium. Second, the structural and

functional features show that it resembles many cell penetrating peptides.
4.2.7.1 Structural evidences

The 3-D structure of MCa, determined in solution by "H-NMR (Mosbah et al., 2000),
shows an inhibitor cystine knot motif (Pallaghy et al., 1994) and three B-strands running from
amino acid residues 9-11 (strand 1), 20-23 (strand 2) and 30-33 (strand 3), respectively. The B-
strands 2 and 3 form an antiparallel sheet. This peptide is cross-linked by three disulfide bridges
according to the pattern: Cys>~Cys'’, Cys'°~Cys*! and Cys'®~Cys* (Fajloun et al., 2000a). MCa
is a highly basic peptide since 12 out of 33 residues are positively charged, including the amino
terminal Gly residue, seven Lys residues and four Arg residues. In contrast, MCa contains only
four negatively charged residues, meaning that the global net charge is positive. A representation
of the electrostatic surface potential of MCa demonstrates that MCa presents a basic face in
which the first Gly residue and all Lys residues are involved. Interestingly, none of the four Arg
residues are involved in this basic face. The rest of the molecule is mainly hydrophobic, meaning

that MCa is a strongly polarized molecule and possesses an important dipole moment.
4.2.7.2 Functional evidences

The very first proof that MCa could act as CPP came from the study in which a
biotinylated derivative of MCa was coupled to fluorescent derivate of streptavidin and the
complex was assayed for cell penetration in variety of cell lines (Esteve et al., 2005). According
to these results, MCa-coupled fluorescent streptavidin was able to enter into all types of cells
including HEK293, wild and glycosaminoglycan-deficient CHO cells, MCF7 cells, differentiated
and non-differentiated L6 cells and primary neuronal cells (Boisseau et al., 2006; Esteve et al.,
2005; Mabrouk et al., 2007). The cell penetration of MCa/streptavidin complexes is rapid since
half-saturation in cytoplasm is produced within 20 minutes. Again it should be noted that the
kinetics of penetration of MCa is dependent on the nature of the cargo attached used since
extracellular application of free MCa to myotubes produce a rise in intracellular calcium within
seconds. MCa penetration is observed at concentrations as low as 10 nM with half-effects

observed at around 500 nM (Boisseau et al., 2006).
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4.3 Internalization and intracellular processing of cell penetrating peptides

CPP internalization mechanism is the most challenging and hotly debated topic in recent
past. The first and foremost step in most of the cases is the interaction of the CPP with the
extracellular matrix, followed by translocation through the membrane either by endocytotic or
non-endocytotic mechanism. These steps are followed by the trafficking and processing of CPPs

within the cytoplasm.
4.3.1 Interaction with the extracellular matrix

Proteoglycans (PGs) are one of the most well studied components of the extracellular
matrix that interact with CPPs during the process of penetration. They are a heterogenous group
of proteins substituted with long, linear, polysulphated and negatively charged
glycosaminoglyans (GAG) polysaccharides. The most prevalent GAGs in PGs are heparin,
heparin sulphate, chondroitin sulphate or dermatan sulphate (Sandgren et al., 2002). Several
methods that have been used to study the interaction and role of heparan sulphate proteoglycans
(HSPGs) in CPP uptake include isothermal titration calorimetry (Ziegler and Seelig, 2004),
affinity chromatography (Fuchs and Raines, 2004), surface plasma resonance (Article III),
enzymatic degradation of extracellular HS chains and use of HSPG-deficient cell lines (Tyagi et

al., 2001).

Initial studies with the full-length Tat protein suggested that cell-surface PGs are
implicated in the internalization of CPPs (Rusnati et al., 1997). Later, it was demonstrated that
incubation of Tat with HSPGs resulted in impaired cellular uptake (Suzuki et al., 2002).
Internalization of Argy was completely blocked in mutant CHO cell line that does not produce
heparan sulphate (CHO-pgsD-677) (Fuchs and Raines, 2004). Dextran sulphate was found to
inhibit the uptake of Tat complex but not of penetratin. MPG and Pep-1 were also found to
interact with GAGs. These interactions were followed by a selective activation of the GTPase
Racl, leading to the rearrangement of actin network. GTPase activation and actin remodeling
thus impact membrane fluidity to a greater extent and helps in the entry of MPG and Pep-1 alone
or when coupled to cargoes (Gerbal-Chaloin et al., 2007). Interaction of arginine rich peptides

with proteoglycans was crucial for induction of actin organization leading to macropinocytosis
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(Nakase et al., 2007). Interaction of CPP with HSPGs follows either endocytosis or direct
membrane penetration (Belting, 2003). Taking into account the ability of the guanidinium groups
to form hydrogen bonds with sulphate and carboxylate groups, the interaction between Arg-rich
CPPs and HSPGs was thought to occur through hydrogen bonds as compared to electrostatic
interaction (Fernandez-Carneado et al., 2005). Internalization of penetratin was atleast four times
more efficient in cells expressing the neuronal cell adhesion molecule, a-2, 8-polysialic acid
(PSA) as compared to ones that do not express PSA (Joliot et al., 1991b; Perez et al., 1992). This
initial step of interaction of CPPs with extracellular matrix, mainly HSPGs, is followed by the

translocation of CPP through the cell membrane.
4.3.2 Translocation through the cell membrane

It was initially thought that CPPs were internalized via a rapid, receptor- and energy-
independent mechanism (Derossi et al., 1996; Elliott and O'Hare, 1999; Futaki et al., 2001;
Suzuki et al., 2002). Penetration of helix composed of D-enantiomers, at 4°C and 37°C strongly
suggested that the third helix of the homeodomain, penetratin is internalized by a receptor-
independent mechanism. Later, an inverted micelle model was proposed (Figure 11). According
to this model, positively charged penetratin interacts with negatively charged components of the
membrane and upon interaction, the tryptophane residues penetrate into the membrane. This
leads to the formation of an inverted micelle which eventually collapses back to the planar
bilayer. Depending on the direction of collapse, penetratin may be released into the cytoplasm
(Derossi et al., 1994; Fischer et al., 2000). Another model was proposed for the direct penetration
of Tat fusion protein. According to this finding, Tat fusion protein can interact electrostatically
with cell surface in denatured, high energy form and penetrate directly into the cytosol with
subsequent protein refolding with the help of chaperons (Nagahara et al., 1998; Schwarze et al.,
1999). More recent hypothesis about the translocation of guanidinium-rich cationic CPPs is as
follows: the presence of different counter anions (amphiphilic or hydrophilic anions) will either
lead to charge neutralization or charge inversion, consequently, altering the lipophilicity and
solubility of CPP. This alteration will enable the penetration of CPP into the lipid bilayer and
release into the cytosol (Sakai and Matile, 2003; Takeuchi et al., 2006). Recently, yet another

model was proposed for the penetration of MPG/Pep peptides (Figure 12). Here, the peptides,
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along with the cargoes were initially found to interact with the cell surface components, namely
proteoglycans and phospholipid head groups. This step was followed by the direct interaction of
the peptide with the lipid phase of the cell membrane along with the Racl-associated membrane
dynamics, which allowed the insertion of the complex into the membrane and later the release of
complexes into the cytoplasm. This insertion step was found to be associated with conformational

changes of the peptides that induce membrane structure perturbations (Morris et al., 2008).
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Figure 11: Cellular internalization of penetratin.(1) Interaction of penetratin with charged
phospholipids on the outer side of membrane; (2) Destabilization of the bilayer leading to

formation of inverted micelles; (3) Inverted micelles traversing across the membrane; (4)

Opening of micelles on its cytoplasmic side and release of penetratin into the cytoplasm(Derossi

etal., 1998).

%:: Figure 12: Cellular uptake of MPG- or Pep- cargo
complexes. (I1)Formation  of  peptide-cargo
complexes through electrostatic and hydrophobic
interaction, (2)Electrostatic interaction with cell
surface proteoglycans; (3) Followed by interaction
with  phospholipid head groups; (4) Direct
interaction of the peptide with lipid phase together

with Racl-associated membrane dynamics, which
allows insertion of the complex into membrane; (5)
Release of complex into cytoplasm; (6) Targeted to

nucleus or specific organelles (Morris et al., 2008).
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4.3.3 Endocytosis as a major route of entry of CPPs

Recent studies on the cellular internalization of CPPs have focused on endocytosis as
major route of cell internalization. Since some studies suggested that cell fixation caused an
artifical redistribution of CPPs, it lead to numerous studies in live cells, inorder to re-examine the
internalization mechanism of CPPs (Richard et al., 2003). Moreover, it was observed that flow
cytometry could not discriminate quantitatively between the membrane-bound and internalized
peptide. In this case, trypsination of cells before analysis is a necessary step to avoid
overestimation of the level of internalization of CPP (Boisseau et al., 2006). For Tat, two
different mechanisms have beed described: caveolin mediated endocytosis and macropinoytosis.
Internalization of GST-Tat-EGFP construct was found to co-localize with caveolin-1, cholera
toxin and found to be sensitive to drugs (cyclodextrin or cytochalasin D) that reduce lipid raft
formation, indicating that caveolae mediated endocytosis is responsible for the uptake of Tat
(Binder and Lindblom, 2003; Zaro et al., 2006). On the other hand, the fusogenic Tat-Cre protein
was found to internalize by lipid raft-dependent macropinocytosis since the internalization was
not dynamin dependent but required cholesterol (Saalik et al., 2004). It was observed that
liposomes modified with a high density of Argg were preferably internalized by
macropinocytosis, but liposomes modified with low density of Argg resulted in clathrin-mediated
uptake (Khalil et al., 2006). In HeLa cells, fluorescent labeled Argg was found to internalize
through macropinocytosis (Nakase et al., 2004), but co-incubation of ['*I]-Args with epidermal
growth factor, a known stimulator of macropinocytosis did not increase cytosolic localization of
the iodinated peptide (Zaro et al., 2006). Maurocalcine internalization was found be sensitive to
amiloride (inhibitor of macropinocytosis) both in CHO wild-type and GAG-deficient cell lines
indicating that both GAG-dependent and -independent penetrations rely similarly on the
macropinocytosis pathway (Article III). Once the CPP enters into the cytoplasm, it takes up

different compartments depending on the cell internalization mechanism.

Depending on the type of endocytosis, CPP alone or along with cargo end up in different
organelles of the cytoplasm. In clathrin-mediated endocytosis, endosomes are routed from early
endosomes to late endosomes and ultimately to lysosomes (Campbell et al., 1987; Conner and

Schmid, 2003). The fate of macropinosomes is different in different cells. In HeLa cells, the

37



macropinosomes resulting from macropinocytosis show little interaction with endosomal
compartments and mainly recycle their contents back to extracellular spaces (Swanson and Watts,
1995). In caveolin-mediated endocytosis, the endosomes are targeted to golgi apparatus or to the
endoplasmic reticulum (Fischer et al., 2004). In general, the CPPs internalized by endocytosis are

enclosed in vesicles from which they must escape to reach the target sites of their cargoes.
4.3.4 Endosomal escape

Since endocytosis is the major route of entry of CPPs alone or when attached to cargoes,
there is a need for an efficient and feasible method for the disruption of the endosomes. The
cargo needs to be released freely into the cytoplasm in order to reach its target. N-terminal
domain hemagglutin-2 of influenza virus that can induce lysis of membranes has been utilized to
promote the endosomal escape of Tat-Cre fusion protein (Wadia et al., 2004). Fluorescent labeled
CPPs and peptide nucleic acid coupled CPP conjugate entrapped in endosomes were subjected to
reactive oxygen spescies (ROS) generated by photosensitizers in order to release the
endocystosed CPPs (Maiolo et al., 2004; Shiraishi and Nielsen, 2006). It is known that during
endosomal trafficking, there is a decrease in the vesicular pH from approximately 7.4 to 5.0
(Langer et al., 2001). This suggests that acid-sensitive linkers can be used to release the cargo

covalently linked to CPP.

In the recent past, most in vitro experiments produced endosomal disruption by
chloroquine or sucrose. Chloroquine is a lysosomotropic agent thought to have a buffering
capacity preventing endosomal acidification and in addition can lead to swelling and bursting of
the endosomes. Addition of chloroquine was found to increase the nuclear delivery of functional
Tat-Cre recombinase in NIH SSR fibroblasts suggesting the endosomal rupture. Adding sucrose
to the cell culture medium produces intracellular cytoplasmic swelling within endosomes, thus
helping in the rupture of endosomes (Caron et al., 2004). In yet another case, attachment of
transducible fusogenic TAT-HA?2 efficiently delivered magnetic nanoparticles into HeLa cells.
But these particles ended up in the endosomes leading punctate distribution within the cytoplasm.
However, co-incubation with chloroquine increased the concentration of nanoparticles outside the
endosomes (Nudleman et al., 2005). Some studies showed that use of Ca®* can effectively

enhance in vitro cellular delivery of cationic peptide-conjugated PNA oligomers, and also

38



emphasize the significance of the endosomal escape route for such peptides (Shiraishi et al.,
2005). Thus it is very important for the CPP-cargo to be free in the cytosol in order to reach its

destiny.
4.3.5 Nuclear localization

Trafficking of macromolecules across the nuclear envelope is considered to be mediated
by the nuclear pore complex (NPC). In general, the diffusion of CPP-Cargo from cytoplasm to
nucleus depends on the size of CPP-cargo, metabolic stability and cytoplasmic concentration of
the CPP-cargo and other cellular events that may block the nuclear entry. Nuclear accumulation
of CPPs was shown in fixed cells, but later it was considered as an artifact due to the cell fixation
process (Richard et al., 2003). Cargos with their biological activity targeted to the nucleus include
plasmid or gene regulating -proteins, -peptides and -oligonucleotides. Since these cargos exceed
the size limit for free diffusion to nucleus when coupled to CPPs, they need nuclear localization
signal (NLS) along with the cargo that can bind to the nuclear import machinery and
subsequently translocate across NPC (Lechardeur and Lukacs, 2006). Tat and penetratin are
known to be derived from transcription factors and NLS are embedded within the sequence of the

CPP (Gehring et al., 1994; Truant and Cullen, 1999).
4.3.6 Degradation of CPPs within the endosomes or cytoplasm

Studies haven’t focused much on the degradation of CPPs within the endosomes or when
released to the cytoplasm. Since endocytosis is the major route of CPP entry and with over 40
hydrolytic enzymes being characterized within the lysosome, there is a significant possibility that
the CPPs may encounter the degradation pathways of the lysosome if they do not escape from the
lumen. In cytosol, the major degradation pathway for proteins is the ubiquitin-proteasome
pathway (Glickman and Ciechanover, 2002). Other than this, there are several cytosolic
peptidases such as tripeptidylpeptidase II that could possibly digest the CPPs (Geier et al., 1999).
Metabolic stability of three CPPs namely, Tat, penetratin, and hCT were studied in different
epithelial cells. It was found that the CPPs were subjected to rapid cleavage by endopeptidases
(Trehin et al., 2004). pVEC, a CPP derived from vascular endothelial cadherin was found to be

rapidly degraded when incubated with human aorta endothelial or murine A9 fibroblasts
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(Elmquist and Langel, 2003). Some of the strategies developed to overcome this problem were
the addition of protease inhibitors in vivo. Thus it is important that there is no premature

degradation of CPP-cargo before it reaches the target.
4.4 Inhibitors of endocytosis

Endocytosis is an energy driven process. At 4°C, all cellular processes, including ATP
hydrolysis, are arrested, thereby blocking endocytosis itself. Again, at this temperature,
membrane fluidity is also affected. Since transduction also depends on the interaction of the CPP
with the cell membrane, it is conceivable that inhibition of membrane fluidity also inhibits non-
endocytotic pathways of internalization. This has been tested for oligoarginine at 4, 16, and 37°C
in CHO cells. Results clearly indicate that inhibition of membrane fluidity at 4°C can affect both
endocytosis and direct membrane transduction (Zaro and Shen, 2003; Zaro and Shen, 2005).
Thus, indicating that, analysis of cell penetration at 4°C is just not sufficient in understanding the

mechanism of penetration of CPPs.

There are various drugs that inhibit the process of endocytosis (Table 2). Amiloride is
known to block macropinocytosis, methyl-B-cyclodextrin to deplete membrane cholesterol and
inhibit lipid raft-dependent pathways, nocodazole to inhibit microtubule formation, and
cytochalasin D to inhibit F-actin elongation, required for macropinocytosis and clathrin-
dependent endocytosis and chlorpromazine, an inhibitor of clathrin-mediated endocytosis (Mano
et al., 2005). Another approach in studying the mechanism of uptake would be the use of a
dominant negative mutant version of a cellular protein. This approach provides a more specific
way to analyse the function of defined pathways within the cell. When expressed at high levels,
dominant negative mutants act by overwhelming the wild-type protein and preventing its
function. This type of approach has been used extensively in studying the function of GTPases
within the cell, where a dominant negative protein can lead to sequestration of effectors and
regulatory molecules and effectively shut down the function of the endogenous wild-type protein

(Feig, 1999).
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Pathway Inhibitor
Anti-clathrin antibodies

Low pH shock

Potassium depletion

Brefeldin A

Clathrin Chlorpromazine
Dominant-negative dynamin mutant
Dominant-negative Eps15 mutant
Clathrin hub domain

AP-2 p2 Subunit

Caveolae Sterol-binding drugs
Dominant-negative caveolin mutant
Cytochalasin D

PI;K inhibitors

Toxin B

Macropinocytosis | Amiloride

ARF¢ GTPase mutant

Rho family GTPase mutants
PAKautoinhibiltory domain

Rab GTPase mutants

Endosomes Rho family GTPase mutants

PI5 inhibitors

PKC inhibitors

Table 2: Toolbox of reagents targeting the endocytic pathway (Sieczkarski and Whittaker,
2002).

By using a transducible Tat-Cre recombinase reporter assay on live cells, Tat-fusion
proteins was found to be internalized by lipid raft-dependent macropinocytosis and ruled out the
possibility of interleukin-2 receptor/raft-, caveolar- and clathrin-mediated endocytosis. Use of
drugs like methyl-B-cyclodextrin, nystatin, cytochalasin D or amiloride and expression of a
dominant-negative mutant of dynamin to block the endocytosis process were used inorder to
derive the internalization pathway of Tat-fusion proteins (Wadia et al., 2004). Using potassium
depletion and chlorpromazine as specific inhibitors of clathrin-meditaed endocytosis, Tat peptide
uptake was inhibited by around 50% (Richard et al., 2005). Uptake of maurocalcine was found to
be affected by amiloride, nocodazole and cytochalasin D to an extent of about 80, 60 and 20%,
respectively, indicating macropinocytosis is involved in the entry of maurocalcine. But uptake

was completely unaffected in presence of methyl-B-cyclodextrin or when dominant-negative
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mutant of dynamin was expressed (Article III). The cellular uptake of CPP, S413-PV was
analysed in presence of various endocytosis inhibitors. The results obtained by both confocal
microscopy and flow cytometry demonstrated that, among all the tested drugs, only cytochalasin

D had an inhibitory effect on the cellular uptake of the S4,3-PV peptide (Mano et al., 2005).
4.5 Toxicity of CPPs

The primary structure, net charge and pharmacological targets, if any, are the important
factors influencing the toxicity of CPPs. Some of the methods used in assessing the cell toxicity
of CPPs in vitro include iodide propidium cell incorporation (Boisseau et al., 2006), 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay (Article I)., WST-1
(water-soluble tetrazolium salt 1) assay and lactate dehyrogenase (LDH) release assay (ElI-
Andaloussi et al., 2007). Full length Tat was found to exhibit toxic action on primary rat neuronal
cultures (Lindgren et al., 2004). Further more it was demonstrated that the cysteine-rich and basic
domain of Tat protein induced endothelial apoptosis (Jia et al., 2001). Toxic effects of penetratin
on osteosarcoma cells were seen only at concentrations as high as 50 uM (Garcia-Echeverria et
al., 2001). Poly-L-arginine was found to induce inflammatory responses in rat lungs in vivo. The
lethality of poly-L-arginine was due to electrostatic interaction of the polycation with anionic
surfaces present in the pulmonary epithelium (Santana et al., 1993). An important observation in
case of MCa is that, though it had an intracellular target, RyR and is involved in the release of
Ca*" from the intracellular store, it still had no toxicity effects on various cell lines tested

(Boisseau et al., 2006).
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5. Applications of cell penetrating peptides

Since cellular membranes form major barriers for the movement of macromolecules into
the cells, CPPs are being widely used for the delivery of various macromolecules across the
cellular membrane both in vitro and in vivo. To use CPPs as delivery vehicles, one important
aspect to be considered is that the CPPs should possibly be coupled to different cargoes without

losing their translocation properties.
5.1 Cargo coupling methods

The coupling of cargo to the CPP depends on the nature of the cargo to be translocated.
The link between the CPP and cargo is usually a covalent bond. Cargoes like peptides and
proteins can be directly linked to the same polypeptide chain in synthesis or recombinant
expression. Usually direct linkage of cargoes is not advisable since it might often lead to loss of
biological activity of cargo molecule and also alter the translocation properties of the CPPs
(Temsamani and Vidal, 2004). Alternatively, a suitable amino acid side-chain, thiol group,
bifunctional crosslinkers or noncovalent interactions can be used to couple the cargoes to the
CPPs. The disulphide bridge formed between the cargo and CPP due to the thiol groups of
cysteine will readily be cleaved in the cytoplasm of the cell after translocation, resulting in the
release of cargo from the CPP for its biological activity (Davidson et al., 2004). The tumor killing
ability of free doxorubicin (anticancer drug) was compared to that of doxorubicin when coupled
to Tat through a bifunctional crosslinker, namely succinimidyl-4-(N-maleimidomethyl)

cyclohexane-1-carboxylate (SMCC) (Liang and Yang, 2005).

Noncovalent conjugation of cargoes to CPPs by biotin-avidin complexation seems to be a
stable as compared to covalent conjugation. But in the recent past, coupling through charge-
charge interactions between cargo and CPP is being used widely. Mixing of CPP and proteins
(Morris et al., 2001), plasmids (Nascimento et al., 2007) and siRNAs (Simeoni et al., 2003) was
shown to increase the uptake of these cargoes. The most important thing to be considered in case
of charge-charge interactions is the ratio between the cargo and the CPP. Increasing the number
of Tat molecules from one to 15 per nanoparticle, increased the uptake exponentially (Zhao et al.,

2002) and a study showed that atleast 5-10 penetratin molecules were required for the uptake of
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liposomes (Tseng et al., 2002). An overview of different modes of cargo attachment is

represented in figure 13.

A H
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Figure 13: Cargo coupling to CPPs . Coupling via a peptide bond (A), disulfide bridge (B), and
bifunctional linker (C).The large cargo molecule, streptavidin is non-covalently bound to
biotinylated CPP (D) and DNA coupled to CPP through charge interaction. Colour code: CPP
(green), cargo (red), biotin (yellow), streptavidin (black) and DNA (blue).

5.2 Intracellular delivery of different molecules
5.2.1 Delivery of peptides

Peptide-based drugs represent a class of therapeutics that exhibit improved activity when
delivered with the help of CPPs. It is always an advantage to use peptide sequences that possess

biological activity rather than using the full-length protein.

In order to understand the physiological importance of the caveolin-1 scaffolding domain
in vivo, a chimeric peptide with a cellular internalization sequence was fused to the caveolin-1
scaffolding domain (amino acids 82—101) and the chimeric peptide was efficiently delivered into
blood vessels and endothelial cells, leading to selective inhibition of acetylcholine (Ach)-induced

vasodilation and nitric oxide (NO) production. These results suggest that caveolin-1 scaffolding
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domain can selectively regulate signal transduction to endothelial nitric oxide synthase (eNOS) in

endothelial cells and this domain may provide a new therapeutic approach (Bucci et al., 2000).

CPP used Cargo Target Reference
Tat-p53C, Tat- | DV3 Selective killing of tumor CXCR4- | (Snyder et al.,
RXL overexpressed cells 2005)

Tat P15 Reduction of tumor mass (Perea et al.,
2004)
Penetratin Shepherdin Induction of tumor cell death (Plescia et al.,
2005)
Polyarginine | polyanion Tumor imaging with specific matrix | (Jiang et al.,
metalloproteinase proteolytic | 2004)
activation of CPP.
Penetratin BH3 helix Inhibition of pro-apoptotic Bcl-2 | (Dixon et al.,
family members 2007)
Polyarginine | ARF-derived peptide | Inhibition of  foxml-activated | (Schwarze et
transcription al., 1999)
Penetratin, Apaf-1 peptoid | Activation of apotosome (Mader and
Tat inhibitor Hoskin, 2006)
Penetratin NEMO-derived NF-kB activation (Javadpour et
peptide al., 1996)
Penetratin PGas Inhibition of signal transduction | (D'Ursi et al.,
from Gs-coupled receptors. 2006)
Penetratin pS3p Induction of apoptosis in pre- | (Li et al., 2005)
malignant and malignant cells
Tat, penetratin | Mekl N-terminus In vivo inhibition of mitogen- | (Kelemen et al.,
activated protein kinase activation 2002)
TPI10 PKC and cannabinoid | Beta-hexosaminidase secretion and | (Howl et al.,
receptor fragments phospholipase D activation 2003)
Tat Cyclin dependent | Selective killing of transformed cells | (Chen et al,

by cyclin/cyclin-dependent kinase 2
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kinase inhibitors antagonists 1999)
polyarginine PKA inhibitor Role of PKA in long-lasting long- | (Matsushita et
term potentiation al., 2001)
polyarginine Hemagglutinin Delivery of peptide to different | (Robbins et al.,
epitope tissues 2002)
Tat c-Jun kinase inhibitor | Protection against excitotoxicity and | (Borsello et al.,
cerebral ischemia 2003)

Table 3: Recent application of CPPs in peptide delivery.

