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I'must go down to the seas again,

to the vagrant gypsy life,

To the gull’s way and the whale’s way,
where the wind’s like a whetted knife;
And all I ask is a merry yarn

from a laughing fellow-rover,

And quiet sleep and a sweet dream
when the long trick’s over.

John Masefield
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Yhteenveto: ~ Endosomeista eteenpdin.  Lipidikalvoja, lysosomeja ja
viruskapsidin vuorovaikutuksia.

To understand cellular functions one must learn how biological membranes
behave. Lipid bilayers are the first line of defence against parasites invading
cells -- and consequently, crossing the lipid bilayer is one of the rate limiting
steps of a successful infection. In this thesis membrane interactions important
for the entry of canine parvovirus (CPV) were elucidated. The virus was found
to interact with sphingomyelin causing conformational changes in the capsid.
Moreover, cholesterol was found to be important for CPV entry. Cholesterol
together with low pH triggered the virus to fluidise model membranes and this
fluidisation occurred also during infection. Without normal cholesterol content,
and presumably without proper cholesterol-facilitated organisation of
intracellular membranes, CPV trafficking was impaired and the infection
inhibited. Desipramine, a tricyclic antidepressant, was with atomistic molecular
dynamics simulations found to have an disordering effect on cholesterol-rich
membranes. The drug also inhibited CPV entry, which makes it an interesting
candidate for an antiviral agent.

The properties of lysosomal membranes have remained uncharacterised
despite the biomedical interest to understand the organelle function. The effect
of triolein on phospholipid membrane properties were investigated in a model
membrane system to provide information on the possible role of triglycerides in
lysosomal membranes. At the saturation limit triolein induced complex
macroscopic phase behaviour in fluid phospholipid membrane. In one of the
two phases triolein significantly reduced water penetration to the upper part of
the membrane as well as fluidised the membrane. This is proposed to
contribute to the barrier properties of lysosomes.

The last part of the thesis describes long tubulin-containing protrusions
in CPV-infected cells at late stage of infection. These protrusions are suggested
to be related to egress of the virus.

Keywords: Virus-membrane interactions; cholesterol; desipramine; triglyceride;
membrane properties; virus egress
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1 INTRODUCTION

The limiting membrane, the plasma membrane, generates the concept of a cell: it
creates a separate entity by forming a border between the inside and the outside.
Similarly are formed also the inner compartments within eukaryotic cells. The
interior of a cell is not a homogeneous mass but a mosaic of different organelles,
each lined with their unique membranes. Having this membranous barrier is
important for the cell not only in a semantic sense but also in practice: a mem-
brane forms a border which contributes to forming a barrier for maintenance of
gradients. Moreover, it functions as the first line of defence against pathogens.

Pathogens entering the cell must pass the plasma membrane to be able to
infect the cell. Many of them have evolved to use endocytosis, a natural and
important function of the cell, as means of entry into the cell. The membranous
border line is there to provide protection for the cell and renders an obstacle for
the pathogens to overcome. To be able to penetrate deeper into the cell a pathogen
entering by endocytosis must penetrate the endosomal membrane at some point
of the complex delivery pathway. Both understanding membranes, their compo-
sition and role in facilitating cellular functions, and elucidating the interactions
between proteins and membranes are crucial in effort to rationalise the numerous
events which take place when a mammalian cell is invaded by a pathogen.

In this thesis, virus-membrane interactions as well as biological membranes,
and endosomal membranes in particular were studied with a multidisciplinary
focus. In addition, the late steps in the life of the model virus in question, were
investigated. The information gained on the membrane-interactions of the non-
enveloped model virus helps us to understand how crucial the intracellular mem-
branes are also for non-enveloped viruses and how the virus capsid can directly
be influenced by lipid bilayers. This thesis, covering viewpoints from cellular
biochemistry to biophysical chemistry, gives new insights into the intracellular
membranes and the challenges and opportunities they provide for viral journey
from endosomes onwards.



2 REVIEW OF LITERATURE

2.1 Structure and organization of biological membranes

Biological membranes have a crucial role in the survival of all living things.
Equally as imperative for an unicellular organism and for a human being,
membranes create cells, the smallest units of life by forming a barrier between
the inside and the outside. This barrier has intrigued scientists since the
days of Robert Hooke, who was the first to introduce the word "cell" in 1665
(Tien & Ottowa 2001). The first evidence of the biological membrane, the plasma
membrane, to be a lipid bilayer was provided centuries later, in 1920s. After
that numerous models to interpret the complexity of biological membranes
have been posed (Tien & Ottowa 2001; Singer 2004). In 1972 the Singer-Nicolson
model presented the membrane as a two-dimensional fluid. Molecules were
supposed to be randomly distributed in the plane of the membrane based on
their unrestricted freedom of mobility (Singer & Nicolson 1972). Despite of the
evident superiority of the Singer-Nicolson model compared to those preceding
it, it contained many inaccuracies. The later years have attempted to rectify
these with the help of substantial development in biochemical and biophysi-
cal methodology (Vereb et al. 2003; Engelman 2005). One of the key issues of
the present understanding of biological membranes is lateral heterogeneity of
the membrane structure. Thermodynamical principles drive lipids to seek the
company of those alike or those posing complementary properties. Particu-
larly strongly this tendency is seen with cholesterol, which mixed with phos-
pholipids forms ordered domains at a large range of concentration and temper-
ature (Ipsen et al. 1987; Vist et al. 1990). In cellular studies the more ordered do-
mains in the cell membranes, called in that context lipid rafts, connect biologi-
cal function to the lateral structure of membranes (Simons & Ikonen 1997). Al-
though the concept of lipid rafts has gained widespread acknowledgment, the
details of their existence are still in some respect controversial (Munro 2003). In
many cases seeing is believing and so far the rafts, being most likely minute in
size, have not been imaged directly on the plasma membrane. However, indirect
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evidence has accumulated on plasma membrane hotspots of particular lipid and
protein composition. Distinct areas rich in cholesterol, saturated phospholipids,
sphingomyelin and characteristic proteins, such as GPI-anchored proteins, have
been found to be part of many crucial cellular functions including signalling,
endocytosis and cargo delivery (Schroeder et al. 1994; Brown & London 1998;
Simons & Toomre 2000; Rajendran & Simons 2005). It seems that rafts are not
restricted to plasma membrane. Evidence is accumulating on rafts present on
endosomal membranes and on their role on regulating endosome organisation
and dynamics (Sobo et al. 2007; Nada et al. 2009).

21.1 Lipids

In general terms, lipids are small carbon-based amphipathic or hydrophobic
molecules which are formed by ketoacyl or isoprene groups. Based on the
chemical structure of their backbone lipids can be divided into polyketides,
acylglycerols, sphingolipids, prenols and saccharolipids, but typically a more
generalised classification is used (Table 1). Typically glycerophospholipids and
sterol lipids are considered separate from other glycerolipids and prenols based
mainly on historical reasons (Fahy et al. 2005).

TABLE1  General classification of some common lipids.
Adapted from (Hauser & Poupart 2005).

Substituted hydrocarbons Long-chain alcohols
Long-chain fatty acids
Steroids

Simple esters Acylglycerols
Cholesteryl esters
Waxes

Complex lipids Glycerophospholipids
Sphingolipids

Glycolipids Glycoglycerolipids
Glycosphingolipids
Cerebrocides
Gangliosides
Lipopolysaccharides

All biological membranes are composed of lipids, but not all molecules conside-
red to be lipids are ideal for forming membranes. Large diversity of lipid species
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in biological membranes provides the basis for fine-tuning the physical properties
of the membrane (Cullis et al. 1986).

Glycerophospholipids (see Figure 1) are the most common lipids in bio-
logical membranes of eukaryotes. They are formed by a glycerol backbone
which has one of its hydroxyls linked to a phosphate-containing group and two
others to hydrophobic chains. For most glycerophospholipids the hydrophobic
fatty acid chains are attached to 1-sn and 2-sn positions. The phosphate group,
residing in sn-3 position, is further linked to an additional group, eg. choline,
myo-inositol, serine or ethanolamine, which contribute strongly to the packing
properties of the lipid as well as determine the more detailed nomenclature
of glycerophospholipids, yielding phosphatidylcholine, phosphatidylinositol,
phosphatidylserine and phosphatidylethanolamine, respectively (Gennis 1989).
Further nomenclature of phospholipids is determined by their fatty acid
structure. Combining different fatty acid species under one headgroup gives
numerous possibilities for forming differently behaving phospholipid molecules.
Table 2 lists some common fatty acids found in membrane lipids of eukaryotes.

TABLE2  Some common fatty acids.

Fatty acid common name chain length and unsaturation
Arachidic 20:0

Arachidonic 20:4

Lauric 12:0

Linoleic 18:2

a-Linoleic 18:3 (9-cis, 12-cis, 15-cis)
v-Linoleic 18:3 (6-cis, 9-cis, 12-cis)
Linolenic 18:6

Myristic 14:0

Oleic 18:1

Palmitic 16:0

Palmitoleic 16:1

Stearic 18:0

Sterols are ubiquitous hydrophobic molecules found throughout taxonomic
ranks. Sterols comprise of a steroid ring structure, nonpolar hydrocarbon tail
and a hydroxyl group forming a polar head for the molecule. The steroid ring is
formed by four fused rings and shared by all sterol lipids. Sterols vary in struc-
ture both in having different functional groups attached to their nonpolar tail and
by the oxidation state of their ring structure.

Cholesterol (see Figure 1) is the most common sterol and is present
in cellular membranes of higher eukaryotes. In phospholipid membranes
cholesterol is positioned upright, parallel to the membrane normal with it’s
hydroxyl head at the level of glyceryl-fatty acid ester bonds (Franks 1976;
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FIGURE 1 Structures of a glycerophospholipid (dioleyl glycerophosphocholine; top),
cholesterol (middle) and a sphingolipid (sphingomyelin, bottom).

Worcester & Franks 1976; Dufourc et al. 1984). Effects of cholesterol on phospho-
and sphingolipid bilayers have been studied widely. Particularly pronounced
the interactions are with phospho- and sphingolipids possessing saturated fatty
acid chains (Sankaram & Thompson 1990; Wang & Silvius 2003; Silvius 2003;
Ohvo-Rekild et al. 2002). In cellular membranes cholesterol has been found
present in lipid rafts (Simons & Ikonen 1997).

Plant sterols are commonly called phytosterols and include numerous dif-
ferent molecular species. The major phytosterol in plants is sitosterol. In
addition, stigmasterol, campesterol, brassicasterol, and avenasterol are found
(Piironen et al. 2000). Ergosterol, another structural variant of the sterol family,
is present in lower eukaryotes, such as fungi and yeast. Lanosterol, the biosyn-
thetic precursor of both cholesterol and ergosterol is found in prokaryotic mem-
branes. Different sterols have shown to have similar effects on the material
properties of phospholipid membranes. Sterols in general stiffen the membrane,
which is seen for example as increased elastic moduli (Endress et al. 2002;
Henriksen et al. 2004; Henriksen et al. 2006).

Sphigolipids (see Figure 1) are a heterogenous group of lipids having a
long sphingoid base, typically sphingosine or sphinganine, as a backbone onto
which fatty acids are attached via amide bonds. The simplest of sphingolipids
are ceramides, which have only two hydroxyl groups as the hydrophilic regions.
More complex sphingolipids such as sphingomyelin and glycosphingolipids
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have larger headgroups, phosphorylcholine and sugar residues, respectively.
Sphingolipids have been found to be connected to important cellular signalling
functions controlling eg. proliferation and apoptosis in cells (Goeztl et al. 1999;
Maceyka et al. 2002; Futerman & Hannun 2004). In addition, particular inte-
rest for sphingolipids, and especially for sphingomyelin, has been raised in
the context of domain formation and lipid rafts. Saturated sphingolipids pre-
fer to partition into ordered domains in membranes (Wang & Silvius 2003) and
show particularly strong interactions with cholesterol (Leventis & Silvius 2001;
Ramsted & Slotte 2006). In plasma membranes sphingomyelin is found in areas
considered as lipid rafts (Simons & Ikonen 1997).

