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INTRODUCTION

The discovery of cell-penetrating peptides (CPPs) more than a decade ago
raised expectations to reach a new level of possibilities in the biological and
therapeutic field. Because of the ability to translocate across the plasma mem-
brane, a barrier that usually prevents the uptake of big hydrophilic molecules,
CPPs were considered to become the vehicles that enable to reach intracellular
targets instead of influencing the intracellular events through receptors at the
plasma membrane, a strategy that is mainly exploited in current drug design.

However, in spite of the impressive amount of knowledge about CPPs gath-
ered by now both in vitro and in vivo systems, more questions are raised than
answers found. The initial view on the translocation of CPPs directly through
the plasma membrane has been substituted by the endosomal uptake, at least for
big cargo molecules. On the other hand, several studies report about the effi-
cient targeting of CPP-coupled biomolecules independently from the endosomal
pathway, showing that under certain circumstances CPPs can avoid the entrap-
ment in endo-lysosomal organelles. The endosomal compartment is a complex
and highly controlled system of vesicular carriers mediating the internalization
and intracellular trafficking of various biological molecules. Various issues of
endosomal trafficking are currently under intense investigation, one of which
includes translocation of proteins and DNA from endosomes to the cytosol.
Therefore the comprehensive knowledge about the endocytic processes in CPP-
mediated delivery is of high importance.

The main purpose of this study was to characterize the protein delivery
properties of transportan, transportan 10 (TP10) and the endosomal pathways
used while comparing these to other CPPs like Tat peptide (pTat), penetratin
(pAntp), nonaarginine (Rg) and pVEC. Transportan is a chimeric peptide ob-
tained by linking the N-terminal fragment of neuropeptide galanin to masto-
paran, a peptide from wasp venom. TP10 is a shorter version of transportan
retaining high cell-penetrating activity and having less side effects. Tat peptide
and nonaarginine are arginine-rich CPPs and together with penetratin derived
from Antennapedia homeoprotein they represent the most studied CPPs. By
using the biotinylated CPP as a carrier and avidin/streptavidin/neutravidin as
protein cargo we compared the uptake and kinetics of the CPP-mediated protein
cellular delivery into mammalian cells. In addition, we characterized the intra-
cellular trafficking of CPP-protein complexes in relation to different endosomal
compartments.

The knowledge obtained in the present study might help to improve the
CPPs for different biotechnological applications and in developing efficient
vectors in drug development.
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. LITERATURE OVERVIEW

I.1. Endocytosis

Cells have evolved several ways to acquire compounds essential for their life
from surrounding environment. Small and hydrophobic compounds such as
gases reach the cells via a simple diffusion but for the transport of ions, water,
amino acids and sugars, not to mention bigger macromolecules like proteins and
nucleic acids, regulated uptake systems have been developed. While the avail-
ability of small biomolecules is mainly regulated by various and highly specific
membrane pumps and channels, in the cellular uptake of big and hydrophilic
bioactive molecules endocytosis acts as a more flexible tool. Endocytosis is a
term used to describe the internalization of the extracellular material by cells
using vesicular carriers, which invaginate and pinch off from the plasma mem-
brane. Historically endocytosis is divided to phagocytosis and pinocytosis,
former used for engulfment of insoluble material and latter comprising the vari-
ous internalization modes of fluids (Fig. 1). Two types of pinocytosis are named
clathrin- and caveolin-mediated endocytosis according to the proteins in-
volved in the formation or the shape of the transport vesicle. The fluid phase
uptake mode via engulfment of big amount of extracellular fluid by heterogene-
ous vesicles after extensive membrane dynamics is known as macropinocyto-
sis. However, from that frontier the classification gets complicated and often all

Of}{ oo
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endosome
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Multlveswular \me ex
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endosomes
and lysosomes

Figure 1. Schematic illustration of the main pinocytic pathways and intracellular
routing of endocytosed material. A — macropinocytosis, B — clathrin-dependent, C —
caveolin- and flotillin-mediated, and D — clathrin and caveolin-independent endocytosis.
The endosomal trafficking routes are indicated by arrows.
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the remaining vesicular internalization modes are indicated as nonclathrin/
noncaveolar endocytosis. Up to now, numerous biomolecules have been
demonstrated to exploit the endocytic pathway without the abovementioned
mediators. Vesicular entry dependent on dynamin or other small GTPases such
as RhoA, Cdc42 or Arf6 has been suggested as one possibility for classification
(Mayor and Pagano, 2007). On the other hand, most of the endosomal path-
ways — clathrin- and caveolin-dependent as well as —independent routes — are
more or less interfered by the lack of membrane cholesterol, a crucial compo-
nent of the membranous microdomains or so called lipid rafts. However,
conflicting concepts about the nature and constituents of lipid rafts makes the
discussion about lipid-raft-dependent endocytosis a topic with rather diffuse
boundaries and therefore the term cholesterol-dependent endocytosis could re-
flect the nature of this type of endocytosis more precisely.

I.1.1 Clathrin-mediated endocytosis

The bristle coated vesicles were initially described in 1964 in insect oocytes
(Roth and Porter, 1964). This internalization mode, known as clathrin-mediated
endocytosis, can be counted as the best described uptake route of extracellular
material. The unique structure characteristic to this type of endocytosis is
formed by three molecules of clathrin heavy (190 kDa) and three molecules of
clathrin light chains (25-29 kDa) (Edeling et al., 2006). Together they pack into
a triskelion, which is a subunit to the formation of a three-dimensional ,,honey-
comb-like* cage, the clathrin lattice. As the clathrin itself does not interact with
membrane lipids, the contact with latter is achieved via different adaptor pro-
teins, e.g adaptor protein (AP) compexes 1-4, AP180, epsin, arrestin, amphi-
physin (Owen et al., 2004). These proteins recruit other components to the
forming clathrin coated vesicle and confer specificity to the otherwise ubiqui-
tous clathrin function.

The protein responsible for the fission of clathrin-coated vesicle is dynamin,
a 100 kDa GTPase, which is recruited to the membrane via its interaction with
membrane lipid PI(4,5)P, leading to detachment of the clathrin-coated vesicle
from the plasma membrane. Eukaryotic cells use clathrin-mediated endocytosis
to obtain essential nutrients, such as iron and cholesterol, from the surrounding
medium. As infers the other definition of clathrin-coated vesicle transport —
receptor-mediated endocytosis — the compounds to be internalized must interact
with their receptors on the plasma membrane. Concentration of the receptor-
ligand complex to the clathrin-coated pit accelerates its endocytosis typically 10
to 20-fold.

1.1.2. Macropinocytosis

Macropinocytosis is the best described type of endocytosis taking place without
participation of clathrin and caveolin. Macropinocytic vesicles arise from the
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dynamic movement of sheet-like cell surface outgrowths called membrane ruf-
fles, which occasionally after falling back to the plasma membrane and fusing
with it capture large amounts of extracellular fluid. Macropinocytic vesicles can
be very heterogeneous in size reaching from 0.2 to 10 um in diameter (Swanson
and Watts, 1995). The initiation of formation of the macropinocytic vesicle does
not require recruitment of dynamin as in clathrin-mediated endocytosis but in
analogy to phagocytosis is based on the dynamics of the actin cytoskeleton.
Although the exact mechanisms and the interacting molecules are to date only
partially known, small GTPases of Ras superfamily Racl, RhoA, Arf6 and
Cdc42 together with phosphoinositides PtdIns(4,5)P, and PtdIns (3,4,5)P; are
some of the main factors shown to stimulate the actin polymerization, the
recruitment of myosin and the creation of membrane curvature and fusion
(Swanson and Watts, 1995). Macropinocytosis can occur constitutively as
indicated for antigen-presenting dendritic cells (Sallusto et al., 1995) or be
induced, most often by growth factors. Macropinocytosis acts as an elimination
mechanism for apoptotic cells by engulfing big amounts of extracellular fluid,
but plays a role also in creation of immune response. Fast endocytosis of large
membrane areas also enables operative remodelling of the cell shape in migrat-
ing cells. In addition, macropinocytosis has been shown to be used in the inter-
nalization of extracellular DNA, which first binds to certain secreted proteins
and then is taken up by cells after binding to the plasma membrane heparan sul-
fate proteoglycans (HSPG) (Wittrup et al., 2007).

Macropinocytosis is exploited also by some viruses in order to enter cells.
Adenovirus type 2 uses macropinocytosis as one route to induce cellular uptake
and has the ability to modulate the permeability of macropinosome, a property
that is not observed in EGF-induced macropinosomes (Meier et al., 2002).
Moreover, Vaccinia virus has taken even a step further by simultaneously in-
ducing macropinocytosis and apoptosis of the target cells leading to the subse-
quent clearance of apoptotic cellular material by immune cells and postponing
the immune detection of virus by mimicking the apoptotic bodies (Mercer and
Helenius, 2008).

1.1.3. Caveolin-mediated endocytosis

Caveolae are 50-80 nm flask-shaped membrane areas rich in GPI-anchored
proteins, sphingolipids, cholesterol and caveolins. The cave-like structures in
endothelial cells were first described by electron microscopy more than 50 years
ago (Parton, 2003), but the components of these characteristic plasma mem-
brane areas were defined much later. The main protein in caveolae is caveolin —
a 21 kDa integral membrane protein with a 33-amino acid long hydrophobic
segment, which is inserted as a hairpin loop into the membrane, while its
amino- and carboxy-terminal regions point toward the cytosol (Dupree et al.,
1993). Caveolin was independently described by two research groups (Rothberg
et al., 1992; Dupree et al., 1993). The earlier synonym VIP21, came from stud-
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ies where caveolin-1 was identified as a tyrosine-phosphorylated substrate of
transforming Rous sarcoma virus protein, v-Src (Glenney, 1989). Later, Simons
and coworkers identified the 21 kDa protein from detergent resistant complexes
derived from exosomes of epithelial cells (Dupree et al., 1993). In both cases
the isolated protein was demonstrated to be the main component of the fila-
mentous structures detected in caveolae earlier by electron microscopy. Three
isoforms of caveolin are known, out of which caveolin-1 and 2 have similar
distribution with high expression in adipocytes, endothelial cells, fibroblasts and
smooth muscle cells, while caveolin 3 is cardiac and skeletal muscle-specific
(Parton, 2003). Caveolins are palmitoylated in the C-terminal segment, they can
be phosphorylated on tyrosine residues, bind cholesterol and are able to form
dimers and higher oligomers (Pelkmans and Helenius, 2002). Cellular inter-
nalization of caveolae is dependent on active dynamin (Nichols, 2002) and actin
cytoskeleton (Thomsen et al., 2002). Caveolar cargoes are diverse, ranging
from lipids, proteins and lipid-anchored proteins to pathogens. In human skin
fibroblasts and endothelial cells albumin is internalized by caveolae (Mayor and
Pagano, 2007). Until quite recently caveolae were thought to be the only
cellular entry point of simian virus 40 (SV40) (Pelkmans et al., 2001). How-
ever, recently the ability of SV40 to enter the caveolin-1 knock-out fibroblast
was reported, demonstrating the ability of the virus to switch between different
endocytic pathways (Damm et al., 2005).

Internalization of caveolae can lead to the formation of caveosomes, which
can later fuse with early endosomes. In this case the fused vesicle is able to re-
tain its mosaic nature despite the release of the cargo into the lumen of the early
endosome (Pelkmans et al., 2004). Caveolae were considered as rather immo-
bile plasma membrane areas (Thomsen et al., 2002), but recently the existence
of a quickly moving caveosomal population, which is in frequent contact with
the plasma membrane by a so-called ,kiss and run“ mode was demonstrated
(Pelkmans and Zerial, 2005). A recent study suggests polymerase I and tran-
script release factor (PTRF) to be required for caveolae formation in cultured
mammalian cells and zebrafish embryo (Hill et al., 2008). However, the exact
mechanisms governing the formation of caveolae are still largely unknown.

1.1.4. Non-clathrin and non-caveolar endocytosis

It has been repeatedly shown that several molecules and receptors are internal-
ized into cells via vesicular carriers, which are not pinched off from clathrin-
coated pits or caveolae. These intermediates are internalized rapidly and often
by forming tubular structures that are sensitive to fixation. However, all these
endosomal structures, which are named as clathrin-independent carriers (CLIC),
or GPI-enriched endocytic compartments (GEEC) still summarize a set of
poorly described mechanisms. Actin and small GTPases like dynamin, RhoA,
Arfl, Arf6 and Cdc42 have been shown to mediate the formation of CLICs.
Among the plasma membrane molecules entering cells via clathrin- and caveo-

14



lin independent endocytosis, interleukin receptor 2, major histocompatibility
complex class I (MHC I) and GPI-anchored proteins are the most well known
examples. In addition, SV40, cholera toxin B subunit and dextran are shown to
exploit this non-conventional uptake route. However, the mentioned cellular
mediators are involved in the CLIC pathway to a different extent. Interleukin-2
receptor was one of the first plasma membrane receptors demonstrated to use
cellular entry via CLIC pathway and to be dependent on RhoA (Lamaze et al.,
2001; Sabharanjak et al., 2002; Cheng et al., 2006). Activity of Rho A is neces-
sary also in the uptake of fluid phase marker dextran (Sabharanjak et al., 2002).
On the other hand, the internalization of folate receptor, which is a GPI-an-
chored protein, takes place via a Cdc42-dependent pathway (Sabharanjak et al.,
2002). To further complicate the picture, Arfl has also been shown to regulate
the uptake of folate receptor (Kumari and Mayor, 2008), suggesting that Arfl
might act upstream of Cdc42. Arf6 has been reported to regulate the dynamin-
independent endocytosis of several proteins such as MHC I, B1 integrin, E-
cadherin and GPI-APs (Mayor and Pagano, 2007). On the contrary, Arf6-
independent but cholesterol-sensitive pathway has been described for the
cellular internalization of CtxB (Kirkham et al., 2005) and SV40 (Damm ef al.,
2005). Recently an unexpected role of Arf6 in AP-2 regulated post-endocytic
trafficking was demonstrated, where AP-2 depletion modestly delayed the
internalization and enhanced the lysosomal targeting of Arf6-dependent
trafficking of B1 integrin and MHC I (Lau and Chou, 2008), demonstrating the
function of well-described clathrin-binding AP-2 in clathrin-independent
endocytosis.