Shepherdin, an anticancer agent that selectively kills tumor cells and spares normal tissues
was conjugated to either penetratin or Tat for its delivery across the cell membrane both in vitro
and in vivo (Plescia et al., 2005). Two functional peptide fragments from cyclin inhibitor,
p21™A! "have been conjugated to penetratin and have been used to inhibit cancer cell growth
through cell cycle inhibition. P16, peptide known to inhibit hypophosphorylation of the
retinoblastoma, when coupled to Tat, causes an early G; cell cycle arrest in nearly 100% of
human keratinocytes (Gius et al., 1999). Calpain is a calcium-dependent cysteine protease that
regulates the function of several intracellular proteins that contributes to the pathogenesis of
neuronal diseases. Generally calpain inhibitors, have the disadvantage to lack specificity or poor
cellular permeability. Therefore, calpastatin peptide derived from the endogenous peptide
calpastatin was linked to polyarginine and shown to significantly inhibit calpain activity in
primary neuronal cells (Wu et al., 2003). KLA, an amphipathic antimicrobial peptide that induces
apoptosis by disrupting the mitochondrial membrane was attached to heptarginine for its delivery
across the cell membrane of several tumor cell lines as well as in vivo. Furthermore, to prevent
rapid intracellular degradation, the D-isoform of KLA and heptaarginine was used (Law et al.,
2006). Some of the other examples in which CPPs are used for the delivery of peptides are listed
in table 3.
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5.2.2 Delivery of proteins

Plasmid based genetic recombination technique for the delivery of proteins into the cells

in order to elucidate their function has several disadvantages, like poor transfection efficiency

and cellular toxicity. Thus, CPPs are being employed for the delivery of biologically active, full-

length proteins both in vivo and in vitro. In order to assess the ability of the Tat peptide to carry

various molecules across the cell membrane, several proteins, beta-galactosidase, horseradish

peroxidase, RNase A and domain III of pseudomonas exotoxin A (PE) were chemically coupled

to Tat and the uptake was monitored colorimetrically on several cell lines (Fawell et al., 1994).

CPP used Cargo Target Reference

Tat EGFP Delivering protein into the neurons of brain | (Matsushita et
slices al., 2001)

Pepl Superoxide Protection against ischemic insult. (Eum et al.,

dismutase 2004)
Tat Cre recombinase Activation of EGFP expression (Wadia et al.,
2004)

Tat Rho GTPase To show that Rho-A is critical for | (Chellaiah et
osteoclast podosome organization, | al., 2000)
motility, and bone resorption

Tat, Avidin Binding of CPPs to «cell surface | (Console et

penetratin glycosaminoglycans. al., 2003)

Tat Dominant negative | Blockade of focal clustering and active | (Myou et al.,

Ras conformation in beta 2-integrin-mediated | 2002)
adhesion of eosinophils to intercellular
adhesion molecule-1

Tat Heat shock protein | Small heat shock-related protein HSP20 | (Tessier et al.,
inhibits hyperplasia 2004)

MCa Streptavidin Proof that MCa acts as CPP (Boisseau et

al., 2006)

Tat Exonuclease III Reduction of repair of mtDNA (Shokolenko
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et al., 2005)
Tat Herpes simplex | Sustained cell killing activity (Cao et al.,
virus type-1 2006)
thymidine kinase
Penetratin | scFv antibody Delivery and prolonged retention of scFv | (Jain et al.,
antibody into solid tumors 2005)
Tat N-CoR fragments Unblockage of differentiation in leukemia | (Racanicchi et
cells al., 2005)
Tat Anti-Tat scFv Suppression of Tat-dependent transcription | (Theisen et al.,
of HIV-1 reporter gene 2006)
Tat Glutamate GDH disorders (Yoon et al.,
dehydrogenase 2002)
VP22 GFP Enhanced spread of adenovirally delivered | (Kretz et al.,
GFP in retina and striatum 2003)

Table 4: Recent application of CPPs in protein delivery.

Tat fused anti-apoptotic protein Bcl-X; of the BCL2 family was able to prevent apoptosis in
retinal ganglion cells (Diem et al., 2005). P53, the tumor suppressor gene, is usually mutated in
cancers, leading to uncontrolled cell proliferation and tumor formation. A VP22-P53 fusion
protein has been shown to induce apoptosis in P53 negative human osteosarcoma cells. VP22 or
P53 alone did not have any biological effects (Phelan et al., 1998). Green fluorescence protein
(GFP), a widely used biomarker for various biological studies, has been anchored to different
CPPs, such as Penetratin (Han et al., 2000), Tat (Caron et al., 2001) and oligoarginine (Han et al.,
2001) and these conjugates have been used to study trafficking, intracellular localization and
protein interaction. To deliver exonuclease III, a mtDNA repair enzyme to its target, the
mitochondrial matrix of breast cancer cells, a fusion protein that has a mitochondrial targeting
signal (MTS) on the N-terminal and a Tat peptide on the C-terminal end was constructed. This
study exemplifies a rational design that applies a combination of transduction properties of CPP

and targeting signals, not only to deliver the protein intracellular but also to the intended target
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(Shokolenko et al., 2005). Loss of cholinergic neurons in the basal forebrain being one of the
hallmarks of Alzheimers disease (AD), acetyl transferase, the enzyme required for acetylcholine
synthesis, was coupled to Tat to deliver the enzyme to the brain of AD model mice (Fu et al.,
2004). Glial cell derived neurotrophic factor, also known as GDNF, is a small protein that
potently promotes the survival of many types of neurons. However it does not readily cross the
blood brain barrier (BBB), which complicates its use as a therapeutic molecule. GDNF was
coupled to Tat and efficiently delivered across the BBB after intravenous injection (Kilic et al.,
2003). Thus CPPs facilitate the delivery of various proteins and show great potential in therapy
(Table 4)

5.2.3 Delivery of oligonucleotides

For controlling the gene expression or for silencing the activity of certain proteins,
oligonucleotides (ONs) such as siRNAs, plasmids and their analogues such as peptide nucleic
acids (PNAs) have been employed over the past (Table 5). Again, one of the drawback as in most
of the cases is their delivery across the cell membrane. Conjugation of CPPs to various ONs has

enabled their delivery into mammalian cells both in vitro and in vivo.

CPP used Cargo Target Reference

Tat 12mer OMe/LNA Observation of CPP-cargo | (Turner et al.,
uptake  without  biological | 2005a)
activity of cargo owing to
endosomal entrapment

Penetratin, SiRNA Reduction of transient and | (Muratovska

Transportan stable expression of reporter | and Eccles,
transgenes 2004)

TP10 Myc decoy DNA Decreased proliferation | (El-Andaloussi
activity et al., 2005)

Tat, Arginine | Splice correcting PNA Restoring normal splicing with | (Shiraishi et al.,
Ca®*  enhanced endosomal | 2005)
escape

Penetratin Superoxide dismutase | Downregulation of Cu/Zn | (Troy et al.,

antisense
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oligodeoxynucleotide superoxide 1996)
Penetratin Prepro-oxytocin  antisense | Antisense activity depresses | (Aldrian-
PNA the target mRNA and protein | Herrada et al.,
in  magnocellular  oxytocin | 1998)
neurons
MPG Plasmid full-length | Reduced c¢dc25C expression | (Morris et al.,
antisense cDNA of human | levels and promoted a block to | 1999)
cdc25C cell cycle progression
Tat Plasmid encoding beta- | To develop versatile gene | (Ignatovich et
galactosidase delivery systems based on | al., 2003)
penetratin  application  for
human disease therapy
Penetratin, GalR1 antisense PNA Regulation of galanin receptor | (Pooga et al,
Transportan levels and modification of pain | 1998d)
transmission in vivo
Transportan | Anti-HIV  transactivation | Inhibition of HIV-1 replication | (Kaushik et al.,
response element PNA 2002)
MPG 18 and 36 mer fragments of | Proof that MPG | (Morris et al.,
HIV natural primer binding | electrostatically interacts with | 1997)
site oligonucleotide and delivers
into cells
Transportan X-chromosome  targeting | PNA  targeted against a | (Beletskii et al.,
PNA particular region of Xist RNA | 2001)
caused the disruption of the Xi
Penetratin PNA targeting telomerase | Inhibition of  telomerase | (Villa et al.,

RNA component

activity in human melanoma
cells

2000)

Table 5: Recent application of CPPs in oligonucleotide delivery.
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Penetratin conjugated oligonucleotide against Cu/Zn superoxide dismutase showed a 100-
fold higher efficiency in culture as compared to oligonucleotide itself (Troy et al., 1996).
Oligonucleotide against cell surface P-glycoprotein, covalently coupled to Tat and penetratin
through disulfide bridge, showed significant inhibition of P-glycoprotein expression as compared
to the ON alone (Astriab-Fisher et al., 2000). MPG containing the hydrophobic domain was non-
covalently coupled to fluorescently labeled oligonucleotides and delivered into cells and localized
to the nucleus through an non-endocytotic pathway (Morris et al., 1997). Monomeric form of Tat
peptide was complexed with plasmid DNA through charge interaction and internalized through
endocytotic pathway (Ignatovich et al., 2003). In some cases the transfection efficiency of
plasmid DNA was improved through the use of CPPs along with the conventional transfection
agents (Ross and Murphy, 2004). Another approach for improving gene delivery was coupling of
polylysine peptides to CPP. Tat was linked to polylysine (Tat-pK), then coupled to plasmid DNA

and delivered across the cell membrane via endocytotic pathway (Hashida et al., 2004).

The inability of naked siRNA to translocate to the intracellular environment has initiated
the use of CPPs in siRNA delivery. Linking of synthetic siRNA to penetratin through disulfide
bridge resulted in rapid, highly efficient uptake of siRNA by cultured primary mammalian
hippocampal and sympathetic neurons. This treatment leads to specific knock-down of targeted
proteins within hours without signs of toxicity (Davidson et al., 2004). Thiol containing siRNAs
corresponding to luciferase or green fluorescent protein transgenes were synthesized and
conjugated to penetratin or transportan and it was found that the CPPs-siRNAs efficiently
reduced transient and stable expression of reporter transgenes in several cell types (Muratovska et
al., 2003). MPG was non-covalent coupled to siRNA and delivered in various cell lines including
adherent cell lines, cells in suspension, cancer and primary cell lines which cannot be transfected
using other non-viral approaches. MPG has been used for the delivery of siRNA that targets an
essential cell cycle regulator cyclin B1 in vivo. Intravenous injection of MPG/siRNA particles has

been shown to efficiently block tumor growth (Deshayes et al., 2008).

Peptide nucleic acid (PNA) complementary to human galanin receptor type 1 mRNA was
coupled to trasportan and penetratin, and was efficiently delivered into bowes cells where it

blocked the expression of galanin receptors (Pooga et al., 1998d). In yet another study,
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transportan conjugated to PNA was used to elucidate the interaction between RNA and RNA-
binding proteins, which further facilitates the understanding of the role of RNA-binding proteins

in regulation of gene expression (Zielinski et al., 2006).
5.2.4 Delivery of imaging agents

Imaging agents are being widely used for visualizing internal features, physiological
structures and cellular functions of living organisms. Biomedical imaging techniques such as
fluorescence imaging and magnetic resonance imaging (MRI) have been developed for in vivo
application. However, the inability of these agents for cellular uptake and inadequate targeting
brings in the need for the use of CPPs to deliver them across the cell membrane both in vitro and
in vivo. Various fluorophores conjugated to CPPs have been developed as imaging agents.
Supermagnetic iron oxide particles conjugated to Tat and fluorescein isothiocyanate (FITC) were
efficiently delivered to T cells, B cells and macrophages (Kaufman et al., 2003). Paramagnetic
particles were attached to Tat and intracellular concentrations were detected by (MRI) (Bhorade
et al., 2000). FITC-doped monodisperse silica particles were modified with Tat for cellular
delivery and were shown to efficiently cross the blood-brain barrier (Santra et al., 2004). Tat and
an appropriate peptide-based motif (epsilon-KGC) that provides an N(3)S donor core for
chelating technetium and rhenium were synthesized and were rapidly translocated in human

Jurkat, KB 3-1 and KB 8-5 tumor cells for imaging and radiotherapy (Polyakov et al., 2000).
5.2.5 Delivery of nanoparticles

Nanoparticles are being extensively used as drug carriers and in various imaging
applications. One of the limiting factors being their use across the cellular membrane. CPPs are
being widely used to favor their intracellular delivery. Nanoparticles can be modified with a
higher amount of CPP per particle. Biocompatible dextran coated superparamagnetic iron oxide
particles were conjugated to Tat and internalized into lymphocytes 100-fold more efficiently than
uncoupled particles. These particles were found to be localized in the cytoplasm and nuclei as
determined by fluorescence microscopy and immunohistochemistry (Josephson et al., 1999). Tat
coupled gold nanoparticles modified with nuclear localization peptides, were delivered into NIH-

3T3 and HepG2 cells and the uptake was temperature dependent, suggesting an endosomal
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uptake (Tkachenko et al., 2004). Ultra small paramagnetic iron oxide nanoparticles used as
contrasting agents in MRI, were functionalized with Tat and efficiently used to label CD4+ T

cells (Garden et al., 2006).

Luminescent semiconductor nanocrystals or quantum dots (Qdots) are relatively new
classes of fluorescent probes with unique optical properties that make them superior to
conventional organic dyes for many biological applications. Qdots are being widely used for
labeling various biological targets on the cellular membrane, but the limitation in use of QDots
lies in their inability to cross the plasma membrane. Of the various strategies being used to
deliver QDots across the cell membrane, CPP driven delivery seems to be most efficient system.
Polyarginine coupled Qdots were efficiently delivered to lysosomes in both HelLa and baby
hamster kidney cells (Silver and Ou, 2005). Covalent coupling of Qdots to an 11-mer
polyarginine facilitated rapid uptake and localization in the nucleus of vero cells (Hoshino et al.,
2004). A bifunctional oligoarginine bearing a terminal polyhistidine tract was synthesized and
used for the delivery of Qdots. The polyhistidine sequence allowed the self assembly of the
peptide onto Qdot surface via metal-affinity interactions. Upon internalization, Qdots displayed a
punctuate staining in which some but not all Qdots localized within endosomes (Delehanty et al.,
2006). Multiple copies of two structurally diverse fluorescent proteins, the 27 kDa monomeric
yellow fluorescent protein and the 240 kDa multichromophore beta-phycoerythrin complex, were
attached to QDs using either metal-affinity driven self-assembly or biotin-streptavidin binding,
respectively and these complexes were found to depend on the conjugation of CPPs for their
intracellular delivery (Medintz et al., 2008). Tat conjugated Qdots were intra-arterially delivered
to rat brain, and rapidly labeled the brain tissue. Qdots without Tat did not label the brain tissue
confirming the fact that Tat peptide was necessary to overcome the BBB (Santra et al., 2005).
These initial findings of using CPPs to deliver nanoparticles, sets a stage for more elegant in vitro

and in vivo applications of nanoparticles.
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III. RESULTS

1. Articles I and 11

Critical amino acid residues of maurocalcine involved in pharmacology, lipid

interaction and cell penetration.

Mabrouk K*, Ram N*, Boisseau S, Strappazzon F, Rehaim A, Darbon H, Ronjat M, De Waard
M.
*Both authors contributed equally to this work

Biochim Biophys Acta. 2007 Oct; 1768(10):2528-40. Epub 2007 Jul 10.

Design of a disulfide-less, pharmacologically-inert and chemically-competent
analog of maurocalcine for the efficient transport of impermeant compounds

into cells.

Ram N, Weiss N, Texier-Nogues I, Aroui S, Andreotti N, Pirollet F, Ronjat M, Sabatier JM,
Darbon H, Jacquemond V, De Waard M.

J Biol Chem. 2008 Jul 21. [Epub ahead of print], PMID: 18621738 [PubMed - as
supplied by publisher]
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Introduction

Maurocalcine (MCa) is a 33 mer peptide toxin isolated from the venom of Tunisian
scorpion. Since its initial isolation, it has been chemically synthesized, which allows the
characterization of biological activity and the solution of its three dimensional structure. MCa
possess three disulfide bridges and folds along an inhibitor cystine knot motif. In addition, it also
contains three beta-strands (Mosbah et al., 2000). MCa has been shown to be a potent activator
of skeletal muscle RyR, an intracellular calcium channel target. Initially, two pieces of evidences
suggested that MCa should be able to cross the plasma membrane to reach its intracellular target.
First, MCa has biological activity consistent with the direct activation of RyR when added to
extracellular medium (Esteve et al., 2003). Second, structural analysis of MCa reveals a stretch of
positively charged amino acids that is reminiscent of the protein transduction domains found in

proteins (Esteve et al., 2005).

Greater interest in MCa has been triggered by the observation that it can efficiently cross
the plasma membrane alone or when coupled to membrane impermeable protein such as
streptavidin (Boisseau et al., 2006). Because of its potential to behave as CPP, it appeared
essential to define a new analogue of MCa that lacks the pharmacological effects of wild-type
MCa but preserve or enhance its cell penetration efficiencies. To achieve this, several mutated
analogues were chemically synthesized and assessed for their effects on RyR, cell penetration
efficiencies and also tested for their toxicity on primary neuronal cultures. Since it is expected
that membrane lipids are implicated in the cell penetration of CPPs, MCa analogues were also
tested for their ability to interact with membrane lipids. Later, from the study of mutated MCa
analogues, it was learnt that MCa did possess many residues in common for the pharmacology
and cell penetration. Thus, on the basis of sole amino acid substitutions, the task of functionally
segregating the pharmacological and cell penetration properties of MCa was found to be more
complex. So we used a new strategy for the design of a novel analogue of MCa in which all
native cysteine residues engaged in disulfide bridges were replaced by isosteric 2-aminobutyric
acid residues. The new analogue was analyzed for their pharmacology, cell penetration and
toxicity
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Abstract

Maurocalcine (MCa) is a 33-amino acid residue peptide that was initially identified in the Tunisian scorpion Scorpio maurus palmatus. This
peptide triggers interest for three main reasons. First, it helps unravelling the mechanistic basis of Ca®>" mobilization from the sarcoplasmic
reticulum because of its sequence homology with a calcium channel domain involved in excitation—contraction coupling. Second, it shows potent
pharmacological properties because of its ability to activate the ryanodine receptor. Finally, it is of technological value because of its ability to
carry cell-impermeable compounds across the plasma membrane. Herein, we characterized the molecular determinants that underlie the
pharmacological and cell-penetrating properties of maurocalcine. We identify several key amino acid residues of the peptide that will help the
design of cell-penetrating analogues devoid of pharmacological activity and cell toxicity. Close examination of the determinants underlying cell
penetration of maurocalcine reveals that basic amino acid residues are required for an interaction with negatively charged lipids of the plasma
membrane. Maurocalcine analogues that penetrate better have also stronger interaction with negatively charged lipids. Conversely, less effective
analogues present a diminished ability to interact with these lipids. These findings will also help the design of still more potent cell penetrating
analogues of maurocalcine.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Maurocalcine; Ryanodine receptor; Cell penetration; Cell penetrating peptide; Lipid interaction; Cell toxicity

Abbreviations: BSA, bovine serum albumin; CGN, cerebellar granule
neurons; CHO, chinese hamster ovary; CPP, cell penetrating peptide; DHE,
dihydroethidium; DHP, dihydropyridine; DHPR, dihydropyridine receptor;
DMEM, dulbecco’s modified eagle’s medium; DMSO, dimethyl sulfoxide;
EDTA, ethylenediaminetetraacetic acid; FACS, fluorescence activated cell
sorter; Fmoc, N-a-fluorenylmethyloxycarbonyl; HEK293, human embryonic
kidney 293 cells; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
HMP, 4-hydroxymethylphenyloxy; "H-NMR, proton nuclear magnetic reso-
nance; HPLC, high pressure liquid chromatography; MCa, maurocalcine; MCay,
biotinylated maurocalcine; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-

1. Introduction

Maurocalcine (MCa) is a 33-amino acid residue peptide that
originates from the venom of the chactid scorpion Scorpio
maurus palmatus [1]. It can be produced by chemical synthesis
without structural alteration [1]. The solution structure of MCa,
as defined by 'H-NMR, displays an inhibitor cystine knot motif

tetrazolium bromide; PCso, half-maximal penetration concentration; PBS,
phosphate buffered saline; PtdIns, phosphatidylinositol; RyR, ryanodine
receptor; SR, sarcoplasmic reticulum; strep-Cy5 (Cy3), streptavidine-cyanine
5 (cyanine 3); TFA, trifluoroacetic acid
* Corresponding author. Tel.: +33 4 38 78 68 13; fax: +33 4 38 78 50 41.
E-mail address: mdewaard@cea.fr (M. De Waard).
! Both authors contributed equally to this work.

0005-2736/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2007.06.030

[2] containing three 3-strands (strand 1 from amino acid residues
9to 11, strand 2 from 20 to 23, and strand 3 from 30 to 33). Both
B-strands 2 and 3 form an antiparallel sheet. The folded/oxidized
peptide contains three disulfide bridges arranged according to
the pattern: Cys’—Cys'’, Cys'’~Cys®' and Cys'®~Cys®* [1].
MCa now belongs to a family of scorpion toxins since it has
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strong sequence identity with imperatoxin A from the scorpion
Pandinus imperator (82% identity; [3]) and with both opicalcine
1 and 2 from the scorpion Opistophthalmus carinatus (91 and
88% identities, respectively, [4]).

MCa and its structurally related analogues trigger interest for
three main reasons. First, MCa is a powerful activator of the
ryanodine receptor (RyR), thereby triggering calcium release from
intracellular stores [5,6]. MCa binds with nanomolar affinity onto
RyR, a calcium channel from the sarcoplasmic reticulum (SR),
and generates greater channel opening probability interspersed
with long-lasting openings in a mode of sub-conductance state
[1]. Second, MCa has a unique sequence homology with a cyto-
plasmic domain (termed domain A) of the pore-forming subunit
of the skeletal muscle dihydropyridine (DHP)-sensitive voltage-
gated calcium channel (DHP receptor, DHPR). This homology
implicates a DHPR region that is well known for its involvement
in the mechanical coupling between the DHPR and RyR, a
process whereby a modification in membrane potential is sensed
by the DHPR, transmitted to RyR, and produces internal calcium
release followed by muscle contraction. It is therefore expected
that a close examination of the cellular effects of MCa on the
process of excitation—contraction coupling may reveal intimate
details of the mechanistic aspects linking the functioning of the
DHPR to that of RyR. In that sense, a role of domain A in the
termination of calcium release upon membrane repolarisation has
been proposed through the use of MCa [7]. Third, MCa appears
unique in the field of scorpion toxins for its ability to cross the
plasma membrane. Application of MCa in the extracellular
medium of cultured myocytes triggers a transient calcium release
from the SR intracellular store within seconds suggesting a very
fast passage across the membrane [5]. The identification of MCa’s
binding site on RyR and the cytoplasmic localization of this site
indicate that MCa crosses the plasma membrane to reach the
cytoplasm of the cell [8]. To demonstrate the ability of MCa to
cross the plasma membrane, a biotinylated derivative of MCa
(MCay,) was synthesized, coupled to a fluorescent derivative of
streptavidine, and the entire complex was shown to reach the
cytoplasm of many cell types [9,10]. This cell penetration does not
require metabolic energy but endocytosis cannot be ruled out. It is
rapid, reaches saturation within minutes, is dependent on the
transmembrane potential and occurs at concentrations as low as
10 nM [10]. Cell penetration of a large protein such as
streptavidine indicates that MCa can be used as a vector for the
cell penetration of cell impermeable compounds. This raises
considerable technological interest in the peptide.

Considering its characteristics, it makes no doubt that it now
belongs to the structurally unrelated family of cell-penetrating
peptides (CPPs). Known CPPs include the HIV-encoded
transactivator of transcription (Tat) [11], the insect transcription
factor Antennapedia (Antp or penetratin) [12], the herpes virus
protein VP22, a transcription regulator, the chimeric peptide
transportan [ 13] made in part by the neuropeptide galanin and by
the wasp venom peptide mastoparan, and polyarginine peptides
[14]. The only structural feature that MCa has in common with
these other CPPs is the presence of a large basic domain. Indeed,
MCa carries a net positive charge of +8, 12 residues out of 33 are
basic, and the electrostatic surface potential of MCa indicates

that it presents a basic face involving the first amino terminal Gly
residue and all Lys residues of the peptide. CPPs are efficient
vectors for the cell penetration of oligonucleotides [15],
plasmids [16], antisense peptide nucleic acids [17], peptides
[18], proteins [19,20], liposomes [21] and nanoparticles [22]. As
such, CPPs appear invaluable for numerous medical, technolo-
gical and diagnostic applications.

Because of the potential of MCa to deliver membrane im-
permeable compounds without signs of cell toxicity, and con-
sidering its efficiency at low concentrations, it appears essential
to define new analogues that lack the pharmacological effects of
wild-type MCa but preserve or enhance its cell penetration
efficiencies. Several new mutated analogues were chemically
synthesized, and assessed for their effects on RyR and their
penetration efficiencies, as well as compared for their toxicity on
primary cultures of neurons. Finally, these analogues were also
evaluated for their ability to interact with membrane lipids that
are presumed to be implicated in the cell penetration of CPPs.
The data obtained indicate that monosubstitution of amino acids
can improve MCa'’s ability to penetrate within cells and further
decrease the neuronal toxicity of the peptide. They confirm the
contribution of the basic amino acid residues in cell penetration
and provide new leads for the synthesis of peptide analogues
devoid of pharmacological effects.