2.1.2 Self-assembly of lipids

Lipids have several functions in biological systems ranging from signalling to
serving as precursors on metabolic routes. Their fundamental role, however, is to
form membranes, which on their part create barriers and compartments, form a
matrix for membrane-embedded proteins and even control the influx of material
into the cell. In aqueous solutions amphiphilic molecules, such as lipids, self-
associate into different types of aggregates. One type of these aggregates is a
bilayer, which is the basis of most biological membranes.

Lipid aggregates, such as micelles and bilayers, are formed by non-covalent
interactions between lipid molecules. The non-polar hydrocarbons in the lipids
contribute to the hydrophobic effect in aggregate formation. The hydrocar-
bon chains cannot break the water structure by forming hydrogen bonds and
are therefore energetically and entropically unfit to reside in aqueous environ-
ment. When mixing oil and water this leads to phase separation, in the case
of amphiphilic molecules, such as lipids which have a hydrophobic tail and
a hydrophillic head, aggregates are formed. The precise form of te aggregate
depends on the molecular details of the lipids in question. Packing of lipids
into different types of aggregates, micellelles and bilayers, is governed by a
number of factors. Interfacial tension attracts the lipids closer together by redu-
cing the cross-sectional areas of the lipid tail and head regions. Repellant con-
tribution to the matter is on the other hand given by steric and electrostatic
interactions. Balancing these opposing forces determines the molecular details
of aggregate formation. Formation of lipid bilayer, for example, requires the
tail and the head cross-sectional areas of the participating lipids to be similar
(Israelachvili 1992; Gennis 1989).

Self-assembly of amphiphiles, such as lipids, is governed by fundamental
principles of equilibrium thermodynamics stating that in all aggregates formed
in a solution each individual molecule should have equal chemical potential.
Israelachvili (Israelachvili 1992) writes the same following the simple approach
of Tanford (Tanford 1980) as follows:

p=ud + kT logX; = pu3 + %leog%Xz =ud+ %leog%Xg = .. 1)
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FIGURE 2 Packing shapes of lipids and the formed structures. Structures from the top:
micelle, tubular micelle, flexible bilayer or vesicle, planar bilayer and in-
verted micelle. Critical packing parameters (v/aol.) for each type of lipids
are presented on the right. Modified from (Israelachvili 1992)

or in a more simplified manner:

w=pn=pul+ % log(%) = constant, N=1,2,3... )

where in an aggregate of size N, j is the chemical potential of a molecule,
19, the standard free energy per molecule and Xy the molar fraction of aggre-
gates of size N. u,, the standard free energy, represents all the free energy resul-
ting from the opposing forces forming the aggregate whereas kWT log(x—l\?’) is the
entropy for moving the aggregate in the solution (translational entropy). N =1
corresponds to individual lipids (monomers) in solution.

Equation 2 is the thermodynamic equilibrium condition. The standard
chemical potential (1)) of the aggregate components, that is to say the indi-
vidual lipid molecules, has a mininimum at some size N* corresponding to the
micelle size, or stays constant for increasing and large N, which is the case for a
lipid bilayer. Put in simpler terms, for lipids (and in general for all amphiphiles)
micellarisation, the formation of aggregates of certain finite size, is favoured by
free energy. In contrast, alkenes, as for example oil, form infinite aggregates
which leads to phase separation in stead of micellarisation (Israelachvili 1992).

Lipids are able to assemble themselves into different kinds of structures,
micelles, inverted micelles or bilayers which can seal themselves into vesicles.
The type of the forming structure is dictated by principles of molecular pack-
ing which, based on the geometry of the participating molecules, favour the
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formation of distinct types of structures for distinct types of lipids. The dimen-
sionless packing parameter, v/agl., for lipids of certain optimal headgroup area
ap, certain molecular volume v and critical chain length I, that is to say the
maximum chain length for the lipid, describes the types of structures they form.
Spherical micelles are formed mainly by single chain lipids with v/agl. below %
They have relatively large optimal headgroup areas, typically caused by charged
headgroups. Lipids with smaller optimal headgroup areas compared to their tail
region, v/apl; from % to %, are prone to form cylindrical micelles. When the head-
group area of the lipids is roughly equal to the area occupied by the tail region,
corresponding to v/apl. of 1, the lipids favour packing into bilayers. Typically,
the situation arises with lipids having two fatty acid chains. A planar bilayer
is energetically challenged as the rim the hydrophobic core of the bilayer is ex-
posed to water. Therefore, if the lipids can keep their optimal headgroup area
also in a curved environment, sealing the planar bilayer into a spherical vesic-
le is favoured. In these cases the shape of the lipid resembles a truncated cone
and v/agl. lies in the order of 1 - 1. If lipid has a very small optimal headgroup
area, as typically seen with phosphatidylethanolamine, or voluminous tail re-
gion, which can occur typically with polyunsaturated tail chains, the v/agl. can
exceed 1. In these cases inverted micelles are formed - or the lipids simply pre-
cipitate (Israelachvili et al. 1976; Israelachvili 1992). Figure 2 summarises lipid
shapes and the formed structures.

2.1.3 Thermotropic phase behaviour of phospholipid bilayers

The main phase transition of a lipid bilayer is a co-operative process where the
membrane shifts from gel to fluid phase. In the process the molecular motion of
the fatty acid hydrocarbon chains is increased as they transfer from all-trans into
gauche conformations (Figure 3). The temperature at which the transition occurs
is characteristic for each lipid and depends, in addition to the lipid headgroup, on
saturation and length of the fatty acid chains (Koynova et al. 1998). For examp-
le, distearyl phosphatidylcholine (DSPC) has it’s melting temperature at 55.3°C
(Lewis et al. 1987) whereas the main transition for dioleoyl phosphatidylcholine
(DOPC), having the same chain length but with a cis bond in the 9-positions of
the chains, is as low as -17.3°C (Lewis et al. 1988). On the other hand, dipalmitoyl
phosphatidylcholine (DPPC), with tail chains two carbons shorter than those of
DSPC, has its transition temperature at a markedly lower temperature, at 41.4°C
(Lewis et al. 1987).

For each lipid the temperature for the melting transition is determined by
thermodynamical balance between different contributing factors. The rigid gel
phase favours the attractive forces between lipids arising from van der Waals in-
teractions, whereas the disordered tail chains in gauche conformations present in
fluid phase are entropically favoured in comparison to the rigid all-trans configu-
rations of the gel state. In addition to these aspects also interactions between the
headgroups, whether attractive or repulsive, affect the situation (Gennis 1989).

When the membrane undergoes the main phase transition, several
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FIGURE 3 Organisation and packing of lipid bilayers in gel (Lg) and fluid (L) phase.
Drawings on the left represent the ordering of the acyl chains and in the
boxes on the right the packing of lipids in the plane of the membrane is
illustrated. Modified from (Hauser & Poupart 2005)

properties of the bilayer are altered. The area and thickness of the bilayer change,
which results in a membrane volume change (Heimburg 1998). For DPPC, the
change in the membrane area has been noted to be about 17% (Janiak et al. 1976).
Similarly, the bilayer thickness appears to decrease approximately 18% (calcu-
lated from (Nagle et al. 1996)). However, the change in the volume of the mem-
brane during transition has been reported to be merely in the range of 4%
(Nagle & Wilkinson 1978). In addition to these, close to the main transition the
bilayer softens. The area compressibility of the membrane increases and, conse-
quently, the bending elastic modulus decreases, indicating the membrane to be-
come more elastic and more easily deformable. A striking example for the distinct
difference in the area compressibility modulus (K) of the membrane on either side
of the main transition is seen with dimyristoyl phosphatidylcholine (DMPC). At
8.3°C, when the membrane is in gel (Lg) phase, K measured with micropipette
aspiration, was 855 mN/m, whereas in the fluid (L) phase the value was as low
as 145 mN/m (Needham & Evans 1988).

The transition from gel to fluid phase is not in all cases a simple melting
process. Even in one-component phospholipid membranes the density distribu-
tion of the bilayer may exhibit pronounced lateral variability during transition
leading to dynamic heterogeneity in the membrane (Ruggiero & Hudson 1989;
Ipsenetal. 1990a). In addition, the transition may include pretransitions
and formation of ripples in the membrane (Janiak et al. 1976; Rand et al. 1975;
Heimburg 2000). Mixing of phospholipids with different kinds of chains is
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nonideal and, consequently, the complex nature of the main phase transi-
tion of phospholipids is seen pronouncedly in lipid mixtures, where coexis-
ting regions containing both gel and fluid areas are found (Sankaram et al. 1992;
Inoue et al. 1999).

2.1.4 Cholesterol-phospholipid interactions

Cholesterol associates particularly strongly with saturated choline phospho-
lipids, sphingomyelin being the most preferred species (Ohvo-Rekil4 et al. 2002).
This association is enhanced by the preferential partitioning of chole-
sterol into membranes with sphingomyelin or saturated phospholipids
(Niu & Litman 2002). The rigid steroid ring structure of cholesterol intercalates
more favourably in a bilayer with saturated acyl chains (Lund-Katz et al. 1988).
Interactions of cholesterol with saturated phosphatidyl choline and sphin-
gomyelin bilayers are characterized by more pronounced van der Waals attrac-
tions (Lund-Katz et al. 1988) and association of cholesterol with the carbonyl
groups of phospholipid hydrocarbon chains (Sankaram & Thompson 1990).
Hydrogen bonding between the amide linkage of sphingomyelins and the hyd-
roxyl group of cholesterol has been proposed to render interactions with sphin-
gomyelin especially preferred (Sankaram & Thompson 1990). In natural mem-
branes preference of cholesterol for sphingomyelins is enforced by the fact that
sphingomyelin species abundant in nature have long and saturated acyl chains,
whereas phosphatidyl cholines are typically shorter and contain unsaturated
chains (Ohvo-Rekild et al. 2002). Multiple unsaturations in acyl chains coun-
teract the condensing effect of cholesterol on bilayers (Needham & Nunn 1990;
Smaby et al. 1997).

Interactions between saturated phospholipids and cholesterol result
in very particular phase behaviour of the mixtures (Ipsen etal. 1987;
Vist et al. 1990; Sankaram & Thompson 1990). Similar behaviour has also been
shown for sphingomyelin-cholesterol mixtures (Sankaram & Thompson 1990;
Chachaty et al. 2005). Cholesterol has been shown to induce an increase in the
acyl chain order of the phospholipid in egg lecithin (Stockton & Smith 1976)
and DPPC (Vist et al. 1990; Ipsen et al. 1990b; Hofsa et al. 2003) bilayers. The
underlying reason for cholesterol-induced ordering is, based on a theoretical
model, proposed to be the specific short-range interactions between cholesterol
and the nearby phospholipids (Ipsen et al. 1987). Effects of cholesterol are not
limited to rigidifying the fluid phase. In the solid phase cholesterol breaks
the lattice-structure of the membrane by decreasing translational order by
decoupling the ordering of the phospholipids from that of the solid phase. At
high cholesterol concentrations this occurs even at temperatures below the main
phase transition of the bilayer (Ipsen et al. 1987; Vist et al. 1990).

The main phase transition temperature of phosphatidyl choline bilayers
is depressed by increasing concentrations of cholesterol (Genz et al. 1986;
McMullen et al. 1997; Ipsen et al. 1990b). The complex phase behaviour of PC-
cholesterol systems gives raise to a very special form for the phase diagram.



23

T(°C)
60 ¢
LY
ko
Q. .
o \ ¢4
30 1 .
\ \
\ ¥ T '7\
4 4o 20 30

mol-% cholesterol

FIGURE4 Phase diagram of DPPC-cholesterol system (modified from
(Ipsen et al. 1987)). Notations for different phases: so, solid ordered;
1d, liquid disordered; lo, liquid ordered. The small region at the beginning
of the triple line corresponds to so/1d coexistence.