In addition to the abovementioned proteins as mediators for clathrin- and
caveolin-independent endocytic pathways, some more factors are shown to have
an important role in these processes. Flotillin-1 and 2, named also Reggie-2 and
1, respectively, are widely expressed integral membrane proteins with a propen-
sity to form oligomers (Solis et al., 2007). They have been reported to reside in
cholesterol rich membrane microdomains and in invaginations that do not con-
tain caveolins (Stuermer ef al., 2001; Frick et al., 2007). Recently, the flotillin-
mediated endocytosis was discovered and shown to be a new clathrin- and
caveolin-independent endocytic pathway (Glebov et al., 2006). Although it has
been demonstrated that the flotillin-1-mediated endocytosis is dynamin-inde-
pendent, at least for the internalization of CtxB (Glebov et al., 2006), the actual
relevance of this pathway in cell physiology has remained largely elusive due to
the lack of specific markers of uptake. Flotillins have been suggested to partici-
pate in cellular signalling as they associate with src family tyrosine kinase fyn
and GPI anchored proteins Thy-1 and F3 (Stuermer et al., 2001). The absence
of flotillin-1 is also indicated to accelerate the lysosomal degradation of caveo-
lin-1 in human intestinal epithelial cells (Vassilieva et al., 2009), implying a
crosstalk between these proteins.

When excluding flotillins as markers of a specific type of clathrin-and cave-
olin-independent endocytosis, the attempts to define a noncargo marker for
CLIC/GEEC pathway have not been successful. However, a recent report by a
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group of McMahon postulated a Rho-GAP-domain-containing protein GRAF1
to be the first noncargo marker for the CLIC/GEEC endocytic membranes
(Lundmark et al., 2008). This protein was shown to be present in dynamic tubu-
lar and vesicular lipidic structures together with PI1(4,5)P2 and Cdc42.

Factors shown to act in CLIC-mediated endocytosis are also plasma mem-
brane proteoglycans, especially heparan sulfate proteoglycans (HSPGs). HSPGs
have various roles in animal development and for several biological molecules
they act as co-receptors or bridging agents between the ligand and the plasma
membrane receptor (Bishop et al., 2007). HSPGs mediate the uptake of cationic
transfection agents like polyethyleneimine, cationic lipid mixture lipofectamine
and polypeptide polyarginine in a dynamin- and flotillin-1-dependent manner
(Payne et al., 2007).

1.1.5. Endocytic routing of internalized cargo

Analogously to the clathrin-mediated endocytosis the intracellular fate of the
clathrin-coated vesicles and the endosomal pathway downstream are more thor-
oughly studied. Historically, four different classes of endosomes are distin-
guished along the route of clathrin-mediated endocytosis pathway. The inter-
nalized proteins are first delivered to a tubulo-vesicular intermediate called an
early endosome. It represents a highly dynamic structure, being responsible for
the rapid recycling of internalized proteins, lipids and intracellular fluid. The
fusion events between early endosomal structures are mediated by early en-
dosomal antigen 1 (EEAT1) (Christoforidis et al., 1999), which is recruited to the
vesicles by lipid phosphatidylinositol-3-phosphate (PI3P) (Gaullier et al., 1998)
and a small GTPase Rab5 (Simonsen et al., 1998). Recent studies suggest that
the clathrin-derived endosomes are able to sort the internalized cargo immedi-
ately before fusing with the early endosomes. Lakadamyali and collaborators
presented the existence of two populations of clathrin-coated pits with different
maturation kinetics and mobility (Lakadamyali et al., 2006). By their observa-
tions, the transport of cargo towards degradation was mediated by high mobility
population, while the contents meant for recycling were processed by slow-type
endosomes (Lakadamyali et al., 2006). In addition, the group of De Camilli
defined a subset of early endosomal vesicles of clathrin- as well as of fluid
phase origin, which were formed on the cell edge and marked by membrane
adaptor protein APPL before the recruitment of Rab5 and PI3P (Zoncu et al.,
2009). Although in this study the clathrin-derived vesicles shared the APPL
marker with macropinocytic vesicles, the intracellular fate of macropinosomes
is probably dependent on cell-type, as both fusion of the macropinosomes with
the early endosomal pathways and avoidance of this route has been reported
(Jones, 2007).

The next organelle of the endosomal pathway, a multivesicular body, re-
ceives vesicles from early endosomes. In parallel, the gradual loss of membrane
markers and the recycling of receptors takes place in its several internal mem-
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branous vesicles. By sequential pH decrease due to the activity of Na'/H ATPase
in the endosomal membrane and by recruitment of acidic hydrolases from trans-
Golgi network (TGN) multivesicular bodies step by step mature to late
endosomes, which ultimately fuse with lysosomes, the organelles specialized in
degradation of received molecules.

However, different endosomal pathways interact also horizontally, either al-
ready on the plasma membrane by sorting the membrane-interacted molecules,
or between compartments taken up by cells via different endosomal routes. The
flexible switching between entrance routes has been demonstrated to take place
for TGF-f receptor, which can use both clathrin and caveolin-dependent path-
way depending on the need of signalling or rapid receptor turnover, respectively
(Di Guglielmo et al., 2003).

Multivesicular bodies are able to fuse back to the plasma membrane and re-
lease their small internal vesicles (30-100 nm), exosomes. The majority of
knowledge about these vesicular structures is obtained from studies with den-
dritic cells and cells from hematopoietic lineages (Théry et al., 2002). The pro-
tein composition of exosomes assures their endosomal heritage, showing the
presence of tetraspanins, Rab proteins and MHC class molecules. The functions
of exosomes are poorly understood, although their role in the antigen presenta-
tion, secretion of soluble molecules like mRNA, micro RNA, as well as infec-
tious particles like HIV and prion protein has been demonstrated (Schorey and
Bhatnagar, 2008).

1.1.6. Cholesterol and the involvement of lipid rafts
in endosomal pathways

Cholesterol constitutes one fifth of the lipid composition of the plasma mem-
brane, but it can also be found in early endosomal vesicles and multivesicular
bodies (Ikonen, 2008). However, its concentration in late endosomes and ly-
sosomes is low (Mdbius et al., 2003). This phenomenon has been associated
with the degradation of cholesterol-binding sphingomyelin by acid sphingo-
myelinase to cholesterol-non-binding ceramide in acidic endosomes, facilitating
the transport of cholesterol to other cellular membranes by NPC1/NPC2 (Nie-
mann-Pick disease Type C) system (Schulze ef al., 2009).

The ability of cholesterol to interact with specific proteins and with the more
saturated membrane lipids was the premise to the hypothesis of plasma mem-
brane microdomains as pre-existing and more densely packed raft-like entities
(Simons and Ikonen, 1997). Now, during a decade the lipid raft concept has
developed in parallel with improvements in imaging technology and the “mod-
ern” rafts are depicted as short-living nanoscale integrators in the signal trans-
duction process (Harding and Hancock, 2008). The initial hypothesis was also
based on the methodological considerations — the cell lysis in detergent-con-
taining solution yielded a detergent-insoluble fraction, which floated in low
sucrose gradient and contained cholesterol, sphingolipids and several proteins.
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Caveolin was one of the characteristic proteins that sequestered with cholesterol
and that is the reason why even currently some investigators consider lipid raft
microdomains to be identical with caveolae. Another reason for classifying the
lipid rafts and caveolin-containing membrane invaginations in one group also
lies in methodology. In cellular trafficking studies the removal of cholesterol is
often used, either by applying inhibitors of cholesterol synthesis, or pharmacol-
ogical agents like methyl-B-cyclodextrin, which deplete cholesterol from
caveolae and from lipid rafts as well. Lack of cholesterol causes malfunctioning
of most endosomal pathways and this has been the ground for discussion about
lipid raft-dependent endocytosis (Lajoie and Nabi, 2007). This classification,
however, is a rather disputable way to distinguish between the endosomal proc-
esses where the role of cholesterol is poorly understood. Still, several contra-
dictory results can be re-evaluated as a recent study demonstrated efficient se-
questration of caveolae and non-caveolar lipid microdomains on the modified
sucrose density gradient (Yao et al., 2009). The authors also emphasize the
different lipid composition of these particular fractions (Yao et al., 2009),
which strongly supports the hypothesis of caveolae and lipid rafts as separate
membrane areas. Moreover, the facilitated differentiation between caveolae and
other cholesterol-rich membrane areas might help to elucidate the involvement
of cholesterol in endosomal processes as a possible modulator of intracellular
membrane trafficking.

1.2. Cell-penetrating peptides

The ability of histones and polyamino acids to enhance the cellular uptake of
serum albumin was noticed already decades ago (Ryser and Hancock, 1965).
However, the recognition of cell-penetrating peptides (CPPs) as a specific class
of transporters can be dated back to works on transforming trans-activator pro-
tein of human immunodeficiency virus (Frankel and Pabo, 1988; Green and
Loewenstein, 1988). During those 20 years more than 100 peptidic sequences
have been described to possess the ability to internalize into mammalian, plant
and bacterial cells and mediate the transport of otherwise impermeable biologi-
cally active molecules. The length of these peptide sequences is usually from 5
to 40 amino acids and often they share a high content of basic amino acids,
which gives the peptide a positive charge at physiological pH. Still, besides
doubtlessly remarkable improvement in the cellular delivery of various biologi-
cally active cargos, the application of the CPPs as powerful drug delivery agents
faces several obstacles. By now it is clear that CPPs use different mechanisms
for cell entry, which is caused by the high variability of chemical and physical
properties of the transducing sequences, and by the complex and cell-type-de-
pendent composition of the plasma membrane, a gate and a barrier for every
kind of drug delivery. The role of endocytosis in the entry of CPPs is demon-
strated to be significant but its details are incompletely understood so far. How-
ever, in parallel the studies on the transducing peptide sequences have helped to
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understand other biological processes like the action mechanisms of proteins
containing nuclear localization signal (NLS) and the cell entry of viruses, which
also often utilize the existing cellular endosomal pathways. In addition, the
studies on so-called messenger proteins (Prochiantz, 2000) have demonstrated
intercellular movement of homeodomain-containing transcription factors En-
grailed-2, HoxB4 and Pax6 in in vitro cell culture systems (Amsellem et al.,
2003; Brunet et al., 2005; Lesaffre et al., 2007). Moreover, very recently the
non-cell autonomous accumulation of homeprotein Otx2 in parvalbumin cells
was demonstrated in vivo, an event switching on the period of plasticity in the
eye development (Sugiyama et al., 2008). These properties of homeoproteins
suggest that the trafficking of proteins from cell to cell is a physiological phe-
nomenon at least in neural tissue, although the broader significance of multi-
functional non-cell-autonomous movement of proteins needs further elucida-
tion.

1.2.1. Variety of CPPs

There are several possibilities to classify cell-penetrating peptides. According to
their primary sources, CPPs can be grouped as of natural, chimeric and artificial
origin. Although this classification reflects the broad diversity of sources from
which peptide sequences with transduction ability have been found or designed,
it does not give information about the physical or chemical properties of these
peptides. A classification of CPPs, which is based on studies performed on
model membranes was recently proposed by André Ziegler. According to the
physical properties of the peptides in the presence of membranes of different
compositions, cell-penetrating peptides were divided into subclasses as primary,
secondary and non-amphipathic CPPs (Ziegler, 2008).

1.2.1.1. Primary amphipathic CPPs

The most well known peptides belonging to the group of primary amphipathic
CPPs include transportan, transportan 10 (TP10), MPG and Pep-1 (Table 1).
They all comprise of hydrophobic and cationic moieties sequentially in their
primary structure and their common characteristic is to interact with anionic as
well as neutral lipid membranes (Ziegler, 2008).

Transportan is a chimeric peptide consisting of 27 amino acids. It was
obtained by linking an N-terminal fragment of neuropeptide galanin (1-13) and
a wasp venom peptide mastoparan, i.e. using a strategy exploited earlier to
obtain efficient ligands for galanin receptor (Langel et al., 1996). However, the
new ligand called galparan was able to internalize into cells in a receptor-
independent manner and activate G-proteins (Zorko et al., 1998). Later the last
amino acid from the galanin part ("* Pro) was substituted by lysine to enable
attachment of reporter groups for visualization and cargo attachment. First,
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biotin was used to tag the peptide, which exhibited seemingly non-endocytic
cellular internalization mode and the peptide was named transportan (Pooga et
al., 1998a). The search for transportan derivatives with lower G-protein
activation potential yielded an N-terminally truncated analogue, which
exhibited equal cellular uptake and lower toxicity than the parent peptide
(Soomets et al., 2000). In the presence of different artificial membranes the
mastoparan part of transportan acquires an a-helical conformation indepen-
dently of the membrane model system, while the galanin part is more
unstructured as shown by NMR studies (Barany-Wallje et al., 2004).