2. Materials and methods

2.1. Chemical synthesis of biotinylated maurocalcine and
point-mutated analogues

N-a-fluorenylmethyloxycarbonyl (Fmoc) L-amino acids, 4-hydroxymethyl-
phenyloxy (HMP) resin, and reagents used for peptide synthesis were obtained
from Perkin-Elmer. N-a-Fmoc-L-Lys(Biotin)-OH was purchased from Neosys-
tem group SNPE. Solvents were analytical grade products from Carlo Erba-SDS
(Peypin, France). Biotinylated MCa (MCa,,) and its biotinylated point-mutated
analogues were obtained by the solid-phase method [23] using an automated
peptide synthesizer (Model 433A, Applied Biosystems Inc.). Sixteen different
analogues were designed such that Ala replaced a native amino acid of MCa
(Fig. 1). Peptide chains were assembled stepwise on 0.25 mEq of hydro-
xymethylphenyloxy resin (1% cross-linked; 0.77 mEq of amino group/g) using
1 mmol of N-a-Fmoc amino acid derivatives. The side chain-protecting groups
were: trityl for Cys and Asn; fert-bytyl for Ser, Thr, Glu, and Asp;
pentamethylchroman for Arg, and fert-butyloxycarbonyl or Biotin for Lys.
N-o-amino groups were deprotected by treatment with 18% and 20% (v/v)
piperidine/N-methylpyrrolidone for 3 and 8 min, respectively. The Fmoc-amino
acid derivatives were coupled (20 min) as their hydroxybenzotriazole active
esters in N-methylpyrrolidone (4 fold excess). After peptide chain assembly, the
peptide resin was treated between 2 and 3 h at room temperature, in constant
shaking, with a mixture of trifluoroacetic acid (TFA)/H,O/thioanisol/ethane-
dithiol (88/5/5/2, v/v) in the presence of crystalline phenol (2.25 g). The peptide
mixture was then filtered, and the filtrate was precipitated by adding cold
t-butylmethyl ether. The crude peptide was pelleted by centrifugation (3000xg;
10 min) and the supernatant was discarded. The reduced peptide was then
dissolved in 200 mM Tris—HCI buffer, pH 8.3, at a final concentration of 2.5 mM
and stirred under air to allow oxidation/folding (between 50 and 72 h, room
temperature). The target products, MCa,, and its analogues, were purified to
homogeneity, first by reversed-phase high pressure liquid chromatography,
HPLC, (Perkin-Elmer, C,3 Aquapore ODS 20 um, 250 x 10 mm) by means of a
60-min linear gradient of 0.08% (v/v) TFA/0--30% acetonitrile in 0.1% (v/v)
TFA/H,0 at a flow rate of 6 ml/min (1=230 nm). The homogeneity and identity
of'the peptides were assessed by: (i) analytical C;g reversed-phase HPLC (Merck,
C,g Li-chrospher 5 um, 4 x200 mm) using a 60-min linear gradient of 0.08%
(v/v) TFA/0-60% acetonitrile in 0.1% (v/v) TEA/H,O at a flow rate of 1 ml/min;
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Net global charge

v
MCa GDCLPHLKLCKENKDCCSKKCKRRGTNIEKRCR +8
MCa, K (biot) -GDCLPHLKLCKENKDCCSKKCKRRGTNIEKRCR +8
MCab D2A K (biot) -GACLPHLKLCKENKDCCSKKCKRRGTNIEKRCR +9
MCa, L4A K (biot) -GDCAPHLKLCKENKDCCSKKCKRRGTNIEKRCR +8
MCa, P5A K(biot) -GDCLAHLKLCKENKDCCSKKCKRRGTNIEKRCR +8
MCa, H6A K(biot) -GDCLPALKLCKENKDCCSKKCKRRGTNIEKRCR +8
MCab L7A K (biot) -GDCLPHAKLCKENKDCCSKKCKRRGTNIEKRCR +8
MCab K8A K (biot) -GDCLPHLALCKENKDCCSKKCKRRGTNIEKRCR +7
MCa, L9A K (biot) -GDCLPHLKACKENKDCCSKKCKRRGTNIEKRCR +8
MCa, E12A K (biot) -GDCLPHLKLCKANKDCCSKKCKRRGTNIEKRCR +9
MCa,, N13A K (biot) -GDCLPHLKLCKEAKDCCSKKCKRRGTNIEKRCR +8
MCa, D15A K (biot) -GDCLPHLKLCKENKACCSKKCKRRGTNIEKRCR +9
MCa, K19A K (biot) -GDCLPHLKLCKENKDCCSAKCKRRGTNIEKRCR +7
MCa, K20A K (biot) -GDCLPHLKLCKENKDCCSKACKRRGTNIEKRCR +7
MCa, K22A K (biot) -GDCLPHLKLCKENKDCCSKKCARRGTNIEKRCR +7
MCa R23A GDCLPHLKLCKENKDCCSKKCKARGTNIEKRCR  +7
MCa, R24A K (biot) -GDCLPHLKLCKENKDCCSKKCKRAGTNIEKRCR +7
MCa T26A GDCLPHLKLCKENKDCCSKKCKRRGANIEKRCR +8

Fig. 1. Amino acid sequences of MCa and of its biotinylated analogues. Amino acid residues are described by single letter code. K}, =biotinylated version of lysine

residue. The net global charge of the molecule is provided for each MCa analogue.

(ii) amino acid analysis after acidolysis (6N HC1/2% (w/v) phenol, 20 h, 118 °C,
N, atmosphere); and (iii) mass determination by matrix assisted laser desorption
ionization—time of flight mass spectrometry.

2.2. Conformational analyses of MCa, MCa E124, MCa K204 and
MCa R24A4 by circular dichroism

Circular dichroism (CD) spectra were recorded on a Jasco 810 dichrograph
using 1-mm-thick quartz cells. Spectra were recorded between 180 and 260 nm
at 0.2 nm/min and were averaged from three independent acquisitions. The
spectra were corrected for water signal and smoothed by using a third-order least
squares polynomial fit.

2.3. Preparation of heavy SR vesicles

Heavy SR vesicles were prepared following the method of Kim et al. [24]
modified as described previously [25]. Protein concentration was measured by
the Biuret method.

2.4. PHj-ryanodine binding assay

Heavy SR vesicles (1 mg/ml) were incubated at 37 °C for 3 h in an assay
buffer composed of 5 nM [*H]-ryanodine, 150 mM NaCl, 2 mM EGTA,
2 mM CaCl, (pCa=5), and 20 mM HEPES, pH 7.4. Wild-type or mutant
MCa,, was added to the assay buffer just prior the addition of heavy SR
vesicles. [*H]-ryanodine bound to heavy SR vesicles was measured by fil-
tration through Whatmann GF/B glass filters followed by three washes with
5 ml of ice-cold washing buffer composed of 150 mM NaCl, 20 mM HEPES,
pH 7.4. Filters were then soaked overnight in 10 ml scintillation cocktail
(Cybscint, ICN) and bound radioactivity determined by scintillation spectro-
metry. Non-specific binding was measured in the presence of 20 uM cold
ryanodine. Each experiment was performed in triplicate and repeated at least
two times. All data are presented as mean+S.D.

2.5. Cell culture

Chinese hamster ovary (CHO) cell line (from ATCC) were maintained at
37 °C in 5% CO, in F-12K nutrient medium (InVitrogen) supplemented with
10% (v/v) heat-inactivated foetal bovine serum (InVitrogen) and 10,000 units/ml
streptomycine and penicillin (InVitrogen).

2.6. Primary culture of cerebellar granule neurons

Media used for the culture of cerebellar granule neurons (CGN) was based
on Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) containing
10 unit/ml penicillin, 10 pg/ml streptomycin, 2 mM L-glutamine, and 10 mM
HEPES (K5 medium). KCI was added to a final concentration of 25 mM (K25
medium) and supplemented with 10% fetal bovine serum (K25+S medium).
Primary cultures of CGN were prepared from 6-day-old S/IOPS NMRI mice
(Charles River Laboratories), as described previously [26,27] with some
modifications. The cerebella were removed, cleared of their meninges, and cut
into 1-mm pieces. They were then incubated at 37 °C for 10 min in 0.25%
trypsin-EDTA (Invitrogen) in DMEM. An equal volume of K25+ S medium and
3000 units/ml DNase I (Sigma) were added before dissociation by triturating
using flame-polished Pasteur pipettes. Next, an equal volume of DMEM
containing trypsin inhibitor (Sigma) and 300 units/ml DNase I were added to the
cells. Dissociated cells were centrifuged for 5 min at 500xg. The pellet was
resuspended in fresh K25+S medium and cells were plated onto poly-D-lysine
(10 pg/ml, Sigma) precoated 96-well plates at a density of 8 x 10* cells/well. The
cerebellar granule neurons were grown in K25+S medium in a humidified
incubator with 5% CO, / 95% air at 37°C. Cytosine-f3-D-arabinoside (10 uM,
Sigma) was added after 1 day in vitro to prevent the growth of non-neuronal
cells.

2.7. MTT assay

Primary cultures of CGN were seeded into 96 well micro plates at a density
of approximately 8x10* cells/well. After 4 days of culture, the cells were
incubated for 24 h at 37 °C with MCa, or its analogues at a concentration of 1 or
10 pM. Control wells containing cell culture medium alone or with cells, both
without peptide addition, were included in each experiment. The cells were then
incubated with 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide
(MTT) for 30 min. Conversion of MTT into purple colored MTT formazan by
the living cells indicates the extent of cell viability. The crystals were dissolved
with dimethyl sulfoxide (DMSO) and the optical density was measured at
540 nm using a microplate reader (Biotek ELx-800, Mandel Scientific Inc.) for
quantification of cell viability. All assays were run in triplicates.

2.8. Membrane integrity LDH assay

A lactate dehydrogenase (LDH) assay was used to probe membrane integrity
disturbance by MCa, MCa E12A and MCa K20A according to the protocol
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provided by the manufacturer (CytoTox-ONE™, Promega). Briefly, CHO cells
were incubated with 10 uM peptide for 24 h, then 30 min at 22 °C, a volume of
CytoTox-ONE™ reagent was added, mixed and incubated at 22 °C for 10 min,
50 pul of STOP solution added, and the fluorescence was measured (excitation
wavelength of 560 nm and emission at 590 nm). Control experiments were also
performed to measure background LDH release in the absence of the peptide,
and also maximal release of LDH after total cell lysis. Percentage of cell toxicity
is measured as follows: 100 (Experimental with peptide—cultured media
background)/(maximal LDH release —cultured media background).

2.9. Formation of MCay,, (wild-type or mutant)/streptavidin—cyanine
complex

Soluble streptavidine—cyanine 5 or streptavidine—cyanine 3 (Strep-CyS5 or
Strep-Cy3, Amersham Biosciences) was mixed with four molar equivalents of
wild-type or mutant MCa,, 2 h at 37 °C in the dark in PBS (phosphate-buffered
saline) (in mM): NaCl 136, Na,HPO, 4.3, KH,PO, 1.47, KCI 2.6, CaCl, 1,
MgCl, 0.5, pH 7.2.

2.10. Flow cytometry

Wild-type or mutant MCa;,—Strep-Cy5/Cy3 complexes were incubated for
2 h with live cells to allow cell penetration to occur. The cells were then washed
twice with PBS to remove the excess extracellular complexes. Next the cells were
treated with 1 mg/ml trypsin (InVitrogen) for 10 min at 37 °C to remove
remaining membrane-associated extracellular cell surface-bound complexes.
After trypsin incubation, the cell suspension was centrifuged at 500xg and
suspended in PBS. Flow cytometry analyses were performed with live cells using
a Becton Dickinson FACSCalibur flow cytometer (BD Biosciences). Data were
obtained and analyzed using CellQuest software (BD Biosciences). Live cells
were gated by forward/side scattering from a total of 10,000 events.

2.11. Confocal microscopy and immunocytochemistry

For analysis of the subcellular localization of wild-type or mutant MCay;,—
Strep-Cy3/Cy5 complexes in living cells, cells were incubated with the
complexes for 2 h, and then washed with DMEM alone. Immediately after
washing, the nucleus was stained with 1 pg/ml dihydroethidium (DHE,
Molecular probes, USA) for 20 min, and then washed again with DMEM. DHE
shows a blue fluorescence (absorption/emission: 355/420 nm) in the cytoplasm
of cells until oxidization to form ethidium which becomes red fluorescent
(absorption/emission: 518/605 nm) upon DNA intercalation. Only the red
fluorescence was measured in the nucleus. After this step, the plasma membrane
was stained with 5 pg/ml FITC-conjugated Concanavalin A (Molecular Probes)
for 3 min. Cells were washed once more, but with PBS. Live cells were then
immediately analyzed by confocal laser scanning microscopy using a Leica
TCS-SP2 operating system. Alexa-488 (FITC, 488 nm) and Cy3 (543 nm) or
CyS (642 nm) were sequentially excited and emission fluorescence were
collected in z-confocal planes of 10—15 nm steps. Images were merged in Adobe
Photoshop 7.0.

2.12. Interaction of MCay, and its mutants with different lipids

Strips of nitrocellulose membranes containing spots with different
phospholipids and sphingolipids were obtained from Molecular probes.
These membranes were first blocked with TBS-T (150 mM NaCl, 10 mM
Tris—HCI, pH 8.0, 0.1% (v/v) Tween 20) supplemented with 0.1% free bovine
serum albumin (BSA) for about 1 h at room temperature. Later, these
membranes were incubated with 100 nM wild-type or mutant MCa,, along
with TBS-T and 0.1% free BSA for 2 h at room temperature. Incubation with
100 nM biotin alone was used as a negative control condition. The membranes
were then washed a first time with TBS-T 0.1% free BSA using gentle
agitation for 10 min. Binding of wild-type or mutant MCa, onto the lipid
strips was detected by incubating 30 min the lipid strips with 1 pg/ml ready to
use streptavidine horse radish peroxidase (Vector labs, SA-5704). The
membranes were washed a second time with TBS-T 0.1% free BSA. Interaction
was detected by incubating the membranes with horseradish peroxidase

substrate (Western Lightning, Perkin-Elmer Life Science) for 1 min in each
case followed by exposure to Biomax film (Kodak).

3. Results
3.1. Synthesis of MCa analogues

Fig. 1 illustrates the primary structure of the various
analogues of MCa that were chemically synthesized. Most of
the analogues were biotinylated at their amino-terminus to favor
their coupling to streptavidine. All substitutions were made by
alanine residues. The global net charge of each peptide is also
indicated. Biotinylation does not alter the global net charge of
MCa. Some of the mutated analogues of MCa were reported
previously, but in their non-biotinylated version [5].

3.2. Effects of MCa analogues on [>H]-ryanodine binding to
RyRI

The purpose of this study is to compare the pharmacological
efficacy of various MCa analogues to their efficiency of cell
penetration. The ultimate aim is to help the design of new point
mutated analogues of MCa that can serve as good cell
penetration carriers without displaying an adverse pharmaco-
logical effect once penetrated inside cells. The pharmacological
potential of MCa analogues can be assessed by their efficacy in
stimulating [*H]-ryanodine binding onto RyR1 oligomers from
SR vesicles, an effect that appears linked to the promotion of
opening modes of the channel. Since the analogues synthesized
were biotinylated for the purpose of forming a complex with
fluorescent derivatives of streptavidine, we first compared the
efficacy of [*H]-ryanodine binding stimulation between MCa
and MCay, (Table 1). Adding a biotin group to the N-terminus

Table 1
Effect of MCay, and its analogues on the parameters of [*H]-ryanodine binding
onto SR vesicles

MCa analogue ECso (nM) Binding stimulation
(x-fold)
MCa 252421 16.7
MCa, 35.2+7.5 17.9
MCa, D2A 10.3£0.7 17.6
MCa, L4A 28.8+6.1 15.0
MCa, PSA 9.0+1.2 17.5
MCa;, H6A 29.4+3.2 16.6
MCa, L7A 74.943.6 7.1
MCa;, K8A 104.3+£13.3 10.1
MCa, LOA 17.3+1.2 18.2
MCa, E12A 7.3+£0.4 15.7
MCa;, N13A 13.8+1.4 14.6
MCa, D15A 9.5+1.1 14.1
MCa, K19A 71.0£8.1 12.2
MCa;, K20A 114.5+14.3 9.4
MCa, K22A 162.6+18.7 5.1
MCa R23A 302.5+62.1 45
MCa, R24A >1000 1.1
MCa T26A 121.1+33.0 13.7

The ECs, values and stimulation factors are obtained from the fit of the data
shown in Fig. 2.
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Fig. 2. Concentration-dependent effect of MCa analogues on [*H]-ryanodine binding to heavy SR vesicles. [°H]-ryanodine binding was measured at pCa 5 (free Ca>" 10 pM) in the presence of 5 nM [*H]-ryanodine for
3 h at 37 °C. Non specific binding was less than 5% of the total binding and was independent of the concentration of each MCa analogue. Data were fitted with a logistic function of the type y=y,+(a/(1+(x/ECso)°))
where y, is the basal [*H]-ryanodine binding in the absence of MCa or its analogues,  the maximum achievable binding, 5 the slope coefficient and ECs, the concentration of half-binding stimulation. Experimental data
for the effect of MCa is shown once (top left binding curve, filled circles) and the fit of these data shown each time as dashed line for the purpose of comparison with each MCa analogue. ECs, values and binding
stimulation factors are provided in Table 1. Data are triplicates. Representative cases of n=3 experiments.
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Fig. 3. Cell penetration of wild-type and mutated MCa,, in complex with
streptavidine—Cy5 in CHO cells as assessed quantitatively by FACS. The
concentration used for all the analogues is 4 pM combined with 1 pM
streptavidine—Cy5. Cells were incubated 2 h with the complex before being
washed and treated for 10 min with 1 mg/ml trypsin. (A) Comparison of FACS
data on CHO cells for streptavidine—CyS5 alone (control), for MCa;, K20A, the
least penetrating mutant, for MCay, and for MCa,, E12A, the most penetrating
analogue. (B) Comparison of mean fluorescence intensity for the cell penetration
of all MCay,, analogues in CHO cells. The dash represents the mean fluorescence
of cells alone. All data were performed the same day with the same batch of
cells. Representative case of n=3 experiments.

of MCa did not alter significantly the ECs, value for [*H]-
ryanodine binding stimulation or the stimulation factor
(between 16- and 18-fold). The properties of all the point
mutated analogues of MCa,, (14 of the 16 mutants) should thus
also be comparable to similar point mutated analogues of MCa
(2 of the 16 mutants). Next, all the mutants were compared
using a similar batch of SR preparation. We noticed that basal
binding of [*HJ-ryanodine binding (in the absence of any
analogues) varies greatly with the SR batch although saturation
appears more or less similar. Hence, the stimulation efficacy of
the binding (ratio between stimulated [*H]-ryanodine binding
and basal [*H]-ryanodine binding) also varies with the SR
batch (data not shown). Fig. 2 thus compares the effects of
various point-mutated analogues of MCa, onto the [*H]-
ryanodine binding to SR vesicles from the same batch pre-
paration. The main results are summarized in Table 1. Six
analogues have greater affinity for RyR1 than MCa,: MCa,
D2A, MCa, P5A, MCa, L9A, MCa, E12A, MCa, N13A and
MCa, D15A. It is of interest that a greater affinity for RyR1 can
be triggered by mutating negatively charged amino acid
residues that increase the net positive change of MCa from

+8 to +9 (Fig. 1). Of note, none of these mutants affected the
binding stimulation factor suggesting that these analogues
behave similarly than MCa and MCa,, at saturating concentra-
tions. Alanine substitution of many of the positively charged
amino acid residues of MCa that belong to the basic face of the
molecule [10] reduce the affinity of MCa for RyR1. These
residues comprise Lys®, Lys'®, Lys?®, and Lys**, which
confirms previous findings with similar non-biotinylated
MCa analogues [5]. Mutation of two other positively charged
residues, Arg> and Arg®*, induce similar effects. Besides these
six analogues, MCa;, L7A and MCa, T26A also display a
significant reduction in the affinity of MCa, for RyR1. All
MCay, analogues that were shown to have reduced affinity for
RyR1 also present reduced potencies of [*H]-ryanodine
binding stimulation (Table 1). A form of correlation appears
to occur between the reduction in affinity and stimulation
efficacy, with the notable exception of MCa;,, T26A that kept a
rather good stimulation efficacy despite a strong reduction in
affinity. Finally, among the sixteen mutants that were tested,
MCa;, L4A and MCa, H6A did neither change the affinity nor
the stimulation efficacy of MCay,.

In conclusion, for the purpose of selecting mutated analogues
of MCa defective in pharmacological effects, mutations at amino
acid positions 7, 23, 24 and 26 appear particularly interesting
since they do not contribute to the presentation of the basic face
of MCa that is presumably required for cell penetration of MCa
[10].

3.3. Effects of point mutations of MCa, on its cell penetration
efficiency

To perform a quantitative comparison of the cell penetration
efficacy of the various mutated analogues of MCa,, FACS
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Fig. 4. Mean cell fluorescence intensity as a function of concentration of cell
penetrating complexes. The indicated concentrations are for streptavidine—Cy5
(from 10 nM to 2.5 uM). Streptavidine concentrations higher than 2.5 uM are
toxic to cells when allowed to penetrate and cannot be tested. MCa, K20A and
MCa, E12A concentrations are fourfold greater than streptavidine—Cy5
concentrations (from 40 nM to 10 uM). The data for MCa, E12A could be
fit by a sigmoid function of the type y=a/(1+exp(—(x—PCs)/b)) where a=
2541+ 108 a.u., the maximal fluorescence intensity, PCso=113+16 nM, the half-
maximal effective penetrating concentration, and »=20.9+17.9. Experiments
were repeated three times.
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Fig. 5. Conformational analysis of maurocalcin analogues by circular dichroism.
Far-UV CD spectra of MCa and three of its analogues at 50 uM in pure water
recorded at 20 °C. Each spectrum is the mean of three independent acquisitions.

analyses were performed with living CHO cells (Fig. 3). Cells
were incubated for 2 h with 1 uM of wild-type or mutant MCa,,/
streptavidine—Cy5 complexes (4 uM of wild-type or mutant
MCa,, for 1 uM of streptavidine—Cy5) before washing, 10 min
treatment with 1 mg/ml of trypsin, and FACS analysis.
Representative histograms indicating the intensity of cell
fluorescence for wild-type and two mutants MCay/streptavi-
dine—Cy5 complexes are shown in Fig. 3A. MCa, K20A
induced a mean cell penetration of streptavidine that was 12.5-
fold less pronounced than wild-type MCa,, whereas MCa,
EI12A increased its cell penetration by a factor of 2.2-fold. A
quantitative comparison of the cell penetration of the various
MCa,, analogues was performed and is shown in Fig. 3B. Not all
point mutated analogues of MCay, behave similarly in terms of
cell penetration, at least at the concentration tested (1 uM) and
for the duration examined (2 h). Besides MCay, E12A, two other
mutants provide a better cell penetration than MCay, itself
(MCa;,, H6A and MCa, K8A). In contrast, two other mutants
almost completely inhibit the cell penetration (MCay, K19A and
MCa, K20A). Mild reduction in cell penetration efficacy is
observed for MCa;, L4A, N13A, K22A and R24A (between 1.9-
and 3.2-fold). These data thus indicate that the cell penetration
properties of MCa, can be greatly modulated by selective point
mutation of it amino acid sequence. Improved analogues, as
well as less potent derivatives, can be produced using simple
amino acid substitutions.

To determine the reasons that may underlie these differences
in cell penetration efficacies between the various analogues, a
dose—response curve on CHO cells was performed for the most
and the least penetrating analogues, MCa;, E12A and MCa,
K20A, respectively (Fig. 4). As shown, the two mutants differed
in their half-effective concentration for cell penetration efficacy

over a 2-h incubation period. MCa;,, E12A penetrates with a
half-effective concentration of PCsq=113+16 nM. In contrast,
MCa, K20A penetrates with an estimated half-effective
concentration of PC5=1300—1400 nM. For the MCa;,, K20A
mutant, concentrations higher than 2.5 pM could not be tested
because of cell toxicity of streptavidine. In spite of this toxicity,
it was observed that, at saturating concentrations, the same
maximal amount of streptavidine—Cy5 could be carried into the
cell as with MCa;, EI12A. Therefore, it is possible that the
differences in penetration efficacies, observed between the
various mutated analogues in Fig. 3C, is more linked to
differences in “cell affinity” for one or several membrane
components than to an impairment of the mechanism of cell
penetration. The observation that the cell penetration of MCa,,
E12A/streptavidine—Cy5 can saturate is an indication that the
process is halted once a form of concentration equilibrium is
reached or that the plasma membrane constituents required for
cell penetration of the complexes are present in finite amounts.

Finally, we also determined whether differences in pharma-
cological effects and cell penetration among various MCa
analogues could be linked to adverse structural alterations
introduced by the point mutations. This was performed by
circular dichroism analyses of wild-type MCa, MCa EI12A,
MCa K20A and MCa R24A since these analogues represented
some extreme cases (Fig. 5). As shown, the CD spectra of all
these peptides are fully superimposed. One can thus deduce that
the three analogues possess the same conformation as native
MCa.