The full phase diagram for PC-cholesterol system was first calculated for
DPPC (Ipsen et al. 1987) followed by confirmation by an experimental study
(Vist et al. 1990). Later, the general form for the phase diagram was shown to
apply for a number of PC-cholesterol binary systems (Thewalt & Bloom 1992).
In the phase diagram (Figure 4), in temperatures below the main phase transi-
tion and with low cholesterol concentration, the bilayer is in gel, or solid ordered
(so) phase. The truly fluid liquid-disordered (Id) phase in higher temperatures
and low cholesterol concentration is transformed by increasing amount of cho-
lesterol into the liquid-disordered (lo) phase. This unique phase is characterised
by attributes of both ordered and disordered, each originating from the interac-
tions between cholesterol and acyl chains of the lipids. The liquid-ordered phase
presents both high degree of acyl chain ordering, or conformational order, seen in
the solid phase and translational disorder typical for the liquid-disordered phase
(Ipsen et al. 1987). Originally, cholesterol was deciphered not to influence the la-
teral diffusion of phospholipids in fluid bilayers based on measurements with
egg yolk lecithin, DPPC and DOPC membranes (Lindblom et al. 1981), but later
criticism for this interpretation was raised based on NMR measurements with
DMPC bilayers (Oradd et al. 2003). The two liquid phases, 1d and lo, coexist at
a wide temperature and concentration range (Ipsen et al. 1987; Vist et al. 1990;
Sankaram & Thompson 1990; Sankaram & Thompson 1991). In addition, the
solid ordered phase with it’s crystal packing perturbed by cholesterol exhibits
coexistence of solid ordered and liquid-ordered phases (Ipsen et al. 1987).
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FIGURE 5 Position of cholesterol in phospholipid bilayer. Cholesterol molecules (oran-
ge) are aligned to the membrane normal with their polar hydroxyl heads
at the level of the glycerol groups of phospholipids (green) (Franks 1976;
Worcester & Franks 1976; Dufourc et al. 1984). Cholesterol increases confor-
mational order of the lipid tail chains (left in figure), which is characteristic
for the liquid-ordered phase (Ipsen et al. 1987).

The phase behaviour of cholesterol-phospholipid mixtures is seen clearly
as differences in the physical properties of the bilayers. The area expansion
modulus (K;) (Needham & Nunn 1990; Needham et al. 1988; Endress et al. 2002;
Henriksen et al. 2004) and the bending rigidity modulus (x) (Duwe et al. 1990;
Meleard et al. 1998; Henriksen et al. 2004) both increase with cholesterol. In the
case of POPC vesicles the increase in bending rigidity measured with vesicle fluc-
tuation analysis has been reported to be nearly proportional to the concentra-
tion of cholesterol in the bilayer (Henriksen et al. 2004). With increasing chole-
sterol concentration the membrane area decreases and the bilayer gains thick-
ness (Ipsen et al. 1990b; Hofsa et al. 2003; de Meyer & Smit 2009). In fact, the
thickness mismatch of cholesterol-rich areas and rest of the lipid bilayer is pro-
posed to contribute to immiscibility seen in cholesterol-phospholipid systems
(Kucerka et al. 2008).

2.1.5 From phase separation to lipid rafts

Different phases have different physical properties - and very often also diffe-
rent molecular composition. Although in physiological conditions most biolo-
gical membranes are in fluid phase (Cullis et al. 1986), the complex phase be-
haviour of cholesterol containing systems (see: section 2.1.4) brings about pe-
culiarities in the properties of the membrane. At the same time, the lateral
heterogeneity of cellular membranes enhanced by cholesterol provides oppor-
tunities for controlled functions. Lipid rafts, as mentioned already in the
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beginning of this literature review, are areas of cellular membranes rich in cho-
lesterol, saturated phospholipids and sphingomyelin (Simons & Ikonen 1997).
In addition to lipids, rafts contain proteins which preferentially partition
into the ordered regions. These include e.g. proteins with GPI-anchors
(Varma & Mayor 1998; Chatterjee & Mayor 2001), palmitoylated and myristoy-
lated proteins (Rajendran et al. 2003) as well as cholesterol-binding proteins
such as caveolin, which is present in caveolae structures (Song et al. 1996;
Simons & Ehehalt 2002).

Unlike in model membranes, where classical raft lipid mixtures present
pronounced ld/lo phase separation (Dietrich et al. 2001; Veatch & Keller 2003;
Lindblom et al. 2006), the situation in the plasma membrane is complicated by
constant addition and removal of lipids in the membrane (Simons & Vaz 2004).
Furthermore, long- and short term ordering in different time scales can produce
ordered domains of variable sizes. This is further aided by the contribution
of membrane proteins and the cell cytoskeleton (Jacobson et al. 2007). Corres-
pondingly, the lateral heterogeneity of biological membranes has been proposed
include also non-raft domains in addition to rigid membrane areas. Origin of
these alternate domains has been suggested to be in eg. dynamic fluctuations of
membrane density (Ruggiero & Hudson 1989; Ipsen et al. 1990a) and presence of
polyunsaturated fatty acids such as DHA (Wassall & Stillwell 2008).

Rafts, however, are not just any domains found on the plasma membrane.
Originally rafts were defined by detergent resistance, stemming from evidence on
insolubility of ordered, sphingolipid-rich areas of plasma membrane in cold non-
ionic detergents, and by characteristic buoyancy of the recovered membrane frag-
ments on density gradients (Brown & Rose 1992; Brown 1994). Concern has been
raised on the fact that the detergent itself can create aggregation of lipids genera-
ting thus inherent artefacts in the detergent isolation method (Heerklotz 2002),
but also an opposite view has been presented (Staneva et al. 2005). The raft
theory has evoked a rather elaborate scientific debate during which opposing
convictions and indications have been argued (see e.g. (Powell & Leslie 2006;
Lichtenberg et al. 2005; Munro 2003; Hancock 2006; London & Brown 2000). The
discussion has refined the view on rafts and shifted the notion from ambiguous
detergent-isolated clusters into distinct type of ordered domains found on cellu-
lar membranes. A raft is considered to have a particular lipid and protein compo-
sition, to be transient in existence (London 2005; Dietrich et al. 2002) and to be, at
least in non-clustered form, small enough to avoid detection by optical imaging
(Prallea et al. 2000; Almeida et al. 2005; Varma & Mayor 1998). Nomenclature for
the phenomenon, however, remains to be confusing and terms such as liquid-
ordered membrane domain, raft and detergent-resistant membrane (DRM) are
still often used interchangeably.

Clustering of rafts into larger aggregates occurs through oligomerisation of
proteins (Paladino et al. 2004; Simons & Vaz 2004). Clustering can be induced
artificially (Harder et al. 1998; Janes et al. 2000), but it is an ongoing natural
process which allows the small rafts to form larger platforms for intracellu-
lar functionality (Simons & Ehehalt 2002; Simons & Vaz 2004). Raft clustering
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has been proposed to be a way to couple the outer leaflet and inner leaflet
rafts (Grietal. 2004). One of the best characterised clustering events on the
plasma membrane is the formation of caveolae. Caveolae are plasma mem-
brane cavities of 50-100 nm in size which can detach from the membrane to
form vesicles (Peters et al. 1985). Caveolae are lined with caveolin-1 protein
(Rothberg et al. 1992). The lipid composition of caveolae is thought to match
that of lipid rafts (Meder & Simons 2006). The view is supported by the strong
binding of caveolin-1 to cholesterol (Murata et al. 1995). Caveolin-1 can also be
cross-linked by the ganglioside GM1 (Fra et al. 1995), which gives further evi-
dence on the strong presence of raft lipids in caveolae. Caveolar invaginations
are formed through oligomerisation of the caveolin-1 protein (Monier et al. 1995;
Sargiacomo et al. 1995) and internalised in a regulated manner triggered by the
ingoing cargo, such as Simian virus 40 or cholera-toxin binding to GM1 molecules
(Parton et al. 1994; Pelkmans et al. 2001; Orlandi et al. 1998). Caveolae, like other
clustered raft regions (Pierce 2002), have also been noted to act as signalling plat-
forms (Li et al. 1996, Okamoto et al. 1998). In addition of the general nature of
the signalling in caveolae, caveolae-based signalling is also used to trigger their
own internalisation process (Aoki et al. 1999).

2.2 Endocytosis and endosomes

2.21 An overview of endocytic routes

Mammalian cells have various ways by which they internalise material, all of
them collectively called endocytosis. These cellular internalisation pathways can
be divided roughly into phagocytosis and pinocytosis (see Figure 6). In phago-
cytosis large particles (>0.5 ym), such as pathogens or apoptotic cells, are taken
in into the cell (Aderem & Underhill 1999). Phagocytosis is triggered by recep-
tor recognition on the cell surface followed by internalisation of the particle
and subsequent fusion of the vesicle with lysosome to form a phagolysosome
(Stuart & Ezekowitz 2005). Monocytes, macrophages and neuthophils, collec-
tively also known as professional phagocytes, are responsible for the majority
of the ongoing phagocytosis. Consequently, phagocytosis has a strong role in
triggering defence mechanisms (Aderem & Underhill 1999; Aderem 2003).
Pinocytosis delivers extracellular fluid, macromolecules and membrane into
the cell. The different pinocytic methods are summarised in Figure 6. Macropino-
cytosis is characterised by membrane ruffling, i.e. membrane protrusions which
collapse and fuse with the plasma membrane generating large vesicles, or mac-
ropinosomes (0.2 - 5 ym), containing extracellular fluid and molecules residing
in the fluid phase (Swanson & Watts 1995; Swanson 2008). Although the mecha-
nism for particle intake by macropinocytosis is rather unspecified, it is neverthe-
less strictly controlled. The formation of membrane ruffles is actin-dependent
and regulated through the GTPases of the Rho-family such as Racl and Cdc42
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endocytosis

FIGURE 6 Different modes of endocytosis. Phagocytosis is utilised mainly by
professional phagocytes while pinocytosis, including clathrin-mediated,
caveolin-mediated and clathrin- and caveolin-independent pathways, is
a ongoing process in majority of cell types. Figure modified from
(Conner & Schmid 2003). Illustration by Lars Duelund. Reproduced with
artists” permission.

(Ridley et al. 1992; Garrett et al. 2000; Conner & Schmid 2003).

Clathrin-mediated endocytosis is responsible for the constitutive uptake
of nutrients into cells. The continuous internalisation process, where receptors
are endocytosed irrespective of ligand-binding, involves for example low den-
sity lipoprotein receptor (LDLR) (Anderson et al. 1982) and transferrin receptor
(TfR) (Watts 1982). The non-constitutive internalisation of receptors is triggered
by specific ligands binding to their receptors, as examplified by the intake of
the epidermal growth factor receptor (EGFR) (Beguinot et al. 1984). During the
process the receptors and their bound ligands are gathered into clathrin-coated
pits on plasma membrane. The pit is lined by clathrin triskelions, complexes of
three heavy chains of the clathrin protein and supplemented with bound light
chains, which self-assemble into caged structures aided by adaptor protein (AP)
complexes. The coated pits invaginate into the cell and eventually pinch off as
clathrin-coated vesicles with the help of the GTPase dynamin. Two mechanisms
for the cleavage process has been proposed. One model presents dynamin as
"pinchase” which constricts the vesicle neck resulting in severing of the vesic-
le from plasma membrane (Hinshaw & Schmid 1995; Sweitzer & Hinshaw 1998)
and the other as "poppase" which in a spring-like manner detaches the vesicle
(Stowellet al. 1999).

Caveolar endocytic pathway does not require clathrin. It begins from caveo-
lae, plasma membrane cavities lined with caveolin-1 protein (Peters et al. 1985;
Rothberg et al. 1992). In non-induced conditions caveolae either reside motion-
less on the plasma membrane (Parton et al. 1994; Pelkmans & Zerial 2005) or
make rapid cycles in the vicinity of the plasma membrane without starting onto
the vesicular delivery route (Pelkmans & Zerial 2005). This short cycle can be
triggered into endocytosis where the enclosed cargo is delivered to caveosomes.
Regulation of the short- and long-distance circulation appears to be kinase-based
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(Pelkmans & Zerial 2005). In addition to fusion with caveosomes, caveolar vesic-
les have been shown to be able to dock onto other organelles such as early en-
dosomes where they maintain their original lipid and protein composition. This
peculiar behaviour of the caveolar vesicles has been proposed to link endocytic
and exocytic routes and to permanently ensure the identity of caveolar domains
(Pelkmans et al. 2004).