The MPG and Pep-1 peptides are also two-domained, consisting of a less
structured basic domain and a helix-prone hydrophobic part connected with a
three-amino acid long (WSQ) linker fragment. The basic C-terminal domain of
both peptides is derived from the nuclear localization sequence of SV40 large T
antigen. The hydrophobic part of MPG is taken from the HIV-1 fusion protein
gp41 (Chaloin et al., 1998), and the hydrophobic sequence of Pep-1 is derived
from the dimerization motif of the interface of HIV-1 reverse transcriptase
(Morris et al., 2001). In spite of bearing structural similarities, MPG is reported
to form a B-barrel in vitro in the presence of SDS micelles (Deshayes et al.,
2004a) whereas Pep-1 is prone to form an a-helix (Deshayes et al., 2004b)

[.2.1.2. Secondary amphipathic CPPs

Experiments with artificial membranes suggest that secondary amphipathic
CPPs have a poor affinity to electrically neutral membranes and the affinity is
increased by increasing the content of anionic lipids in the membrane. Upon
membrane binding these peptides usually change the secondary structure and
adopt a helical or B-strand conformation separating charged and non-charged
residues (Ziegler, 2008). More thoroughly studied CPPs grouped as of secon-
dary amphipathic nature are penetratin, KLAL (known also as model amphipa-
thic peptide — MAP), S4(13)-PV and pVEC (Table 1). By far the most investi-
gated peptide out of these CPPs is penetratin. This 16 amino acid peptide is
derived from the third helix of homeodomain of the homeoprotein Anten-
napedia and is also called pAntp in parallel (amino acids 43—58 from the 60
amino acid-long homeodomain) (Derossi et al., 1994). To this group belong
also pVEC, a cytosolic fragment of transmembrane adhesion protein E-cadherin
(Elmquist et al., 2001), and S4(13)-PV, a chimeric peptide obtained by combin-
ing a nuclear localization signal from SV40 with the first 13 amino acids of S4
antimicrobial peptide from dermaseptin family (Hariton-Gazal et al., 2002). The
18 aa long KLAL, on the other hand, was designed to be amphipathic contain-
ing only lysine, leucine and alanine residues (Steiner et al., 1991) and its ability
to internalize into cells was demonstrated later (Oehlke et al., 1998). KLAL has
repeatedly shown to be one of the most membrane-active CPPs, causing mem-
brane leakage and efflux of molecules already at 1 uM concentrations
(Héllbrink et al., 2001).
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[.2.1.3. Non-amphipathic CPPs

Tat peptide (pTat) and polyarginines are the shortest CPPs known so far and these
contain mostly (pTat) or exclusively (polyarginines) cationic amino acids,
preferably arginines (Table 1). As they do not have a stable secondary structure in
solution (Futaki et al., 2001), they are less prone to associate with lipid mem-
branes unless these contain a high fraction of monovalent anionic lipids (Ziegler,
2008). In spite of that, non-amphipathic CPPs are reported to be very efficient
cargo transporters in several systems. After the first demonstration of cellular
internalization of HIV-1 transactivator protein (Frankel and Pabo, 1988; Green
and Loewenstein, 1988) the property of its shorter fragments to deliver various
cargo molecules was reported by Fawell and colleagues (Fawell et al., 1994).
Later the minimal sequence necessary for cellular internalization was
demonstrated to be confined within residues 48—60 (Vives et al., 1997). Encour-
aged to test the contribution of basic amino acids to the internalization ability,
several peptides consisting of arginines only were also found to possess similar
characteristics (Mitchell et al., 2000). Peptides of 6-9 Arg residues were the most
efficient in entering Jurkat cells (Mitchell et al., 2000). This length seems to be
optimal for oligoarginines’ cellular uptake as shorter sequences are poor delivery
agents and the longer oligomers tend to be cytotoxic (Nakase et al., 2004).

Table 1. The origin and amino acid sequence of CPPs discussed in this thesis.

CPP | Origin | Sequence | Reference
Primary amphipathic
Galanin-Lys- GWTLNSAGYLLGKI
*Transportan | mastoparan NLKALAALAKKIL (Pooga et al., 1998a)
truncated analogue of | AGYLLGKINLKALA
*TP10 transportan ALAKKIL (Soomets et al., 2000)
fusion peptide of GALFLGFLGAAGST
MPG HIV-1 gp41 + NLS MGAWSQPKSKRKVC | (Morris et al., 1997)
dimerization domain
of HIV-1 reverse KETWWETWWTEWS
Pep-1 transcriptase + NLS QPKKKRKV (Morris et al., 2001)
Secondary amphipathic
Drosophila
Antennapedia RQIKIWFQNRRMKW
*Penetratin homeodomain KK (Derossi et al., 1994)
Murine vascular LLILRRRIRKQAHAH
*pVEC endothelial cadherin SK (Elmquist et al., 2001)
Dermaseptin S4 + ALWKTLLKKVLKAPK | (Hariton-Gazal et al.,
S4(13)-PV NLS KKRKV 2002)
Model amphipathic KLALKLALKALKAAL
MAP (KLAL) |peptide KLA (Oehlke et al., 1998)
Non-amphipathic
*Tat (48—60) HIV-1 Tat protein GRKKRRQRRRPPQ (Vives et al., 1997)
(Mitchell et al., 2000;
*oligoarginine | Designed (R), Futaki et al., 2001)

*CPPs used in this study.
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1.2.2. Studying the internalization of CPPs and
CPP-cargo constructs

During the first ten years the routine CPP cellular uptake protocol included
fixation of cells, as the imaging of internalized peptides was usually accom-
plished by incubating cells with biotinylated peptide and a subsequent treatment
of cells with fluorescent avidin or streptavidin. As these reporter molecules do
not enter cells by themselves, the fixation and permeabilization step is required.
After fixation with methanol or aldehydes, CPPs were often detected diffusely
in cells’ cytoplasm and nucleus. Therefore, different models of non-endocytic
internalization of CPPs were proposed (Derossi et al., 1996; Pokorny et al.,
2002). Then, after the demonstration that pTat, VP22-GFP and histone H1
changed their vesicular and plasma membranous localization in living cells into
the artefactual diffuse staining when cells were fixed (Lundberg and Johansson,
2002; Richard et al., 2003), the results obtained in experiments with fixed cells
were re-evaluated and visualization of CPPs in live cells became a standard.
Paradoxically the visualization of fluorescently labelled CPPs in live cells has
enabled to uncover the multitude of uptake mechanisms and seemingly non-
endocytic rapid internalization mode has been observed in several cases (Ziegler
et al., 2005; Duchardt et al., 2007; Fretz et al., 2007).

To shed light on the transmembrane passage of CPPs, many experiments
have been performed with model membranes, which have contributed a lot to
the better understanding of interaction of peptides with the lipid membranes.
The model membranes are an exactly defined system that makes the interpreta-
tion of data easier compared to the very complex and dynamic cellular
organelle — plasma membrane. On the other hand, the application of data
obtained in model systems in description of cellular events has to be taken with
great circumspection. In the current thesis, only data from experiments with
CPPs in cell culture or on the organism level will be discussed.

Determinants reported to act in cellular systems as mediators of CPP and
CPP-cargo uptake most often include endosomal pathways and membranous
heparan sulphate proteoglycans (HSPGs). Therefore, methods applied in studies
of endocytosis are also used in elucidating the cellular internalization of CPPs.
For assessing the involvement of endocytosis and energy-consuming processes
in the cellular uptake of CPPs, the experiments are often carried out at low tem-
perature (0—4 °C) or in conditions of energy deficiency. In order to distinguish
the endosomal pathways used, several molecular approaches can be exploited.
First, the cellular uptake of CPPs can be compared to the agents that utilize de-
fined pathways for cellular uptake, like transferrin as a molecule entering cells
via clathrin-coated vesicles. Secondly, different natural or synthetic pharmacol-
ogical agents are exploited to disrupt or inhibit the cellular processes involved
in the formation or transport of vesicles. As a few examples — fungal metabolite
cytochalasin D disrupts cellular actin filaments, and synthetic dynasore inhibits
GTPase activity of dynamin (Macia et al., 2006). The role of HSPGs in the up-
take of CPPs can be detailed by enzymatic digestion to eliminate specifically
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the polysaccharides of interest from the plasma membrane. Third, the function
of a particular molecule in the uptake processes can be assessed by using cell
lines in which its synthesis is impaired or the respective gene is knocked out.
Cell lines with defective HSPG synthesis and with caveolin-1 knock-out muta-
tion have been often used in CPP studies. All these methods have pros and cons
as for example most pharmacologicals have low selectivity and inhibition of
one endosomal route leads to up-regulation of other pathways (Lamaze and
Schmid, 1995).

[.2.2.1. Cellular uptake of CPPs

Most extensive studies on the internalization mechanism of CPPs are performed
with non-amphipathic peptides Tat (48—60) and oligoarginine. Richard and
colleagues were the first to report that the uptake of pTat as well as pTat-PNA
conjugates takes place via cellular energy-dependent clathrin-mediated endo-
cytosis (Richard et al., 2003). Endocytosis as the main cellular entry route for
CPPs was corroborated in Namalwa lymphoma cells, which internalized pTat
only at physiological temperature by using raft-dependent macropinocytosis
(Kaplan et al., 2005). This mechanism was proposed based on depletion of
cellular cholesterol by methyl-B-cyclodextrin (MCD), and inhibition of
macropinocytosis with EIPA, a pharmaceutical known to inhibit the Na'/H"
ATPase (Kaplan et al., 2005). Analogously, the uptake of octaarginine (Rg) has
been suggested to take place via macropinocytosis (Nakase ef al., 2004). How-
ever, in both latter works the internalization of pTat and Rg was not completely
blocked by EIPA, indicating either only a partial inhibition of macropinocytosis
or a simultaneous utilization of other uptake routes. An alternative mechanism
not involving endocytosis was proposed for oligoarginine peptides in three
studies, which demonstrated the cytoplasmic localization and internalization of
oligoarginines of different length at low and physiological temperature (Maiolo
et al., 2005; Zaro and Shen, 2005; Kosuge ef al., 2008). Moreover, the ability of
pTat and oligoarginine to switch between different uptake modes was con-
firmed by three recent works, which demonstrated that at low concentrations
(2 uM) the peptide was trapped in endosomal vesicles. However, when peptide
concentration was increased by more than ten-fold or when the incubation tem-
perature was lowered from 37 °C to 4 °C, the localization of the peptide turned
uniform and it was detected also in the nucleus (Potocky et al., 2003; Duchardt
et al., 2007; Fretz et al., 2007). In addition, Ziegler and coworkers described the
formation of round-shaped aggregates on the plasma membrane upon incuba-
tion with pTat shortly before the appearance of diffuse fluorescence staining
(Ziegler et al., 2005). The structures were proposed to contain CPP and plasma
membrane proteoglycans. Similarly, Duchardt and colleagues observed that the
fluorescent peptide accumulated to certain plasma membrane areas (nucleation
zones), followed by a rapid flash-like staining of the whole cell (Duchardt et al.,
2007). Intriguingly, the diffuse cytoplasmic staining observed at higher peptide
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concentration was dependent on endocytic machinery, as the uniform diffuse
localization was abolished in cells pretreated with chlorpromazine, an inhibitor
of clathrin-dependent endocytosis, and by the expression of a dominant negative
form of dynamin. In parallel, the switching of pTat and Ry from the vesicular
fluorescence to diffuse was facilitated by MCD and EIPA treatment (Duchardt
et al., 2007). The authors suggest that a critical concentration of peptide on the
membrane is required to induce the rapid non-endosomal internalization, and
that the depletion of cellular cholesterol changes plasma membrane properties
to the extent, which enables its rapid crossing by CPPs. Negatively charged
HSPGs probably facilitate the ionic interactions and membrane accumulation of
the non-amphipathic and highly positively charged pTat and R, as it has been
shown that Ry has strong affinity to heparan sulfates (Gongalves et al., 2005).
Moreover, Tat peptide was reported to efficiently inhibit polyamine-induced
cell growth (Mani et al., 2007), suggesting that the peptide blocked the poly-
amine binding sites on HSPGs.

Secondary and primary amphipathic CPPs are reported to have cellular
activities different from non-amphipathic peptides. At low concentrations
(0.2 uM), S4(13)-PV internalization is reported to partially involve clathrin-
mediated endocytosis and cellular HSPGs, but at a higher peptide concentration
(2 uM) the uptake process is less sensitive to the lack of proteoglycans and
clathrin-dependent endocytosis (Mano et al., 2005). Electron microscopy stud-
ies have shown that S4(13)-PV peptide assembles in nanoparticle-like structures
to gain entry to cells (Koppel et al, submitted).

The uptake of fluorescently labelled penetratin in live cells has yielded a
cytoplasmic staining in some cases analogously to pTat and oligoarginine
(Thorén et al., 2003; Christiaens et al., 2004; Fischer et al., 2004; Maiolo et al.,
2005), whereas exclusively endosomal uptake even at 100 pM peptide
concentration has been suggested by others (Duchardt et al., 2007). The
discrepancy could be caused by differences between the used cell lines, as
Fischer and coworkers presented diffuse penetratin fluorescence in MC57 fi-
brosarcoma cells, while in HeLa cells the localization of the peptide at the same
concentration was vesicular (Fischer et al., 2004).