3.4. Altered cell penetration efficacies of the MCa,, analogues
is not associated with differences in cell localization

To check the cell distribution of MCay/streptavidine—Cy5
complexes, it is recommended to work on living cells since
cell fixation has been reported to alter the cell distribution of
various CPPs [28]. As shown in Fig. 6, MCay/streptavidine—
Cy5 complexes are present as punctuate dots in the cytoplasm
of living CHO cells (2 h of incubation with the complex,
wash, staining and immediate observation by confocal
microscopy). The plasma membrane is labeled with con-
canavaline A, whereas the nucleus is stained with DHE. The
distribution of the MCay/streptavidine—CyS5 complex is not
different than the one observed in fixed HEK293 cells [10],
suggesting that, contrary to other CPPs, cell fixation does not
alter the distribution of this particular CPP. With mutated
MCa, analogues that penetrate better or less than wild-type
MCa;, (MCa, E12A and MCa, K20A), a similar subcellular
distribution of the complex is observed suggesting that the
mechanism of cell penetration is not altered by point mutation
of MCa,. Corroborating the FACS experiments, a significant
reduction of complex entry is observed with the MCa,, K20A

Fig. 6. Confocal immunofluorescence images of living CHO cells incubated for 2 h with 1 uM streptavidine—Cy5 in complex with 4 uM MCa,,, MCa, E12A or MCa,
K20A. Streptavidine—CyS5 appears in blue, the nucleus in red and the plasma membrane in green. Note the lack of differences in cell distribution of streptavidine—Cy5
with the MCay, analogues but the obvious differences in cell penetration efficiencies. Images are from a single confocal plane. Control images were also included for
cells incubated with MCa,, alone to show that the blue fluorescence observed is only due to the presence of streptavidine and is not related to the ability of DHE to

fluoresce in blue in the cytoplasm (top panel).
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Fig. 7. Interaction of MCa;, or mutated analogues with membrane lipids. The MCa;, analogues were used at a concentration of 100 nM and incubated for 2 h with the
lipid strips. Each dot possesses 100 pmol of lipid immobilized on the strip. Representative examples are shown for MCa,, MCa,, L7A, MCay, E12A, MCa;, K20A and
MCa;, R24A. (A) Interaction with various phospholipids. The lipids are identified by their numbered positions on the strip (left panel). Numbers refer to:
lysophosphatidic acid (1), lysophosphatidylcholine (2), phosphatidylinositol (Ptdlns) (3), Ptdlns(3)P (4), Ptdlns(4)P (5), PtdIns(5)P (6), phosphatidylethanolamine (7),
phosphatidylcholine (8), sphingosine 1-phosphate (9), PtdIns(3,4)P, (10) PtdIns(3,5)P, (11) Ptdlns(4,5)P, (12) PtdIns(3,4,5)P3 (13), phosphatidic acid (14),
phosphatidylserine (15), and no lipids (16). (B) Interactions of MCa, and mutated analogues with sphingolipids. Numbers refer to: sphingosine (1), sphingosine
1-phosphate (2), phytosphingosine (3), ceramide (4), sphingomyelin (5), sphingosylphosphophocholine (6), lysophosphatidic acid (7), myriocin (8),
monosialoganglioside (9), disialoganglioside (10), sulfatide (11), sphingosylgalactoside (12), cholesterol (13), lysophosphatidyl choline (14), phosphatidylcholine

(15), and blank (16).

mutant, whereas a clear increase is observed with the MCa,
EI2A mutant. Similar observations were made in HEK293
cells, 3T3 cells, hippocampal and DRG neurons (unpublished
observations).

3.5. Differential interaction of MCay, and its analogues with
negatively charged lipids

For a direct membrane translocation of MCa into cells, a
process whereby the peptide would flip from the outer face of
the plasma membrane to the inner face, then released free into
the cytoplasm, the peptide should interact with various lipids of
the membrane, preferably negatively charged ones. These
interactions were challenged by incubating 100 nM of MCa,,
with lipid strips from Molecular Probes. The immobilized
peptide was then revealed with streptavidine—horse radish
peroxidase (HRP). MCa, was found to strongly interact with
phosphatidylinositol (PtdIns)(3)P, PtdIns(4)P, PtdIns(5)P, phos-
phatidic acid and sulfatide, and more weakly with lysopho-

sphatidic acid, PtdIns(3,5)P, and phosphatidylserine (Fig. 7,
Table 2). These are all negatively charged lipids. In contrast, at
100 nM, it does not interact with lysophosphatidylcholine,
phosphatidylcholine, sphingosine, sphingosine 1-phosphate,
phytosphingosine, ceramide, sphingomyelin, sphingosylpho-
sphocholine, myriocin, monosialoganglioside, disialoganglio-
side, sphingosylgalactoside, cholesterol, lysophosphatidyl
choline, or phosphatidylcholine (Fig. 7). As control experiment,
100 nM biotin was probed alone and no interaction was found
with any of the lipids (data not shown). In comparison with
wild-type MCa, and of all the MCa, mutants tested, two
mutants displayed a new lipid interaction with PtdIns (MCa,
L4A and MCa, L7A) and four mutants with PtdIns(4,5)P,
(MCay, D2A, MCa,, L4A, MCa;, H6A and MCa, N13A). These
new interactions were mostly weak, except for MCay, L4A with
PtdIns(4,5)P,. In contrast, many of the weak lipid interactions
of MCa, were lost as a result of various mutations. This is the
case for the interactions with lysophosphatidic acid, PtdIns(3,5)
P» and phosphatidylserine, although it should be mentioned that
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Table 2

Strength of lipid interactions for MCa,, and its analogues

MCa,, and Lysophosphatidic Phosphatidylinositol ~ Ptdlns ~ Ptdlns ~ Ptdlns  PtdIns PtdIns Phosphatidic ~ Phosphatidylserine Sulfatide
analogues acid (PtdIns) 3)P (4P Q) (3,5)P, (4,5)P, acid

MCa, + ++ ++ ++ + ++ + ++
MCa,, D2A + ++ ++ ++ ++ + ++ ++
MCa, L4A + ++ ++ ++ ++ ++ + ++
MCa, P5A ++ + ++ ++ + ++
MCa, H6A + ++ ++ ++ + ++ + ++
MCa, L7A + ++ ++ ++ ++ ++ + ++
MCa;, K8A + + + ++ + + ++
MCa, LOA ++ +++ -+ ++ ++ +++
MCa, E12A ++ +++ -+ ++ -+ +++
MCa, N13A ++ ++ ++ + ++ + ++
MCa, DI5A ++ ++ ++ ++
MCa, K19A ++ ++ +
MCa;, K20A ++ +
MCa, K22A + + + + + +
MCa,;, R24A ++ + + ++

Experimental conditions as described in the legend of Fig. 6.
@ (+++) very strong interaction @ (++) strong interaction [Jij (+) weak interaction.

in the case of PtdIns(3,5)P, the interaction could be reinforced. be reached. The MCa, E12A mutant displayed the strongest
Although it is difficult to correlate specific lipid interactions  lipid interactions of all mutants, which is probably at the basis of
with the strength of cell penetration, some basic conclusions can its better cell penetration properties. In contrast, both MCay,
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Fig. 8. Neuronal toxicity of MCa and mutated analogues. Peptides were tested alone without coupling to streptavidine. (A) Transmitted light images (differential
interference contrast) illustrating cerebellar granule cells in primary culture before (0 h) and after (17 h) incubation with 1 or 10 uM MCa. (B) Neuronal survival after a
17h incubation period with either 1 or 10 pM MCa or one of its mutated biotinylated analogue as assessed by the MTT test. MCa and MCa, produced similar results.
These experiments were repeated three times, data shown as triplicates. Significance is provided as a deviation of three times the SD value from 100% (denoted as
asterisks). (C) Cell toxicity effect of 10 pM MCa, MCa E12A or MCa K20A incubated 24 h with CHO cells as measured by LDH release.
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KI19A and MCa, K20A, that had the weakest cell penetration
properties, also displayed the poorest repertoire of lipid
interaction and/or the weakest interactions. Further detailed
lipid pharmacology combined with FACS analysis will be
required to determine the identity of the lipid(s) that are essential
for an efficient cell penetration of MCa.

3.6. Cell toxicity of MCay;, and mutated analogues

MCa was shown to be non-toxic to HEK293 cells for
incubation periods of 24 h and at concentrations up to 5 uM
[10]. Since HEK293 cells might be more resistant to toxic
agents than cells from primary origin, the effect of MCa, and
mutated analogues were also tested on the survival rate of
cerebellar granule cells maintained in primary culture (Fig. 8).
As seen, no cell toxicity could be observed by transmitted light
microscopy for a 17-h incubation period with 1 or 10 uM MCa
(Fig. 8A). However, using the more sensitive MTT assay, MCa
produced 16.0+£2.8% cell toxicity at 1 uM. The biotinylated
analogue of MCa, MCay,, behaved similarly to MCa (not shown)
suggesting that biotinylated and non-biotinylated analogues
could be compared among each others. However, most MCa,
analogues showed either no neuronal toxicity or limited toxicity
at a concentration of 1 pM (Fig. 8B). Incubation of neuronal
cells with a higher concentration of MCa (10 uM) produced
greater cell death (30.4+17.6%). Similar neuronal survival
percentages were obtained for MCa, H6A, MCa;,, K8A, MCa,
K22A and MCa, R24A. At 10 pM however, most other
peptides remained non-toxic including many of the best cell-
penetrating analogues such as MCa, D2A, MCa, P5A, MCa,
L7A, MCa, L9A, MCa, E12A and MCa;, D15A. In conclusion,
most MCa,, analogues show almost no toxicity on neurons
provided that they are used at 1 pM, a concentration range that
displays a very significant extent of cell penetration for most
mutants in complex with streptavidine. Higher concentrations
can still be used without adverse effects for several analogues of
MCa. Since the peptides interact with the cell membrane lipids,
we determined whether some representative peptides could
have any effect on cell membrane integrity by assessing LDH
release from cells (Fig. 8C). As seen, no greater LDH release is
produced by a 24-h incubation of 10 pM MCa, MCa E12A or
MCa K20A with CHO cells than expected from limited cell
toxicity at this concentration.

4. Discussion
4.1. Cell toxicity and pharmacological profile of MCa

MCa is a potent activator of RyR. As such, it has the
potential to influence Ca®" homeostasis in each cell type that
expresses a RyR channel. In spite of its effect on Ca®"
mobilization from intracellular stores, MCa presents limited cell
toxicity. No toxicity has been observed on CHO cells or on
HEK?293 cells, possibly because of the absence of expression of
RyR [10]. Cell toxicity can be detected to a very limited extent
on primary cultures of cerebellar granule cells, in which the
presence of RyR is known, but it is difficult to correlate this

toxicity to the pharmacological action of the peptide. Indeed, a
similar limited toxicity is apparent at concentrations above 1
uM for the MCa R24A mutant that has not the ability to
mobilize Ca*" from SR [9], whereas, in contrast, the MCa E12A
mutant, that stimulates [*H]-ryanodine binding onto RyR1 at
lower concentrations than MCa, does not display any sign of
cell toxicity at 10 pM. It should be emphasized that neurons are
more likely to express the RyR2 and RyR3 isoforms than the
RyR1 isoform tested herein. Since neither the pharmacological
action of MCa onto these two isoforms, nor the key residues
responsible for this potential effect, have been determined, it
remains difficult to make a precise correlation between a key
amino acid residue of MCa and some adverse effect on neuronal
survival. Nevertheless, several conclusions are within reach for
the design of an efficient drug carrier based on MCa’s sequence.
First, it is highly desirable to develop a carrier that is devoid of
effect on any of the RyR isoforms, particularly with regard to
Ca”" mobilization. The partial alanine scan we performed on the
sequence of MCa reveals that this goal is largely accessible
experimentally. Further mutations may be planned, and more
extensive tests will be required on the two other RyR isoforms,
but it is clear that many key residues already represent starting
leads for the rationale design of pharmacologically inert
analogues of MCa. The amino acid residues of interest include
L7, K8, K19, K20, K22, R23, R24 and T26, which represents a
sufficiently diverse array of workable opportunities. Second,
developing a cell penetrating analogue of MCa that is devoid of
cell toxicity is also clearly within reach. Most analogues were
non-toxic to neurons, and many other appear as efficient protein
carriers when used at concentrations well below the toxic
concentration. For instance, the MCa E12A mutant is
maximally effective in carrying streptavidine into cells when
used at a concentration of 250 nM, whereas it is non-toxic even
at 10 pM. Among the pharmacologically least active analogues
devoid of cell toxicity, we can mention those that are mutated at
position L7, K19, K20, R23 and T26. This still represents
sufficient diversity for the design of numerous novel cell
penetrating analogues lacking both pharmacological activity
and signs of cell toxicity. Third, taking into account the two
above-mentioned criteria, lack of pharmacological activity and
lack of cell toxicity, any novel analogue designed should keep
potent cell penetration efficiency. Among the residues of
interest in terms of pharmacology (L7, K19, K20, R23 and
T26), we tested three of them for their penetration efficiency
(L7, K19 and K20). Only the L7 locus appears as an interesting
lead position since the MCa L7A mutant displays an efficient
cell penetration. The L7A being a rather conservative substitu-
tion, the strong impact it displays on the pharmacology of MCa
is quite encouraging. It seems very likely that less conservative
substitutions at this position should further impact the
pharmacology without impairing cell penetration. It should be
mentioned also that for the design of novel potent analogues, an
alternative strategy to a mono substitution would be to perform
several substitution at a time: one that impairs the pharmaco-
logical impact of MCa and shows a lack of toxicity, combined
with another that has improved cell penetration efficiency.
Obviously, this study illustrates that many leading strategies can
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be developed in the future for the production of highly
competent analogues of MCa. Further development of a potent
MCa analogue will also be based on the chemical strategies for
coupling MCa to cargoes. As such, the recent finding that a
MCa analogue devoid of internal cysteine residues, required for
the disulfide bridges formation, penetrates into cells, is of great
interest if N-terminal cysteine chemistry is pursued as coupling
strategy (data not shown).

4.2. The molecular determinants of MCa implicated in
pharmacology and cell penetration overlap partially

A peptide that (i) has homology with a calcium channel
sequence (domain A of the IT-III loop of Ca,1.1), (ii) acts as a
pharmacological activator of RyR, and (iii) penetrates efficiently
into cells by crossing the plasma membrane puts considerable
stringency on its primary structure. Proof of this fact comes from
a sequence comparison with MCa related peptide (IpTx A,
opicalcine 1 and opicalcine 2) that demonstrates very little
sequence variation. Amino acid residues of MCa analogous to
domain A include K19, K20, K22, R23, R24, and T26.
Absolutely all these residues are essential for the pharmacolo-
gical effect of MCa, even though they are not solely implicated
in the recognition of RyR. A similar residue profile appears to
exist for the interaction of MCa with negatively charged lipids
(Table 2) and for cell penetration (Fig. 3), although R23 and T26
mutants were not tested. Undoubtedly, the most prominent
effects were observed for K19 and K20 mutations, with milder
effects for K22 and R24 mutations, suggesting that cell
penetration was less deeply hampered by single point mutations
of MCa residues that are analogous to those of domain A. Proof
that structural divergence exists between MCa and domain A is
the observation that domain A is unable to penetrate into cells in
spite of its homology by the presence of basic residues (data not
shown). The structural requirements for the cell penetration
efficiency of MCa are less stringent than those involved in the
pharmacological effect of the peptide. This is in line with what is
known on other CPPs, with the main structural requirement
being the presence of a basic surface for an efficient cell
penetration. This lower stringency is also in line with the
considerations developed above on the fact that it should be
feasible to uncouple both properties by developing peptide
analogues devoid of pharmacological effects but keeping
considerable cell penetration efficiencies. Nevertheless, a
particular mention should be made to the fact that each mutation
of MCa that increases the net positive charge of the peptide
(D2A, D15A and E12A), all improve the ECsj, effect on [*H]-
ryanodine binding. This may implicate that the nature of the
interaction between MCa and its binding site on RyR is
electrostatic. In the RyR sites identified for the binding of
domain A or MCa, there is indeed a stretch of negatively charged
amino acid residues within site F7.2 that look as promising
candidates for the interaction [8]. Further experimental work will
be required to test out this hypothesis. Only one of the mutations
of the negatively charged residues of MCa (E12A and not D2A
or D15A) contributes to an improved cell penetration when
tested at a micromolar concentration. But since the E12A mutant

also displays an improved dose—response curve for cell
penetration, similar dose—responses will need to be performed
in order to really efficiently compare the cell penetration potency
of MCa D2A and MCa DI15A. Conversely, the K8A mutation
induces a slightly better cell penetration, also indicating that
increasing the net global positive charges of the molecule is not a
prerequisite for a better penetration. Since this mutation
increases the dipole moment of the molecule, this may better
explain the greater potential of this analogue.

4.3. A correlation appears to exist between the strength of lipid
interaction and the potency of cell penetration of MCa’s
analogues

The mechanism of cell penetration of CPPs is not well
dissected. Two modes of cell penetration have been proposed.
One involves a direct interaction of CPPs with charged heparan
sulfates present at the cell surface, followed by macropinocy-
tosis. Delivery into the cytoplasm would be partial and would
occur from late endosomes. A second one implies a direct
interaction of the CPPs with negatively charged lipids, followed
by a translocation mechanism that delivers the penetrating
peptide and its cargo into the cytoplasm. Both modes are not
contradictory and may well coexist in a variety of cell types.
Also, the concept that one set of interactions directs the mode of
penetration (lipids for translocation, and heparin sulfates for a
form of endocytosis) is by itself unproven. Herein, we have
further examined the interaction of MCa and mutated analogues
with several lipids. The observations made are coherent with the
presence of a basic surface on MCa. The peptides interact well
with many negatively charged lipids which is a prerequisite for
a mechanism of penetration that is based on membrane
translocation. Among all the lipids identified, it is difficult to
declare that a particular lipid is responsible for the penetration of
MCa. Even for the least efficient MCa analogue, MCa K20A,
that interacts only with PtdIns(3)P and sulfatide, there is still
some degree of cell penetration. What seems to differ among all
analogues is not whether these peptides penetrate or not, it is
rather the effective concentration that is required for cell
penetration. This was obvious when comparing the dose—
response curve for cell penetration of the two extreme mutants,
MCaE12A and MCa K20A. It is therefore tempting to conclude
that cell penetration requires both a good affinity for many of
the negatively charged lipids and a wide set of interactions.
Further experimental work will be required to determine the
affinity of MCa for each of the negatively charged lipid
identified here in order to determine whether a particular
correlation may exist between the half-effective concentration
of MCa for penetration and its affinity for some lipids. Also, the
evidence that the penetrated streptavidine appears as punctuate
dots in the cytoplasm of cells may after all indicate a strong
contribution of the interaction of MCa with lipids in a form of
endocytosis. Clarification will be needed on this issue.

Our data indicate that many basic residues of MCa are
involved in the interaction with lipids. The fact that a simple
mutation of some chosen basic residues can so drastically alter
the interaction with some lipids is surprising owing to the fact
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that many other basic residues remain present within MCa.
Nevertheless, these data indicate that amino acid substitution
may thus represent a very interesting alternative to develop
MCa analogues presenting greater affinity for these lipids or
even wider selectivity. Ultimately, this should lead to the
development of analogues of greater potential for cell penetra-
tion. Another surprising finding is that many of the residues that
appear important for an interaction with negatively charged
lipids are also those that are involved in sequence homology
with domain A and in the pharmacological effect of MCa. This
leads to the interesting and unexplored possibility that (i)
domain A may itself interact with negatively lipids adding
complexity to the role of the plasma membrane in the process of
excitation—contraction, and (ii) lipids may competitively favor
or suppress the interaction of MCa or domain A with its binding
site on RyR. Obviously further work will be required to address
these challenging issues.
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Maurocalcine is a 33-mer peptide initially isolated from the
venom of a Tunisian scorpion. It has proved itself valuable as a
pharmacological activator of the ryanodine receptor and has
helped the understanding of the molecular basis underlying
excitation-contraction coupling in skeletal muscles. Because of
its positively charged nature, it is also an innovative vector for
the cell penetration of various compounds. We report a novel
maurocalcine analog with improved properties: (i) the complete
loss of pharmacological activity, (ii) preservation of the potent
ability to carry cargo molecules into cells, and (iii) coupling
chemistries not affected by the presence of internal cysteine res-
idues of maurocalcine. We did this by replacing the six internal
cysteine residues of maurocalcine by isosteric 2-aminobutyric
acid residues and by adding an additional N-terminal biotiny-
lated lysine (for a proof of concept analog) or an N-terminal
cysteine residue (for a chemically competent coupling ana-
logue). Additional replacement of a glutamate residue by alanyl
at position 12 further improves the potency of these analogues.
Coupling to several cargo molecules or nanoparticles are pre-
sented to illustrate the cell penetration potency and usefulness
of these pharmacologically inactive analogs.

Maurocalcine (MCa)? is a highly basic 33-mer peptide iso-
lated from the venom of the scorpion Scorpio maurus palma-
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tus. It efficiently binds to the ryanodine receptor of skeletal
muscles (RyR1 isoform) (1) and promotes channel opening to
promote calcium release from the sarcoplasmic reticulum (SR).
This pharmacological effect of MCa can be indirectly moni-
tored through the stimulation it exerts on [*H]ryanodine bind-
ing (2). In muscle fibers, MCa produces a transient loss of volt-
age control of Ca®>" release from RyR1 channels. This effect is
due to an alteration of repolarization-induced closure of RyR1
channels, a process normally under the control of voltage-de-
pendent dihydropyridine (DHP)-sensitive calcium channels
(3). This function of MCa is due to a partial sequence homology
between MCa and a cytoplasmic loop of the DHP-sensitive
channel (2). These observations explain why MCa, along with
other members of the same family of toxins such as imperatoxin
1A (4), hemicalcin (5), and opicalcin 1 and 2 (6) are useful both
for their pharmacological properties and for deciphering fine
molecular details of the excitation-contraction coupling
process.

Recently, MCa has also proven of interest for its property of
efficiently crossing the plasma membrane, either alone or when
coupled to a membrane-impermeant cargo protein (2, 7). MCa
is a highly charged peptide with 12 basic residues out of 33, and
anet global positive charge of +8. Most of these residues are on
one face of the molecule, the opposite face being mostly hydro-
phobic in nature. The rich content of basic amino acid residues
of MCa is reminiscent of that of all cell-penetrating peptides
(CPPs) characterized so far (Tat, penetratin, and poly-R).
Hence, MCa can be classified within an emerging family of
toxin CPPs that have no structural homologies apart from their
content in basic residues. Recently, a new toxin, crotamin, has
been purified from the venom of a South American snake. It
also behaves as a CPP but apparently with a preference for
dividing cells (8). The great diversity in CPP sequences
observed so far suggests that designing new MCa CPP ana-
logues should be easy. This tolerance in sequence variation is
possibly due to the diverse nature of membrane receptors
implicated in CPP cell translocation. These receptors neverthe-
less possess a single point in common: they all appear to interact
with CPPs on the basis of electrostatic interactions. In contrast,
the structural characteristics of the interaction between MCa
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and RyR1 appear far more constrained. A single mutation
within MCa, the replacement of an Arg residue by an alanyl,
abolishes the pharmacological effect of MCa but has only a mild
effect on its cell penetration efficacy (9). Nevertheless, segregat-
ing the pharmacological properties from the cell-penetrating
properties proved more complex than expected on the sole
basis of amino acid substitutions of MCa (9). This appears to be
due to structural imperatives of the molecule because it has four
functions to fulfill: first, possess the attributes of a CPP; second,
conserve sequence homology with the DHP-sensitive calcium
channel; third, bind to RyR1; and fourth, activate this latter
channel. Many residues contribute both to the pharmacological
effects and the cell penetration properties, namely some basic
residues that make the functional segregation difficult with
simple amino acid substitutions.

To both circumvent these difficulties and take advantage of
the flexibility in structural constraints required for MCa cell
penetration, we sought a novel strategy for the design of an
MCa analogue that would lose its pharmacological activity
while retaining most of its cell penetration efficacy. As deter-
mined by "H NMR, MCa folds along an inhibitor cystine knot
motif with a disulfide bridge pattern of Cys®*~Cys'”, Cys'’—
Cys®!, and Cys'®~Cys®?. It contains three B-strands that run
from amino acid residues 9—11 (strand 1), 20—-23 (strand 2),
and 30-33 (strand 3), with B-strands 2 and 3 forming an anti-
parallel B-sheet (10). In earlier studies on another toxin, mau-
rotoxin (MTX), active on voltage-gated potassium channels, it
was found that the disulfide bridges of the peptide play an
essential role in the three-dimensional structure of the toxin
and thus on its activity (11). We therefore adopted a similar
strategy for the design of a novel analogue of MCa in which we
replaced all native cysteine residues, engaged in the three disul-
fide bridges, by isosteric 2-aminobutyric acid residues. The goal
was to obtain a structurally altered analogue displaying a com-
plete loss of pharmacological activity but preserving the posi-
tively charged nature of the peptide, a property required for the
efficient cell penetration of a CPP. To further validate this ana-
logue, three derivatives were produced that comprise either an
N-terminal biotinylated lysine residue with or without an alanyl
substitution of Glu'?, previously shown to favor cell penetra-
tion (9), or an N-terminal cysteine residue for coupling chem-
istries to various cargoes. This chemical synthesis was accom-
panied by pharmacological assays, toxicity experiments, and
proof of concept that cargo penetration is fully conserved. The
data indicate that cysteine replacement within MCa can pro-
duce potent cell-penetrating analogues of MCa devoid of phar-
macological activity.

EXPERIMENTAL PROCEDURES

Reagents—Streptavidin-Cy5 (Strep-Cy5) was from Amer-
sham Biosciences, dihydroethidium (DHE) from Molecular
Probes, and rhodamine- and FITC-conjugated concanavalin A
were from AbCys and Sigma, respectively. Doxorubicin was
from Alexis Biochemicals. The TK705-amino-(polyethyleneg-
lycol) quantum dots (QD) with surface-activated amine groups
were purchased from Invitrogen. [*H]Ryanodine was from
PerkinElmer Life Sciences.
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Peptide Synthesis—MCa, was synthesized as previously
described (7). MCa,-Abu, MCa,-Abu E12A, and FITC-Gpep-
Cys were purchased from the Department of Pharmaceutical
Sciences, University of Ferrara (Italy). Cys-MCa-Abu was syn-
thesized by NeoMPS. MTX, -Abu was assembled by the group
of Dr. J. M. Sabatier.

Formation of MCa,/, MCa,-Abu/, MCa,-Abu E12A/, or
MTX,-Abu/Strep-Cy5 Complexes—Soluble Strep-Cy5 was
mixed with four molar equivalents of MCa,,, MCa, -Abu, MCa, -
Abu E12A, or MTX, -Abu for 2 h at 37 °C in the dark in phos-
phate-buffered saline (PBS, in mm: NaCl 136, Na,HPO, 4.3,
KH,PO, 1.47, KCl 2.6, CaCl, 1, MgCl, 0.5, pH 7.2).