Clathrin-independent endocytosis can also occur through mechanisms
which do not include participation of caveolin and which can be either dependent
or independent of dynamin. These pathways are, however, poorly understood
compared to other pinocytic routes for internalisation (Conner & Schmid 2003).
The dynamin-dependent, clathrin- and caveolin independent internalisation
pathway is proposed to be regulated by RhoA and the dynamin-independent
variants by either Arf6 or Cdc42 (Conner & Schmid 2003; Mayor & Pagano 2007).

2.2.2 Travelling through the clathrin-mediated endocytic pathway

When endocytic cargo embarks on it’s journey along the clathrin-mediated path-
way, it is first internalised into the cell in a vesicle coated with clathrin (see
section 2.2.1). Soon after the original clathrin-coated vesicle has detached itself
from the plasma membrane, it is uncoated enzymatically in an ATP-dependent
manner (Braell et al. 1984). The uncoated vesicle delivers the cargo to an early
endosome onto which it fuses. Early endosomes are also called sorting en-
dosomes based on their function to sort cargo to their appropriate destina-
tions (Mayor et al. 1993). In the mildly acidic lumen of the early endosome
the cargo molecules are disengaged from their receptors (Yamashiro et al. 1984;
Mellman 1996; Mukherjee et al. 1997). The cargo is proposed to be sorted to
futher locations on the endocytic route by retention in the vesicular areas,
whereas the receptors, proposedly due to their larger fractional surface area,
accumulate in the tubular regions of the early endosomes. From these tubules the
receptors are subsequently sent back to the plasma membrane (Mayor et al. 1993;
Mellman 1996).  Although this general scheme of sorting applies to many
receptor-ligand pairs, alternate fates for receptors occur. Some of them, like EGFR
can be sorted forward for degradation (Herbst et al. 1994), while others, such as
the cation-independent mannose 6-phosphate receptor (Ci-MPR), have distinct
intracellular destinations to go to (Jin et al. 1989; Mukherjee et al. 1997). Transit
through the early endosome is rapid: the cargo continues onwards together with
the intraluminal vesicles in 2-3 minutes (Mellman 1996). Some of the recycled
material is not returned directly to the plasma membrane, but shuttled through
recycling endosomes. The recycling endosomes are located deeper in the cell,
close to the microtubule organising center (MTOC) (Perret et al. 2005). Passage
through the recycling vesicles is slower than the direct route from sorting endo-
somes to plasma membrane (Schmid et al. 1988; Mellman 1996).

Two alternate models have been proposed on the progression of cargo from
early to late endosomes. The carrier vesicle approach presents large multivesic-
ular structures which are derived from vacuolar regions of sorting endosomes
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FIGURE 7 Clathrin-mediated endocytic route. Cargo, bound to receptor, is inter-
nalised into the cell through the clathrin-coated pit (CCP), after which
the formed clathrin-coated vesicle (CCV) is uncoated. The vesicle fuses
with the early (sorting) endosomes (EE/SE), where some of the recep-
tors bound for recycling, and cargo destined to proceed forward are
sorted into separate areas. The recycling endosome (RE) contributes to
further sorting and recycling of the endocytosed material. The onwards
sorted cargo is delivered from early endosomes to late endosomes (LE)
and further to lysosomes (LY), where the molecules are degraded. Ar-
rows represent delivery between organelles. G, Golgi; N, nucleus. Figure
adapted from (Mukherjee et al. 1997; Sieczkarski & Whittaker 2002) based
on (Kornfeld & Mellman 1989; Mellman 1996). Illustration by Lars Duelund.
Re-produced with artists’ permission.
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and contain internal vesicles. The carrier vesicles, travelling along micro-
tubules, deliver forward sorted cargo to late endosomes (Gruenberg et al. 1989;
Aniento et al. 1993). The other model suggests the same large multivesicular
structures, initially early (sorting) endosomes, to maturate into late endosomes
(Stoorvogel et al. 1991; Dunn & Maxfield 1992; Woodman & Futter 2008). ESCRT
protein complex facilitates the sorting of ubiquitin-tagged gargo to lysosomes for
degradation. It is also found to be connected to the formation of internal vesicles
in multivesicular bodies (Conibear 2002).

Like the delivery of material from early endosomes to late endosomes,
transfer of endocytic cargo from late endosomes to lysosomes remains elusive.
An early model, maturation, assumed lysosomes to be formed from late endo-
somes in a gradual process (Roederer et al. 1987; Murphy 1991). Later, evidence
of content mixing between late endosomes and lysosomes contradicted the matu-
ration theory (Bright et al. 1997; Mullock et al. 1998). Three mechanisms for con-
tent mixing have been proposed, although one of them, vesicular transport be-
tween late endosomes and lysosomes, relies merely on experimental results in
yeast (Vida & Gerhardt 1999). The kiss-and-run model explains content mixing
to occur through transient fusion and fission events, or "kisses", between the
two compartments (Storrie & Desjardins 1996). The third model proposes the fu-
sion of the late endosomal and lysosomal vesicles to be complete and lysosomes
to be reformed from the hybrid organelles formed in fusion (Bright et al. 1997;
Mullock et al. 1998; Pryor et al. 2000). The fusion-fission theory has been seen
as an elaboration of the kiss-and-run model (Luzio et al. 2000). In addition, evi-
dence has been presented that these two methods of cargo delivery to lysosomes
appear simultaneously in a cell (Bright et al. 2000). Once in lysosomes, the delive-
red molecules are degraded by hydrolytic enzymes (Kornfeld & Mellman 1989).
The clathrin-mediated endocytosis pathway is summarised in Figure 7.

2.2.2.1 Early and recycling endosomes

In many cultured cell types early endosomes form a network of tubules
and vesicular regions dispersed in the cytoplasm (Hopkins etal. 1990;
Tooze & Hollinshead 1991; Mellman 1996). The vesicular compartments of
the organelle have a diameter of 250-400 nm, whereas the tubules have
been measured to be 50-60 nm in diameter and reach out up to 4 ym out-
wards. Up to 70% of the volume of the organelle has been estimated to
be in the vesicular areas and 50-80 % of the surface area in the tubules
(Mukherjee et al. 1997; Gruenberg et al. 1989; Marsh et al. 1986). The structures
are mildly acidic with a pH of 6.3 - 6.8 (Yamashiro et al. 1984; Mellman 1996).
Small GTPases of the Rab family are found throughout the endosomal
system. Both Rab4 and Rab5 are present in early endosomes. Rab4 regu-
lates recycling of receptors to the plasma membrane directly from early endo-
somes and possibly also through a slower route through the recycling endosomes
(Daro et al. 1996; Mohrmann et al. 1999). Rab5 is important for fusion of clathrin-
coated vesicles into early endosomes (McLauchlan et al. 1998) and for fusion
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events between the early endosomes. This homofusion is facilitated by Rab5
together with effector proteins phosphatidylinositol-3 kinase (PI(3)K) and early-
endosomal autoantigen (EEA1) (Simonsen et al. 1998; Christoforidis et al. 1999).
EEA-1 is classically used as a identification marker for the early endocytic com-
partment (Mu et al. 1995). In addition to the fusion functions, Rab5 has been
linked with the movement of the early endosomal structures along microtubules
(Nielsen et al. 1999). Cooperative actions of Rab4 and Rab5 have been suggested
to orchestrate the influx into and efflux out of endosomes (Mohrmann et al. 1999).

The early endosomes are sometimes referred to as sorting endosomes based
on their primary function, the sorting of endocytic cargo to appropriate locations
(Mayor et al. 1993) (see section 2.2.2). Nomenclature of the early compartment
is complicated by recycling endosomes, which are sometimes grouped under
the name early endosomes together with the sorting compartment to empha-
sise their early occurance in the endocytic pathway and to differentiate them
clearly from late endosomes. The recycling endosomes are formed, similar to
sorting endosomes, by interconnected tubular structures of 50-70 nm in dia-
meter and function likewise in recycling (Mellman 1996; Mukherjee et al. 1997;
Perret et al. 2005). The lumen of recycling endosomes is slightly more acidic
than that of early (sorting) endosomes. Their pH is in the order of 6.2 -
6.4, depending on cell type (Perret et al. 2005; Gagescu et al. 2000), which fur-
ther underlines that the organelle is physically distinct from early (sorting)
endosomes. Rabll is a prominent marker for recycling endosomes. It has
been suggested to govern the return of recycling receptors to the plasma
membrane as well as delivery from Golgi to plasma membrane through the
endosomal system (Somsel Rodman & Wandinger-Ness 2000; Ullrich et al. 1996;
Ren et al. 1998; Chen et al. 1998). In apical recycling endosomes at least two
other Rab proteins are encountered in addition to Rab11. Rab17 is connected to
transcellular trafficking through recycling endosomes (Hunziker & Peters 1998),
whereas Rab25 has been proposed to maintain homeostasis of the organelle to-
gether with Rab11 and possibly to have a role in retrograde traffic from the recyc-
ling compartment to Golgi (Somsel Rodman & Wandinger-Ness 2000).

2.2.2.2 Late endosomes - multivesicular bodies

Late endosomes were named generically based on their late participation in
the endocytic route. Delivery of material into late endosomes takes in mam-
malian cells 4 - 30 minutes (Piper & Luzio 2001). In contrast to early endo-
somes, which have a tubular appearance, late endosomes are distinctly more
vesicular. Their size, on the other hand, is in the same range with early en-
dosomes (Mukherjee et al. 1997). On the basis of their more detailed morpho-
logy, which features prominent internal vesicles and membrane invaginations,
the late endosomes are sometimes referred to as multivesicular bodies (MVBs)
(Piper & Luzio 2001). However, the nomenclature of the late endocytic organel-
les is somewhat confusing, as some authors consider MVBs to be merely
delivery intermediates between early and late compartments and to differ
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distinctly from the actual late endosomes by their lipid and protein content
(Gruenberg 2001). The late endosomal compartments are markedly more acidic
than early endosomes, and have their pH around 5.5 - 6.0 (Mukherjee et al. 1997;
Gruenberg 2001).

Discrimination between late endosomes and lysosomes by using electron
microscopy is usually straightforward as the late endosomal morphology is seen
distinctly different from that of electron dense lysosomes. Late endosomes are
seen as pleiomorphic structures with cisternal, tubular and multivesicular re-
gions (Gruenberg & Stenmark 2004). With biochemical methods the differences
seen between the the organelles are not as clear-cut, but nevertheless certain hall-
marks characterising the organelles are evident. When centrifuged in a density
gradient, such as Percoll, late endosomes appear at a distinctly lower density than
lysosomes (Kornfeld & Mellman 1989; Mellman 1996). Ci-MPR facilitates the de-
livery of lysosomal hydrolases from trans-golgi network to late endosomes. Lyso-
somes lack both Ci-MPR and it’s small variant, cation-dependent MPR (Cd-MPR)
and therefore MPR is sometimes used as a marker for late endosomes. In addition
to the endosomal compartments the two MPRs are found in the trans-Golgi net-
work, which can compromise the use of MRP for identification of late endosomes
(Kornfeld & Mellman 1989; Klumperman et al. 1993; Mukherjee et al. 1997).

Like other endocytic structures, also late endosomes contain certain Rab-
GTPases. Rab7 has a strong role in regulating traffic from early to late endo-
somes (Feng et al. 1995; Vitelli et al. 1997). In addition, there is evidence to sup-
port the view that the lipid composition of the endosomal membranes could
master Rab7 function to facilitate late endosomal motility (Lebrand et al. 2002).
Rab9 governs trafficking from late endosomes towards the trans-golgi network
(TGN) and has been found to have a crucial role in the delivery of Ci-MPR and
furin to the TGN (Lombardi et al. 1993; Mallet & Maxfield 1999). Rab24 is also
found in late endosomes. However, it provides a much less specific identifica-
tion method for the organelle than for example Rab7, as Rab24 is found also
in the endoplasmic reticulum and in the Golgi (Olkkonen et al. 1993). In ad-
dition to the characteristic proteins, also a unique lipid enriched in late endo-
somes, bis(monoacylglycero)phosphate (BMP), known also as lysobisphospha-
tidic acid (LBPA), can be considered as a marker for the organelle. Unfortu-
nately, BMP cannot be used as a ubiquitous identifier for late endosomes as
it has been also found in lysosomes of human B cells (Kobayashi et al. 1998;
Kobayashi et al. 2002; Mobius et al. 2003; Matsuo et al. 2004).