1.2.2.2. Cellular uptake of CPP-cargo constructs

In parallel with the development in the elucidation of cellular uptake modes of
CPPs, which gives fundamental information about peptide/protein-lipid interac-
tions, the pragmatic side of CPP studies lies in their ability to facilitate the cel-
lular uptake of various bioactive molecules. Therefore, studies on the internali-
zation mechanisms of CPP-cargo constructs, the activity of the delivered cargo
in cells and possible side effects are extensively studied. The payloads delivered
into eukaryotic cells using CPPs have reported to be of different size (peptides,
nanoparticles), functionality (siRNA, enzymes) and character (nucleic acids,
proteins).
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Analogously to the conflicting ideas about the internalization mode of naked
or only fluorescent tag-carrying CPP, the reports about the cellular delivery of
cargo with peptides are also contradictory. However, the differences between
CPPs have turned out to be beneficial in cases where some peptides have been
found to be efficient transporters for certain payloads. For example, pTat shows
low cellular uptake in several systems (Richard et al., 2003; Richard et al.,
2005; El-Andaloussi et al., 2007b). On the other hand pTat has been demon-
strated to be very efficient in protein cellular transduction. In 1994, Fawell and
colleagues reported the delivery of B-galactosidase into mouse liver, spleen and
heart using Tat-(37-72) peptide as transporter (Fawell ef al., 1994). Five years
later the ability of pTat to carry B-galactosidase into most tissues of mouse and
to even cross the blood-brain-barrier was demonstrated (Schwarze et al., 1999).
Since then, the activity of cargo delivered into cells by pTat has been shown
repeatedly in different disease model systems (Langel, 2006). The fusion with
the anti-apoptotic protein Bel-X; increased the survival of retinal ganglion cells
and rescued them from apoptosis after induced lesion (Dietz et al., 2002).
Analogously, pTat has a potential in enzyme replacement therapy, since the
systemic delivery of purine nucleoside phosphorylase (PNP) was facilitated by
fusion to pTat. The prolonged administration of pTat-PNP led to the correction
of metabolic abnormalities and immunodeficiency and prevented the early le-
thality of PNP”" mice (Toro and Grunebaum, 2006).

Cargo delivery efficiency with oligoarginines is also repeatedly demon-
strated. Using a mouse model, Rothbard and coworkers showed a 70% reduc-
tion in contact dermatitis after topical administration of R;-cyclosporin A con-
jugate (Rothbard er al., 2000). Moreover, oligoarginine modified with
aminohexanoic acid (RXR), efficiently delivered antisense phosphorodiamidate
morpholino oligomers (PMO) into both peripheral skeletal muscle and cardiac
tissue in adult mdx dystrophic mice, causing exon skipping in mdx gene and
subsequent restoration of the expression of dystrophin protein (Yin et al., 2008).

pVEC as a secondary amphipathic peptide has shown potency in the delivery
of a therapeutic construct containing cyclic homing peptide and an anti-cancer
drug chlorambucil into tumor cells in vitro and in vivo (Myrberg et al., 2008).
pVEC has also exhibited efficiency in mediating the cellular uptake of peptide
nucleic acid (PNA) (Lundin et al., 2008). PNA is an oligonucleotide analogue
in which the negatively charged sugar-phosphate skeleton is replaced by a neu-
tral polyamide backbone. PNA oligomers bind to complementary RNA and
DNA with very high affinity and can be used as antisense oligonucleotides of
very high resistance to proteases and nucleases (Nielsen ef al., 1993). However,
pVEC is not able to deliver PNA into the nucleus, as was demonstrated by the
Kole’s assay (Kang et al., 1998). This assay is based on masking the aberrant
splice site in the luciferase mRNA via binding of a complementary oligonu-
cleotide, leading to the splicing of intact mRNA and expression of luciferase
protein (Kang et al., 1998). The PNA delivered to cells by pVEC, however, was
not able to mask the aberrant splice site in luciferase mRNA and induce the
production of reporter protein (Lundin ef al., 2008).
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Transportan can be considered as a remarkably efficient vector for cellular
PNA transport. Pooga and coworkers have demonstrated PNA delivery with
penetratin and transportan in vivo by efficiently down-regulating galanin re-
ceptors in the spinal cord (Pooga ef al., 1998b). Transportan has been also used
for cellular delivery of PNA against HIV transactivation response region re-
sulting in the inhibition of Tat-mediated HIV-1 LTR transactivation (Chaubey
et al., 2005).

Transportan’s analogue TP10 has been an efficient vector for avidin and
streptavidin proteins (El-Andaloussi et al., 2007a; El-Andaloussi et al., 2007b),
for PNA in splicing correction system (El-Andaloussi ef al., 2007a) and also for
peptides, which activate secretory pathways in mast cells (peptidyl secre-
tagogues) (Howl et al., 2003). TP10 also mediates the cellular uptake of siRNA,
however, without retaining its biological activity (Lundberg et al., 2007).

1.2.2.3. Mechanism of delivery of CPP-cargo constructs

Different endosomal pathways are postulated for the cellular uptake of CPP-
cargo constructs (Console et al., 2003; Ferrari et al., 2003; Fittipaldi et al.,
2003; Khalil et al., 2004; Wadia et al., 2004; Tiinnemann et al., 2006; Rinne et
al., 2007). The target of the delivered bioactive molecule, however, can situate
in various cellular locations outside endocytic vesicles. For that reason, the
cargo has to escape from the endosomal vesicles if the target is not within the
endocytic pathway. Different studies that have suggested the uptake of pTat-Cre
fusion protein via macropinocytosis or actin- and energy-dependent mechanism
(Wadia et al., 2004; Tinnemann et al., 2006), and the internalization of PNA-
CPP constructs using clathrin-mediated endocytosis (El-Andaloussi et al.,
2007b) demonstrate the biological activity of the attached load. This indicates
that the construct reaches nucleus despite being trapped in endocytic vesicles. It
also suggests that fluorescence microscopy might lack sensitivity to detect the
compounds in cells at low but still biologically relevant concentrations. The
question to which extent the cellular uptake of PNA-CPP conjugates can be
correlated with their biological activity, was addressed in a recent study using a
splicing correction assay to quantify the biological effect of CPP-conjugated
PNA. El-Andaloussi and colleagues reported that despite of the rather similar
endosomal localization of conjugates of PNA with pTat, penetratin and
transportan, the splice correction efficiency was different for every PNA-CPP
conjugate, being the highest for transportan (El-Andaloussi ef al., 2006).

On the contrary, oligonucleotide delivery to cells with Pep family CPPs has
yielded diffuse labelling of the cytoplasm and the nucleus when attached to a
fluorescent cargo, revealing either a direct translocation across the plasma
membrane or extensive endosomal escape (Morris et al., 2004; Morris et al.,
2007). More precisely, in those studies a construct consisting of a phosphonate
analog of PNA (pPNA) and a PNA-like monomer based on a trans-4-hydroxyl-
L-proline (HypNA) was used to target cyclin B1 via facilitating its cellular de-
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livery with Pep-2 and Pep-3. The down-regulation of cyclin B1 on the mRNA
as well as on the protein level with Pep-2 was shown in different cultured cells
(Morris et al., 2004) and, using Pep-3, also in human prostate carcinoma xeno-
grafted mice (Morris ef al., 2007). It has to be mentioned that for obtaining effi-
cient carrier with Pep family peptides, co-incubation of CPP and cargo is suffi-
cient, although a particular size of complexes and a molar ratio of CPP/cargo
has to be followed (Mufioz-Morris et al., 2007).
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2. AIMS OF THE STUDY

The application of cell-penetrating peptides as vector molecules in biotechno-
logical and especially in therapeutical field requires a detailed knowledge about
the cellular internalization mechanisms used by the peptide and cargo. More-
over, their post-internalizational fate is of the highest importance. The main
purpose of this study was to unravel the internalization modes and intracellular
trafficking of CPPs coupled to a protein cargo. Although we focused on the
elucidation and characterization of the cargo delivery properties of transportan
and TP10, the protein transduction abilities of other CPPs like Tat peptide,
nonaarginine, pVEC and penetratin were characterized as well.

The more specific goals of this thesis can be concluded as follows

to characterize the kinetics and efficiency of protein cellular delivery by
transportan, pTat, penetratin and pVEC and to evaluate the role of energy-
dependent cellular processes and cholesterol in the uptake process of CPP-
protein complexes (paper 1)

to characterize the initial steps of the internalization process of protein com-
plexes with transportans and their destination; to assess the influence of low
temperature on the uptake process at an ultrastructural level (paper I1)

to evaluate the involvement of caveolin- and flotillin-dependent endocytosis
on the cellular transduction of protein attached to transportans and their sub-
sequent targeting through the early endosomal pathway (paper I1I)

to map and compare the intracellular routing of avidin complexed with pTat,
nonaarginine and transportan in relation to endosomal recycling compart-
ment and acidic endosomes (paper V)
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3. METHODOLOGICAL
CONSIDERATIONS

The methods used in this study are described comprehensively in the respective
papers and only brief comments on the chosen methods are given here.

3.1. The cell-penetrating peptides used
in this research

Due to the main focus of our research group on transportans and the efficient
carrier properties of this CPP (Pooga et al., 1998b; El-Andaloussi et al., 2006),
the protein transduction ability of transportan is discussed in all papers included
in this study. In parallel, the transportan analogue TP10 was used in experi-
ments in papers Il and III as a CPP with excellent cargo delivery properties but,
lower-level side effects compared to transportan at high concentration. pTat,
which has been addressed in papers I, III and IV, was included in the studies for
comparison as the most often used CPP and due to its high efficiency in protein
cellular delivery. Penetratin and pVEC examined in paper I along with
transportan and pTat were chosen as the representatives of the respective CPP
families. Nonaarginine as a very efficient and structurally similar CPP to pTat
was discussed in the paper IV together with pTat and transportan in order to
compare the transportan-mediated protein delivery to that of arginine-rich non-
amphipathic cell-penetrating peptides.

3.2. Cell cultures

Five cell lines were used for the experiments described in this thesis. HeLa is a
cancer cell line, which was derived from the cervical carcinoma of Henrietta
Lacks after her death in 1951. Since then HeLa has been the most commonly
used cell line in molecular biology and in the CPP studies as well (Mueller et
al., 2008). Thus, application of HeLa cells in experiments described in paper I
allowed us to compare the protein transduction efficiency of four CPPs in a well
described system. As we also aimed to explore the intracellular routing of CPP-
cargo complexes, the ratio of cytosol to nuclear volume of HeLa cells was well
suited for such studies.

Bowes cells are derived from human melanoma. As this cell line expresses
the galanin receptor, it was used initially in the studies of this neuropeptide and
also for transportan’s predecessor galparan. It has been shown that transportan
displaces galanin from its receptors in Bowes cells (Pooga et al., 1998a). How-
ever, it takes place in 2.7-fold higher concentration compared to galparan. In
paper Il we used in parallel Bowes human melanoma cells and HeLa cells cor-
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roborating that in both these cell lines protein transduction takes place in an
analogous manner.

In order to evaluate the cellular uptake of CPP-protein complexes in the ab-
sence of caveolin, caveolin-1 knock-out mouse 3T3 embryonic fibroblasts
together with wild-type mouse embryonic fibroblasts were included in the
experiments described in paper III in addition to HeLa cells.

In paper IV all the experiments were conducted in Cos 7 cells, which is an
African green monkey kidney fibroblast-like cell line immortalized with SV40
Large T antigen. Since it has been reported that in Cos 1 cells the recycling and
degradative endosomes are differently localized in relation to the spherical
Golgi complex (Misaki ef al., 2007), we exploited this property in exploring the
intracellular targeting of CPP-protein complexes. After affirmation that the
Golgi complex is spherical and allows differentiation of endosomal populations
also in Cos 7 cells, we used this cell line due to higher homogeneity and better
cultivation properties.

3.3. Constructs of CPPs with cargo proteins

Different strategies are used to couple CPPs to cargo molecules. The easiest
way is the formation of CPP-cargo complexes by a simple mixing of the peptide
and cargo molecules. However, this strategy necessitates high affinity of cargo
molecule to a carrier and in that case usually the molar concentration of CPP
must be several-fold higher than that of the molecule to be delivered. Another
method to couple CPP to a cargo is the formation of a disulfide bridge between
the carrier and cargo moiety. This approach is thought to have an advantage in
the delivery of compounds, which have targets in the cytoplasm, as the reducing
environment of the cytoplasm disrupts the disulfide linkage in the construct
when it reaches the cytoplasm. For the cellular transduction of proteins, the CPP
motif can be added to the protein sequence. The easiest method is the expres-
sion of the fusion protein in bacteria and the subsequent purification of the
product. However, during the purification of the designed construct after bacte-
rial expression several problems can be encountered. Another possibility to pro-
duce large proteins where only one CPP moiety is attached per protein is a co-
valent coupling of the carrier and the cargo moieties, which is mostly used in
the delivery of peptides, oligonucleotides and oligonucleotide analogs.

Proteins used as model cargos attached to CPPs throughout this thesis are
avidin, streptavidin and neutravidin. The ability of these proteins to interact
non-covalently but with very high affinity — nearly irreversibly — with biotin is
widely exploited in molecular biology. We took advantage of this approach and
used the complexes of biotin-tagged CPPs and one of the named proteins la-
belled with a suitable reporter group to visualize the protein transduction medi-
ated by CPPs (Fig. 2). All three proteins are tetrameric with one biotin binding
site in each subunit. Avidin is a glycosylated egg white protein and due to its
glycosylation has a very high isoelectric point (pI >10), whereas streptavidin
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from Streptomyces avidinii is almost neutral (pl 6.8-7.5). Neutravidin is derived
from avidin and lacks glycosylation, which gives the protein a slightly acidic
isoelectric point, around 6.3. Probably due to the very high pl, nobody has suc-
ceeded in labelling of avidin with colloidal gold so far and therefore gold-la-
belled streptavidin and neutravidin were used in the electron microscopy ex-
periments in paper II and III.

The ratio of CPPs to avidin used in the experiments was chosen considering
that the biotin binding sites on the protein would be saturated and no free pep-
tide would be in the environment to interfere with the uptake of formed CPP-
protein complexes. The complexes were used in concentrations which enabled
reliable detection, on one, and excluded any toxicity of used peptides, on the
other hand. Higher concentration of CPPs and avidin was used in paper IV to
assess the influence of concentration of complexes on their intracellular target-
ing.