Conjugation of Cys-MCa-Abu to Various Cargoes—Cys-
MCa-Abu was conjugated to a FITC-Gpep-Cys molecule
(sequence derived from Gp;: FITC-B-AGITSVAFSRSGRLL-
LAGYDDEN-Abu-NIWDAMKGDRAC-OH) according to the
method used by Davidson et al. (12). Briefly, an equimolar mix-
ture of Cys-MCa-Abu and FITC-Gpep-Cys was heated to 65 °C
for 15 min and then incubated at 37 °C for 1 h. The complex was
purified by fast protein liquid chromatography.

Cys-MCa-Abu was also conjugated to doxorubicin. Briefly,
doxorubicin.HCI (1 mg/ml) was suspended in PBS, pH 8.0, and
conjugated to Cys-MCa-Abu using succinimidyl-4-(N-male-
imidomethyl) cyclohexane-1-carboxylate (Pierce) according to
the protocol of Liang and Yang (13). Successful coupling was
followed by a 16.5% SDS-PAGE and UV detection of the result-
ing conjugated doxorubicin-linker-Cys-MCa-Abu peptide.

QD were also conjugated to Cys-MCa-Abu. The amino
groups of the QD (=100 -120 functions per particle) were first
converted into a maleimide coating as described (14), thereby
yielding QD,,. Briefly, QD (1 nmol) were incubated for 4 h in
the dark at room temperature in PBS in the presence of 4-ma-
leimidobutyric acid N-hydrosuccinimide ester (1.8 wmol, in
anhydrous dimethyl sulfoxide (DMSO)), then purified using
NAP-5 columns (Amersham Biosciences). 20 wl of Tris-(2-car-
boxyethyl)phosphine hydrochloride solution 0.5 M was added
to 100 nmol of the Cys-MCa-Abu in 80 ul of water for 30 min,
and then incubated overnight at room temperature with QD,,
in the presence of 1 mm EDTA, pH 7.4. Non-reacted maleimide
groups were quenched for 20 min by adding 2-mercapthoetha-
nol in excess (500 nmol). The QD,,-Cys-MCa-Abu conjugates
were purified using NAP-5 columns. Surface modifications of
QD were detected by 1% agarose gel electrophoresis in a TAE
buffer pH 8, and imaged by fluorescence using a 633-nm exci-
tation wavelength and collecting emitted light above 700 nm.
The hydrodynamic diameter of the QD,,-Cys-MCa-Abu nano-
particles measured using a Zetasizer Nano (Malvern Instru-
ments) were 25 nm in PBS (20.5 nm for non-modified QD). The
QD,,-Cys-MCa-Abu concentration was calculated using 532
nm absorbance measurements (QD molar extinction coeffi-
ciente = 2.1 X 10° M ' cm ™! at 532 nm).

Cell Culture—Wild-type Chinese Hamster Ovary (CHO-K1)
cells (from ATCC) were maintained at 37 °C in 5% CO, in
F-12K nutrient medium (Invitrogen) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (Invitrogen) and
10,000 units/ml streptomycin and penicillin (Invitrogen).
MDA-MB-231 cells from ATCC were grown in Leibovitz L15
medium supplemented with 10% (v/v) heat-inactivated fetal
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bovine serum and 10,000 units/ml streptomycin and penicillin.
Media used for the culture of cerebellar granule neurons was
based on Dulbecco’s modified Eagle’s medium (Invitrogen)
containing 10 unit/ml penicillin, 10 pg/ml streptomycin, 2 mm
L-glutamine, and 10 mm HEPES, 25 mm KCl, and 10% fetal
bovine serum. Primary cultures were prepared from 6-day-old
S/IOPS NMRI mice (Charles River Laboratories), as described
previously (15).

Preparation of Heavy SR Vesicles—Heavy SR vesicles were
prepared following the method of Kim ez al. (16). Protein con-
centration was measured by the Biuret method.

Isolation and Preparation of Flexor Digitorum Brevis Muscle
Fibers—Experiments were performed on single skeletal fibers
isolated from the flexor digitorum brevis (FDB) muscles from
4 —8-week-old OF1 mice (Charles River Laboratories) in
accordance with the guidelines of the French Ministry of Agri-
culture (87/848) and of the European Community (86/609/
EEC). Procedures for enzymatic isolation of single fibers and
partial insulation of the fibers with silicone grease were as pre-
viously described (17, 18). In brief, mice were killed by cervical
dislocation after halothane (Sigma-Aldrich) inhalation before
removal of the muscles. Muscles were treated with 2 mg/ml
collagenase type I (Sigma-Aldrich) in Tyrode solution for 60
min at 37 °C. Single fibers were then isolated by triturating the
muscles in the experimental chamber. The major part of a sin-
gle fiber was electrically insulated with silicone grease (Rhodia
Siliconi Italia, Treviolo, Italia) so that whole-cell voltage-clamp
could be achieved on a short portion of the fiber extremity. All
experiments were performed at room temperature (20-22 °C).

Structural Analyses of MCa,, MCa,-Abu, and MCa,-Abu
E12A by Circular Dichroism—Circular dichroism (CD) spectra
were recorded on a Jasco 810 dichrograph using 1-mm thick
quartz cells. Spectra were recorded between 180 and 260 nm at
0.2 nm/min and were averaged from three independent acqui-
sitions. The spectra were corrected for water signal and
smoothed using a third-order least squares polynomial fit.

[PH]Ryanodine Binding Assay—Heavy SR vesicles (1 mg/ml)
were incubated at 37 °C for 3 h in an assay buffer composed of 5
nMm [3H]ryanodine, 150 mMm NaCl, 2 mm EGTA, 2 mm CaCl,
(pCa = 5), and 20 mm HEPES, pH 7.4. 1 um MCa;,, MCa,-Abu,
or MCa,-Abu E12A was added to the assay buffer just prior to
the addition of heavy SR vesicles. [*H]Ryanodine bound to
heavy SR vesicles was measured by filtration through Whatman
GEF/B glass filters followed by three washes with 5 ml of ice-cold
washing buffer composed of 150 mm NaCl, 20 mm HEPES, pH
7.4. Filters were then soaked overnight in 10 ml of scintillation
mixture (Cybscint, ICN) and bound radioactivity determined
by scintillation spectrometry. Nonspecific binding was meas-
ured in the presence of 20 um cold ryanodine. Each experiment
was performed in triplicate and repeated three times. All data
are presented as mean * S.D.

Fluorescent Measurements under Voltage-Clamp Conditions—
An RK400 patch-clamp amplifier (BioLogic) was used in
whole-cell configuration as previously described (18). Voltage-
clamp was performed with a microelectrode filled with the
intracellular-like solution (in mm: 120 K glutamate, 5 Na,-ATP,
5 Na,-phosphocreatine, 5.5 MgCl,, 5 p-glucose, 5 HEPES
adjusted to pH 7.2 with KOH). Indo-1 (Molecular Probes) was
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present in this solution at 0.2 mm for fluorescence measure-
ments under voltage-clamp conditions. The extracellular solu-
tion contained (in mm): 140 TEA-methanesulphonate, 2.5
CaCl,, 2 MgCl,, 0.002 tetrodotoxin, 10 HEPES, pH 7.2. The tip
of the microelectrode was inserted through the silicon, within
the insulated part of the fiber. Membrane depolarizations were
applied every 30 s from a holding command potential of —80
mV. For the present set of measurements, the cytoplasm was
dialyzed with the microelectrode solution, which contained the
calcium dye Indo-1 and a given peptide to be tested (200 um for
MCa,-Abu and MCa,-Abu E12A, and 100 um for MCa,). To
facilitate intracellular dialysis, the electrode tip was broken
within the silicon-insulated portion of the fiber by pushing it
back and forth a few times toward the bottom of the chamber.
Under these conditions, intracellular equilibration of the solu-
tion was awaited for 30 min. Equilibration was followed from
the time course of increase of indo-1 fluorescence in the tested
portion of the fiber. Indo-1 fluorescence was measured on an
inverted Nikon Diaphot epifluorescence microscope equipped
with a commercial optical system allowing the simultaneous
detection of fluorescence at 405 nm (F,,;) and 485 nm (F,g;) by
two photomultipliers (IlonOptix, Milton, MA) upon 360-nm
excitation. Background fluorescence at both emission wave-
lengths was measured next to each fiber tested and was then
subtracted from all measurements. In an earlier study, we
showed that 10-100 uM levels of MCa were necessary to affect
voltage-activated Ca®>" release in intact mammalian skeletal
muscle fibers (3). For this reason, and despite the cell penetra-
tion properties of MCa and of its derivatives, it is easier and less
costly to apply these compounds intracellularly through the
voltage-clamp electrode rather than in the extracellular
medium.

Calibration of the Indo-1 Response and [Ca’"'],,,.
Calculation—The standard ratio method was used with the
parameters: r = F,./F g5, With R ;., R, Kp, and B having
their usual definitions. Results were either expressed in terms of
Indo-1% saturation or in actual free calcium concentration (18,
19). In vivo values for R_;,, R, ...- and B were measured using
procedures previously described (17). No correction was made
for Indo-1 Ca”>* binding and dissociation kinetics.

MTT Assay—Primary cultures of cerebellar granule neurons
were seeded into 96-well microplates at a density of ~8 X 10*
cells/well. After 4 days of culture, the cells were incubated for
24-h at 37 °C with 10 um MCa,, MCa,-Abu, Cys-MCa-Abu, or
MCa, E12A-Abu. Control wells containing cell culture
medium alone or with cells, both without peptide addition,
were included in each experiment. The cells were then incu-
bated with 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazo-
lium bromide (MTT) for 30 min. Conversion of MTT into pur-
ple-colored MTT formazan by the living cells indicates the
degree of cell viability. The crystals were dissolved in DMSO,
and the optical density was measured at 540 nm using a micro-
plate reader (Biotek ELx-800, Mandel Scientific Inc.) for quan-
tification of cell viability. All assays were run in triplicate.

Flow Cytometry—MCa,/, MCa,-Abu/, MCa,-Abu E12A, or
MTX,,-Abu/Strep-Cy5 complexes were incubated for 2 h with
CHO cells to allow cell penetration. Control condition was rep-
resented by an incubation of cells with Strep-Cy5 alone. The

VOLUME 283 -NUMBER 40-OCTOBER 3, 2008

0102 ‘6 Arenuer uo ‘SYND e Blo ogmmm woly papeojumoq


http://www.jbc.org/

ASBMB

The Journal of Biological Chemistry

New Maurocalcine Analog for Chemical Coupling of Cargoes

A B
MCa Cysteine (C)
T -H
T
H,N -(lj - COOH
H

GDC,LPHLKLC,KENKDC,C,SKKC;KRRGTNIEKRC R

2-Aminobutyric acid (Abu)

MB-231 for 2 h, followed by staining
of the plasma membrane with 5
pg/ml of FITC-conjugated con-
| canavalin A for 3 min. In all experi-
CH, ments, live cells were immediately
analyzed by confocal laser scanning
microscopy using a Leica TCS-SP2.
H Alexafluor-488 (excitation at 488
nm), rhodamine and doxorubicin
(excitation at 543 nm), or Cy5 and
QD,, (excitation at 642 nm) were
sequentially excited and emission
fluorescence collected in z-confo-
cal planes of 10-15-nm steps.
Images were merged in Adobe
Photoshop 7.0.

C MCa, K(biot)~GDC,LPHLKLC,KENKDC,C,SKKC,KRRGTNIEKRC R
MCa,-Abu  K(biot) -GDAbuLPHLKLAbuKENKDAbuAbuSKKAbuKRRGTNIEKRAbuR
MCa,-Abu EI2A  K(biot) -GDAbuLPHLKLAbuKANKDAbuAbuSKKAbuKRRGTNIEKRAbuR
D nMrX,-Abu  K(biot) -VSAbuTGSKDAbuYAPAbuRKQTGAbuPNAKAbuINKSAbuKAbuYGAbu

FIGURE 1.MCa analogues, MCa,,-Abu and MCa,-Abu E12A. A, ribbon representation of the three-dimensional
solution structure of MCa illustrating the positions of the three disulfide bridges C,-C,, C,-Cs, and C5-Cq. S-S
bonds are shown in blue. The positions of positively charged lysines, essential for cell penetration, are shown in
red. B, differences in side chain between cysteine residues and 2-aminobutyric acid (Abu) used for substitution
of all cysteine residues in MCa amino acid sequence. C, amino acid sequences of three different MCa analogs
used in this study. A fourth analog is shown in Fig. 7A. D, amino acid sequence of MTX,-Abu, an analog of MTX
in which all cysteine residues are replaced by Abu, and an extra biotinylated lysine residue added at the N
terminus. Note that MTX contains six basic amino acid residues in its sequence.

cells were then washed twice with PBS to remove the excess
extracellular complexes. Next, the cells were treated with 1
mg/ml trypsin (Invitrogen) for 10 min at 37 °C to remove
remaining membrane-associated extracellular cell surface-
bound complexes. The cell suspension was centrifuged at
500 X gand resuspended in PBS. Flow cytometry analyses were
performed with live cells using a Becton Dickinson FACSCali-
bur flow cytometer (BD Biosciences). Data were obtained and
analyzed using CellQuest software (BD Biosciences). Live cells
were gated by forward/side scattering from a total of 10,000
events. Mean fluorescence values were determined from Gaus-
sian fits of the resulting histograms and plotted as a function of
complex concentration. Mean values of intracellular fluores-
cence for Strep-Cy5 alone incubation (less than 1% of the fluo-
rescence observed for the lowest concentration of any of the
various MCa/Strep-Cy5 complexes) were also subtracted.
Analysis of the Subcellular Localization of Various MCa/or
MTX/Cargo Complexes by Confocal Microscopy—For Strep-
Cy5 complexes, 4 um MCa,, MCa,,-Abu, MCa,-Abu E12A, or
MTX,-Abu were coupled to 1 um Strep-Cy5 as described
above. CHO cells were incubated with the resulting complexes
for 2 h, and then washed with Dulbecco’s modified Eagle’s
medium alone. Immediately after washing, the nucleus was
stained with 1 wg/ml DHE for 20 min, and then washed again
with DMEM. After this step, the plasma membrane was stained
with 5 pg/ml of FITC-conjugated concanavalin A for 3 min.
Cells were washed once more, but with PBS. For the FITC-
Gpep-Cys-Cys-MCa-Abu complex, 1 uM conjugate was incu-
bated with CHO cells for 2 h, the plasma membrane stained
with 5 ug/ml of rhodamine-conjugated concanavalin A. For the
QD,,-Cys-MCa-Abu complex, 50 nM of the complex was incu-
bated with CHO cells for 2 h, and the nuclei stained with 1
pg/ml DHE for 20 min. For the doxorubicin-linker-Cys-MCa-
Abu complex, 3 uMm of the conjugate was incubated with MDA -
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RESULTS

Synthesis of Disulfide-less Analogs
of MCa—Fig. 1A illustrates the
three-dimensional solution struc-
ture of MCa with three disulfide
bridges. The aim of this study was to
design a MCa analog for which con-
venient chemical coupling could be performed by using an
N-terminal additional cysteine residue. As shown, MCa already
contains six cysteine residues that contribute to the folding of
the peptide to form an inhibitor cysteine knot motif. Adding an
additional cysteine residue at the N terminus may significantly
change the normal folding of the peptide and the classical disul-
fide bridge arrangement (C,-C,, C,-C,, and C;-C) in an unpre-
dicted manner. In turn, this could significantly affect the phar-
macological activity and cell-penetration properties of the
resulting molecule(s). To facilitate chemical coupling strategies
of MCa to cargo molecules, we investigated the requirement of
disulfide bridges on MCa pharmacology and cell penetration
properties. Several analogs were synthesized, each with an
N-terminal biotinylated lysine for easy binding to fluorescent
streptavidin molecules (our reporter cargo for this study):
MCa,, intact with the native disulfide bridges, MCa;-Abu in
which we replaced all internal cysteine residues by isosteric
2-aminobutyric acid (Abu, Fig. 1B), and MCa,-Abu E12A, an
analog of MCa,-Abu in which Glu'? was replaced by alanyl, a
substitution known to improve cell penetration efficacy of
MCa,, (9) (Fig. 1C). We would expect that removing the disul-
fide bridges of MCa might affect its pharmacology more than its
cell penetration properties for two reasons. First, disulfide
bridge patterns are known to contribute to the pharmacological
activity of toxins (20, 21). Second, the structural requirements
for the pharmacological activity of MCa were shown to be more
stringent than those required for cell penetration as probed by
alanine scanning of MCa (9). Finally, we synthesized MTX,-
Abu, a biotinylated version of MTX that has no cell-penetrating
properties on its own and that acts on voltage-dependent potas-
sium channels (Fig. 1D). This peptide, in which we also replaced
six internal cysteine residues by Abu derivatives, as for the
MCa,,-Abu peptide, was used as a negative control in cell pen-
etration experiments.
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FIGURE 2. Determination of the secondary structures of MCa,,, MCa,-Abu,
and MCa,-Abu E12A by circular dichroism. Each spectrum presented is the
mean of three independent acquisitions taken at a concentration of 50 um in
pure water at 20 °C.

Removing Disulfide Bridges in MCa Disrupts the Secondary
Structure of the Peptide—Circular dichroism analyses were per-
formed for MCa,, MCa, -Abu, and MCa,-Abu E12A (Fig. 2). As
shown, the spectra for MCa,-Abu and MCa,-Abu E12A dif-
fered significantly from MCa, indicating the alteration of sec-
ondary structures of the peptides. These observations are
coherent with the role of disulfide brides in the acquisition/
stabilization of secondary structures of toxins (11). These data
clearly indicate that blocking disulfide bridge formation in MCa
is a successful strategy to alter the structure of MCa.

Cysteine Replacement by Abu Derivatives Produces Pharma-
cologically Inert MCa Analogues—MCa is known to bind to
RyR1 from skeletal muscles (2). Upon binding, it modifies the
conformation of this intracellular calcium channel in such a
way that it favors binding of [*H]ryanodine to its receptor,
probably by converting low affinity binding sites to high affinity
ones. The effect of 1 um MCa, on [*H]ryanodine binding to SR
containing RyR1 was confirmed in this study (Fig. 3). An aver-
age stimulation in binding of 59.7-fold was measured (n = 3).
The value of this stimulation depends upon the basal level of
binding and can occasionally be lower, down to 7-fold (not
shown). Importantly, the two analogs in which the cysteine res-
idues were replaced by Abu derivatives, MCa;,-Abu and MCa, -
Abu E12A, had no significant effect on [*H]ryanodine binding,
indicating that the structural impact of these substitutions fully
blocked the effect of MCa on RyR1. Slight reductions in [*H]ry-
anodine binding were observed, although these effects were not
significant. Higher concentrations of these two analogs were
also without effect (not shown). The E12A-substituted ana-
logue thus proved no better than MCa,,-Abu, despite the fact
that a similar mutation in the folded MCa has higher affinity for
RyR1 (9).

We also investigated the effect of these analogs on Ca®"*
homeostasis in muscles fibers. The effects of the three peptides
MCa,,, MCa,,-Abu and MCa,-Abu E12A were tested on the free
Ca®" transients elicited by voltage-clamp depolarizations in
single skeletal muscle fibers from mouse. Fig. 44 shows repre-
sentative Indo-1 saturation traces obtained in response to
pulses from —80 mV to +10 mV of 5-, 10-, 20-, and 50-ms
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FIGURE 3. Effect of 1 um MCa,,, MCa,-Abu, or MCa,-Abu E12A on [*Hlry-
anodine binding onto heavy SR vesicles. Specific [*Hlryanodine binding
was measured as described under “Experimental Procedures.” Control bind-
ing has been performed in the absence of the MCa analog. ***, p < 0.01. Note
the loss of effect upon cysteine replacement by Abu derivatives. The experi-
ment was repeated three times with similar results.
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FIGURE 4. Effects of MCa,,, MCa,-Abu, and MCa,-Abu E12A on voltage-
activated sarcoplasmic reticulum Ca®* release. A, Indo-1 Ca®" records in
response to membrane depolarizations of increasing duration in a control
fiber (®) and in fibers dialyzed, respectively, with MCa,, (O, 100 um), MCa,-Abu
(4,200 wm), and MCa,-Abu E12A (A, 200 um). Band C, corresponding mean
values for peak A[Ca®*], and final A[Ca®*] at the end of the record in control
fibers (n = 11) and in fibers dialyzed with either MCa,, (n = 3), MCa,-Abu (n =
10), or MCa,-Abu E12A (n = 3). Note the loss of pharmacological conse-
quences of replacing cysteine by Abu derivatives.

Pulse duration (ms)

duration in (from top to bottom) a control fiber, a fiber dialyzed
with 100 um MCa,,, a fiber dialyzed with 200 um MCa, -Abu, or
a fiber dialyzed with 200 um MCa,-Abu E12A, respectively.
These high concentrations of peptides were chosen to ensure
that effective intracellular levels could be reached after equili-
bration (see “Experimental Procedures”). As previously
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described (3), MCa,, produced a remarkable change in the time
course of the Ca®" transients: it prevented membrane repolar-
ization-induced complete turn off of SR Ca®* release, resulting
in a prolonged elevation of the cytoplasmic [Ca®"] after the end
of the pulses. This was obviously not the case in the two fibers
treated, respectively, with MCa,-Abu and MCa,-Abu E12A, for
which the Ca®* transients yielded properties very similar to the
ones of the control fiber. Corresponding mean values for the peak
A[Ca®"] during the pulse, and the final A[Ca®"] at the time of
the end of the record, are presented in Fig. 4, B and C. For
instance, MCa, produced a mean final A[Ca®>"] value of
0.164 * 0.032 (n = 4) following a pulse of 20 ms, whereas
MCa,-Abu and MCa,-Abu E12A produced only values of
0.019 £ 0.009 (n = 9) and 0.016 * 0.008 (1 = 11), respectively,
compared with 0.017 = 0.007 (n = 10) for the control condi-
tion. There was thus no significant difference in the values for
the peak A[Ca®>"], and the final A[Ca®>"] between control fibers
and fibers treated with either MCa,-Abu or MCa,-Abu E12A
clearly demonstrating a complete loss of MCa-induced activity
on SR Ca®" release for these two compounds. The effect of
MCa likely results from competition with a physiological inter-
action between the DHP receptors and RyR1 (3) explaining why
such high concentrations are required. We conclude that
replacement of the cysteine in MCa by Abu derivatives pro-
duces non-folded and pharmacologically inert analogs.

Conserved Cell Penetration Properties of Disulfide-less MCa
Analogues—Biotinylated MCa, MCa,, favors the efficient pen-
etration of fluorescently labeled streptavidin (Strep) (7, 9, 22),
through macropinocytosis (23). The cell penetration of MCa,/
Strep complexes involves one or multiple steps of attachment
to the membrane through binding to cell surface glycosam-
inoglycans and negatively charged lipids. The complex can be
found predominantly in endosomes, leading to a punctate cyto-
plasmic distribution, a pattern that is supposedly linked to the
nature of the cargo rather than the vector itself. Here, we inves-
tigated whether the disulfide-less analogues of MCa, were
capable of carrying Strep-Cy5 into CHO cells (Fig. 54). As
shown, 1 um Strep-Cyb5 alone is unable to enter CHO cells. This
was true for 100% of the cells examined by confocal microscopy
(n = 200). However, when coupled to either MCa,, MCa, -Abu,
or MCa,-Abu E12A in a 4:1 ratio and incubated for 2 h with
living CHO cells, the resulting complexes gave punctate stain-
ing. Here again, 100% of the cells were positively stained by
Strep-Cy5 (n = 200 for each condition). This punctate staining
is an indication of endosomal distribution further confirming
that it may be linked to the nature of the cargo rather than the
vector, since similar distributions are observed for the MCa
analogs despite the structural changes in the vector. In contrast,
no cell penetration of Strep-Cy5 was observed in CHO cells
using a biotinylated analogue of MTX, MTX, -Abu, a voltage-
gated K™ channel blocker (Fig. 5B; 0% of n = 200 cells examined
by confocal microscopy). This indicates that MCa,-Abu is
unlikely to penetrate into cells only because of its amphipathic
nature.

To obtain half-maximal Penetration Concentration values
(PC,,) and the extent of total penetration of the complex, quan-
tification of cell penetration by fluorescence-activated cell sort-
ing (FACS) was performed. Quantification is a way to distin-
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A

MCa,/Strep-Cyg5

Strep-Cy5

FIGURE 5. Distribution of MCa,/, MCa,-Abu/, and MCa,-Abu E12A/Strep-
Cy5 in CHO cells. A, confocal images showing the cell penetration of Strep-
Cy5 (2 hofincubation) in the absence or presence of 4 um MCay,, MCa,-Abu, or
MCa,-Abu E12A in CHO cells. Colors: blue (Strep-Cy5), red (nuclei, DHE), and
green (plasma membrane, concanavalin A). Note the lack of differencesin cell
distribution between the various MCa analogue complexes. The punctate
distribution is linked to the use of streptavidin as cargo. Scale bars: 10 um.
B, confocal image of CHO cells showing that 4 um MTX,-Abu is unable to
deliver Strep-Cy5 inside cells (2 h of incubation). Color codeis asin A. Scale bar:
15 um.

guish the cell penetration efficacies of various MCa analogs (9)
or of various cell lines (23). As shown in Fig. 6, after 2 h of
incubation, both MCa,-Abu and MCa,-Abu E12A analogs
were less effective than MCa,, because the total Strep-Cy5 flu-
orescence entering CHO cells at maximally effective concen-
tration of the peptides (10 um) was reduced on average by 28
and 59% for MCa, -Abu E12A and MCa, -Abu, respectively (Fig.
6). Itis of interest that the E12A mutant was more effective than
the analog without mutation. A similar observation was made
with the folded version of this mutation (9). This effect is most
likely due to an increase in the basic content of the molecule.
With regard to PC,, values, only slight reductions in the effica-
cies of the analogs were observed. In these experiments, we
measured PC, values of 669 = 27 nm for MCa, /Strep-Cy5 (n =
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FIGURE 6. Mean cell fluorescence intensities (MFI) as a function of the
concentration of cell-penetrating complexes for each MCa analog. Indi-
cated concentrations are for Strep-Cy5 (10 nm to 2.5 um). The ratio MCa ana-
log/Strep-Cy5 was 4:1. Data were fitted by a sigmoid equation of the type
MFI = MFl,,,,/(1 + exp(—(X-PCs,)/b)) where MFI, ., = 180 * 6 a.u. (MCay),
73 £ 4 a.u. (MCa,-Abu), and 129 = 8 a.u. (MCa,-Abu E12A), b = 200 = 18
(MCay), 301 £ 38 (MCay-Abu) and 344 = 64 (MCa,-Abu E12A), and half-pen-
etration concentration values PC;, = 669 = 27 nm (MCa,), 910 = 51 nm
(MCa,-Abu), and 1042 = 89 nm (MCay-Abu E12A). a.u.: arbitrary units. The MFI
values are obtained from a fit of the FACS histograms (n = 10,000 events in
each case). Representative example of n = 3 experiments. Experiments could
not be averaged because the different photomultiplier settings were not
calibrated.