2.2.2.3 Lysosomes

The name lysosome was first posed by de Duve and co-workers in 1955
(de Duve et al. 1955). Systematic use of biochemical methods, namely tissue frac-
tionation followed by enzymatic tests, led to the discovery of a novel intracellular
organelle (those days still called a particle) lined by a membrane and filled with
freely diffusing hydrolytic enzymes (de Duve et al. 1955; Appelmans et al. 1955;
Wattiaux et al. 1956). Later, direct evidence for the existence of lysosomes
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and insight into their mophology was given by electron microscopy, which
pinpointed the ambiguous granules as sack-like, electron dense organelles
(Novikoff et al. 1956, Baudhuin etal. 1965).  Later, in different cell types
lysosomes with multilamellar and tubular morphologies have been captured
(Swanson et al. 1987; Mukherjee et al. 1997).

In the early days of lysosome research two different populations of lyso-
somes were found in the preparative density gradients. The low density
lysosomes were later identified as their own endosome type, late endosomes,
and this renders some of the earliest results of lysosome research somewhat in-
accurate in today’s terms (Kornfeld & Mellman 1989; Mellman 1996). Neverthe-
less, the early measurements on the size of the dense lysosomes, with a
diameter of 0.13 - 0.4 ym, represent well the current view on the size range
of lysosomes (de Duve et al. 1955; Appelmans et al. 1955; Novikoff et al. 1956;
Wattiaux et al. 1956).

The lumen of lysosomes is acidic, pH is as low as 4.6- 55
(Yamashiro et al. 1984; Luzio et al. 2007). The acidic environment
is maintained by ATP-dependent proton pumps, vacuolar ATPases
(Luzio et al. 2007).  Even though already in the early days of lysosome
studies the organelle was considered difficult to define in clear terms
(Kornfeld & Mellman 1989) and the debate on lysosome biogenesis is still
ongoing (Storrie & Desjardins 1996; Luzio et al. 2000; Luzio et al. 2007), there
are certain undisputed features of lysosomes, which are used for their iden-
tification. From the very beginning lysosomes have been known to contain
hydrolytic enzymes (de Duve et al. 1955). There are numerous enzymes en-
trapped within lysosomes, but in particular enzymes such as acid phosphatase,
B-glucuronidase, and cathepsin are often used as biochemical markers for
the organelle (Essner & Novikoff 1961, Miller et al. 1981; Loffler et al. 1984;
Oliver et al. 1989; Izagirre et al. 2009).

Lysosomes can be identified in negative terms as MPR negative structures
to differentiate them from late endosomes. Lysosomal, as well as late endoso-
mal, membranes are rich in glycoproteins. Particularly certain highly glycosy-
lated integral proteins have become distinctive markers for lysosomes. These can
be broadly classified into two categories: lysosome associated membrane pro-
teins (LAMPs) lysosomal integral membrane protein (LIMPs), of which LAMPs
are the most abundant. LAMPs and LIMPs have been suggested to constitute
as much as 50 % of the membrane proteins in lysosomes (Marsh et al. 1987;
Eskelinen et al. 2003). Classically the lysosomal glycoproteins were considered
to have a role mainly in protecting the lysosomal membrane from degrada-
tion by forming a clycocalyx, a carbohydrate lining on the lumenal side of the
membrane (Neiss 1984). In agreement with this suggestion, more recent results
have emphasised the role of asparagine-linked oligosaccharides in the protec-
tion of lysosome integrity (Kundra & Kornfeld 1999). In addition to maintaining
lysosomal stability, LAMPs and LIMPs have been suggested to be connected to
several functions of lysosomes. LIMPs have been associated with vesicle fusion
and fission events as well as lysosome biogenesis. In addition, LIMP-2 has been
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recently reported to function as a receptor for B-glucocerebrosidase trafficking
from ER to lysosomes (Reczek et al. 2007). Although LAMP-1 is abundant in
lysosomal membranes, deficiency of LAMP-2 protein has been shown to result
in far more drastic malfunctions of lysosomes, including impaired recycling of
MPRs to TGN, cholesterol retention and accumulation of autophagic vacuoles
(Tanaka et al. 2000; Eskelinen et al. 2003; Eskelinen et al. 2004; Eskelinen 2006).

In addition to the endogenous markers for lysosomes also functional
ways to identify the structures within cells exist. Fluorescent weak bases
such as acridine orange and quinacrine accumulate in lysosomes through
protonation and can be used for example in imaging (Canonico & Bird 1969;
Goren et al. 1984). Also, fluid-phase markers such as dextran and horseradish
peroxidase (HRP) accumulate in lysosomes and can be used for their identifica-
tion (Marsh et al. 1986; Baravalle et al. 2005).

2.2.3 Endosomal membranes

Not only does the protein composition and morphology of different types of en-
dosomes differ, the lipid composition of their membranes has also some signifi-
cant and controlled variation. The particular lipid composition of membranes is
reflected in their physical properties and thus, the lipid composition of endoso-
mal membranes can be seen as an important factor in determining many of the
attributes of the organelles.

Phosphatidylinositols have strong functional role in the early steps of en-
docytosis. Phosphatidylinositol-4,5-biphosphate (PI(4,5)P;) facilitates the for-
mation of clathrin coated vesicles on the plasma membrane (Jost et al. 1998).
Phosphatidylinositol-3-phosphate (PI3P) is highly enriched in early endosomes
and recent evidence suggests PI3P to have an important role in determining
endosome morphology as well as governing cargo recycling and delivery
onwards (Gillooly et al. 2000; Fili et al. 2006). Phosphatidylinositols have been
proposed to form domains, or platforms, on early endosomal membranes to-
gether with Rab5 efector proteins phosphatidylinositol 3-kinase (PI3K) and PI3P-
binding proteins (Zerial & McBride 2001; Gruenberg 2001). PIKFyve, a phos-
phoinositide 5-kinase containing a Fyve finger domain (Bondeva 1998), found
on late endosomal structures (Sbrissa et al. 2002) generates phosphatidylinositol-
3,5-biphosphate (PI(3,5)P2), which has been shown to have a role in maintaining
the integrity of the endosomal membrane (Ikonomov et al. 2002).

Apart from the enrichment of phosphatidylinositols, the lipid composi-
tion of early endosomes is thought to resemble that of the plasma membrane
(Kobayashi et al. 1998). Recycling endosomes have been found to be particu-
larly rich in cholesterol and other typical raft-components (Gagescu et al. 2000;
Mobius et al. 2003). Similar to the plasma membrane, also early endosomes
are thought to contain lipid rafts (Ikonen 2001; Gruenberg 2001) and correspon-
dingly, cholesterol-stabilised Annexin II domains have been detected on early
endosomal membranes (Harder et al. 1997). The endosomal raft domains have
been postulated to have a role in cargo sorting, similar to their functions on
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FIGURE 8 Functional membrane domains on the clathrin-mediated endocytosis route.
Phosphatidylinositols (PI1(4,5)P,, green; PI3P, red) are present mainly in the
beginning of the pathway. Localisation of PI(3,5)P; (yellow) is not precisely
known, but it has been found to be produced in late endosomes. Plasma
membrane, early and recycling endosomes and the inner vesicles of MVBs
contain significant amounts of cholesterol (orange), which is assumed to
form raft-like domains also on the membranes of the endosomal structures.
BMP (LPBA; blue) is highly enriched in late endosomal membranes. Areas
of high negative curvature (pink) in early sorting endosomes have been pro-
posed to have a role in sorting. Size and number of membrane domains is
only illustrative. CCP, clathrin coated pit; EE (SE), early endosome (sorting
endosome); RE, recycling endosome; LE, late endosome; LY, lysosome. Size
and number of domains merely illustrative. The picture is modified from
(Gruenberg 2003) based on the text in section 2.2.3 (see references in text).
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plasma membrane and trans-Golgi (Gruenberg 2001). GPI-anchored proteins
have been found to be recycled in a cholesterol-dependent manner and thought
to be mediated by rafts (Mayor et al. 1998). Fluidity and curvature of the sor-
ting endosome membrane has been proposed to have a role in lipid sorting.
The tubules of the endosome could be more fluid than the vesicular regions,
or alternatively, the areas of high curvature stress (negative curvature) in the
necks of the tubules could function as gates for partition of lipids into tubules
(Mukherjee & Maxfield 2000).

The phospholipid composition of late endosomes/MVBs has been found
to be unique. The structures, and especially their internal membranes, have
been show to harbour bis(monoacylglycero)phosphate (BMP; known also
as LBPA) in large amounts (Kobayashietal 1998, Kobayashi et al. 2002).
BMP has been suggested to have an important role in governing traffic-
king of proteins and particularly cholesterol through the late endosomes
(Kobayashi et al. 1998;  Kobayashi et al. 1999;  Gruenberg & Stenmark 2004;
Delton-Vandenbroucke et al. 2007).  In vitro, in acidic conditions mimicking
late endosomes, BMP has been shown to induce multivesicularisation. This
suggests BMP to have a role in the biogenesis of late endosomal structures
(Matsuo et al. 2004). In addition, BMP seems to be connected to particu-
lar microheterogeneity of the late endosomal membranes, as membrane
fractions with different phospholipid composition and varying amounts
of BMP have been isolated (Kobayashi etal. 2002). BMP itself is poorly
degradable based on its unique stereochemistry, but interestingly it has been
been shown to effectively facilitate the enzymatic degradation of glycolipids
(Gruenberg 2001; Hepbildikler et al. 2002).

Whether BMP is present on lysosomal membranes was for long some-
what unresolved, as the early results where BMP was detected in lyso-
somes were obtained with methods unable to distinguish between late endo-
somes and lysosomes (Wherrett & Huterer 1972; Brotherus & Renkonen 1977).
Gruenberg reviewed the point in 1998 stating that the early observations of
"light lysosomal fractions" containing BMP and neutral lipids such as trigly-
cerides and cholesterol esters support the results obtained later with late en-
dosomes (Kobayashi et al. 1998). Recently, however, BMP was reported to be
present also on lysosomal membranes as well as in MVBs (M&bius et al. 2003).
Similar to neutral lipids, such as triglycerides and cholesterol esters
found in lysosomes (Wherrett & Huterer 1972; Brotherus & Renkonen 1977;
Ruiz & Ochoa 1997), also dolichol has been associated with the lysosomal com-
partment (Wong et al. 1982). Apart from triglycerides (Pakkanen et al. unpub-
lished), no recent confirmation for the presence of these lipids on lysosomal mem-
branes have been provided. In general, the comprehensive lipid composition of
lysosomes is still obscure, over 50 years after their discovery.

While the earlier endosomal structures have been shown to contain
significant amounts of cholesterol, view on the cholesterol content of late en-
dosomes and lysosomes is still somewhat unclear. Schoer et al. suggested
lysosomes to have intermediate amounts cholesterol: less than on plasma
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membrane but more than on cholesterol-poor ER (Schoer et al. 2000). On the
other hand, Mobius et al. reported the internal membranes of MVBs to contain
cholesterol while only little cholesterol was found on the limiting membrane
(Mobius et al. 2002; Mobius et al. 2003). The presence of cholesterol on the inner
membranes, but not on the limiting membranes of MVBs (Mobius et al. 2002)
is reasonable when one considers the view that multivesicular structures could
be derived from the vesicular areas of the early endosomes rich in cholesterol
(Gruenberg et al. 1989; Aniento et al. 1993). However, MBVs have been reported
to contain different types of raft-like membrane domains both on their limiting
membrane and their intraluminal vesicles (Sobo et al. 2007).