? Biotinylated CPP

Y Fluorochrome
NAv Neutravidin

Figure 2. Schematic representation of differently labelled CPP-protein constructs
used in this study. (A) In fluorescence microscopy experiments fluorochrome-labelled
avidin is complexed with biotinylated CPPs. (B) For electron microscopy experiments
the proteins (neutravidin or streptavidin) adsorbed to colloidal gold particle are com-
plexed with biotinylated CPPs. (Modified from Padari, 2008).

3.4. Quantification of CPP-mediated
cellular transduction
of fluorescently labelled protein

In paper I, FACS and fluorescence spectrophotometry were used in parallel to
evaluate the cellular uptake efficiency of avidin-FITC complexes with bioti-
nylated CPP (CPPb). As FACS detects the fluorescence without the discrimina-
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tion between intra- and extracellular signal, we applied prolonged trypsin treat-
ment for digesting the non-internalized and merely plasma membrane-attached
CPP-avidin complexes. This approach should enable the detection of internal-
ized complexes only. In addition, in more recent FACS experiments (paper I1I)
the cellular fluorescence was measured in the presence of low concentration of
trypan blue in order to quench the extracellular fluorescence (Sahlin er al,
1983), which was insensitive to trypsin treatment.

The reason to include the fluorescence spectrophotometry measurements in
the experiments in paper I is the sensitivity of FITC fluorescence emission to
pH especially at values below 7 (Ohkuma and Poole, 1978), which might lead
to the underestimation of protein concentration in acidic organelles. In order to
exclude the possibility for incorrect estimation of avidin concentration in cells,
the CPP-protein complexes-treated cells were dissolved in alkaline buffer (pH
10-11) to quantify the FITC fluorescence from all cellular organelles and cell
lysate by spectrofluorometrical analysis.

In addition to comparing the protein transduction efficiency of different
CPPs (paper 1), we used different approaches to inhibit endosomal processes in
order to evaluate their role in the uptake of CPP-protein complexes. Low tem-
perature is a commonly used method for inhibiting and blocking of endosomal
processes, although some studies report that vesicular trafficking continues also
at temperatures lower than 20 °C (Saraste et al., 1986).

Hyperosmolar solution conditions generated by high-concentration of su-
crose are suggested to stop the clathrin-dependent pathway (Heuser and Ander-
son, 1989). However, more specific treatments to inhibit clathrin-mediated
endocytosis are preferred now. Expression of a dominant negative mutant of
proteins crucial in clathrin-dependent endocytosis is probably the most specific
among these. In addition, application of different pharmacological agents is
very common but their mechanism of action could be poorly characterized and
most of these have low selectivity.

Combined treatment with deoxyglucose and sodium azide leads to the en-
ergy deficiency of cells by the inhibition of glycolysis and ATP synthesis, re-
spectively (Silverstein et al., 1977), and in analogy with the low temperature
conditions the cellular energy-driven endosomal processes should be arrested
(Steinman et al., 1974).

Cholesterol is shown to be important in endosomal pathways, which involve
membrane lipid rafts and caveolae. Therefore, methyl-f-cyclodextrin (MCD) as
cholesterol-depleting agent was used to study the role of rafts in the internaliza-
tion process of CPP-protein complexes (paper 1). The depletion of cholesterol,
on the other hand, has been also reported to inhibit clathrin-mediated endocyto-
sis (Rodal et al., 1999) and therefore the application of MCD for inhibition of
raft- and caveolae-mediated endocytosis can influence also clathrin-dependent
pathway.
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3.5. Visualization of CPP-protein complexes
in relation to cellular organelles by
fluorescence microscopy

Fluorescence microscopy and confocal laser scanning fluorescence microscopy,
in particular, enable the studies of cellular processes on the organelle level,
which is not possible by FACS or fluorescence spectroscopy. Therefore, we
applied both the wide field as well as confocal fluorescence microscopy for
visualization of the intracellular localization of CPP-protein complexes in rela-
tion to different cellular organelles. Besides visualizing fixed and permeabilized
cells, which allows immunolabelling of various cellular proteins, we exploited
several fluorescent markers applicable for live-cell imaging. Visualization of
live cells avoids possible fixation-derived artefacts, a subject thoroughly ad-
dressed in CPP studies (Lundberg and Johansson, 2002; Richard et al., 2003).
We addressed this question in paper I analyzing the influence of fixation with
4% paraformaldehyde (used in papers II and III) on the cellular localization of
CPP-protein complexes.

In papers II, III and IV we used antibodies against LAMP2, PI3P, Rab5,
flotillin-1, caveolin and TGN46 to visualize different endosomal organelles in
relation to CPP-protein complexes. In immunofluorescence studies care must be
taken in optimizing fixation and permeabilization processes to retain the spe-
cific binding sites and to reduce the possibility of non-specific binding of anti-
bodies. In addition to using paraformaldehyde and methanol fixation in most of
immunofluorescence experiments we found PLP (paraformaldehyde-lysine-pe-
riodate) fixative and mild permeabilization with 0.01% saponin to be the most
suitable for visualization of flotillin-1 in HeLa cells.

To check the involvement of clathrin-dependent endocytosis in the cellular
uptake of CPP-protein complexes, in papers Il and III we used fluorescently
labelled transferrin known to enter cells via clathrin-coated pits. Although trans-
ferrin trafficks to the recycling pathway after cellular uptake, the excessive
amount of the molecule can be directed to degradation and thus it can mark also
lysosomes and give incorrect data about the cellular localization of CPP-protein
complexes. Still, transferrin is a less ambiguous marker compared to the cholera
toxin B subunit (CtxB), which we used in paper III. CtxB can enter cells via
clathrin- (Torgersen et al., 2001) or flotillin-mediated endocytosis (Glebov et
al., 2006), or via a clathrin- and caveolin-independent pathway in different cell
lines (Orlandi and Fishman, 1998; Kirkham et al., 2005). Since CtxB is one of a
very few markers demonstrated to utilize flotillin-containing endocytic vesicles
for cell entry, we used it as a positive control in studying the role of flotillin-
mediated pathway in transportan/TP10-mediated protein delivery.

We used BODIPY-TR-Cs ceramide as a marker of Golgi complex in live-
cell imaging in paper II. In addition to the Golgi apparatus this probe stains also
late endosomes and ER. To be more specific in studying the intracellular rout-
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ing of CPP-protein complexes, we used antibody TGN46 against trans-Golgi
network in paper [V.

The localization of CPP-complexes in relation to late endosomes and ly-
sosomes was studied both in live and fixed cells. In paper IV acidic organelles
were visualized by using live-cell marker LysoSensor DND, which fluorescence
intensity increases along with the gradual decrease of pH, reflecting the acidity
of the vesicle of interest. Compared to the labelling of degradative organelles
with lysosome-specific protein LAMP 2 (paper II) LysoSensor provided more
detailed information about the acidification process of CPP-containing vesicles.
However, live cell markers might lack specificity that we observed when using
LysoTracker (paper II). Therefore we applied the immunolabelling of ly-
sosomes with LAMP2 antibody in parallel to enable more specific visualization
of the CPP-protein complexes in relation to cellular acidic organelles.

3.6. Downregulation of protein levels in
cells by siRNA treatment

Although the siRNA method became available recently, it has been widely used
to down-regulate the protein of interest at the mRNA level. The mRNA is de-
graded by specific endogenous enzyme complexes RISC (Hammond et al.,
2000) and Dicer (Bernstein ef al., 2001) and the enzymatic degradation is initi-
ated by the binding of one or several short complementary RNA sequences on
the target mRNA. We used Western blot method in paper 111 to evaluate the rate
of down-regulation of flotillin-1 and caveolin-1 proteins after siRNA treatment.
Compared to the immunostaining of siRNA-treated cells with respective anti-
bodies and subsequent analysis by FACS, Western blot showed that FACS
analysis underestimated the efficiency of siRNA treatment. On the other hand,
as the whole cell lysate was applied to Western blot analysis, differentiation
between the efficiency of the down-regulation of protein at the membrane ver-
sus intracellular areas was impossible. To overcome this obstacle we analyzed
flotillin-1 staining by confocal microscopy separately in the intracellular and
membrane areas of siRNA-treated cells in paper III.

3.7. Electron microscopy

In spite of the advantages of fluorescence microscopy, this method also has
several drawbacks. First, the resolution limit of fluorescence microscopy is de-
termined by the wavelength of visible light. Therefore, it cannot provide de-
tailed information about the actual size or shape of certain cellular organelles,
like the endosomal vesicles or the plasma membrane. Analogously, fluores-
cence microscopy fails to distinguish between very closely situated objects that
are clearly resolved by electron microscopy, best revealed as false-positive
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colocalization by fluorescence techniques. In papers II and III we used trans-
mission electron microscopy and pre-embedding method to characterize the
intracellular localization of complexes of colloidal-gold labelled protein with
CPP (Fig 2). As we also aimed to visualize proteins specific to endosomal
structures in relation to CPP-protein complexes, immunocytochemical techni-
ques were used for defining the type of endosomes. In paper II, cells were incu-
bated simultaneously with CPP-protein complexes (labelled with 10 nm colloi-
dal gold), and transferrin (20 nm colloidal gold), after which the cells were
fixed and processed for flat embedding into epoxy resin. The flat embedding
allows monitoring the largest area of the cell as the sections from cells are cut
parallel to the growth substrate. In paper III we first incubated live cells with
CPP-protein complexes labelled with colloidal gold (10 nm). After the incuba-
tion cells were fixed and mildly permeabilized, followed by the treatment with
anti-flotillin-1 or anti-caveolin primary antibodies and respective secondary
antibodies tagged with ultra small gold particles (1.4 nm). Application of two
differently sized gold labels is not very often used as the silver deposition for
the magnification of labels can unify the size of labels with initially different
diameter. In addition, it might complicate the distinguishing of two labels situ-
ating very close to each other. As we aimed to visualize cellular caveolin and
flotillin-1 localizing at the cytoplasmic side of the endosomes whereas CPP-
protein complexes reside mostly intravesicularly, we considered the artefacts
due to the close proximity of two markers to be of minor importance.
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4. RESULTS AND DISCUSSION

4.1. Comparison of protein cargo delivery properties
of cell-penetrating peptides (paper )

As the ability of transportan (Pooga et al., 1998a), penetratin (Derossi ef al.,
1994), pVEC (Elmquist et al., 2001) and pTat (Vives et al., 1997) to internalize
into eukaryotic cells was demonstrated earlier, we selected these cell-penetrating
peptides as representatives of the respective CPP families to evaluate their protein
delivery properties. Using the non-covalent complexes of biotinylated peptide
with fluorescently labelled avidin cargo instead of synthesizing covalently linked
CPP-protein conjugates we compared the protein delivery efficiency of these
peptides by fluorescence microscopy, flow cytometry and spectrofluorometry.
The redistribution of CPPs upon fixation of cells and the artefactual localization
of peptides had been recently demonstrated (Lundberg and Johansson, 2002; Drin
et al., 2003; Richard er al, 2003). Compared to the 2-3 kDa size of CPP, the
molecular weight of CPP-avidin complex is considerably higher (~70 kDa) and the
latter might be less easily redistributed in cells by aldehyde-fixation. In order to
confirm the results with CPP-protein complexes obtained in fixed cells we
assessed the influence of paraformaldehyde fixation to the cellular localization of
transportan-protein complexes. We found that fixation of cells with 4%
paraformaldehyde after a 30 min incubation with transportan-protein complexes
does not lead to changes in the cellular localization of peptide-protein complexes.

4.1.2. CPPs vary in protein transduction ability

Incubation of HelLa cells with complexes of FITC-labelled avidin and bioti-
nylated transportan, pTat, pVEC or penetratin for 30 minutes at physiological
temperature yielded a homogenous population of labelled cells, which revealed
10-100-fold stronger cellular fluorescence as compared to the control cells in-
cubated only with avidin, as demonstrated by FACS analysis. It indicated that
all CPPs were able to mediate membrane interaction and cellular uptake of
avidin. Since FACS measures the fluorescence of the whole cell, we prolonged
the trypsin treatment of cells before FACS measurement in order to differentiate
between the protein that had reached the cell interior from that remained at-
tached to the outer leaflet of the plasma membrane only. Extensive trypsin
treatment led to a marked decrease in the cellular fluorescence of all CPP-pro-
tein complexes, indicating that a considerable fraction of protein was accessible
to trypsin digestion on the plasma membrane. pTat and pVEC were slightly
more influenced by the treatment, suggesting that a higher amount of the protein
was accessible to the enzyme on the plasma membrane when complexed with
these CPPs. Incubation of cells with CPP-protein complexes for 4 hours re-
sulted in the gradual increase of cellular fluorescence for all CPPs, being mark-
edly higher in cells treated with pTat-protein complexes. However, after
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24 hours the highest cellular fluorescence in relation to other peptide-protein
complexes was detected for transportan-avidin complexes. The high efficiency
of transportan during longer incubations was not hindered by the presence of se-
rum, which inhibited the uptake of transportan-avidin complexes at shorter in-
cubation times. Therefore, we propose that transportan is the most efficient of
the studied CPPs for protein cellular delivery and the ranking of all studied
CPPs in protein uptake efficiency is: transportan > pTat > pVEC > penetratin.