3), 910 = 51 nm for MCa,-Abu/Strep-Cy5 (n = 3) and 1042 =
89 nm for MCa,-Abu E12A/Strep-Cy5 (n = 3). Therefore, in the
case of disulfide-less analogs, maximal cell penetration of
Strep-Cy5 could be obtained using only slightly increased pep-
tide concentrations.

Adding an N-terminal Cysteine Residue to a Disulfide-less
MCa Analog Produces a Chemically Competent Peptide for the
Cell Penetration of Various Cargoes—Although the use of
Strep-Cyb5 brings proof of concept, it remains a useless cargo for
many biological applications, especially if it concentrates into
endosomes. We therefore produced a novel disulfide-less ana-
logue of MCa in which we simply replaced the N-terminal bio-
tinylated lysine by a cysteine residue to make various chemical
coupling strategies possible (Cys-MCa-Abu whose sequence is
shown in Fig. 7A). Next, this peptide was coupled to various
cargoes using several chemistries and investigated for its ability
to enter cells (Fig. 7, B—D). Cys-MCa-Abu was first coupled to a
FITC fluorescent peptide containing a C-terminal cysteine res-
idue. The coupling consisted in favoring the formation of a
disulfide bridge among the two peptides. At 1 um, this complex
entered CHO cells (100% of the cells by confocal microscopy,
n = 200) whereas incubation of CHO cells with 1 um FITC-
labeled peptide alone resulted in no cell penetration (Fig. 7B; 0%
of n = 200 cells observed). The FITC-peptide complex stained
diffusely the cells, indicating that it reached both the cytoplasm
and the nucleus either through direct plasma membrane trans-
location or through endosomal escape. Because the Strep and
FITC complexes distribute differently in the cell, it appears that
the cargo rather than the vector determines the cell distribu-
tion. Cys-MCa-Abu was also coupled to doxorubicin, an anti-
tumor drug, which penetrates into MDA-MB-231 cells by itself,
and concentrates in nuclei where it acts on DNA replication.
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A Cys-MCa-Abu

Cys-GDAbuLPHLKLAbuKENKDA bu AbuSKKAbuKRRGTNIEKRAbUR

B FITC-Gpep-Cys FITC-Gpep-Cys-Cys-MCa-Abu

15um

C Doxorubicin Doxorubicin-linker-Cys-MCa-Abu

.

D QDy QDy;-Cys-MCa-Abu

.

FIGURE 7. Design of a cell-penetrating analog for the efficient coupling
and delivery of a variety of cargoes. A, primary amino acid sequence of the
Cys-MCa-Abu analog. This analogue is identical to MCa,-Abu except that the
N-terminal K(biot) has been replaced by an N-terminal cysteine residue. B, cell
penetration of FITC-Gpep-Cys when covalently linked to Cys-MCa-Abu (right
panel, 1 um concentration, 2 h incubation with CHO cells). No penetration is
observed for 1 um FITC-Gpep-Cys alone (left panel). Code colors: red, con-
canavalin-A-rhodamine, and green, FITC label. C, cell penetration of 3 um
doxorubicin or the covalently linked complex, doxorubicin-linker-Cys-MCa-
Abu, in MDA-MB-231 cells. Note that doxorubicin alone goes to the nucleus
(red, left panel), whereas coupled to Cys-MCa-Abu it concentrates in the cyto-
plasm. Green: concanavalin-A-FITC for plasma membrane staining. D, cell
penetration of 50 nm QD alone (left panel) or coupled after maleimide modi-
fication of QDs to Cys-MCa-Abu in CHO cells (right panel). Code colors: red,
nuclei (DHE) and blue, QDs. From Bto D, note the diffuse cytoplasmic staining
of the cargoes when coupled to Cys-MCa-Abu.

The chemical coupling was performed using a cross-linker,
allowing a directional coupling with the unique amino group of
doxorubicin and the SH function of the cysteine residue of Cys-
MCa-Abu. As shown, incubation of MDA-MB-231 cells with
either 3 um doxorubicin or doxorubicin-linker-Cys-MCa-Abu
resulted in significantly different cell distributions (Fig. 7C).
Covalent linkage of doxorubicin with Cys-MCa-Abu produced
a marked cytoplasmic localization, also diffuse, in marked con-
trast to the predominantly nuclear distribution of doxorubicin.
In 96% of the cells examined (n = 200), the coupling to Cys-
MCa-Abu resulted in a cytoplasmic distribution of doxorubi-
cin. Finally, near-infrared emitting quantum dots from Invitro-
gen, with amine surfaces, were linked to Cys-MCa-Abu using
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FIGURE 8. Neuronal toxicity of MCa analogues. Neuronal survival after 24 h
of incubation with 10 um of each MCa analogue was assessed with the MTT
assay. No significant differences in neuronal survival were observed between
the analogues. ***, survival affected with mean + 3 S.D. < 100%. The average
of six data points is shown.

maleimide chemistry. Maleimide was added to QD yielding
QD,,, that could further be linked to the SH function of the Cys
residue of Cys-MCa-Abu. Incubation of 50 nm QD,,-Cys-MCa-
Abu with CHO cells resulted in cell penetration with a diffuse
distribution in both the cytoplasm and the nucleus (Fig. 7D;
100% of cells observed; n = 200). No penetration was observed
with QD,, incubation alone (0% of cells, » = 200). The rather
efficient penetration observed with such a low concentration
of QD,;-Cys-MCa-Abu might be explained by the high
potential of Cys-MCa-Abu grafting at the surface of QD,,
(about 100-120 maleimide converted functions at the sur-
face of a single QD).

Cell Toxicity of MCa Analogues—To be considered as good
cell-penetrating vectors, peptides must have limited cell toxic-
ity. We investigated cerebellar granule cell survival after incu-
bation with 10 um of free vector peptide for 24 h (Fig. 8). This
cell system is generally used for the evaluation of neuronal sur-
vival. It is more stringent than the use of cell lines that are more
resistant to toxic agents. The conditions used in this study were
deliberately extreme, considering the conditions required for
the cell penetration of our vectors. First, incubation times in the
range of an hour are largely sufficient; second, cell penetration
is observed at lower concentrations than 10 um; and third, we
have evidence suggesting that intracellular concentrations of
cell-penetrating peptides increase markedly when cells are
incubated with the vector alone rather than in complex with the
cargo. Nevertheless, the experimental conditions used here
indicate that only one of the analog had a significant effect on
neuronal survival (MCa,-Abu, mean survival of 74.3 = 4.9%,
n = 6), whereas all other analogs were without significant effect,
despite the conditions used here (n = 6 for each condition).

Concluding Remarks—By simple substitution of the six cys-
teine residues of MCa, we have produced a series of analogs that
are devoid of secondary structure and therefore of pharmaco-
logical activity. These analogs nevertheless possess cell-pene-
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trating properties that are closely related to those established
for native MCa. This finding indicates that the proper folding of
MCa is not essential for the membrane translocation. Similarly,
the spatial separation of a basic face and a hydrophobic face of
MCa seems of little importance for cell penetration. It cannot
be excluded however that during the translocation process
itself, when the peptide interacts with negatively charged lipids,
it may adopt a conformation close to that of native MCa. The
observation that MTX, -Abu, used as a negative control, does
not penetrate cells indicates that MCa-Abu does not act as a
detergent by means of its amphipathic nature. A slight increase
in effective concentrations or reductions in total transport
capacities of these analogs barely counterbalance the benefits of
the loss of pharmacological effects or the ability to graft an extra
N-terminal cysteine residue to the sequence for versatile cargo
coupling strategies. Our results further indicate that the Cys-
MCa-Abu vector is valuable for the cell delivery of a variety of
cargoes. The cytoplasmic localization of the delivered car-
goes using this vector should be invaluable for many biolog-
ical applications for which targeting to this compartment are
an absolute requirement. For future applications, it might be
recommended to assess the cell toxicity of the vector/cargo
complexes of interest in the conditions of the application.
The benefits of all cell-penetrating peptides undoubtedly lie
in the value of penetration/toxicity concentration ratio of
the formed complexes, a value that needs to be determined
for each application.
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Conclusion

MCa is a potent activator of RyR and has the potential to influence Ca** homeostasis in
all cell types that express a RyR channel. MCa’s technological value lies in the fact that it can
cross the plasma membrane also when coupled to cargo. It thus becomes very important to derive
an analogue of MCa that lacks pharmacological activity. Several mutated analogues of MCa were
derived through an alanine scan on the sequence of MCa and they were first analyzed for their
activity on purified RyR. Of all the analogues tested, two mutants were found to be interesting:
MCa R24A that did not stimulate [3H]—ryan0dine binding onto RyR, and also MCa E12A that did
stimulate [*H]-ryanodine binding onto RyR at much lower concentrations than wild-type MCa.
But the interesting observation is that in spite of the fact that MCa E12A had greater affinity for
RyR, it showed no signs of toxicity on primary neuronal cells as compared to MCa R24A or to
the wild-type MCa. Other mutants showed very limited extent of toxicity, but it is difficult to

correlate this toxicity to the pharmacological action of the peptide.

In addition to the lack of pharmacological activity or cell toxicity, any novel analogue
should keep potent cell penetration efficiency. MCa E12A was maximally effective in carrying
streptavidin into cells when used at a concentration of 250 nM, far better than the MCa R24A.
Also, the MCa L7A mutant appeared as an interesting lead analogue since it displayed an
efficient cell penetration. From this study, we also learned mutations of some basic residues can
drastically alter the interaction with lipids, indicating that some specific basic residues of MCa
are involved in the interaction with lipids. Also, we found that there is a form of correlation
between the strength of lipid interaction and the potency of cell penetration of MCa’s analogues.
MCa E12A mutant displayed the strongest lipid interactions of all mutants, which is probably at
the basis of its better cell penetration properties. In contrast, less penetrating mutants, MCa K19A
and MCa K20A, showed the weakest lipid interaction. Taken together, it appears that MCa E12A

mutant may be used as a basis for the development of new competent analogues of MCa.

Finally, in addition to lacking a pharmacological effect, being safe and possessing good
cell penetration efficiency, a novel analogue should also be chemically competent for the
coupling of various cargoes. To develop chemically competent analogues of MCa, a novel

strategy, wherein all native cysteine residues of wild-type MCa and MCa E12A mutant were
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replaced by isosteric 2-aminobutyric acid (Abu) residues and were analyzed for pharmacology,
toxicity and cell penetration. Cysteine substitutions by Abu derivatives produced MCa analogues
(MCa-Abu and MCa-Abu E12A) that were devoid of secondary structure, pharmacological
activity and had limited cell toxicity. Allthough there was a slight reduction in the cell
penetration efficiencies of these analogues as compared to wild-type MCa, other advantages over
wild-type MCa, such as lack of pharmacological impact and the ability to graft an extra-N-
terminal cysteine residue to the sequence for cargo coupling largely counterbalance the reduced

cell penetration efficiencies of the analogues.
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2. Article 111

Direct peptide interaction with surface glycosaminoglycans contribute to the
cell penetration of maurocalcine.

Ram N, Aroui S, Jaumain E, Bichraoui H, Sadoul R, Mabrouk K, Ronjat M, Lortat-Jacob H, De
Waard M.

J Biol Chem. 2008 Aug 29; 283 (35):24274-24284. Epub 2008 Jul 3.
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Introduction

Use of CPPs for the intracellular delivery of a range of bioactive and membrane-
impermeable molecules is opening up new avenues in the areas of drug delivery. However, the
mechanism of translocation of these CPPs alone or when coupled to cargoes is being hotly
debated. Attempts to unravel the cell translocation mechanism of a growing number of CPPs
have revealed molecular determinants essential for internalization. The peptide sequence, charge
and nature of cargo have been proposed to be the major factors in determining the mode of cell
entry and subsequent internalization pathway. However, studies argue both in favor of direct
translocation as well endocytic uptake. Also plasma membrane-associated heparan sulfate
proteoglycan (HSPG) and lipids are reported to play a crucial role in the cellular uptake of these
CPPs. MCa is a new member of the CPP family and few studies have been made to understand
the mechanism of cell translocation. Thus, it became necessary to understand the mechanism of

translocation and also the nature of cell membrane components with whom MCa interacts.

Interaction of wild-type MCa and MCa K20A, a mutant analogue presenting reduced cell-
penetration efficiency, with heparin (HP) and heparan sulfates (HS) was analyzed through surface
plasma resonance (SPR). Later on the cell penetration efficiencies and distribution of MCa
coupled to streptavidin was analyzed in wild-type and GAG-deficient CHO cells, to determine if
GAGs play any role in cell penetration and distribution. To further identify the route of entry of
MCa and analyze the impact of GAG depletion on this entry, several endocytotic inhibitors were

tested on the entry of MCa in wild-type and GAG-deficient CHO cells.
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Direct Peptide Interaction with Surface Glycosaminoglycans
Contributes to the Cell Penetration of Maurocalcine”
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Maurocalcine (MCa), initially identified from a tunisian scor-
pion venom, defines a new member of the family of cell pene-
trating peptides by its ability to efficiently cross the plasma
membrane. The initiating mechanistic step required for the cell
translocation of a cell penetrating peptide implicates its binding
onto cell surface components such as membrane lipids and/or
heparan sulfate proteoglycans. Here we characterized the inter-
action of wild-type MCa and MCa K20A, a mutant analogue
with reduced cell-penetration efficiency, with heparin (HP) and
heparan sulfates (HS) through surface plasma resonance. HP
and HS bind both to MCa, indicating that heparan sulfate pro-
teoglycans may represent an important entry route of the pep-
tide. This is confirmed by the fact that (i) both compounds bind
with reduced affinity to MCa K20A and (ii) the cell penetration
of wild-type or mutant MCa coupled to fluorescent streptavidin
is reduced by about 50% in mutant Chinese hamster ovary cell
lines lacking either all glycosaminoglycans (GAGs) or just HS.
Incubating MCa with soluble HS, HP, or chondroitin sulfates
also inhibits the cell penetration of MCa-streptavidin com-
plexes. Analyses of the cell distributions of MCa/streptavidin in
several Chinese hamster ovary cell lines show that the distribu-
tion of the complex coincides with the endosomal marker Lyso-
Tracker red and is not affected by the absence of GAGs. The
distribution of MCa/streptavidin is not coincident with that of
transferrin receptors nor affected by a dominant-negative
dynamin 2 K44A mutant, an inhibitor of clathrin-mediated
endocytosis. However, entry of the complex is greatly dimin-
ished by amiloride, indicating the importance of macropinocy-
tosis in MCa/streptavidin entry. It is concluded that (i) interac-
tion of MCa with GAGs quantitatively improves the cell
penetration of MCa, and (ii) GAG-dependent and -independent
MCa penetration rely similarly on the macropinocytosis
pathway.
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Maurocalcine (MCa)* is a 33-mer peptide isolated from the
venom of the scorpion Scorpio maurus palmatus. MCa is a
highly basic peptide, as 12 of 33 residues are positively charged
including the amino-terminal Gly residue, seven Lys residues,
and four Arg residues. Because it contains only four negatively
charged residues, the net global charge of the peptide is also
positive. MCa possesses three disulfide bridges connected
according to the pattern Cys*-Cys'”, Cys'%-Cys®!, and Cys'®-
Cys®?. 'H NMR analysis further indicates that MCa folds along
an inhibitor cystine knot motif (1). MCa contains three
B-strands running from amino acid residues 9 to 11 (strand 1),
20 to 23 (strand 2), and 30 to 33 (strand 3), respectively, with
B-strands 2 and 3 forming an antiparallel B-sheet. MCa has
proven to be a highly potent modulator of the skeletal muscle
ryanodine receptor type 1 (RyR1), an intracellular calcium
channel. The addition of MCa to the extracellular medium of
cultured myotubes induces Ca>" release from the sarcoplasmic
reticulum into the cytoplasm within seconds, as shown using a
calcium-imaging approach (2, 3). These observations suggested
that MCa is able to cross the plasma membrane to reach its
pharmacological target. This was first demonstrated when a
biotinylated analogue of MCa was coupled to a fluorescent
derivative of streptavidin, and the complex was shown to cross
the plasma membrane (4). Cell penetration of this MCa-based
complex is rapid, reaches saturation within minutes, and occurs
at concentrations as low as 10 nm (5). Furthermore, an alanine
scan of MCa indicates the importance of basic amino acid res-
idues in the cell penetration mechanism. Reducing the net pos-
itive charge of the molecule appears to decrease its cell pene-
tration efficiency. In parallel, MCa analogues exhibiting
decreased penetration efficiency were also found to present
reduced affinity for negatively charged lipids of the plasma
membrane (6).

Over the past years several peptides have been characterized
for their ability to cross the plasma membrane (7—11). Cell pen-
etration of peptides obeys three fundamental steps; (i) binding

4 A fellow of 1’Agence Francaise contre les Myopathies. The abbreviations
used are: MCa, maurocalcine; MCa,, biotinylated MCa; CHO, Chinese ham-
ster ovary; CPP, cell penetrating peptide; CS, chondroitin sulfate; dp,
degree of polymerization; FACS, fluorescence-activated cell sorter;
HEK293, human embryonic kidney 293 cells; HS, heparan sulfate; HSPG, HS
proteoglycans; HP, heparin; PCs,, half-maximal penetration concentration;
PBS, phosphate-buffered saline; Ptdins, phosphatidylinositol; Strep-Cy5
(Cy3), streptavidin-cyanine 5 (cyanine 3); RU, response units.
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to some components of the plasma membrane, (ii) the cell entry
process per se, and (iii) the subsequent release into the cyto-
plasm. Obviously, none of these steps are well understood, and
conflicting reports have emerged that may well arise from dif-
ferences in the nature of the cell-penetrating peptide (CPP)
considered, cell preparations, experimental conditions, type of
linkage to cargoes, or even cargo nature. Two non-competing
mechanisms have been proposed for the cell entry of CPP. One
is direct translocation through the plasma membrane by the
CPP-induced reorganization of the membrane after several
possible structural alterations (7—11). According to some inves-
tigators, this mechanism implies a direct CPP interaction with
negatively charged lipids of the plasma membrane. This mech-
anism of penetration would be independent of both cell meta-
bolic energy and membrane receptor presence. For instance, it
was proposed that penetratin binds to the polar heads of lipids
leading to the formation of inverted micelles followed by a sub-
sequent opening of these micelles inside the cell, and the release
of the peptide into the cytoplasm (12). A second mechanism
involves a form of endocytosis by which the CPP gets localized
into late endosomes from where it may eventually leak out par-
tially toward the cytoplasm. Endocytosis can be initiated by
binding of CPPs to HS along with binding to negatively charged
moieties on the cell surface, such as lipids (13). Lipid-raft
dependent macropinocytosis has been evidenced as one endo-
cytosis pathway for the cell entry of CPPs (14, 15). For instance,
cellular uptake of a recombinant glutathione S-transferase-
TAT-green fluorescent protein fusion protein depends on the
presence of HS proteoglycans (HSPG) at the cell surface (16).
Nevertheless, the role of GAGs in the cell penetration of CPPs
remains debated. Stereochemistry, chain length, patterns of
sulfation, and negative charge distribution of GAGs lead to a
great variety of protein binding motifs. Furthermore, the CPP
structure also appears to determine its specificity for HSPG
(17).

In the present study we show that MCa interacts with GAGs
such as HS and HP with apparent affinities in the micromolar
range. A less penetrating analogue of MCa (MCa K20A) also
shows a reduced apparent affinity for these GAGs, suggesting a
direct link between GAG interaction and cell penetration. Cell
penetration of MCa, -streptavidin complex is strongly inhibited
by an inhibitor of macropinocytosis indicating that this route of
entry is responsible for MCa penetration. However, use of
GAG-deficient cell lines indicates that half of the cell penetra-
tion of the complex is conserved and still relies on macropino-
cytosis. We conclude that GAG-dependent and -independent
entries of MCa use similar pathways. Cell surface GAGs appear
important to specify a higher cell penetration level, but pene-
tration still can occur in their absence presumably because
binding onto lipids can also activate macropinocytosis.

EXPERIMENTAL PROCEDURES

Equipment and Reagents—The Biacore 3000 apparatus, CM4
sensor chips, amine coupling kit, and HBS-P buffer (10 mm
HEPES, 150 mm NaCl, 3 mm EDTA, 0.005% surfactant P20, pH
7.4) were from Biacore AB. Biotin-LC-hydrazide was from
Pierce. Streptavidin, 6-kDa HP, and 35—45-kDa chondroitin 4
sulfate (CS-A, here abbreviated CS) were from Sigma, strepta-
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vidin-Cy5 or -Cy3 was from Amersham Biosciences, and 9-kDa
HS was from Celsus. Concerning the 6-kDa HP, smaller molec-
ular species that this material may contain were removed
through a filtration column. This material was routinely used
for Biacore analysis (18). This material was preferred to unfrac-
tionated heparin because it is less polydisperse. CS-A contains
on average one sulfate group by disaccharide. The molecular
weight of the HS used in this study was 9000 g/mol as deter-
mined by sedimentation-diffusion analysis. Its sulfur and nitro-
gen contents, determined by elemental analysis, were 6.96 and
2.15%, respectively.” LysoTracker red DND-99 and Alexa
Fluor® 488- or 594-conjugated transferrin were from Invitro-
gen. Size-defined HP-derived oligosaccharides (dp6 (hexa)-,
dp12 (dodeca)-, and dpl8 octadecasaccharide) were prepared
from porcine mucosal HP as described (19). These HP-derived
oligosaccharides were obtained by size fractionation. Because
the starting material was HP and HS, these samples were rela-
tively homogenous and highly sulfated. Strong anion exchange
high performance liquid chromatography analysis of the HP-
derived octasaccharide gave rise to three major peaks.

MCa, MCa,, MCa K20A, and MCa, K20A Peptide Syntheses—
Chemical syntheses of MCa and MCa K20A or biotinylated
MCa,, and MCa,, K20A were performed as previously described
(2, 6). The molecular weights of the peptides are 3858.62 (MCa)
and 3801.52 (MCa K20A). Their pI values are 9.46 (MCa) and
9.30 (MCa K20A), indicating that they are basic at physiological
pH 7.4. Primary structures of MCa and MCa K20A are shown in
Fig. 1A. The position of biotin in MCa;, and MCa, K20A is on an
extra amino-terminal lysine residue.

Formation of MCa,- or MCa, K20A-Strep-Cy5/3 Com-
plexes—Soluble streptavidin-Cy5 or -Cy3 (Amersham Bio-
sciences) was mixed with 4 mol eq of MCa, or MCa,, K20A for
2 h at 37 °C in the dark in phosphate-buffered saline (PBS): 136
mM NaCl, 4.3 mm Na,HPO,, 1.47 mm KH,PO,, 2.6 mm KCl, 1
mM CaCl,, 0.5 mm MgCl,, pH 7.2. In some experiments, where
indicated, various molar ratios of MCa,, and streptavidin-Cy3
were used to prepare the MCa, -Strep complex, the concentra-
tion of streptavidin-Cy3 being kept constant (1 um).

Surface Plasmon Resonance Binding Experiments— 6-kDa
HP and HS were biotinylated at their reducing end with biotin-
LC-hydrazide. The biotinylation procedure was checked by
streptavidin-peroxidase labeling after blotting of the material
onto zetaprobe membrane. These molecules have been widely
used to study HP or HS binding onto several other proteins,
such as RANTES (regulated on activation normal T cell
expressed and secreted), gp120, or CXCL12 (18, 20-22). For
the purpose of immobilization of biotinylated HP and HS on a
Biacore sensorchip, flow cells of a CM4 sensorchip were acti-
vated with 50 ul of 0.2 M N-ethyl-N'-(diethylaminopropyl)-car-
bodiimide and 0.05 M N-hydroxysuccinimide before injection
of 50 ul of streptavidin (0.2 mg/ml in 10 mm acetate buffer, pH
4.2). The remaining activated groups were blocked with 50 ul of
ethanolamine 1 M, pH 8.5. Typically, this procedure permitted
coupling of ~3.000-3.500 resonance units (RU) of streptavi-
din. Biotinylated HP (5 pg/ml) or HS (10 wg/ml) in HBS-P

> G. Pavlov and C. Ebel, personal communication.
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buffer was then injected over a one-surface flow cell to obtain
an immobilization level of ~50 RU. Flow cells were then con-
ditioned with several injections of 2 M NaCl. One-flow cells
were left untreated and served as negative control. For binding
assays, different MCa concentrations in HBS-P and at 25 °C
were simultaneously injected at 20 wl/min onto the control, HP,
and HS surfaces for 5 min, after which the formed complexes
were washed with running buffer. The sensorchip surfaces were
regenerated with a 5-min pulse of 2 M NaCl in HBS-P buffer. For
competition assays, MCa at 2 um was preincubated for at least
45 min with various molar excesses of HP-derived oligosaccha-
rides (dp6, dp12, and dp18) and then injected over the HP sur-
face as described above.