Cholesterol released in lysosomes from low density lipoprotein particles
is translocated to the plasma membrane and to the endoplasmic reticulum
(ER) (Lange et al. 1997; Mobius et al. 2003). Reasonably low cholesterol content
seems to be important for proper function of lysosomes as, conversely, chole-
sterol accumulation is connected to various deleterious effects. Increased cho-
lesterol amount in lysosomes has been shown to increase lysosomal pH by
inhibiting vacuolar ATPase-dependent pumping of H+ ions (Cox et al. 2007),
to cause swelling (Jerome etal. 1998) and to inhibit degradation of lipopro-
tein cholesteryl ester in macrophages (Jerome et al. 2008). In short, chole-
sterol accumulation impairs normal lysosomal and late endosomal functions
(Sobo et al. 2007; Ganley et al. 2006; Liao et al. 2007).

Accumulation of cholesterol in lysosomes is caused by disabled function
of Niemann-Pick C protein 1 (NPC1) caused by mutation in the respective
gene npcl. The condition is known as Niemann-Pick C disease and originates
from mutation in the NPC gene (Liscum 2000). In addition, lysosomes be-
come loaded with free cholesterol in macrophages during foam cell develop-
ment. In this process free cholesterol generated by hydrolysis of phagocytosed
cholesteryl ester droplets is not esterified and becomes retained in lysosomes
(Mahlberg et al. 1990; Tangirala et al. 1993). Interestingly, cholesterol accumula-
tion in lysosomes has also been found to occur in LAMP-1/LAMP-2 double nega-
tive fibroblasts (Eskelinen et al. 2004). Experimentally cholesterol accumulation
in lysosomes can be produced by treating the cells for example with U18666A, an
agent that blocks LDL-cholesterol egress from lysosomes (Liscum & Faust 1989)
or progesterone (Butler et al. 1992). Also other lipids than cholesterol cause prob-
lems when they accumulate in lysosomes. Pathological conditions known as lyso-
somal lipid storage diseases typically arise from lysosomal enzyme deficiency
leading to accumulation of lipids, and most typically sphingolipids, in lysosomes
(Futerman & van Meer 2004).
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2.3 Viruses and membranes: barrier penetration in cellular
conditions

Viruses are intracellular parasites which have no other means of producing off-
spring than relying obligatorily on the cellular machinery of their host cells.
From the selfish point of view of the virus this can lead to only one result:
complete invasion and takeover of the cell and all it’s functions. There are
two main ways for viruses to enter the cell, either to directly pass through the
plasma membrane into the cytosol or exploit endocytic internalisation routes
to get a free ride inside the cell. Utilisation of endosytosis, as attractive and
easy as it might appear, does not remove the need for membrane penetration
(Sieczkarski & Whittaker 2002; Marsh & Helenius 2006). Typically, the virus or
the viral capsid has to penetrate into the cytosol before replication can take place
(Marsh & Helenius 2006). Thus, in every viral infection there is need for suc-
cessful interplay between the virus, either viral membrane or viral capsid, and
cellular membranes, either the plasma membrane or endosomal membranes.
This crucial step is a promising and variable target for development of antivi-
ral therapies. Inhibition of fusion between the viral envelope membrane and
the host cell membrane, for example, provides means for specific inhibition of
infection. Enfuvirtide, a synthetic peptide which binds to the fusion protein of
the human immunodeficiency virus (HIV), has been found effective in treating
patients with drug-resistant HIV infections (Lalezari et al. 2003). Another victo-
rious example is amantadine, which blocks the ion channel activity of influenza
virus type A M2 protein and is used for treatment and prophylaxis of influenza
(Wang et al. 1993; Fleming 2001). To further develop strategies for preventing
and treating viral diseases detailed understanding on the fundamental mecha-
nisms and practical functions of virus-membrane interactions is needed. Not only
is it crucial to increase the comprehension on membrane-membrane interactions
between the cellular membranes and the virus envelope but also to elucidate the
reciprocal actions between viral proteins and membranes. This fascinating area
of virus-membrane interactions remains for the most part still to be unravelled.

2.3.1 Membrane interactions of enveloped viruses

Many clinically significant viruses are covered by an outer layer of membrane,
or envelope. Viruses acquire their envelopes from cellular membranes. The pro-
cess can be complex as seen with herpes simplex virus 1 (H5V1), which under-
goes an elaborate envelopment procedure where some capsids are wrapped into
membrane on Golgi, some on rough endoplasmic reticulum and some get their
envelopes on either inner or outer nuclear membrane (Leuzinger et al. 2005). On
the other hand, for some viruses envelopment is a fairly straightforward part
of their life cycle. This, however, does not imply that the interactions between
the virus capsid and the envelope-to-be governing the process would be any less
fine-tuned.
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Even though the viral membrane is derived from the host cell membranes,
it does not necessarily present the same lipid or protein composition. Influenza
viruses, for example, bud out from the plasma membrane, and during
the process selectively incorporate cholesterol-rich liquid-ordered regions into
their envelope (Scheiffele et al. 1999). In addition to influenza viruses, many
viruses such as canine distemper virus, hepatitis B virus (HBV) and borna
disease virus (BDV) have cholesterol as an important part of their enve-
lope membrane (Sun & Whittaker 2003; Imhoff et al. 2007; Bremer et al. 2008;
Clemente et al. 2009). The role of cholesterol has been reported to be crucial for
simian immunodeficiency virus (SIV) and human immunodeficiency virus (HIV),
which require cholesterol to be present in the envelope to maintain the virion
integrity (Graham et al. 2003).

TABLE3  Examples of viruses utilising class I and class II proteins for
membrane fusion (Kielian & Rey 2006).

Virus family Virus Fusion protein
Class I
Orthomyxoviridae  Influenza virus Hemagglutinin (HA2)
Paramyxoviridae Simian virus 5 F1
Filoviridae Ebola virus GP2
Retroviridae Human immunodeficiency virus ~ gp41
Moloney murine leukemia virus ~TM
Coronaviridae Mouse hepatitis virus 52
SARS virus 52
ClasslI
Flaviviridae Tick-borne encephalitis virus E protein
Dengue virus E protein
Togaviridae Semliki Forest virus El

The envelope of influenza viruses contains two important viral proteins, hemag-
glutinin (HA) and neuraminidase (NA), which both have been found to interact
strongly with rafts through their transmembrane domains (Scheiffele et al. 1997;
Barman & Nayak 2000).  Similarly, respiratory syncytial virus (RSV) fu-
sion protein (protein F) has been reported to associate with raft domains
(Fleming et al. 2006). Viral proteins can also interact with membranes to modu-
late the lipid composition of the envelope. The Nef protein of HIV alters the
lipid composition of both virions and host cell plasma membranes. In T lympho-
cytes Nef was found increase the amount of sphingomyelin and decrease the
amount of polyunsaturated phosphatidyl cholines in membranes, but interes-
tingly had no effect on cholesterol concentration on either viral or host cell mem-
branes (Briigger et al. 2007). Incorporation of additional sphingomyelin into the
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HIV membrane, which has been shown to have particularly high cholesterol con-
tent, is in good accordance with early results reporting the envelope of HIV to
be highly ordered (Aloia et al. 1988; Aloia et al. 1993). Similar to the Nef protein
function also RSV has been shown to alter to the composition of host cell mem-
branes. During RSV infection an increase in the amount of phosphatidyl inositol
and phosphorylated phosphatidyl inositol in the membrane has been detected
(Yeo et al. 2007).

Particularly pronounced membrane interactions take place during the viral
entry. Enveloped viruses gain access into the cellular interior by penetrating the
cellular membrane either at the plasma membrane or within endosomes. At the
plasma membrane the fusion event is typically triggered by binding of the virus
to its receptor in neutral conditions (Smith & Helenius 2004; Kielian & Rey 2006).
For example, in the case of HIV, the initiation of the fusion event requires
complex interactions between the virus envelope glycoprotein gp120 and
receptor molecules, including immunoglobulin CD4 and chemokine receptors.
Furthermore, dissociation of p120 from gp41 protein is needed (Gallo et al. 2003).
The fusion protein of HIV belongs to the class I fusion proteins, as well as
the fusion proteins of many other viruses such as influenza virus, Ebola virus
and SARS virus (Kielian & Rey 2006). Class I fusion proteins are homotrimeric
glycoproteins which have their subunits joined by coiled coils. When triggered,
the metastable subunits expose a hydrophobic peptide which preferentially
inserts into the host cell membrane. Free energy is gained when the protein
returns to it’s most stable conformation and this is used to drive the membrane
fusion (Baker et al. 1999; Melikyana et al. 2000). In the case of HIV, the fusion
peptide gp41 inserts into the host cell membrane forming a pre-hairpin structure,
followed by emergence of a six-helix bundle (Gallo et al. 2003). The formation
of a six-helix bundle alone has been estimated to release more than enough free
energy to make the membrane fusion possible (Melikyana et al. 2000). Examples
of class I viral fusion proteins can be seen in Table 3 and a schematic presentation
of a model for membrane fusion mediated by a class I fusion protein in Figure
10A.

Not all fusion proteins act at the plasma membrane level. Some enve-
loped viruses use endocytosis to by-pass the plasma membrane penetration
step. Consequently, the membrane fusion of these viruses occurs inside endo-
somes and the acidic pH of the organelles is typically required to trigger the
fusion event (Smith & Helenius 2004; Marsh & Helenius 2006). Classical examp-
les of enveloped viruses fusing with the endosomal membranes are influenza
virus and Semliki Forest virus (SFV) (Helenius et al. 1980; Doms et al. 1985). The
hemagglutinin protein of influenza virus is a class I fusion protein, whereas
the E1 protein of SFV is a well-chracterised example for class II proteins
(Kielian & Rey 2006). Class II fusion proteins exist as heterodimers bound to-
gether with another membrane protein. In response to low pH cue the fusion
subunits dissociate from the dimers and form fusion competent homotrimers in
the host cell membrane (Kielian 2006). Examples of class II viral fusion proteins
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are listed in Table 3. Illustration of the fusion event mediated by a class II fusion
protein in Figure 10B.

Lipid composition of both the viral envelope and the host cell membrane
can have an important role in mediating fusion between the two membranes.
For example, the presence of cholesterol on the host cell membrane facilitates
the fusion of SFV and hepatitis C virus (HCV) envelopes with the cellular mem-
branes (Phalen & Kielian 1991; Bron et al. 1993; Lavillette et al. 2006). In addition
to cholesterol, sphingolipids on the target membrane have been found to be im-
portant for SFV fusion (Nieva et al. 1994). Modulation of the host cell membrane
has been also found to be able to stop viruses from infecting the cell, as seen
with HIV. Treating the host cells with sphingomyelinase, an enzyme generating
ceramide by cleavage of sphingomyelin, inhibits HIV infection by blocking the
membrane fusion. This has been proposed to be a fascinating possibility for
membrane-based antiviral therapy (Finnegan et al. 2004) and emphasises further
the crucial role of composition and organisation of the host cell membranes in
the viral life. Sometimes, though, the need for the correct envelope membrane
composition exceeds the requirement for the perfect fusion site on the host cell
membrane. Depletion of cholesterol from the viral envelope, decreases markedly
the infectivity of human herpes virus 6 (HHV6), compared to only a mild effect
achieved by cholesterol depletion of the host cells (Huang et al. 2006).

2.3.2 Membrane interactions of non-enveloped viruses

Non-enveloped viruses have protein shells which protect the genetic material
stored within them. The evident lack of viral membrane does not prevent the
non-enveloped viruses from experiencing significant interactions with the host
cell membranes. Non-enveloped viruses naturally cannot utilise membrane
fusion to deliver their capsid inside the cell, but, interestingly, viral proteins
with fusogenic potential have been reported also amongst the non-enveloped
viruses. The N-terminal ectodomain of p10 protein of avian (ARV) and Nelson
Bay (NBV) reoviruses has been found to structurally resemble fusion peptides of
enveloped viruses and facilitate membrane fusion (Shmulevitz et al. 2004). The
role of membrane fusion in the life cycle of ARV and NBV is not connected to the
entry phase, unlike in the case of enveloped viruses. Cell-cell fusion promoted
by the fusogenic p10 leads to formation of syncytia, which seem to improve the
egress of the virus. However, the syncytia seem not to be essential for the virus
egress (Duncan et al. 1996; Shmulevitz & Duncan 2000). Similarly, Bluetongue
virus, another reovirus, encodes a protein, VP5, which facilitates cell-cell fusion
when expressed on the cell surface. The same protein is also utilised during the
virus entry. In acidic environment of endosomes VP5 undergoes conformational
changes and permeabilises the endosomal membrane (Forzan et al. 2004). Utili-
sation of fusogenic protein in the entry of rice dwarf virus, a phytoreovirus, has
also been proposed (Zhou et al. 2007).