4.1.3. FACS and spectrofluorometry show different
uptake kinetics of CPP-mediated protein delivery

During the first hour of incubation of cells with CPP-protein complexes, FACS
measurements revealed a linear increase in cellular fluorescence and stable in-
teraction of the complexes with the plasma membrane already during the first 15
minutes. Avidin complexed with transportan or pTat revealed a more rapid
increase in fluorescence signal, which was, however, followed by a lag period and
a subsequent rise after two hours. Uptake of protein coupled to penetratin and
pVEC during 4 hours was less efficient as detected by FACS. As the FITC
fluorescence decreases in the acidic environment (Ohkuma and Poole, 1978), we
lysed the complexes-treated cells in alkaline buffer before spectrofluorometric
measurements in order to avoid the quenching of FITC in cellular acidic
organelles and the putative underestimation of the avidin concentration in cells.
Spectrofluorometry revealed a continuous increase in fluorescence of complexes-
treated cells, suggesting that the lag phase of the protein uptake with pTat- and
transportan-protein detected by FACS reflected the quenching of fluorescence in
the acidic environment. In addition, the protein uptake by pTat detected by
spectrofluorometry after 4-hour incubation was only 3-fold higher than that of
pVEC/penetratin-mediated avidin transport, whereas FACS detected a 10-fold
difference between the protein delivery by transportan/pTat and penetratin/pVEC.
This suggested that avidin transported into cells by pVEC and penetratin remains
entrapped inside the endosomal vesicles where the fluorescence of FITC
decreased. pTat and transportan, on the other hand, either inhibit the endosomal
acidification and retain the fluorescence, or escape from acidic structures, or elude
these vesicles (paper IV) and therefore avoid quenching of the signal.

4.1.4. Low temperature and energy depletion inhibit the cellular
uptake of CPP-protein complexes

The cellular internalization of CPPs was in some cases shown to take place in
the absence of cellular energy (Christiaens et al., 2004; Thorén et al., 2003),
hence we used the low temperature (4 “C) and pretreatment of cells with non-
metabolizable deoxyglucose and sodium azide to estimate the influence of en-
ergy depletion on CPP-mediated protein delivery. Incubation at 4 °C decreased
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the cellular fluorescence for all CPP-protein complexes. In addition, when the
low temperature was combined with the prolonged trypsin treatment, the drop
in fluorescence was markedly stronger and revealed that at low temperature the
majority of the complexes remained on the plasma membrane and were not
taken up by cells. Cells incubated with penetratin-avidin showed the decrease of
fluorescence almost to the basal level, suggesting that at lower temperature
penetratin-avidin complexes are more loosely attached to the plasma membrane
and not taken up by cells. It has been reported that tryptophan residues in the
penetratin sequence are important in the interaction and cellular internalization
of the peptide (Christiaens et al., 2004). The decreased fluidity of the membrane
caused by low temperature (Chapman, 1975) can interfere with the interaction
of penetratin with the plasma membrane. On the other hand, the cargo molecule
can also change or inhibit the uptake characteristics of CPPs. The cellular inter-
nalization of pVEC has been shown to decrease only marginally at 8 °C in
Bowes cells (Elmquist et al., 2006). However, when we assessed the uptake in
the presence of deoxyglucose and sodium azide, a 3—6-fold decrease in cellular
fluorescence for all CPP-protein complexes took place, revealing that the en-
ergy-driven processes are of high relevance in the CPP-mediated uptake. Still,
even in the absence of cellular energy, about 2- to 5-fold more FITC-labelled
avidin associated with cells with a biotinyl-CPP than without a carrier peptide,
suggesting that the energy depletion does not completely block the insertion of
complexes into the plasma membrane or the cellular uptake.

4.1.5. The clathrin mediated endocytosis and lipid raft driven
endosomal processes are involved in the cellular uptake
of CPP-protein complexes.

The clathrin-mediated endocytosis is the best characterized endosomal pathway.
While low temperature should inhibit all endosomal processes by decreasing the
fluidity of the membrane and abolishing energy-derived processes (Steinman et
al., 1974), the hyperosmolar environment interferes only with clathrin-mediated
endocytosis (Heuser and Anderson, 1989). Therefore, we applied the hyperos-
molar medium to assess the involvement of clathrin-mediated endocytosis in the
protein delivery with CPPs. The use of hyperosmolar medium led to a decrease
in the cellular fluorescence for all CPP-protein complexes, although the
influence was not uniform for all peptides. After application of hyperosmolar
medium we observed about 3-fold decrease in the fluorescence of cells incu-
bated with penetratin-avidin complexes, while the drop in protein uptake with
other peptides was about 1.5-fold. This result suggested that the clathrin-coated
pits only partially mediate the cellular uptake of CPP-protein complexes.
Cholesterol is one of the main components of the plasma membrane where it is
proposed to be responsible for the assembly of cellular microdomains by decreasing
the membrane fluidity (Ikonen, 2008). Cholesterol is enriched also in caveolae and
its extraction with methyl-B-cyclodextrin disrupts the formation of caveolae and
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inhibits the formation of clathrin coated pits (Rodal et al., 1999). In addition,
cholesterol plays an essential role also in clathrin- and caveolin-independent
endocytosis (Lamaze et al., 2001; Nichols et al., 2001; Lajoie and Nabi, 2007). The
cholesterol depletion with MCD inhibited the avidin delivery with penetratin and
pVEC about 2-fold, whereas the influence on transportan- and pTat-mediated
uptake remained around 20%, showing that cholesterol-dependent processes
contribute to the CPP-mediated protein cellular uptake. The relevance of cholesterol
was further confirmed by our more recent experiments, where we observed a very
strong inhibition of TP10-mediated protein delivery in cholesterol-depleted cells by
confocal microscopy (Fig. 3). However, cholesterol depletion does not enable to
differentiate between endocytosis via caveolae and lipid rafts. Caveolar pathway
(Ferrari et al., 2003; Fittipaldi et al, 2003) and lipid raft-dependent macro-
pinocytosis (Wadia et al., 2004) are both suggested to participate in Tat-mediated
protein delivery. The involvement of caveolae in CPP-mediated uptake was
analyzed in more detail in paper III. Our results demonstrate that the CPP-
complexes use different endosomal pathways in parallel.

TP10-avidin

untreated cells + MCD

+ cytochalasin D

Transferrin

Cholera toxin B
subunit

Figure 3. Internalization of TP10-avidin complexes by HeLa cells is inhibited by
cholesterol depletion and actin depolymerization. Cells were incubated with com-
plexes of 0.5 uM biotinylated TP10 and 0.15 uM avidin-Alexa Fluor (AF) 488 (green)
after treatment with 10 mM methyl-B-cyclodextrin (MCD, middle panel) or 10 pM
cytochalasin D (right panel). Along with CPP-protein complexes 25 pg/ml transferrin-
AF 594 (upper panel, red) or 3 pg/ml cholera toxin B subunit-AF 594 (lower panel)
were added into the cell medium. Scale bar 10 uM
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4.2. Transportan-protein complexes enter cells
via different endosomal pathways (paper Il)

As the results in paper I focussed on the quantification of the uptake of CPP-
protein complexes, we further aimed to characterize the cellular localization of
complexes at ultrastructural level. Therefore, the cellular uptake and trafficking
of biotinylated transportan and TP10 complexed to colloidal gold-labelled
streptavidin was analyzed by transmission electron microscopy. We also in-
cluded the confocal fluorescence microscopy analysis in the study in order to
compare the electron microscopy data obtained from fixed cells with the protein
uptake and localization in live cells. Therefore we used an analogous experi-
mental setup, i. e. incubation of cells with fluorescently labelled avidin com-
plexed to biotinylated CPP.

4.2.1. Complexes of CPP and protein interact with
the cell membrane by various modes

The association of transportan- and TP10-streptavidin complexes with the
plasma membrane was visualized in Bowes and HeLa cells by electron micros-
copy. The complexes of CPP-streptavidin interacted with both cell types already
upon 5-10 minutes of incubation. Probably due to the tendency of transportan
to form multimers in solution (Pooga ef al., 1998a), at higher concentration of
the peptide (5 puM) large agglomerates of transportan-streptavidin complexes
were detected on the plasma membrane. These aggregates had electron dense
background, which was absent when complexes were formed in cell-free envi-
ronment. This electron dense material could be the plasma membrane pro-
teoglycans, as the HSPGs are reported to be essential for the CPP-mediated
cargo delivery (Console ef al., 2003; Sandgren et al., 2004; Payne et al., 2007).
HSPGs are shown to be very specific in binding of polyamines, compounds that
are essential for cellular proliferation (Welch et al., 2008). On the other hand,
the ability of Tat peptide to interact with the HSPGs is proposed to depend only
on its positive net charge (Mani et al., 2007). On the physiological level the
core protein of proteoglycan dictates the biological outcome of the interaction,
leading either to lysosomal degradation (syndecan and perlecan) or recycling
via endosomal and Golgi compartments (glypican) (Belting, 2003). Considering
the high pl of avidin protein, the interaction between negatively charged HSPGs
and peptide-protein complexes could be rather derived from electrostatic forces,
but without more detailed study the role of HSPGs in protein delivery with
transportans must be discussed with circumspection.
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4.2.2. Transportan- and TP10-protein complexes enter cells using
various vesicular carriers

Electron microscopy images revealed that transportan- and TP10-protein com-
plexes interacted with the plasma membrane either as large agglomerates or
small assemblies containing only a few gold particles. The interaction subse-
quently led to the formation of mainly vesicular carriers of different size and
shape, of which the large aggregates induced membrane outgrowths and
changes in the morphology of the adjacent plasma membrane. From that we
presumed that the actin-dependent processes are involved in the uptake of CPP-
protein complexes. Corroborating our hypothesis, we detected the protein com-
plexed to transportans in close proximity to the actin cytoskeleton both by elec-
tron and fluorescence microscopy. Moreover, avidin transport with CPPs into
cells treated with actin depolymerizing drug cytochalasin D was seriously hin-
dered (Fig. 3). In addition, considering that several vesicular structures had a
0.5-2 pm diameter and could be classified by morphology as macropinosomes,
and since macropinocytosis is an actin-driven endosomal process (Swanson and
Watts, 1995), the participation of actin-mediated endosomal events in CPP-
mediated protein uptake are probably of high importance. Actin polymerization
has been shown to play an important role in the cellular uptake of oligoarginines
(Nakase et al., 2004; Nakase et al., 2007) and of Tat-Cre fusion protein as well
(Wadia et al., 2004).

In addition to the localization in macropinosome-like vesicles, streptavidin-
gold was also found in vesicles with regular shape, which we considered to be
caveosomes and clathrin-coated vesicles. Therefore we proposed that the pep-
tide-protein complexes were taken up by cells via different endosomal pathways
in parallel. Our data from electron and fluorescence microscopy studies did not
support the prevalence of the clathrin mediated pathway in the CPP-mediated
protein delivery that was suggested for Tat-PNA conjugates earlier (Richard et
al., 2003). Little overlap between CPP-protein complexes with transferrin in
cells also corroborated the results of our earlier uptake experiments where inhi-
bition of clathrin-mediated endocytosis only partially inhibited the CPP-medi-
ated protein delivery into cells.

However, electron microscopy revealed one more type of vesicles that con-
tained transportan- or TP10-protein complexes, which had a discontinuous
membrane and an electron density undistinguishable from that of the cytosol.
We suggest that the membrane of such vesicles was destabilized by the peptide,
enabling the escape of the complexes to the cytoplasm. This hypothesis was
further supported by the detection of some apparently free gold-labelled strep-
tavidin in the cytoplasm. The endosomal escape has been shown for anthrax and
diphtheria toxin (Sandvig and Olsnes, 1980; Wesche et al., 1998), several vi-
ruses (Gruenberg and van der Goot, 2006) and also for fibroblast growth factor
(FGF), which is subsequently directed to the nucleus (Olsnes et al., 2003). Al-
though the endosomal translocation of FGF requires the activity of the cytosolic
chaperone HSP90 (Wesche et al., 2006) and its nuclear localization is driven by
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NLS that is absent in transportan and TP10, the studies demonstrating the activ-
ity of TP10-delivered cargo in the nucleus (El-Andaloussi et al., 2006; El-
Andaloussi et al., 2007a) support our results showing that the transportan/TP10-
protein complexes can translocate to the cytoplasm. The oligonucleotide deliv-
ery with CPPs from Pep-family is also suggested either to use endosomal es-
cape or direct translocation across the plasma membrane due to the subsequent
cytosolic localization of the delivered cargo (Morris et al., 2004; Morris et al.,
2007). The mechanism of the endosomal escape is still poorly understood, al-
though the inhibition of the endosomal acidification by chloroquine and ammo-
nium chloride (Cain and Murphy, 1986) is widely used and successfully applied
to enhance the CPP-mediated cargo delivery (El-Andaloussi et al., 2006; Abes
et al., 2007). It is proposed that the inhibition of the endosomal acidification
destabilizes the endosomal membranes and initiates the release of vesicular
contents. It has been shown on artificial membranes that the membrane per-
turbing effect of TP10 was significantly stronger in neutral than in negatively
charged large unilamellar vesicles (Barany-Wallje et al., 2007), suggesting that
the endosomal escape of the peptide could be facilitated at a more neutral pH.

4.2.3. Majority of transportan and TP10-protein complexes are
directed to lysosome-like organelles upon extended incubation

To analyze to which extent the peptide protein complexes are directed to the
degradative organelles, we extended the incubation time of cells with com-
plexes to 20—72 hours. Electron microscopy revealed that the majority of CPP-
delivered protein was concentrating to the perinuclear vesicles with lysosomal
morphology. Fluorescence microscopy confirmed the targeting of CPP-protein
complexes to the degradative organelles after extended incubation since exten-
sive colocalization with live cell marker LysoTracker or lysosomal marker pro-
tein LAMP2 was detected in cells after 12 hour chase experiment. However, in
parallel with the increase in the accumulation of CPP-protein complexes in
cells, even after 24 or 48 hours of incubation the fluorescence as well as elec-
tron microscopy revealed that at least some peptide-containing vesicles were
present over the cytoplasm that did not stain for LAMP2 and LAMPI. This
suggested that a fraction of vesicles do not recruit the lysosomal marker pro-
teins even after extended incubations. The acidification of vesicles that contain
the CPP-protein complexes was analyzed in more detail in paper IV.