Cell Culture and Transfection—The wild-type Chinese ham-
ster ovary (CHO-K1) cell line and mutant CHO cell lines lack-
ing all GAGs (pgsB-618) or HS (pgsD-677) (ATCC) were main-
tained at 37°C in 5% CO, in F-12K nutrient medium
(Invitrogen) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (Invitrogen) and 10,000 units/ml streptomy-
cin and penicillin (Invitrogen). For transfection experiments
with FuGENE® HD (Roche Applied Science), wild-type and
mutant pgsB-618 CHO cells were transfected with a plasmid
that encodes a dominant-negative form of dynamin 2 (dynamin
2 K44A) in fusion with enhanced green fluorescent protein
(pEGFP-N1 vector from Clontech). 24 h after transfection, cells
were incubated with 1 um MCa, -Strep-Cy3 or transferrin-con-
jugated to Alexa Fluor-594 (25 ug/ml).

Flow Cytometry—MCa, /MCa,, K20A-Strep-Cy5 complexes
were incubated for 2 h in phosphate-buffered saline with CHO
and mutant cells to allow cell penetration. The cells were then
washed twice with PBS to remove the excess extracellular com-
plexes. Next, the cells were treated with 1 mg/ml trypsin
(Invitrogen) for 10 min at 37 °C to remove remaining mem-
brane-associated extracellular cell surface-bound complexes.
After trypsin incubation, the cell suspension was centrifuged at
500 X g and suspended in PBS. For inhibition studies, MCa,-
Strep-Cy5 complexes were preincubated with PBS containing
variable concentrations (as indicated) of CS-A, HP, or HS for 45
min, and the mixture was incubated with cells for 2 h to inves-
tigate cell penetration. Washing and trypsination steps were
also applied in these conditions. For experiments concerning
endocytosis inhibitors, wild-type and mutant CHO cells were
initially washed with F12K and preincubated for 30 min at 37 °C
with different inhibitors of endocytosis: (i) 5 mm amiloride, (ii)
5 uMm cytochalasin D, (iii) 5 mm nocodazole, or (iv) 5 mm methyl-
B-cyclodextrin (all from Sigma). The cells were then incubated
for 2 h at 37 °C with 1 uMm MCa,-Strep-Cy5 or with 25 ug/ml
transferrin-Alexa Fluor 488 in the presence of each drug. For all
these experimental conditions, flow cytometry analyses were
performed with live cells using a BD Biosciences FACSCalibur
flow cytometer. Data were obtained and analyzed using
CellQuest software (BD Biosciences). Live cells were gated by
forward/side scattering from a total of 10,000 events.

Confocal Microscopy—For analysis of the subcellular local-
ization of MCay-Strep-Cy5 complexes in living cells, CHO and
mutant cells were incubated with the complexes for 2 h and
then washed with Dulbecco’s modified Eagle’s medium alone.
Immediately after washing, the nucleus was stained with 1
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pg/ml dihydroethidium (Molecular Probes) for 20 min and
then washed again with Dulbecco’s modified Eagle’s medium.
After this step the plasma membrane was stained with 5 ug/ml
fluorescein isothiocyanate-conjugated concanavalin A (Sigma)
for 3 min. Cells were washed once more, but with PBS. Live cells
were then immediately analyzed by confocal laser scanning
microscopy using a Leica TCS-SP2 operating system. Fluores-
cein isothiocyanate (E, = 488 nm), Cy5 (E, = 642 nm), or Cy3
(E, = 543 nm) fluorescence emission were collected in z-con-
focal planes of 10—15 nm. Images were merged in Adobe Pho-
toshop 7.0. For studies on endocytosis, wild-type and mutant
CHO cells were incubated with 1 um MCa,-Strep-Cy5 along
with 25 ug/ml transferrin conjugated to Alexa Fluor 488 (a
marker of clathrin-mediated endocytosis) for 2 h, and the dis-
tribution was analyzed through confocal microscopy. In paral-
lel studies cells were first incubated for 2 h with 1 um MCa,-
Strep-Cy5, washed with PBS, and incubated with 50 nm
LysoTracker red DND-99 for 20 min at 37 °C. Cells were then
washed again with PBS and visualized alive by confocal
microscopy.

Effect of HP on the Interaction of MCa,, with Lipids—Strips of
nitrocellulose membranes containing spots with different
phospholipids and sphingolipids were obtained from Molecu-
lar Probes. These membranes were first blocked with TBS-T
(150 mm NaCl, 10 mm Tris-HCL, pH 8.0, 0.1% (v/v) Tween 20)
supplemented with 0.1% free bovine serum albumin (BSA) for
about 1 h at room temperature and then incubated for 2 h at
room temperature in TBS-T, 0.1% free BSA with either 100 nm
MCa, alone or a MCa,-HP complex, resulting from a 45-min
preincubation of 100 nm MCa,, with 10 ug/ml HP. Incubation
of the membranes with 100 nMm biotin alone was used as a neg-
ative control condition. The membranes were then washed a
first time with TBS-T, 0.1% free bovine serum albumin using a
gentle agitation for 10 min. In all conditions MCa,, or biotin
binding onto the lipid spots was detected by a 30-min incuba-
tion with 1 ug/ml streptavidin horseradish peroxidase (Vector
labs, SA-5704) followed by a second wash with TBS-T 0.1% free
bovine serum albumin and an incubation with horseradish per-
oxidase substrate (Western Lightning, PerkinElmer Life Sci-
ence) for 1 min. Lipid membranes were then exposed to a
Biomax film (Kodak). The intensity of interaction with the lip-
ids was analyzed with Image ] (National Institutes of Health).

RESULTS

MCa Interacts with HS and HP—Preincubation of MCa,
with HP was found to partially inhibit its penetration in
HEK?293 cells (5). To evaluate the binding of MCa to HSPGs,
HP or HS was coupled to a Biacore sensorchip, and the MCa
binding was monitored by SPR (Fig. 1). Injection of a range of
MCa concentrations (up to 5 um) over HP- or HS-coupled sen-
sorchips gave rise to increasing binding amplitudes as shown in
Fig. 1B. A mutated analogue of MCa (MCa K20A) showed
impaired binding activity, indicating the importance of residue
Lys-20 for glycosaminoglycan recognition. This finding is in
agreement with the role of HSPGs in the cell entry of CPPs and
with the observation that the MCa K20A has impaired cell pen-
etration (6). The data could not be fitted to a binding model,
presumably because all binding curves had a “square” shape
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FIGURE 1. Binding of wild-type MCa and MCa K20A to HP or HS immobilized on SPR sensorchip. A, primary
structure of MCa and MCa K20A. Basic and acidic residues are in blue and red, respectively. The disulfide bridge
patterns of both molecules are shown. B, sensorgrams of the interactions. Various concentrations of MCa or
MCa K20A were injected over a HP- or HS-activated surface at a flow rate of 20 wl/min during 5 min. After this
peptide injection time, running buffer was injected to monitor the wash off reaction. All responses were
recorded and subtracted from the control surface online as a function of time (in RUs). Each set of sensorgrams
was obtained with MCa at (from top to bottom) 5, 2.5, 1.25,0.62,0.31,0.15, and 0 uMm. C, Scatchard plots of the
equilibrium binding data measured on the sensorgrams corresponding to the injection of MCa over HP or HS
SPR surfaces. Data were fitted with a linear equation of the type y = a X x + b, where a = —0.46 (HP) or —0.22
(HS), and b = 82.5 (HP) or 33.7 (HS). Calculated binding affinities are K; = 2.1 um (HP) and K; = 4.6 um (HS).
D, inhibition of the MCa/HP binding by HP-derived oligosaccharides. MCa (1 um) was coincubated with increas-
ing molar excess of dp6, dp12, or dp18 for 45 min, then injected over a HP-activated sensorchip for 5 min.
Responses (in RU) were recorded and plotted as the percentage of maximum responses obtained without
preincubation (70-80 RU).

of K, = 2.1 um (HP) or 4.6 pum (HS).
Because HP (6 kDa) and HS (9 kDa),
immobilized at a level of 55 and 45
RU, respectively, both permitted a
maximum binding of 155 RU of
MCa (3859 Da), we calculated that
each HP molecule bound an average
of 4.4 MCa, and each HS molecule
bound an average of 8 MCa. These
two molecules contain, respectively,
an average of 20 and 36 saccharidic
units (using an approximate M, of
600 for the HP-derived disacchar-
ides and 500 for the HS-derived dis-
accharides); thus, it can be esti-
mated conversely that each MCa
should occupy in both cases an aver-
age of 4.5 monosaccharide units
(20/4.4 or 36/8) along the GAG
chain.

HP is formed by the polymeriza-
tion of a various number of disac-
charide units. To study the effect of
the size of the polymer on its inter-
action with MCa, we performed
competition experiments using
HP-derived oligosaccharides of a
defined degree of polymerization
(dp) (Fig. 1D). For this purpose wild-
type MCa was preincubated with
different HP-derived oligosaccha-
rides (dp6, dp12, or dp18), as men-
tioned under “Experimental Proce-
dures” and then injected over the
HP-conjugated  sensorchip. As
shown, the oligosaccharides caused
a dose-dependent inhibition of the
interaction of MCa with HP. dp18
was the most active oligosaccharide
with an IC,, close to 1 um. In con-
trast, dp6 had almost no effect at
5 puM.

Dose-dependent Penetration of
MCa,-Strep-Cy5 in Wild-type and
Mutant CHO Cell Lines—Results
presented in Fig. 1 indicate that
MCa interacts with negatively
charged HP and HS. To challenge
the implication of HP and HS in the
cell penetration of MCa, the cell
penetration efficacy of MCa,, -Strep-
Cy5 was assessed using wild-type

with sharp edges, suggesting high association and dissociation ~CHO cells (CHO wild-type) and mutant CHO cells lacking
rates. We were, thus, not able to extract reliable kinetic values either HS (CHO pgsD-677) or all GAGs (CHO pgsB-618). Each
from curve-fitting. Equilibrium data, plotted according to the ~CHO cell line was incubated for 2 h in the presence of variable
Scatchard representation, were used to determine affinity (Fig. concentrations of MCa,,-Strep-Cy5 complexes, and the amount
1C). The straight lines obtained show that MCa recognizes a  of internalized complex was measured by FACS. Fig. 2A repre-
single class of binding site, characterized by an affinity constant  sents the dose-response curves for MCa, -Strep penetration in
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FIGURE 2. Cell penetration of MCa,-Strep-Cy5 and MCa,, K20A-Strep-Cy5
in wild-type and HSPG mutant CHO cells. A, dose-dependent cell penetra-
tion of wild-type MCa,-Strep-Cy5 in wild-type and mutant CHO cells, as
assessed quantitatively by FACS. Results are from a representative experi-
ment. The indicated concentrations are for streptavidin-Cy5 (from 10 nm to
2.5 um). Data were fitted by a sigmoid equation providing the following half
effective concentrations: PCs, = 0.46 * 0.01 um (wild-type CHO), 0.56 = 0.01
uM (pgsD-677),and 0.71 = 0.01 um (pgsB-618). a.u., absorbance units. B, com-
parative cell penetration of 1 um MCa,-Strep-Cy5 and MCa,, K20A-Strep-Cy5
in CHO and CHO mutant cell lines. Results are from a representative experi-
ment of n = 3. Values are normalized with mean fluorescence intensity of
wild-type CHO cells.

the three CHO cell lines. Half saturation of MCa penetration
(PCy,) was only slightly modified by the absence of GAG, with
PC,, values of 0.46, 0.56, and 0.71 um in CHO wild-type, CHO
pgsD-677, and CHO pgsB-618, respectively. In contrast, the
maximum amount of incorporated MCa,-Strep-Cy5, meas-
ured in the presence of 1 um of complex, was strongly reduced
in both the pgsD-677 and pgsB-618 CHO lines compared with
the wild-type CHO, 43.0 £ 3.0% (n = 3) and 57.0 = 2.5% (n = 3)
reduction in pgsD-677 and pgsB-618 CHO, respectively (Fig.
2B). Similar experiments were done using the mutant MCa,
K20A that was previously shown to exhibit reduced penetration
compared with the wild-type MCa (6). Results presented on Fig.
2B show that although already strongly reduced in wild-type
CHO, the penetration of this mutant was further reduced in the
HS- or GAGs-deficient CHO, resulting in similar reductions in cell
entry; 45 * 2% (n = 3) and 60 * 4% (n = 3) reduction in pgsD-677
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FIGURE 3. Inhibition of MCa,,-Strep-Cy5 cell penetration by soluble GAGs
in wild-type and GAG-deficient CHO cell lines. A, dose-dependent inhibi-
tion of MCa,,-Strep-Cy5 cell penetration by soluble GAGs in wild-type CHO
cells. Results are from a representative experiment of n = 3. Data were fitted
by an hyperbola equation of the type y = (a X x)/(b + x), where a = 83.9 =
1.7% (HS), 58.7 = 9.8% (HP), and 18.7 = 1.7% (CS) and b = 16.6 * 1.2 ug/ml
(HS), 29.1 £ 14.5 pg/ml (HP), and 1.8 = 1.0 ug/ml (CS). B, dose-dependent
inhibition of MCa,-Strep-Cy5 cell penetration by soluble GAGs in GAG-defi-
cient CHO cells. Results are from a representative experiment of n = 3. Fitting
valuesare a = 60.6 =+ 8.6% (HS), 45.4 = 3.5% (HP),and 9.8 == 1.3% (CS)and b =
8.6 = 2.0 ug/ml (HS), 46.2 = 8.9 ug/ml (HP), and 3.3 = 2.1 ug/ml (CS).

and pgsB-618 CHO, respectively. This result indicates that the
mechanism of cell penetration of the K20A mutant is identical to
that of wild-type MCa despite the reduction in cell entry induced
by the mutation. Therefore, MCa,, K20A also relies on GAG-de-
pendent and GAG-independent mechanisms for cell penetration.
This observation is consistent with the fact that the K20A muta-
tion in MCa only reduces the PC,, value (6). In addition, the sig-
nificant amount of MCay-Strep-Cy5 taken up by GAG-deficient
cells indicates that a significant fraction of MCa, -Strep-Cy5 pen-
etration is GAG-independent, likely relying on the contribution of
plasma membrane lipids.

Inhibition of Cell Penetration of MCa,-Strep-Cy5 by Soluble
HSPGs—According to the two observations described above,
(i) interaction of MCa with HSPGs and (ii) reduction in MCa
cell penetration in GAG-deficient cells, one would expect that
incubation of MCa with soluble GAGs also reduces the pene-
tration of MCa,-Strep-Cy5. To challenge this point, MCa,-
Strep-Cy5 was preincubated with various concentrations of HS,
HP, or CS for 45 min before incubation with wild-type or GAG-
deficient CHO cells for 2 h. The total amount of MCa, -Strep-
Cy5 inside the cell was then measured by flow cytometry (Fig.
3). In wild-type CHO cells, HS (250 ug/ml) produced the most
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potent inhibition of cell penetration (84 = 2%, n = 3, Fig. 3A).
HP and CS were less efficient than HS with a mean inhibition of
59 = 10% (n = 3) and 19 £ 2% (n = 3) for HP and CS, respec-
tively (at 250 pg/ml). Linking inhibition with the global nega-
tive charge of the GAG tested remains hazardous because
charge relationship follows the rule HP > CS > HS, and here we
observe HS > HP > CS. Interestingly, all three GAGs also
reduced the cell penetration of MCa, -Strep-Cy5 in GAG-defi-
cient cells with the same rank as observed for wild-type CHO
cells (Fig. 3B). Incubation of MCa,-Strep-Cy5 with HS, HP, or
CSinduced a significant inhibition in GAG-deficient cells (61 =
9% (n = 3),45 £ 4% (n = 3), and 10 = 1% (n = 3) in the
presence, respectively, of 250 ug/ml HS, HP, and CS) although
lower than in wild-type CHO cells. Therefore, these data indi-
cate that binding of soluble GAGs to MCa inhibits the cell pen-
etration of MCa,-Strep-Cy5 not only by preventing its interac-
tion with CHO cell surface GAGs but also with non-GAG cell
surface components.

To check whether GAGs could inhibit the interaction of
MCa with membrane lipids, we investigated the effect of HP
on MCa, interaction with lipids immobilized on strips (Fig.
4A). MCa,, (100 nm) was incubated for 45 min in the presence
or absence of HP (10 ug/ml) before incubation with lipid strips,
as described under “Experimental Procedures.” As shown in
Fig. 4, HP significantly decreased the interaction of MCa, with
phosphatidic acid (66%), sulfatide (30%), phosphatidylinositol
(Ptdlns) (4)P (31%), Ptdlns(3,4)P, (26%), and Ptdlns(3,4,5)P,
(72%) but not with lipids such as Ptdlns(3)P, Ptdlns(5)P, or
Ptdlns(3,4,5)P,. These results provide a clear explanation of the
fact that the interaction of MCa,, with soluble GAGs may also
lead to an inhibition of the GAG-independent MCa, cell
penetration.

Effect of HSPGs on the Cell Distribution of MCa,-Strep-
Cy5—To examine the contribution of cell surface GAGs to the
cell distribution of MCa, -Strep-Cy5, MCa, -Strep-Cy5 localiza-
tion within the cell was defined using confocal microscopy and
compared between wild-type and GAG-deficient CHO cell
lines. For these experiments the plasma membrane, the
nucleus, and MCa,-Strep were labeled with concanavalin A
(green), dihydroethidium (red), and Cy5 (blue), respectively.
Images presented on Fig. 5 were obtained 2 h after the start of
the cell incubation. Living cells were used to avoid possible cell
distribution artifacts that may occur during the fixation proce-
dure (5, 9, 23). As shown, MCa, coupling to Strep-Cy5 is
required for the cell penetration of Strep-Cy5 into CHO cells
(Fig. 5A). The MCa,-Strep-Cy5 complex is exclusively present
as punctuate dots in the cytoplasm of living CHO cells. A sim-
ilar cell distribution is observed in living CHO cell mutants
lacking just HS (pgsD-677) or all GAGs (pgsB-618), suggesting
that GAG-dependent and GAG-independent cell entries pro-
duce similar cell distributions (Fig. 5B). A Strep-Cy5 complex
made with the MCa,, K20A analogue produces a similar subcel-
lular distribution than MCa,-Strep-Cy5 in wild-type and HS-
deficient CHO cells, suggesting that the mechanism of cell pen-
etration is not altered by point mutation of MCa,, (data not
shown). Punctuate staining of MCa,,-Strep-Cy5 is indicative of
a form of endosomal localization. This point was further
investigated.

AUGUST 29, 2008+VOLUME 283+NUMBER 35

Maurocalcine Interacts with Glycosaminoglycans

A MCa, MCa,+HP MCa, MCa,+ HP
® O
@ ©
® O
@ @
® e
® @
® 6
@®
Sphingolipids Phospholipids
B mmm MCa, ——= MCa, + HP

140 -

120 - - :
100 - "
$0 -
60 -
40 *
20
0 -

FIGURE 4. Effect of HP on the interaction of MCa,, with membrane lipids.
A, 100 nm MCa,, alone or MCa,, preincubated for 45 min with 10 ug/ml of HP
was incubated for 2 h with lipid strips. Each dot corresponds to 100 pmol of
lipid immobilized on the strip. Left panel, interaction with various sphingolip-
ids. 1, sphingosine; 2, sphingosine 1-phosphate; 3, phytosphingosine; 4, cer-
amide; 5, sphingomyelin; 6, sphingosylphosphophocholine; 7, lysophospha-
tidic acid; 8, myriocin; 9, monosialoganglioside; 10, disialoganglioside; 71,
sulfatide; 72, sphingosylgalactoside; 13, cholesterol; 74, lysophosphatidyl
choline; 15, phosphatidylcholine; 76, blank). Right panel, interaction with var-
ious phospholipids. The lipids are identified by their numbered positions on
the strip (middle panel). 1, lysophosphatidic acid; 2, lysophosphatidylcholine;
3, Ptdins; 4, PtdIns(3)P; 5, PtdIns(4)P; 6, PtdIns(5)P; 7, phosphatidylethanol-
amine; 8, phosphatidylcholine; 9, sphingosine 1-phosphate; 10, Ptdins(3,4)P,;
11, PtdIns(3,5)P,; 12, PtdIns(4,5)P,; 13, PtdIns(3,4,5)P5; 14, phosphatidic acid;
15, phosphatidylserine; 76, blank. B, Intensity of the interaction of MCa, or
MCa,, + HP with various lipids as analyzed by Image J (NIH). The data are
quantified in arbitrary units, and the results are presented as histograms.
These experiments were repeated three times; data shown as triplicates. Sig-
nificance is provided as a deviation of three times the S.D. value from 100%
(denoted as asterisks). a.u., arbitrary units.

Intensity of interaction (a.u)
*

MCa,-Strep-Cy5 Localizes to Endosomal Structures That Do
Not Originate from Clathrin-mediated Endocytosis—Using
confocal microscopy, the cell distribution of MCa, -Strep-Cy5
was compared with that of endosomal structures as revealed by
LysoTracker red staining. As shown on Fig. 64, there is a very
good co-localization between MCa,-Strep-Cy5 and Lyso-
Tracker red fluorescence in all cell lines used (CHO wild-type,
CHO pgsB-618, and CHO pgsD-677). These data clearly indi-
cate that the lack of GAGs does not alter the subcellular local-
ization of MCa,-Strep-Cy5, suggesting that both GAG-
dependent and GAG-independent cell penetration rely on
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FIGURE 5. Cell distribution of MCa,-Strep-Cy5 in living wild-type or
mutant CHO cells. A, confocal images showing the cell penetration of Strep-
Cy5 (2 h of incubation) in the absence (left panel) or presence (right panel) of
MCay, (4 um) in wild-type CHO cells. Scale bars, 25 um (left) and 15 um (right
bar). B, cell distribution of MCa,,-Strep-Cy5 in mutant CHO cells. Scale bars, 15
um (left) and 20 um (right bar). Blue, Strep-Cy5; red, dihydroethidium, nuclei;
green, concanavalin A, plasma membrane.

endocytosis. To determine whether the type of endocytosis
involved in MCa,-Strep-Cy5 entry could be altered in GAG-
deficient cells, we first analyzed whether it had common fea-
tures with clathrin-mediated endocytosis. Transferrin is known
to enter cells via transferrin receptors through clathrin-medi-
ated endocytosis (24, 25). As shown here, there was an almost
complete absence of co-localization between MCa, -Strep-Cy5
and transferrin-labeled with Alexa Fluor 488 in wild-type as
well as in mutant CHO cells (Fig. 6B). These data indicate that
the route of entry of Strep-Cy5 when coupled to MCa, is not
through clathrin-mediated endocytosis. It also indicates that
the absence of GAGs at the cell surface does not favor clathrin-
dependent endocytosis for the cell entry of MCa,-Strep-Cy5
over other mechanisms of endocytosis. Expression of a domi-
nant-negative mutant of dynamin 2, dynamin 2 K444, is known
to prevent normal clathrin-mediated endocytosis (26). As
shown in Fig. 74, expression of dynamin 2 K44A prevents the
entry of transferrin-Alexa Fluor-594 in both wild-type and
GAG-deficient CHO cells, confirming that transferrin recep-
tors get internalized by clathrin-mediated endocytosis. In con-
trast, MCa, -Strep-Cy3 entry was not prevented by the expres-
sion of dynamin 2 K44A (Fig. 7B), clearly indicating that
clathrin-mediated endocytosis was not required for the entry of
MCa,, when coupled to streptavidin.