Most non-enveloped viruses are internalised into host cells by endocyto-
sis. Hence, studies on membrane interactions of non-enveloped viruses have
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FIGURE9 (A) Membrane fusion mediated by viral fusion proteins. A schematic pre-

sentation of membrane fusion facilitated by a class I viral fusion protein. The
generalised fusion model is based on the crystal structures of influenza virus
HA and HIV gp41 fusion proteins. The model includes conformational tran-
sitions of the fusion protein (drawn in magenta and purple) embedded in
the viral membrane (blue lipid tails) followed by insertion of the fusion pep-
tide into the host cell target membrane (cyan lipid tails). The model suggests
flexible polypeptide linkers between the fusion peptide or TM anchor and
the fusion protein to have an important role in the fusion (Baker et al. 1999).
(B) Ilustrative drawing of membrane fusion facilitated by a class II viral fu-
sion protein. The fusion between the envelope of SFV and the endosomal
membrane is initiated by the low pH of the endosome which exposes the
fusion loop. Insertion of the loop into the membrane as well as trimerisation
of the E1 fusion protein is promoted by both acidicity and cholesterol. The
E1 trimers interact cooperatively to distort the target and virus membranes.
Finally, E1 reaches a completely folded hairpin conformation (on the right)
when the fusion is completed (Kielian 2006). Colours as in A. Illustrations for
A and B modified from (Baker et al. 1999) and (Kielian 2006), respectively.
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concentrated in large extend on membrane penetration in endosomes. The en-
dosome penetration is essential for successful infection, as the virus inside endo-
somes, although in one sense is inside the cell, cannot access the cellular machi-
nery required for replication. Nonenveloped viruses have in principle two main
methods for endosomal breakout: they either lyse the endosomal membrane
altogether or generate pores in it (Smith & Helenius 2004). Typically, as in the
case of Bluetongue virus (Forzan et al. 2004), the low intraendosomal pH trig-
gers conformational changes in the capsid proteins of the virus. Also for human
rhinovirus 2 (HRV2) the acidic conditions (pH 5.0) are enough to trigger neces-
sary rearrangements in protein conformation (Brabec et al. 2003). On the other
hand, in some cases multiple factors in addition to proper pH are needed to
facilitate the endosomal penetration. In early studies adenovirus was found
to require pH of 6.0-6.5 for membrane penetration (Seth et al. 1985). However,
acidicity alone was later found to be insufficient to facilitate the rupture of
early endosomal membranes. Penton base of the adenovirus capsid requires
the help of &, integrins, a,f5 in particular, as well as a protease encoded by
the virus itself to interact with the early endosomal membranes and facilitate
the lysis (Wickham et al. 1994; Cotten & Weber 1995). Protein VI of adenovirus,
which dissociates from the peripentonal hexons and inserts itself into the endo-
somal membrane, has been proposed to be the final cause of the membrane lysis
(Wiethoff et al. 2005). In addition to protons altering the pH, also other ions can
function as cues for endosomal penetration. Decrease in endosomal Ca?* con-
centration has been proposed to be critical for the breakout of rotavirus from
endosomes (Ruiz et al. 1997; Chemello et al. 2002).

Pore formation is another main strategy for non-enveloped viruses to pene-
trate the endosomal membrane (Smith & Helenius 2004). In the case of reovirus
T1L, proteolytic digestion of the outer capsid proteins by endosomal enzymes
exposes pul protein and generates infectious subvirion particles (ISVPs). Pore
in the endosomal membrane is formed by ul onto which the viral particle
docks (Agosto et al. 2006; Ivanovic et al. 2008). The pores, however, are very
small, even smaller than the virus itself, and it is still unclear how in detail
the virus is released from the endosome. Models for pore enlargement by
host cell or endosome rupture through osmotic swelling have been proposed
(Agosto et al. 2006). Membrane permeabilisation also can be undertaken by
using lipolytic enzymes. Parvoviruses harbour in their capsid phospholipase
Aj (PLAj) enzyme, which they utilise for penetration through the endosomal
membranes. The endosomal escape of parvoviruses is presumably initiated by
conformational changes of the capsid triggered by the acidic conditions within
endosomes. This externalises the N-terminus of the VP1 protein containing the
PLA, (Zadori et al. 2001; Suikkanen et al. 2003b; Farr et al. 2006). PLAjs clea-
vage phospholipids at the sn-2 position generating a lysophospholipid and a fatty
acid. The parvoviral PLA; has been found not to have preference for substrate in
terms of saturation of the fatty acids in the sn-2 position. Nevertheless, it has been
found to release arachidonic acid from cellular membranes (Canaan et al. 2004).
Perforation of the membrane does not create openings big enough for the virus
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to pass through, resembling in that respect the situation in reovirus penetration.
However, in the case of parvoviruses the endosomes are not likely to lyse, as both
larger dextran and a-sarcin are retained within the structures during virus entry
(Parker & Parrish 2000; Suikkanen et al. 2003b).

Poliovirus takes a different approach on membrane perforation. Having an
RNA genome makes life easier for poliovirus as, like many other RNA viruses,
it does not need to travel all the way to the host cell nucleus to proliferate. A
model for poliovirus membrane penetration suggests the virus capsid to undergo
conformational transition triggered by receptor binding after which the capsid
proteins, VP1 and VP4 playing a major role, form a pore in the host cell membrane
through which the viral genome is released to the cytoplasm (Belnap et al. 2000).
Current model of poliovirus entry suggests the virus penetrate directly through
plasma membrane, as it does not require a low pH step for its conformational
alterations (Perez & Carrasco 1993; Stewart et al. 2003).

Also other cellular membranes than endosomal membranes and the plasma
membrane can be attacked by incoming viruses. Polyomavirus uses a clever
entry tactic where it passes into the nucleus through the endoplasmic reti-
culum (ER). Polyomavirus is internalised into the host cells through caveolae
in cholesterol-dependent manner. The virus passes through the cell along
with intracellular traffic and finally reaches the ER. Presence of the ganglioside
receptor for polyomavirus, GDla, facilitates the correct delivery of the virus
to the ER (Gilbert et al. 2004). In the ER lumen, ERp29, a protein structurally
related to the ER oxido-reductase protein disulfide isomerase (PDI), exposes
the C-terminus of the polyomavirus VP1 protein. This renders the viral par-
ticle hydrophobic and ready to bind to the ER membrane and to perforate it
(Magnuson et al. 2005; Rainey et al. 2007). Simian virus 40 (5V40), a virus closely
related to polyomavirus, follows the same internalisation route from plasma
membrane to ER, although it uses a different ganglioside, GM1, as its recep-
tor (Kartenbeck et al. 1989; Tsai et al. 2003). SV40 utilises a rather convoluted
strategy for delivery into nucleus, as it has been found to pass to the nucleus
through the cytoplasm and not directly from the ER as polyomavirus is thought
to do (Nakanishi et al. 1996; Magnuson et al. 2005).

As well as for many enveloped viruses, cholesterol has been found
to be crucial also for the entry of some non-enveloped viruses. Very
typically cholesterol dependency is seen at the plasma membrane level for
viruses which require caveolae-mediated endocytosis for their internalisa-
tion. SV40 (Pelkmans et al. 2001), echovirus 1 (EV1) (Marjomaki et al. 2002;
Pietidinen et al. 2004), polyomavirus (Ricterova et al. 2001) and human papillo-
mavirus type 31 (HPV-31) (Bousarghin et al. 2003) for example utilise caveolae
for their entry into host cells. In addition, raft regions distinct from caveo-
lae have been connected to the entry of some non-enveloped viruses. The
coxsackie B virus and adenovirus receptor (CAR) has been shown to reside
in rafts negative for caveolin-1 and GPI-anchored proteins but positive for the
low density lipoprotein receptor (LDLR) (Ashbourne et al. 2003). This sug-
gests a novel connection between plasma membrane rafts and internalisation
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FIGURE 10 Different ways of endosome penetration by non-enveloped viruses. (A)

Hypothetical model for adenovirus-mediated endosomal membrane dis-
ruption. Low pH in endosome induces partial disassembly of the cap-
sid. Protein VI inserts itself into the endosomal membrane which leads
to disruption of the membrane (Wiethoff etal. 2005). .85 integrins
drawn in green, penton bases and protein VI in dark and light magenta,
respectively. (B) Model for poliovirus membrane penetration. Attach-
ment of poliovirus to its receptor triggers conformational changes in the
virus capsid. VP1 and VP4 play a major role in formation of a pore
through which the RNA genome (green) of the virus eventually passes
into the cytoplasm (Belnap et al. 2000). (C) Penetration of parvoviruses
through the endosomal membrane is facilitated by the PLA; activity
of the VP1 protein N-terminus (drawn in magenta) (Zadori et al. 2001;
Suikkanen et al. 2003b; Farr et al. 2006). Action of the PLA; releases fatty
acids (cyan) from the phospholipids. Illustrations for A and B modi-
fied from (Wiethoff et al. 2005; Belnap et al. 2000). Illustration for C drawn
based on (Zadori et al. 2001; Suikkanen et al. 2003b; Canaan et al. 2004).
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of coxsackie virus B and adenovirus. To attach to host cells, coxsackie B
virus employs also another receptor, the decay accelerating factor (DAF), also
known as CD55 (Shafren et al. 1995). DAF is coupled to lipid bilayers through
a GPl-achor, which renders it willing to partition into rafts on the plasma
membrane (Low 1989; Legler et al. 2005) and thus creates yet another connec-
tion between rafts and viral entry. In addition to different strains of coxsackie
B virus also coxsackie A21 virus (Newcombe et al. 2004), several echoviruses
(Bergelson et al. 1994; Stuart et al. 2002) as well as hantaviruses Hantaan and
Puumala (Krautkramer et al. 2008) have been found to use DAF as a recep-
tor. A rare example of raft-interactions in late stages of the life cycle of non-
enveloped viruses is rotavirus assembly. Rafts has been proposed to function as
platforms for the assembly of rotavirus and viral protein VP4 to be particularly
pronouncedly associated with rafts (Sapin et al. 2002; Delmas et al. 2007).

2.4 Summary of the entry of canine parvovirus

Canine parvovirus (CPV) is a small, non-enveloped virus belong-
ing to the autonomous Parvovirus genus of the Parvoviridae family
(Cotmore & Tattersall 1987). The entry of CPV is mediated by the trans-
ferrin receptor, onto which the virus binds on the plasma membrane, fol-
lowed by internalisation through clathrin-mediated endocytosis through the
early and recycling endosomes to lysosomal associated membrane protein
2 (LAMP-2) positive vesicles (Parkeretal. 2001; Suikkanen et al. 2002).
The major protein of the parvovirus virion is VP2 and only 10 % of the
capsid subunits are VP1 proteins. VPl contains an N-terminal nuclear
localisation signal and a phospholipase A2 (PLA;) motif essential for infec-
tion (Cotmore & Tattersall 1987; Vihinen-Ranta et al. 1997; Zadori et al. 2001;
Suikkanen et al. 2003b; Canaan et al. 2004). The N-terminus of VP1 is hidden
inside the capsid subunits in intact capsids, but is exposed in acidic conditions
such as those encountered in endosomes, or experimentally by treatment with
heat or urea (Weichert et al. 1998; Cotmore et al. 1999; Vihinen-Ranta et al. 2002;
Suikkanen et al. 2003b). When the N-terminus is exposed, the phospholi-
pase site is activated (Zadori etal. 2001; Suikkanen et al. 2003b).  Although
the PLA; motif is active during the endosomal escape of CPV, the virus
only partly permeabilizes the endosomal vesicles without complete dis-
ruption of the structures. Interestingly, the openings formed by the action
of the PLA; have been shown to be smaller than the viral capsid itself
(Parker & Parrish 2000; Suikkanen et al. 2003b). This suggests that some other
mechanism or mechanisms, in addition to phospholipase action of PLA;,
facilitate the endosomal escape of CPV.