4.2.4. Transportan and TP10-mediated protein delivery is
abolished at 4 °C

In paper I we reported the ability of avidin complexed to some CPPs to interact
and remain attached to the cell membrane even after the incubation at low tem-
perature. Considering the cellular trafficking processes to be inhibited but not
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totally stopped at 16 °C (Saraste et al., 1986), we assessed the induction of
endocytosis by transportan- and TP10-protein complexes at 20, 10 and 4 °C at
the ultrastructural level. At 10 °C, the complexes interacted with the plasma
membrane of cells and the gold-labelled protein was clearly detectable also in
some vesicles of cortical cytoplasm. However, the complexes did not form big
agglomerates as it was seen at physiological temperature, and the interaction
with the membrane did not induce changes in the cellular morphology, indi-
cating that induction of large pits and vesicles by CPP-protein complexes re-
quires cellular energy. Incubation of the cells with CPP-protein complexes at
20 °C revealed almost comparable uptake of peptide protein complexes to that
observed at 37 °C. On the contrary, the incubation at 4 °C diminished the mem-
brane interaction and abolished cellular uptake of both transportan- and TP10-
streptavidin complexes, suggesting the prevalence of energy-dependent proc-
esses in their cellular uptake. However, we cannot exclude that the profoundly
different properties of the plasma membrane at 4 °C, like the decreased fluidity
and interfered mixing of lipids etc. also plays a significant role in the absence of
the cellular uptake of TP/TP10-protein complexes at 4 °C. In line with our stud-
ies, Console and collaborators observed an analogous temperature-dependent
cellular uptake of streptavidin complexed with pTat or penetratin, suggesting
the prevalence of energy-dependent mechanisms and the importance of plasma
membrane fluidity in CPP-mediated protein uptake (Console et al., 2003).

4.3. Protein delivery with transportans is mediated by
caveolae rather than flotillin-dependent pathways

(paper IlI)

We had suggested that several endosomal pathways including macropinocyto-
sis, clathrin-mediated endocytosis and endocytosis requiring the membranous
cholesterol are simultaneously active in the cellular uptake of CPP-protein
complexes (paper I and II). However, the putative involvement of caveolar en-
docytosis was based only on the visual estimation of the morphology of com-
plexes-containing vesicles (paper II) and on the markedly decreased CPP-pro-
tein uptake by the cholesterol-depleted cells (paper I). In addition to being one
of the characteristic components of caveolae, membranous cholesterol is also
crucial in the formation and functioning of different lipid rafts, shown to medi-
ate the endosomal processes, which do not start from clathrin-coated pits and
caveolae (Lajoie and Nabi, 2007). Recently, flotillin was reported as a novel
marker for a particular type of non-caveolar endocytosis (Glebov ef al., 2006).
Therefore we analyzed the role of flotillin-1 and caveolin-mediated endocytosis
in CPP-mediated protein delivery.
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4.3.1. A considerable amount of transportan- and
TPI10-mediated protein complexes use caveolin-dependent
endocytosis for cellular uptake

Electron microscopy revealed a relatively high abundance of vesicles in HeLa
cells that contained peptide-protein complexes and resembled caveolae by their
morphology (paper II). To elucidate the involvement of caveolin-dependent
endocytosis in the CPP-mediated protein transduction, we used immunocyto-
chemical staining for visualizing caveolae in HeLa cells. Both the confocal and
electron microscopy demonstrated a partial overlap of caveolin and
avidin/neutravidin complexed either to transportan, TP10 or pTat. Quantifica-
tion by electron microscopy revealed that 15-20% of all complexes-containing
vesicles in cortical as well as perinuclear cytoplasm contained also caveolin,
corroborating the fluorescence microscopy studies showing similar overlap. The
partial utilization of caveolin-dependent endocytosis by CPP-complexes was
further confirmed by the down-regulation of cellular caveolin-1 by siRNA
treatment. The 70-80% depletion of cellular caveolin-1 led to 30—50% decrease
in the uptake of transportan and TP10 protein complexes. Moreover, analogous
results were obtained with caveolin-17" primary fibroblasts, assuring that the
lack of caveolin in the plasma membrane inhibits the internalization of the CPP-
protein complexes. Considering that the depletion of cellular cholesterol by
MCD treatment removes the cholesterol also from caveolae, the inhibition of
cellular uptake of CPP-protein complexes in cells treated with MCD (paper )
correlated well with our results on caveolin-deficient cells. The caveolar path-
way is shown to participate in the cellular uptake of EGFP fused either to Tat
protein (Ferrari et al., 2003) or Tat peptide (Fittipaldi et al., 2003). However, in
both cases more extensive overlap of both constructs with cholera toxin subunit
than caveolin-1 was observed. CtxB can enter cells by several pathways proba-
bly due to the distribution of its receptor GM1 not only to caveolae but also to
other membrane microdomains (Parton and Richards, 2003). The more exten-
sive colocalization of Tat fusion protein with the cholera toxin B subunit com-
pared to caveolin suggests that the uptake of Tat-EGFP fusion proteins was not
restricted to the caveolar pathway only.

4.3.2. Flotillin-1 marked endosomal pathway does not participate
in the uptake of protein mediated by transportans

Flotillin-1 and -2-containing plasma membrane areas form microdomains that
resemble caveolae by morphology in electron microscopy images (Frick et al.,
2007), and which mediate the endosomal uptake of cholera toxin B subunit to a
certain extent (Glebov et al., 2006). As clathrin- and caveolae-mediated endo-
cytosis and macropinocytosis could not comprehend all the cellular uptake of
CPP-protein complexes, we used immunocytochemical methods to evaluate the
role of flotillin-mediated endocytosis in the protein delivery by transportans.
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Somewhat unexpectedly we did not detect the complexes of protein with trans-
portan, TP10 or pTat in flotillin-1-containing structures by fluorescence micros-
copy. Electron microscopy analysis revealed a negligible number of flotillin-1-
positive perinuclear vesicles, which contained CPP-protein complexes. Next, to
further assess the role of flotillin-1 in protein delivery by transportans we down-
regulated flotillin-1 by siRNA treatment. The Western blot analysis revealed
only a moderate down-regulation of flotillin-1 by 40-50%. The fluorescence
microscopy demonstrated that flotillin-1 was unevenly down-regulated in dif-
ferent compartments of HeLa cells. The quantification of flotillin-1 at the
plasma membrane and in the cell centre revealed more efficient down-regula-
tion at the plasma membrane, reaching 75% efficiency of siRNA treatment. In
spite of that, the lack of flotillin-1 did not inhibit the cellular uptake of trans-
portan- or TP10-mediated avidin delivery as quantified by FACS analysis. This
suggests that the flotillin-positive membrane areas and the respective endosomal
vesicles do not participate in the CPP-mediated protein uptake. Unfortunately,
no good marker has been discovered for flotillin-mediated endocytosis so far.
Therefore, we used the cholera toxin B subunit as a marker for flotillin-medi-
ated endocytosis, which can be taken up by cells via multiple pathways (Parton
and Richards, 2003), making the quantification of the interference with the flo-
tillin-1-dependent pathway impossible.

However, in addition to revealing the insignificant role of flotillin-marked
endocytosis in CPP-mediated protein cellular delivery, our results demonstrate
the functional difference of flotillin- and caveolin-containing membrane micro-
domains and the endocytic pathways deriving from these.

4.3.3. Transportan- and TP10-protein complexes are not trafficked
through early endosomal pathways marked by Rab5 and PI3P

Early endosomes are the main organelles for processing the cargo internalized
via clathrin-coated pits (Pollard, 2008). Rab5 and PI3P are both the mediators
of the fusion of early endosomal vesicles by recruiting the early endosomal
autoantigen (EEA1) to the membrane, which acts as a vesicle tethering factor
(Clague, 1999). To elucidate the early steps in the internalization process of
CPP-protein complexes, we used two markers of early endosomal pathways
Rab5 and PI3P in our studies and characterized the cellular localization of
avidin complexed with transportans in relation to these markers. However, we
could not find transportan- and TP10-protein complexes in the endosomal carri-
ers labelled by Rab5 or PI3P, indicating that the early endosomal pathway is not
exploited by transportans in protein transduction. Still, our earlier studies had
suggested the clathrin-mediated pathway as one route for CPP-mediated protein
uptake. A possible explanation for this contradiction is that the CPP-protein
complexes enter cells via a non-specific endocytosis, recruiting also extracellu-
lar transferrin during the vesicle formation. Another possibility is that the trans-
portan/TP10-protein complexes enter cells in clathrin-independent vesicles,
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which fuse with transferrin-containing vesicles after they have passed the Rab5
and PI3P positive structures. It is known that the uptake of GPI-anchored folate
receptor is internalized by Cdc42-dependent endocytosis without entering
Rab5-positive early endosomes (Sabharanjak et al., 2002). In addition, the up-
take of GPI-anchored folate receptor was inhibited by the depletion of choles-
terol (Chadda et al., 2007), in analogy with our results in CPP-mediated protein
delivery presented in paper I. Therefore, the uptake by a clathrin- and caveolin-
independent but cholesterol dependent pathway by some CPP-protein com-
plexes cannot be excluded.

The studies of the Tat-EGFP fusion protein uptake by cells indicated a three-
fold slower motion of the vesicles containing fusion construct compared to the
transferrin-containing endosomes (Ferrari et al., 2003) and the fluorescence of
cells incubated with Tatl 1-EGFP increased at slower rate than that of cells in-
cubated with fluorescent transferrin (Fittipaldi et al., 2003). The cellular uptake
of GPI-anchored proteins, on the contrary, takes place markedly quicker
(Chadda et al., 2007). We can conclude that the uptake route for a considerable
amount of CPP-protein complexes is more similar to that of Tat-EGFP con-
structs.

4.4. CPP-protein complexes induce a population of
endocytic vesicles with moderate acidity (paper 1V)

In eukaryotic cells the endocytosed material in sorting endosomes is directed
either to the degradative pathway, leading to the lysosomal digestion of inter-
nalized molecules, or delivered back to the plasma membrane via the recycling
endosomal compartment. The data from our earlier experiments with CPP-pro-
tein complexes revealed the exploitation of several endosomal pathways for
cellular internalization in parallel (paper II and III). To shed light to the further
trafficking of peptide-protein complexes after cellular entry, we analyzed
whether the vesicles containing CPP-protein complexes were directed to degra-
dative or recycling pathway in cells.

4.4.1. CPP-protein complexes are not directed to the recycling
endosomal pathway

We chose transportan, pTat and nonaarginine as the representatives of most
studied CPPs to compare the intracellular trafficking of the attached avidin
cargo. First, we addressed the localization of CPP-protein complexes in cells in
relation to the endosomes of the recycling pathway. Endosomal recycling com-
partment is described to be a long-lived organelle of mainly tubular structures,
from which most molecules return to the plasma membrane and its shape and
localization in different cells can vary (Maxfield and McGraw, 2004). In Cos
cells the recycling endosomes are spatially segregated from the degradative
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ones, passing through the inside of the ring-shaped Golgi complex (Misaki et
al., 2007). We took advantage of this characteristic of Cos cells and assessed
the localization of complexes of biotinylated CPP and avidin-Texas Red in re-
lation to the Golgi complex using an antibody against trans-Golgi marker pro-
tein TGN46. Only about 10-15% of CPP-avidin complexes containing vesicles
localized to the Golgi ring and even less inside, showing that if the recycling
pathway is involved in the trafficking of the complexes, the role of this route is
negligible. The small overlap between the complexes and TGN46 also corrobo-
rates the results obtained with HeLa cells and discussed in paper II, where we
detected very little overlap between transportan-avidin and Golgi marker TR-
ceramide.

4.4.2. CPP-avidin complexes are internalized into three populations
of vesicles of different pH and concentration

The vesicles with cargo destined for degradation are gradually acidified by the
Na+/H+ ATPases. The pH decrease accompanies the maturation of endosomes
to lysosomes and enables the activity of catabolic enzymes and degradation of
the lysosomal content. In Cos 7 cells, we mapped the acidity of endosomes
containing CPP-protein complexes by using a live cell marker LysoSensor
DND, which exhibits a pH-dependent increase in fluorescence intensity upon
acidification. Visualization of the complexes of biotinylated CPP with avidin-
Texas Red in cells after incubation of 1, 4 or 12 hours allowed us to define three
distinct subpopulations of endosomes based on the pH of the carrier vesicle and
the concentration of CPP-cargo inside these vesicles. First, the small vesicles
with medium or slightly acidic pH and with low signal of avidin-Texas Red
were mainly detected after one hour of incubation for all used CPPs. The sec-
ond population consisted of larger perinuclear endosomes with low pH and high
concentration of complexes emerging typically after 4 and 12 hour time period.
The gradual growth in the size and intensity of complexes-containing acidic
vesicles was probably due to the fusion of smaller endosomes. The third popu-
lation of vesicles was characterized by a high concentration of complexes, but
had a rather medium pH value. This population did not undergo the pH drop
even during 12 hours and was present with all CPP-protein complexes, but a
considerably higher number of such vesicles were typical for cells incubated
with transportan-avidin complexes. The presence of long-living and acidifica-
tion-resistant vesicles might suggest that nonaarginine, pTat and especially
transportan are able to inhibit the acidification, as the population of vesicles
with medium-pH vesicles was not present after 12 hours in cells incubated with
avidin only. Still, upon longer incubation the complexes concentrated to the
perinuclear acidic organelles, indicating that although the internalization took
place via different routes involving the peculiar type of endosomes in which pH
was reduced only slightly, the majority of internalized complexes reach ly-
sosomal organelles. Our earlier results demonstrated that caveolin- as well as
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clathrin-mediated endocytosis and macropinocytosis mediate the internalization
of CPP-protein complexes. As transferrin could be taken up by cells in the same
vesicles together with CPP-protein complexes, and as we observed only a minor
amount of CPP-protein complexes in the recycling pathway, the colocalization
of CPP-protein complexes with transferrin (paper I1I) was probably due to the
targeting of both to the vesicles of degradative pathway.