Lack of Alteration of the Main Endocytosis Entry Pathway in
GAG-depleted Cells—To further identify the route of entry of
MCa,-Strep-Cy5 and analyze the impact of GAG depletion on
this process, several inhibitors were tested by FACS on the
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CHO pgsD-677

FIGURE 6. MCa,-Strep-Cy5 entry and endocytosis. A, endocytic route of
entry of MCa,-Strep-Cy5. Various CHO cell lines (upper panels, wild type; mid-
dle panels, pgsB-618; lower panels, pgsD-677,) were incubated 2 h with 1 um of
MCa,-Strep-Cy5, washed, and incubated with 50 nm LysoTracker red DND-99
for 20 min right before confocal acquisition. Scale bars, 10 wm (upper panels)
and 11 um (middle and lower panels). B, different endocytic entry pathways
for transferrin-Alexa Fluor 488 and MCa,-Strep-Cy5. Confocal immunofluo-
rescence images of living wild-type or mutant CHO cells to compare the cell
distribution of transferrin-Alexa Fluor 488 and MCa,-Strep-Cy5. Cells were
incubated 2 h with 1 um MCay-Strep-Cy5 (blue) along with 25 ug/ml trans-
ferrin-Alexa Fluor 488 (green), washed, and immediately analyzed by confocal
microscopy. Scale bars, 5 wm.

entry of MCa,-Strep-Cy5 in wild-type (Fig. 84) and pgsB-618
CHO cells (Fig. 8B). These inhibitors were also tested on the
entry of transferrin-Alexa Fluor 488 for comparison. Amiloride
was tested to block macropinocytosis, methyl-B-cyclodextrin
to deplete membrane cholesterol and inhibit lipid raft-depend-
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Transferrin-
Alexafluor-594

>

Dyn K44A Merge

CHO wild-type

CHO pgsB-618

o~/

Dyn K44A MCa,-Strep-Cy3  Merge

CHO wild-type

CHO pgsB-618

FIGURE 7. Expression of the dominant-negative dynamin 2 K44A mutant
blocks clathrin-mediated endocytosis and transferring entry but spares
MCa,,-Strep-Cy3 entry. A, transferrin entry is inhibited in dynamin 2 K44A
transfected wild-type and pgsB-618 mutant CHO cells. B, MCa,-Strep-Cy3
entry is preserved in dynamin 2 K44A-transfected wild-type and pgsB-618
mutant CHO cells. Scale bars, 10 um. Note that expression of dynamin 2 K44A
mutant was always less in pgsB-618 mutant CHO cells than in wild-type CHO
cells, possibly due to a role of GAGs in plasmid entry.

ent pathways, nocodazole to inhibit microtubule formation,
and cytochalasin D to inhibit F-actin elongation, required for
macropinocytosis and clathrin-dependent endocytosis (27).
Chlorpromazine, an inhibitor of clathrin-mediated endocyto-
sis, could not be tested because it produced cell dissociation
from the plastic dish surface (data not shown). In wild-type
CHO cells, transferrin-Alexa Fluor 488 endocytosis was not
affected by amiloride, methyl-3-cyclodextrin, or nocodazole, as
expected for clathrin-mediated endocytosis. Cytochalasin D
was found to produce a curious 37% increase in the cell entry of
transferrin, indicating an alteration in clathrin-dependent
endocytosis. In contrast, with the exception of methyl-3-cyclo-
dextrin, all drugs tested were found to inhibit partially the entry
of MCa,,-Strep-Cy5 in wild-type CHO cells (Fig. 84). The lack
of effect of methyl-B-cyclodextrin indicates that caveolae-me-
diated endocytosis is not involved in the entry of MCa, -Strep-
Cy5. The fact that both amiloride and cytochalasin D inhibit
MCa,,-Strep-Cy5 cell entry by 80 and 30%, respectively, indi-
cates a significant contribution of macropinocytosis pathway.
Cytochalasin D probably acts exclusively on macropinocytosis
for the cell entry of MCay-Strep-Cy5 as the involvement of the
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FIGURE 8. Effect of endocytic inhibitors on the entry of transferrin-Alexa
Fluor 488 and MCa,-Strep-Cy5. Data are expressed in percentage of mean
control fluorescence as assessed by FACS. Average data are from three exper-
iments. A, data for wild-type CHO cells. B, data for pgsB-618 CHO cells. Signif-
icance is provided as a deviation of three times the S.D. value from 100%
(denoted as asterisks).

other major endocytic pathway affected by this drug, clathrin-
mediated endocytosis, can be ruled out. Nocodazole, which has
a wide range of effects on various endocytosis pathways, also
had a great effect, inducing a 63% reduction of MCa, -Strep-Cy5
cell entry. Thus, the rather segregated effects of endocytosis
inhibitors on cell penetration of transferrin and MCa,-Strep-
Cyb5 is coherent with their lack of colocalization inside cells (Fig.
6B). These data stress the importance of macropinocytosis as
the main entry pathway of Strep-Cy5 when coupled to MCa,,.
The same set of drugs was then tested for the cell entry of both
transferrin and MCa,-Strep-Cy5 in GAG-deficient pgsB-618
CHO cells (Fig. 8B). Interestingly, in the absence of GAGs, the
effects of the endocytosis inhibitors on MCa, -Strep-Cy5 entry
were not altered, indicating that in the absence of cell surface
GAGs, macropinocytosis is still the main route of entry of the
complex. This is in perfect agreement with the data shown in
Figs. 5 and 6, suggesting similar cell distribution of the complex,
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FIGURE 9. Effect of MCa,/strep ratio on the cell penetration of strep. A, ef-
fect of MCa,,/Strep-Cy3 ratio on the total entry of Strep-Cy3 in wild-type CHO
cells. B, effect of an 8-fold molar excess of non-biotinylated MCa on the pen-
etration of MCa,-Strep-Cy3 at a 1:1 molar ratio. C, effect of 5 mm amiloride on
Strep-Cy3 entry into wild-type CHO cells as a function of MCa,/Strep-Cy3
ratio. Significance is provided as a deviation of 3 X the S.D. value from 100%
(denoted as asterisks). Strep-Cy3 concentration was kept constant at 1 umin
all experiments. a.u., arbitrary units.

colocalization with LysoTracker red, and identical effects of
dynamin 2 K44A expression. Surprisingly, the absence of GAGs
had an impact on the effects of the drugs on transferrin entry
(Fig. 8B). Although no clear explanation can be provided for
this observation, it may suggest that in the absence of GAGs
inhibition of alternative endocytosis pathways favors somehow
clathrin-mediated endocytosis. These effects remain, however,
outside the focus of this study, namely the entry pathways of
MCa, but are clear indications of the potential importance of
GAGs in endocytosis.

The Molar Ratio MCa,/Strep-Cy3 Does Not Influence the
Type of Endocytosis—Streptavidin molecules are tetramers that
can bind up to four MCa,, peptides. It is, therefore, possible that
the number of bound peptides may somehow affect the resi-
dency time of the complex at the cell surface and thereby influ-
ence the mode of cell penetration. To test this hypothesis, var-
ious molar ratios of MCa,, and Strep-Cy3 were mixed together
to prepare complexes with increased numbers of MCa,, immo-
bilized on Strep-Cy3. The exact molar ratio between MCa, and
Strep-Cy3 can, however, not be warranted by simply mixing
various molar ratios of the two molecules. Once these com-
plexes were prepared, their cell entry along with the effect of
amiloride was quantified by FACS (Fig. 9). Increasing the molar
ratio of MCa,, over Strep-Cy3 from 1:1 to 8:1 dramatically

24282 JOURNAL OF BIOLOGICAL CHEMISTRY

increased the amount of Strep-Cy3 that penetrates into wild-
type CHO cells (Fig. 94). These data indicate that immobilizing
an increasing number of MCa,, onto streptavidin greatly favors
the entry of the complex, possibly by multiplying the number of
contacts with cell surface components and/or increasing the
residency time at the cell surface. In contrast, using increased
amounts of non-biotinylated MCa, unable to bind Strep-Cy3, in
place of MCa,, did not produce any increase in Strep-Cy3 pen-
etration, indicating that coupling of MCa to Strep-Cy3 was
required (Fig. 9B). This result also shows that the association of
MCa to cell surface components does not trigger a generalized
increase in cell endocytosis that would indirectly favor the pen-
etration of MCay-Strep-Cy3 complexes. Finally, Fig. 9C indi-
cates that coupling several MCa,, peptides to streptavidin does
not quantitatively alter the effect of 5 mm amiloride, indicating
that macropinocytosis remains the predominant mode of entry
of the complex regardless of the MCa, /Strep-Cy3 molar ratio
used.

DISCUSSION

HSPGs Are New Cell Surface Targets of MCa That Are
Involved in Cell Penetration of This Peptide—Using a Biacore
system, we have demonstrated that MCa, a member of a new
family of CPPs, directly interacts with HP and HS with affinities
in the low micromolar range (between 2 and 5 um). These val-
ues are more or less well correlated to the PC,, values of MCa, -
Strep-Cy5 in CHO cells (around 0.5 um), suggesting a contri-
bution of HSPGs to the cell penetration of this complex. This
slight difference could be related to the fact that each strepta-
vidin molecule has the ability to bind four MCa molecules,
thereby increasing the local concentration of the CPP in the
vicinity of the cell surface receptors. Indeed, we show here that
increasing the molar ratio of MCa,, over streptavidin during
complex formation produces an increase in cell penetration
efficiency. Alternatively, differences may also be related to the
exact nature of the cell surface HSPG involved in MCa interac-
tion. By using HS- and GAG-deficient CHO cell lines, we con-
clusively demonstrate that HSPGs quantitatively contribute to
more than 57% of the cell entry of Strep-Cy5 when coupled to
MCa. HS represents the most important GAG since it is
responsible for 75% of the GAG contribution. However,
because a significant fraction of the total cell entry is conserved
in GAG-deficient cells, the entry of MCa,-Strep-Cy5 does not
solely rely on GAGs but also on other cell surface components,
with apparent affinities closely related to that of MCa for
HSPGs since the PC, values varied only mildly in GAG-defi-
cient CHO cells. Data presented here and in previous manu-
scripts (5, 6) indicate that membrane lipids are also cell surface
receptors for MCa. For instance, MCa was found to interact
with the ganglioside GD3 with a closely related apparent affin-
ity of 0.49 um. Another important conclusion that can be made
from these data is that the increase or the decrease of the pen-
etration efficiency observed with specific mutants of MCa, such
as MCa K20A tested herein, results from a modification of the
apparent affinity of these MCa mutants for the cell surface
components with which they interact. For instance, MCa K20A
was found to have reduced apparent affinity for both HS and HP
(present data) but also for membrane lipids (6). There is, thus,
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an interesting parallel to pursue on the structural determinants
of CPP interaction with HSPGs and negatively charged lipids
that may ultimately result in the design of better CPP ana-
logues. This observation appears particularly pertinent since
the cell entry process of MCa-Strep-Cy5 or MCa-Strep-Cy3
complex, i.e. macropinocytosis, seems independent of the type
of membrane receptor involved in MCa binding (HSPGs versus
lipids).

HP Inhibition of the Cell Penetration of MCa-Strep Complex
Is Not Limited to the Interaction of This CPP to Cell Surface
HSPGs—HP-induced inhibition of CPPs cell entry is generally
interpreted as being due to an inhibition of CPP interaction
with cell surface HSPGs (28). However, an alternative possibil-
ity is that, by neutralizing the basic face of MCa, the interaction
of HP with MCa also inhibits the subsequent interaction of
MCa with negatively charged lipids of the cells, another surface
component for the route of entry of MCa. Three sets of evi-
dence indicate that this interpretation is likely to be correct.
First, both soluble HS and HP inhibit the cell entry of MCa, -
Strep-Cy5 to levels beyond that measured for MCa, -Strep-Cy5
entry in HS- and GAG-deficient CHO cells. Second, soluble HS
and HP still produce significant reductions of MCa, -Strep-Cy5
entry in GAG-deficient CHO cells, clearly indicating an inhibi-
tion through an alternate mode of inhibition. Third, incubation
of HS with MCa,, produces a reduction in the interaction of
MCa,, with several negatively charged lipids, the most dramatic
effects being observed for PtdIns(3,4,5)P; and phosphatidic
acid. These observations indicate that interpretation of the
involvement of cell surface HSPGs in the penetration of CPPs
based on soluble HP inhibition should be performed carefully.
They also confirm the importance of the basic face of CPPs in
the mechanism of cell penetration. Finally, the presence of a
residual MCa-Strep complex penetration in GAG-deficient
CHO cells in the presence of HS or HP might indicate that
either the interaction between HSPGs is rapidly reversible or
that this interaction does not fully cover the entire molecular
surface of MCa required for cell penetration. Further detailed
biochemical experiments will be needed to sort out the molec-
ular determinants of MCa involved in HP or HS interaction.
Such an investigation will determine to what extent the basic
surface of MCa is involved in an interaction with HSPGs.

Macropinocytosis Is the Main Endocytic Pathway Used by
MCa When Coupled to Streptavidin in GAG-positive and GAG-
deficient CHO Cells—In previous work, we reported that MCa-
Strep complex penetration in HEK293 cells was also observed
in the presence of amiloride or nystatin, suggesting that a non-
endocytic pathway was involved in the penetration process (4).
Here, we provide a quantitative analysis of the effects of endo-
cytosis inhibitors on the entry of MCa, -Strep-Cy5 in CHO cells
using a FACS method and show that endocytosis represents the
major route of penetration, whereas only 20% of MCa, -Strep-
Cyb5 penetration is still observed in the presence of endocytosis
inhibitors (amiloride). Interestingly, the amount of MCa,-
Strep-Cy5 taken up in the presence of amiloride is close to the
amount of complex taken up in GAG-deficient CHO cells in
the presence of HS or HP. The apparent discrepancy between
the two studies is likely due to the fact that confocal analysis
used in the previous work was not quantitative enough to allow
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the calculation of the relative importance of each mechanism.
Moreover, we cannot rule out the possibility that some endo-
cytosis pathway, insensitive to amiloride or nystatin, may be
present in the previously studied HEK293 cell line. This indi-
cates that one needs to be cautious with regard to confocal
images that are unfortunately not quantitative enough to rule
out one or several cellular mechanisms for cell entry. Use of a
marker of endosomes demonstrates that MCa,-Strep-Cy5 is
distributed within endosomes after cell entry, supporting the
fact that endocytosis is a predominant route of entry of the
cargo when coupled to MCay,. The total lack of co-localization
between transferrin-Alexa Fluor 488 and MCa,-Strep-Cy5
clearly indicates that clathrin-mediated endocytosis is not at
play in the entry of MCa,-Strep-Cy5. This was further proven
by (i) the lack of effect of expression of dynamin 2 K44A, a
dominant negative construct that inhibits clathrin-mediated
endocytosis but does not prevent MCa,-Strep-Cy3 entry and
(ii) the differential effects of various endocytosis blockers on
transferrin-Alexa Fluor 488 and MCa,-Strep-Cy5 cell entries.
The effects of cytochalasin D and of amiloride indicate that
macropinocytosis is predominantly involved in the cell entry of
MCa,-Strep-Cy5. This observation is consistent with many
other reports that indicate a role of macropinocytosis in cell
entry of other CPPs (14, 29). However, the lack of effect of
methyl-B-cyclodextrin appears to indicate that endocytosis of
MCa,-Strep-Cy5 is not dependent on lipid rafts or at least on
cholesterol availability. Because macropinocytosis appears to
be responsible for the uptake of MCa, -Strep-Cy5/3 in wild-type
and GAG-deficient CHO cells alike, it seems that all surface
components able to bind MCa, negatively charged HSPGs, and
lipids are involved in macropinocytosis. Because of the nature
of macropinosomes, which do not fuse with lysosomes and are
leaky, it is likely that release of CPPs in the cytosol may occur
very slowly. In the case of the Strep-Cy5 cargo, this leakage was,
however, not observed when coupled to MCa,,.

Cargo Dependence of MCa Mode of Penetration and/or
Release in the Cytosol?—The mechanism of cell penetration of
CPPs remains highly debated. There are pro and con arguments
in favor of membrane translocation, a process whereby the pep-
tide would flip from the outer face of the plasma membrane to
the inner face then be released free into the cytoplasm. Here we
do not provide compelling evidence for a translocation mech-
anism for Strep-Cy5 entry when coupled to MCa,,. On the con-
trary, the data strongly emphasize the importance of endocyto-
sis in the penetration of the vector/cargo complex.
Nevertheless, the issue of the mode of penetration of MCa itself
remains open to a large extent. First, there is compelling evi-
dence that MCa has a near-complete pharmacological effect
when applied at the extracellular face of cells. Second, the phar-
macological site of MCa on the ryanodine receptor has been
localized to the cytosol face of the calcium channel. Taken
together, these results suggest that MCa must reach the cytosol
within seconds or minutes. Two possibilities can be envisioned;
(i) MCa may be released within the cytosol from leaky macropi-
nosomes immediately after uptake, but the time scale seems
inappropriate, or (ii) when “free”, i.e. not coupled to a cargo,
MCa may indeed simply translocate through the membrane.
This raises immediately the question of the contribution of the
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cargo to the mode of entry of MCa. Streptavidin is a cargo that
can bind four different MCa,, molecules. Linking multiple vec-
tors to a single cargo molecule could theoretically complicate
the mode of entry of MCa. Intuitively, one could imagine that
multiple attachment points to cell surface components might
hamper the translocation of the peptide through the plasma
membrane, increase the residency time at the cell surface, and
thereby strongly promote macropinocytosis over direct trans-
location. Experimentally, this is, however, not observed. The
fact that amiloride inhibits penetration of MCa,-Strep-Cy5
complex, prepared with 1 MCa, for 1 Strep-Cy5, as efficiently
as the penetration of MCa, -Strep-Cy5 complex, prepared with
8 MCa,, for 1 Strep-Cy5, indicates that macropinocytosis is not
influenced by the presence of multiple MCa;, molecules. There-
fore, the putative difference between free MCa, and MCa,-
cargo complex might be due to the nature of the cargo rather
than its specific properties of MCa,, binding. In addition, the
size of the cargo may itself represent a problem for simple dif-
fusion of the complex from “leaky” macropinosomes to the
cytosol. Further studies will be required to investigate the con-
tribution of cargo size and nature in the mode of entry and cell
distribution (cytosol versus endosomes) of the vector. Never-
theless, these data are coherent with many other studies on
CPPs, and macropinocytosis is likely to be the main entry route
of many other cargoes that will be attached to maurocalcine.
Although streptavidin is used as a reporter cargo here (fluores-
cence property), it is worth mentioning that its ability to bind to
several different biotinylated molecules at a time should be con-
sidered as a significant advantage for the cell delivery of multi-
ple cargoes with a single MCa vector.
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Conclusion

Cell surface components, such as HSPGs and negatively charged lipids, are major
gateways for the translocation of CPPs across the cell membrane. They facilitate the
accumulation of CPPs on the plasma membrane through charge interaction and this interaction
can either lead to direct translocation (Morris et al., 2008) or endocytotic uptake (Article III) of
the CPP. The mechanism of internalization of CPPs has not been resolved yet. Allthough there
are some common features among these CPPs, the transduction mechanism is not the same in

each case.

MCa was found to directly interact with HP and HS with affinities in the micromolar
range. Another important observation is that MCa K20A mutant, which is known to have lower
penetration ability, has also reduced affinity for HS and HP (Article III) and for membrane lipids
(Article I). Thus, there seems to be an interesting parallel between the affinity of interaction of
MCa with cell surface components and its penetration efficiencies. Use of GAG-deficient CHO
cell lines confirm that the cell penetration of MCa partly relies on GAGs, however there was no
effect on the distribution. Use an endosomal marker demonstrates that MCa is distributed within
endosomes after cell entry, suggesting that endocytosis is a predominant route of entry of the
MCa. Lack of co-localization between transferin and MCa, together with the penetration of MCa
in dynamin 2 K44A (a dominant negative construct that inhibits clathrin-mediated endocytosis)
expressed cells, clearly indicates that clathrin-mediated endocytosis is not involved in the entry of
MCa. This was further validated by the differential effects of various endocytosis blockers on the
penetration of MCa. Based on these results, it can be concluded that macropinocytosis is involved
in the entry of MCa, at least when coupled to streptavidin. However, the molar ratio between

MCa and streptavidin did not affect the type of endocytosis.
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IV. GENERAL CONCLUSION, DISCUSSION AND FUTURE
PROSPECTS

Toxins are usually associated with pharmacological activity and this remains a major
drawback in using venomous toxins as vectors for biological applications. Hence, a complete
structure-function analysis is required to develop analogues devoid of pharmacological activity
but preserve or enhance the cell penetration properties of the original molecule. For most CPPs
this type of study was not required because many of them have no biological activity on their
own. One such CPP, transportan, contains the N-terminal part of the bioactive neuropeptide
galanin and is therefore recognized by galanin receptors. Moreover, it also shows an inhibitory
effect on basal GTPase activity in Bowes melanoma cell membranes, which is probably caused
by the mastoparan part of the molecule. Though the inhibitory effect of transportan is detectable
at higher concentrations than commonly used in delivery experiments, this feature could be a
drawback for this carrier peptide. Therefore, several shorter analogues of transportan were

synthesized and analyzed for GTPase activity and cell penetration (Soomets et al., 2000).

RyR being the pharmacological target of MCa, several mutated analogues of MCa were
produced, mostly by alanine substitution of positively charged amino acids. These analogues
were compared to the wild-type for their structure, RyR activity, cell penetration, interaction with
lipids and cell toxicity. Various analogues were thus isolated that are of interest either for direct
use as vector or that can lead to better vectors. Mutant MCa R24A is of interest despite its lower
cell penetration because it has fully knocked out the pharmacological potential of the peptide.
Also MCa E12A turns out as a great lead molecule for the design of novel analogue since it is the
best mutant of MCa in terms of cell penetration efficiencies in spite of its greater
pharmacological activity. But interestingly, this mutant had no toxic effects on primary neuronal
cultures up to 10 uM and for an incubation period of 24 hrs, much higher than normally used for
delivery experiments. Usually the first step in the translocation of CPPs is their interaction with
the cell surface components. MCa and its mutants were found to interact with negatively charged
lipids and there was some kind of correlation on the extent of penetration and interaction with the
negatively charged lipids. This was also true with the other cell surface component, namely the

HSPGs. Mutant MCa K20A had less affinity to HP and HS as compared to the wild-type MCa.
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These results probably suggest that cell surface components play an important role in the cell
penetration efficiencies of CPPs. This was found to be true, when the cell penetration efficiencies
of MCa were compared in wild-type and GAG-deficient CHO cell lines.It was found however
that a significant fraction of the total cell entry was conserved in GAG-deficient cells. Penetration
of MCa in GAG-deficient cells thus suggests that the cell penetration of MCa does not solely rely
on GAGs, but also on other cell surface components. However, GAGs did not play a role in the
distribution of the peptide and was found to co-localize with the endosomal marker in both wild-
type and GAG-deficient CHO cell lines suggesting an endocytotic uptake of MCa when coupled
with streptavidin. To further understand the type of endocytosis involved in the translocation of
MCa, cell penetration of MCa was analyzed in presence of several inhibitors of endocytosis.
Lack of co-localization of MCa with transferin together with the cell penetration of MCa in
dynamin 2K44A expressing cells, ruled out the possibility of Clathrin-mediated endocytosis. Of
the several endocytosis inhibitors tested, amiloride and cytochalasin D contributed to nearly 80%
and 30% inhibition of cell penetration respectively, indicating that macropinocytosis is the major
pathway of MCa entry. However, negligible amounts of MCa taking up other routes of
endocytosis or even direct translocation cannot be ruled out. Increasing the molar ratio of MCa
over streptavidin dramatically increased the amount of peptide entry but the route of entry,
macropinocytosis, remained the predominant mode of entry of MCa. These data suggested that
the molar ratio between MCa and streptavidin had no effect on the type of cell entry or

endocytosis.

Coupling of cargoes to CPPs through thiol groups has advantages. The presence of
internal cysteine residues within the sequence of MCa may hinder easy chemical coupling of
cargo molecules. Thus, a novel strategy was adopted for the design of an analogue of MCa. This
included the replacement of all the six internal cysteine residues of MCa and MCa E12A mutant
(mutant of MCa known to have better cell penetration efficiencies than wild type-MCa) by
isosteric 2-aminobutyric acid (Abu) residues. These analogues were analyzed for their structure,
pharmacological activity and ability to carry cargo molecules into cells. This strategy seemed to
work out very well. In this sense, the analogues produced in this way were totally inactive on
RyR, had limited cell toxicity and the addition of a cysteine at the N-terminal end allowed for the

efficient coupling of cargoes. Though cell penetration efficiencies of these analogues were
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reduced to some extent, other advantages over the wild-type MCa counterbalance the reduced
cell penetration efficiencies. Interestingly, the distribution of wild-type MCa or Abu analogues
remained punctuate when coupled to streptavidin, whereas when coupled to other cargoes like a
peptide, Qdot or doxorubicin, either by formation of disulfide bridge or through a bifunctional
linker, the distribution was more uniform within the cytoplasm. This suggests that the type of cell
entry into cells leading to different cell distributions heavily relies on the nature of cargo attached

as well as on the coupling strategy.

Considering that there are several CPPs on the market with proven biological
applications, the question naturally arises about the add-on value of MCa. Among the
disadvantages of the peptide, one could cite the fact that MCa is of greater backbone length than
other CPPs making it more expensive to synthesize. Beside cost considerations, it is also more
difficult to produce considering that it has to fold properly and organize with three well defined
disulfide bridges. One another strategy that can be taught off to develop a novel analogue and
reducing the length of MCa would be to have truncated analogues of MCa and then analyze their
ability for cell penetration, cell toxicity and pharmacological activity. This would help in
reducing the production costs, which is an important aspect to be considered when used for

various biological applications.

The presence of these disulfide bridges makes covalent cargo coupling more hazardous
than if no cysteine residues are present in the peptide. Now with the development of an Abu
analogue of MCa, this issue can be taken care off. However as for as the saying goes, “for every
advantage, there is also a disadvantage”, the presence of disulfide bridges is of greater advantage
in stabilizing the 3D structure of the peptide but the disadvantage lies in the cargo coupling
chemistry. Disulfide bridges also contribute to greater peptide stability, which may turn into a
significant advantage for in vivo applications. For instance Tat, that lacks disulfide bridges, was
found to rapidly degrade in the extracellular medium of epithelial cells (Trehin et al., 2004).
CPPs have in common the property of cell penetration, but might be well different in their
mechanism of cell penetration. Depending on the type of cell penetration, the applications that
can be envisioned are drastically different. MCa produces a rapid raise of intracellular calcium in

myotubes, implicating that MCa originally a free vector, in its non-complexed form, should enter
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cells through translocation. Cargo nature and size might induce a shift in the entry pathway, from
translocation to macropinocytosis pathway, which is true in case of Tat as well (Richard et al.,
2005), but this point needs to be further clarified with appropriate studies. Cell toxicity of CPPs is
an essential parameter to be considered in any given application. We found that MCa and its
analogues have limited toxicity and the toxicity was observed at much higher concentration than
normally used for the delivery experiments. Further, thorough comparisons between CPPs need
to be performed on several essential issues like in vivo distribution, intracellular concentrations

and in vivo toxicity.

One question appears to be crucially important for the development of novel vector-based
applications: what kind of intracellular concentrations does MCa reach within cell? Extracellular
application of 100 nM MCa on myotubes produces calcium release within seconds through
activation of RyR. Since the K4 of MCa for RyR is in 10-20 nM range, these data suggest that
MCa very rapidly reaches these concentrations inside the cell (Esteve et al., 2003). Such rapid
rise may indicate that the final concentration of MCa in cells might get close to 100 nM or even

higher.

The number of applications that can be developed with CPPs are simply astonishing and
endless. Now that MCa is a proven and efficient CPP, many original applications can now be
envisioned for MCa analogues. For instance, the peptide may help liposomal-induced drug
delivery into cells, as observed for Tat and penetratin (Tseng et al., 2002). Owing to the heparin
binding affinity of MCa, its purification becomes as easy as fusion protein, which is true for other

CPPs as well. It also holds great potential for many in vivo applications.

Quantum dots (Qdots) hold great potential for in vitro and in vivo applications due to their
excellent photo stability and large surface to volume ratio. However, major limitations for the use
of quantum dots in biological applications lie in their inability to access the cell interior. This
issue is being addressed by coupling MCa to streptavidin-coated Qdots to efficiently deliver
Qdots into living and primary neuronal cells. With these prospects, it can envisioned that MCa is

on the many track for many biological, diagnostic and technological applications.
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