Fluorescent dextran is used as a marker for both fluid phase uptake and
macropinocytosis. However, the differentiation between fluid phase endosomes
and bigger macropinosomes is based mostly on the size of the vesicles. We de-
tected dextran mainly in the acidic vesicles that were markedly bigger than the
suggested 0.1 um diameter for fluid phase endosomes and therefore we defined
these structures mostly as macropinosomes. Although we can not conclude from
this result that macropinocytically ingested CPP-protein complexes are also
directed to acidic endosomes and do not contribute to the population with me-
dium pH, the more likely source for non-acidic endosomes is caveolin-depend-
ent endocytosis. Caveosomes are demonstrated to have pH values close to neu-
tral even in three hours after internalization of SV40 (Pelkmans ef al., 2001).
We showed that caveolin-dependent endocytosis participates in CPP-mediated
protein uptake (paper III) and therefore we propose that the non-acidic com-
plexes-containing vesicles might result from caveolar endocytosis. On the other
hand, application of 10 uM of peptide and 3 pM avidin increased the amount of
acidic vesicles containing CPP-protein complexes, while the amount of non-
acidic vesicles did not change markedly. This result is in concordance with the
study by Di Guglielmo and coworkers, demonstrating that caveolin-1-positive
lipid rafts mediate the turnover of TGF B receptor via Smad7-Smurf pathway.
At the same time Smad2-SARA signalling is induced by the TGF [ taken up by
clathrin-coated pits (Di Guglielmo et al., 2003). In addition, the EGF receptor
internalization via caveolae is induced by high EGF concentration and subse-
quent ubiquitination of the receptor (Sigismund et al., 2005).
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SUMMARY

Studies on the cell-entry mechanisms of cell-penetrating peptides have revealed
the very high complexity of the internalization process. Several pathways of
cellular uptake are used in parallel and the internalization mode is changed
when CPP-cargo complexes are applied instead of CPP alone. In this study the
protein cargo delivery properties and endosomal routing of six cell-penetrating
peptides, with the emphasis on transportans, was studied by using confocal fluo-
rescence and electron microscopy, flow cytometry and spectrofluorometry. The
internalization mechanisms of CPP-protein complexes were studied in different
eukaryotic cell lines by inhibition of different cellular processes via energy de-
pletion, application of various pharmacological agents or siRNA treatment. For
the visualization of CPP-protein complexes in relation to the organelles of en-
docytic pathways, tracer molecules of different endosomal entry routes, and
organelle-specific antibodies were used in live and fixed cells, respectively.

All the cell-penetrating peptides studied here were found to mediate the
cellular uptake of protein cargo using mainly the endosomal pathways, of which
we defined the use of three and non-involvement of one endosomal pathway. In
addition, the degradative pathway was found to be the major destination of de-
livered CPP-protein complexes.

The main results of this study can be concluded as follows.

1) Protein cellular delivery with transportan, pTat, pVEC and penetratin is de-
pendent on the cellular energy, temperature and the organization of lipids in
the plasma membrane.

2) Transportan and Tat peptide are more efficient in the protein delivery than
penetratin and pVEC.

3) Clathrin- and caveolin-dependent endocytosis and macropinocytosis are
mediating the cellular uptake of CPP-protein complexes in parallel.

4) Flotillin-dependent endocytosis and early endosomal carriers defined by
Rab5 and PI3P are not involved in the protein cellular delivery by CPPs.

5) The majority of CPP-protein complexes taken up by cells avoid the recycling
endosomal pathway and are targeted to degradative organelles in a concen-
tration-dependent manner.

6) A substantial fraction of endosomes that contain CPP-protein complexes
resists the pH decrease and the complexes are not subjected to degradation
even after 12 hours.

7) After longer incubation and at higher concentration transportan and TP10 are
able to induce the endosomal escape of the internalized protein.
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SUMMARY IN ESTONIAN

ENDOSOMAALSED RAJAD RAKKU SISENEVATE
PEPTIIDIDEGA VAHENDATUD VALGUTRANSPORDIL

Eukariiootne rakk on eraldatud véliskeskkonnast plasmamembraaniga, mille
moodustavad fosfolipiidne kaksikkiht ja sellesse sukeldatud voi sellega iihendu-
ses olevad valgud. Plasmamembraani peamiseks iilesandeks on olla selektiivne
barjadr, mis vahendab rakku signaale ja erinevate biomolekulide transporti.
Raku eluks vajalike ainete toimetamine 14bi rakumembraani on tépselt regulee-
ritud protsess, kus ioonide ja viikese molekulmassiga {ihendite sisenemist va-
hendavad pdhiliselt kanalid ja pumbad. Suurte hiidrofiilsete molekulide peami-
seks rakku padsemise viisiks on nende transport plasmamembraanist punguvate
vesikulaarsete kandjate abil, mille moodustumine algatatakse enamasti pérast
ithendi seondumist plasmamembraanil asuvale retseptorile. Plasmamembraani
selektiivsus tingib ka selle, et mitmete muidu efektiivsete ravimite kasutusele-
vott on takistatud — nende rakuline kéttesaadavus on lihtsalt viga madal. Selliste
ithendite rakku toimetamiseks on biotehnoloogias vilja tootatud erinevaid moo-
duseid, millele hiljuti lisandus alternatiiv rakku sisenevate peptiidide (RSP)
ndol. Tegu on enamasti 5-40 aminohappest koosnevate peptiididega, mis oma-
vad vOimet ldbida rakumembraani ja vahendada endaga liidetud suurte
hiidrofiilsete molekulide rakku sisenemist. Ligi 15 aasta jooksul on identifitsee-
ritud {ile saja iseseisvalt rakku litkuva peptiidse jarjestuse ning paljudega neist
on veenvalt demonstreeritud ka rakku viidud iihendite bioloogilist aktiivsust.
Samas eeldab RSPde kui transportmolekulide kasutuselevott pdhjalikke tead-
misi nii nende {ihendite rakku sisenemisest kui ka rakusisesest suunamisest.

On niidatud, et paljude iihendite rakku sisestamine RSPdega toimub
endotsiitoosi teel, kuid teisalt on kirjeldatud ka mitte-endotsiitootilist sisene-
mismoodust, mille tipsem mehhanism on veel siiani teadmata. Kéesoleva viite-
kirja peamiseks eesmérgiks oli iseloomustada erinevate rakku sisenevate
peptiidide efektiivsust ja sisenemisradu valgu rakkudesse toimetamisel avidiini,
neutravidiini ja streptavidiini valkude niitel. T66s on kisitletud kuut erinevat
peptiidi, millest pShirdhk on transportaani ja TP10 poolt vahendatud valgu
rakku suunamise uurimisel. Transportaan on 27 aminohappe pikkune kimaérne
peptiid, koosnedes N-otsas asuvast neuropeptiid galaniini fragmendist ja sellele
liidetud herilasemiirgi komponendist mastoparaanist. TP10 on transportaani N-
otsast lithendatud analoog, mis vastupidiselt transportaanile ei inhibeeri rakku-
des konstitutiivselt aktiivseid G-valke ja omab seega vihem voimalikke bioloo-
gilisi korvalmojusid. Transportaanidele lisaks on kaasatud toosse HIV-1
transaktivaatorvalgu transduktsioonidomeen, mis on tuntud Tat peptiidina;
itheksast arginiinijadgist koosnev peptiid (Ry), Antennapedia homeovalgu
homeodomeenist périnev penetratiin ja vaskulaar-endoteliaalse kadheriini
transmembraanse osa fragment pVEC. Tat peptiid, penetratiin ja nonaarginiin
on iihed enim uuritud rakku sisenevad peptiidsed jérjestused. pVEC, mida on
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kisitletud esimeses publikatsioonis, kirjeldati rakku siseneva peptiidina hiljuti
meie koostdOpartnerite poolt ja selle peptiidi transpordiomadused olid senini
vihe uuritud. Peptiidi ja valgu liitmiseks lisasime peptiidile biotiinimérgise, mis
seostub nii avidiini, strept- kui ka neutravidiiniga véiga korge afiinsusega,
moodustades stabiilse kompleksi. RSPdega rakku viidud valgu koguse ja
asukoha maéadramiseks kasutasime valguga liidetud fluorestsentsmérgise
detekteerimist konfokaal-fluorestsentsmikroskoopia, spektrofluoromeetria ja
labivoolutsiitomeetria abil. Peptiid-valk-komplekside tuvastamiseks rakus ultra-
struktuuri tasemel kasutasime kolloidse kullaga margitud valgu visualiseerimist
elektronmikroskoopia meetodi abil.

Peptiididega vahendatud valgutranspordi efektiivsuse hindamisel ilmnes, et
Tat peptiid ja transportaan on vdrreldes penetratiini ja pVEC-ga voimelised
rakkudesse suurema koguse avidiini toimetama. Energiast sdltuvaid rakulisi
protsesse parssides (madal temperatuur, metaboolse aktiivsuse inhibeerimine)
leidsime, et peptiididega vahendatud valgutransport on sdltuv nii rakuenergiast
kui ka temperatuurist. Mitmetest varem avaldatud tulemustest nihtus, et RSPde
rakku sisenemine on takistatud, kui plasmamembraani lipiidide organiseeritus
on hdiritud. Selleks et hinnata plasmamembraani lipiidse organiseerituse moju
RSP rakku liikumisele juhul kui peptiid on liidetud valgumolekuliga, uurisime
komplekside sisenemist rakkudesse, mille plasmamembraanist oli osaliselt
eemaldatud kolesterool. Kolesterooli peetakse vastutavaks plasmamembraanis
tihedamalt pakitud mikropiirkondade ehk lipiidsete parvede tekkimise eest, mis
lisaks osalemisele endotsiitootilistes protsessides arvatakse funktsioneerivat kui
rakumembraanis asuvate retseptorite koondumiskohad ja paljude signalisatsioo-
niradade alguspunktid. Meie eksperimentidest selgus, et kolesterooli eemalda-
mise tagajdrjel on RSPde vahendatud valgu rakkudesse suunamine tugevalt
parsitud, viidates sellele, et plasmamembraani lipiidne organiseeritus ja/voi
sellest tulenevad protsessid on RSPdega valgu rakkudesse suunamisel méérava
téahtsusega.

Peptiididega rakku viidud valgu asukoha kirjeldamisest elektronmikroskoo-
pia abil ndhtus, et kompleksid asuvad rakus enamasti erineva suurusega vesiku-
laarsetes struktuurides. Kuna erinevaid endotsiitootilisi vesiikuleid saab
elektronmikroskoopilisel vaatlemisel morfoloogia alusel teatud méaral alaliigiti
eristada, jareldasime, et RSP-vahendatud valgu rakku suunamisel kasutatakse
makropinotsiitoosi ja nii klatriin- kui kaveoliin-sdltuvaid endosomaalseid radu.
Samas ei voOimalda vesiikulite elektronmikroskoopiline vaatlus vahet teha
kaveoolidest ldhtuvate ning klatriin- ja kaveoliin-sdltumatute vesikulaarsete
kandjate vahel. Kuna kaveoole peetakse iiheks lipiidsete parvede alaliigiks, ot-
sustasime me selgitada lipiidsetest parvedest algavate endosomaalsete radade
osalust RSP-vahendatud valgutranspordis, kasutades kahte tiiiipi lipiidsete par-
vede markervalku, kaveoliini ja flotilliini. Flotilliini kui teatud tiiiipi lipiidsete
parvede ja sealt ldhtuva endosomaalse raja vesiikulite pinnal asuvat valku on
kirjeldatud suhteliselt hiljuti. Lisaks analiiiisisime me varaste endosoomide
osalust transportaani, TP10 ja Tat peptiidi vahendatud valgutranspordis, kasuta-
des varaste endosoomide membraanis asuva valgu Rab5 ja lipiidi PI3P visuali-
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seerimist RSP-valk-komplekside suhtes. Tulemustest néhtus, et arvestatav osa
RSPga komplekseeritud valgust liigub rakkudesse kaveolaarset endotsiitoosi
kasutades, samas kui flotilliin-1, Rab5 ja PI3P sisaldavate vesiikulite kaudu
komplekside rakku sisenemist praktiliselt ei toimu. Samuti leidsime, et komp-
lekside suunamine ringlusraja endosoomidesse, organellidesse, mis oma sisal-
dise tagasi membraanile ja rakust vélja suunavad, toimub védga vidhesel médiral
ning valdav osa RSPdega rakku sisestatud valgust suunatakse kontsentratsioon-
soltuvalt lagundava raja happelistesse organellidesse. Samas ndgime, et marga-
tav osa peptiid-valk-komplekse sisaldavaid endosoome sdilitas ndrgalt happelise
vOi neutraalse keskkonna ka 12 tundi pérast kompleksidega inkubeerimise al-
gust ja selliste endosoomide populatsioon oli suurem transportaan-avidiini
komplekside korral. Transportaanide omadus aeglustada endosomaalsete ve-
siikulite pH langust vdib olla seotud nende peptiidide voimega poOhjustada
endosomaalsete vesiikulite membraani suuremat ldbilaskvust ja komplekside
vabanemist tsiitoplasmasse, mis oli eelkdige nidhtav korgema kontsentratsioo-
niga ja pikemaajaliselt transportaan-streptavidiini kompleksidega t66deldud
rakkude elektronmikroskoopilisel vaatlusel.
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