CPV is released from endosomal vesicles seemingly intact
(Vihinen-Ranta et al. 2000) and it travels towards the nucleus along
microtubules in a dynein-dependent manner (Suikkanen et al. 2003a;
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Vihinen-Ranta et al. 2000). =~ The N-terminus of the VP1 structural protein
contains a nuclear localisation signal, which is exposed already within the acidic
endosomal compartments. The whole CPV capsid might be able to enter the
nucleus through the nuclear pore complex as antibodies against intact capsids
recognise the capsids in the nucleus (Vihinen-Ranta et al. 2000).



3 AIMS OF THE STUDY

In this thesis virus-membrane interactions and endosomal membranes were
studied with a broad multidisciplinary focus. The interactions between
membranes and canine parvovirus (CPV) were studied both from the point of
view of the viral capsid as well as from the point of view of the membranes.
Cholesterol was found to have a role in the entry of the virus. A simplified model
of lysosomal membranes, was used to understand the role of rare lipids in lyso-
somal membranes. In addition, the late steps of CPV infection were investigated.
The underlying themes and aims of the thesis were:

1. To characterize membrane-capsid interactions of a non-enveloped model
virus, canine parvovirus, and to investigate the functional role of these
interactions.

2. To learn how manipulation of the membranes can be used to hinder the
entry of canine parvovirus.

3. To understand better the protective function of endosomal and lysosomal
membranes which could have a role in guarding the cell against pathogens.



4 SUMMARY OF MATERIALS AND METHODS

This chapter provides a concise overview of the main methods used in the thesis.
Comprehensive descriptions of the methods used can be found in the original
publications.

4.1 Cell culture, virus culture and preparation

Norden laboratory feline kidney (NLFK) cells (II, III, V) and canine fibroma
A72 (V) cells were both grown and maintained in Dulbecco’s modified Eagle’s
medium (PAA Laboratories GmbH, Pasching, Austria) supplemented with 10%
fetal calf serum, non-essential amino acids (PAA Laboratories GmbH) and an-
tibiotic mixture. Spodoptera frugiperda (Sf) insect cells (II) were maintained in
monolayer and/or suspension cultures at 28 °C using serum-free Insect-Xpress
culture medium (Cambrex, Walkersville, MD) without antibiotics. Human cervi-
cal carcinoma, HeLa MZ, cells (II) were grown in Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA) supplemented with 10% inactivated fetal
bovine serum (FBS) and 1% penicillin-streptomycin (Invitrogen).

Canine parvovirus (CPV-2d) was originally derived from the infectious
plasmid clone of the virus (Parrish 1991) and subsequently cultured and puri-
fied as previously described (Suikkanen et al. 2002; Suikkanen et al. 2003b). For
infection experiments, the cells were grown to a 90% confluency (or lower in case
of control cells for long infections, see article V) on glass coverslips (II, III, V).

4.2 Expression, purification and characterization of His-VP2 virus-
like particles

His-tagged CPV VP2 protein was engineered to be used as a control capsid (II)
without the PLA; activity present in native CPV. The 1755 bp coding sequence
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of CPV VP2 was amplified by PCR from the infectious CPV clone pBI265
(Parrish 1991) using AAA TCT AGA TAT GAG TGA TGG AGC AGT TCA AC
-forward and AAA CTC GAG TTA ATA TAA TTT TCT AGG TGC TAG TTG
AG -reverse primers containing Xbal and Xhol restriction sites, respectively. The
PCR product was subcloned into pFastBac HTA transfer vector downstream of
the polyhedrin promoter in frame with the N-terminal 6xHis tag to create the
expression vector encoding His-VP2 fusion protein (631 amino acids). The re-
combinant virus was generated using the Bac-to-Bac baculovirus expression sys-
tem (Invitrogen) and named AcHis-VP2. 5f9 cells (2 x 106 cells/ml) were infected
with an MOI (multiplicity of infection) of 5 using AcHis-VP2. The infected cells
were harvested at 72 h post infection (p.i.) by centrifugation. The cells were lysed
with Triton X-100 on ice after which cell debris was pelleted by centrifugation.
Supernatant was centrifuged through a sucrose cushion and the resulting pellet
was resuspended in PBS by gentle agitation. The suspension was centrifuged
in a 40 to 10% sucrose gradient. The gradient was fractioned and fractions ana-
lyzed with SDS-PAGE and Western blotting. The final purification was conducted
chromatographically using affinity resin (Streamline chelating, GE Healthcare,
Uppsala, Sweden) with NiSOy (J.T. Baker, Deventer, The Netherlands). The His-
VP2-containing fractions were pooled and concentrated

Expression of His-VP2 in 5f9 cells was visualized with immunofluorescence
labeling using antibodies to both His-tag and CPV VP2. The purified protein
was analysed both with SDS-PAGE and Western blotting. For visualisation of
proteins bands on Western blots antibodies to both His-tag and CPV VP2 were
used. Visual analyses of His-VP2 VLPs were performed by transmission electron
microscopy (JEOL JEM-1200 EX, Jeol Ltd., Tokyo, Japan) with phosphotungstic
acid (PTA) staining. Binding and internalisation of the VP2 virus-like particles
was studied in HeLa and NLFK cells. The samples were prepared similar to the
cell samples with CPV infections (see below).

4.3 Microscopy: sample preparation and visualisation

The cells grown on cover slips were infected with approximately 2x10° CPV
particles by first attaching the virus to the cell surface in small amount of cul-
ture medium after which medium was added and the infection was allowed
to progress. At appropriate time points the cells were fixed with ice-cold
methanol (Sigma-Aldrich, St. Louis, MO) (Ill, V). For visualisation the fixed
cells were labelled with standard immunofluorescence methods, using antibo-
dies appropriate for each case. Cell viability was confirmed using Hoechst 33342
(Sigma-Aldrich) staining. The samples were imaged with a confocal microscope
(LSM510, Zeiss Axiovert 100M, Jena, Germany) with appropriate settings for each
fluorophore. Calculations for capsid positive nuclei were performed manually
with a epifluorescence microscope (Leitz DM RBE, Leica, Wetzlar, Germany).
Length of cellular extensions was measured using Image] software (Rasband,
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W.S., Image], U.S. National Institutes of Health, Bethesda, MD) and the number
of cellular extensions manually from confocal microscope images. Fluorescence
emission spectra of the di-4-ANEDPPHQ probe was measured in live cells to
evaluate whether the fluidity of the membranes of intracellular vesicular struc-
tures changed during CPV infection. For live cell spectra acquisition the cells
were treated with the di-4-ANEDPPHQ probe for 5 min and washed with phos-
phate buffered saline prior to spectroscopy with a confocal microscope (see sec-
tion 4.4). A list of antibodies and probes can be found in Table 5.

4.4 Spectroscopical methods

Intrinsic tryptophan fluorescence was used to evaluate structural changes in CPV
capsids. The fluorescence emission of tryptophan is highly affected by solvent
polarity. Consequently, tryptophans residing in hydrophobic environment away
from water have a structured emission spectrum with a strong blue contribu-
tion and emission maxima close to 330 nm, whereas in hydrophobic environment
the tryptophan residues display emission at longer wavelengths with maximum
around 350 nm (Lakowicz 2006).

The intrisic fluorescence of CPV capsids (I) and fluorescence spectra of the
di-4-ANEDPPHQ probe (II) were recorded using using a Perkin Elmer LS55 fluo-
rescence spectrophotometer and a cuvette with 10 mm path length (Perkin Elmer
Industries, Wellesley, MA). Temperature was kept stabile with Thermo Haake
water bath and circulator (Thermo Electron Corporation, Waltham, MA). For
tryptophan fluorescence studies the samples were excited at 290 nm and emis-
sion was gathered at 310-430 nm (I). For di-4-ANEDPPHQ the exitation and emis-
sion wavelengths were 475 nm and 500-750 nm, respectively (II). The wavelength
of maximum emission was analysed manually after subtraction of background
scattering (measured without the probe) from the data. Intracellular spectra of
di-4-ANEDPPHQ (II) were measured in live cells using a confocal microscope
(Olympus Fluo-View 1000, Olympus Optical Co., Tokyo, Japan). The emission
spectra were gathered from perinuclear vesicular populations at 500-750 nm with
excitation at 488 nm.

Laurdan fluorescence is very sensitive to the polarity of the surrounding
environment. It is used to assess water penetration into the glycerol backbone
level of the membrane. This further gives information of either polarity or flui-
dity of the membrane (Parasassi et al. 1990; Parasassi et al. 1998). Laurdan (Invit-
rogen) fluoresence emission spectra and DPH (Invitrogen) anisotropy (IV) were
measured using a Chronos ISS fluorometer (ISS, Champaign, IL) and a Starna
quartz cuvette of 3 mm path length (Starna Cells, Inc. Atascadero, CA). Tem-
perature was maintained at 25°C with a water bath (Julabo Labortechnik GmbH,
Seelbach, Germany). When using Laurdan the samples were excited at 375 nm
and non-corrected emission was measured at 420-520 nm. For DPH the exita-
tion wavelength was 375 nm. Unpolarised emission was gathered at 450 nm.
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The anisotropy values were calculated automatically by the Vinci software (ISS)
operating the fluorometer.

To quantify the shift in Laurdan emission, general polarization (GP; IV)
was measured with a BMG FLUOstar Omega plate reader (BMG LABTECH,
Offenburg, Germany). The temperature control unit of the FLUOstar plate reader
was used to heat the samples and to maintain the temperature at a desired value.
A 10 minute incubation time was used between each measurement to equilibrate
the temperature in the sample. Excitation wavelength of 360 nm (£ 5 nm) was
used for both 440 nm and 490 nm emissions. The pathlength of the measurement
was determined by the volume (150 ul) of liquid in the measurement well. GP
was calculated from emission intensities at 440 nm (Ig) and 490 nm (Ir), based on
the equation (Parasassi et al. 1990)

Ip — I
GP = 3
Is + In 3)

and normalized to the GP of free Laurdan in DMSO.

To study the physical properties of the model membrane in short time and
length scale we used electron paramagnetic resonance (EPR) spectroscopy (IV).
The EPR spectra with Me-5-DSA spin probe (Sigma-Aldrich) were measured
with a Bruker EMX Plus spectrometer (Bruker Biospin, Rheinstetten, Germany)
equipped with a PremiumX microwave bridge and Bruker internal variable tem-
perature unit. The samples were measured in a micro hematocrit tube (Vitrex
Medical A/S, Herlev, Denmark) which was positioned in a standard EPR tube.
All spectra obtained were X-band spectra (frequency ~ 9.43 GHz) recorded with
a power of 20 mW, a modulation frequency of 100 KHz, modulation amplitude
1G and time constant of 20.48 ms. The spectra were simulated with the program
EPRSIM, ver 4.99-2005 (Strancar et al. 2000)

To get detailed information on the structure of viral capsid proteins circular
dichroism spectroscopy (I) was performed in far UV region using a Jasco J-720
spectropolarimeter (JASCO Corporation, Tokyo, Japan) and a cylindrical quarz
cuvette (Helma GmbH & Co KG, Miillheim, Germany) of 1 mm pathlength. The
spectra were recorded from 240 to 190 nm with bandwidth of 2.0 nm and 0.5 s
response time. Speed for scanning was 10 nm/min.

Absorption spectroscopy was used to monitor the activity of PLA, based
on a commercial kit (Cayman Chemicals, Ann Arbor, MI). Absorbances at 405
nm were measured using a Lambda 850 spectrophotometer and quartz cuvette
with pathlength of 10 mm (Perkin Elmer Industries, Wellesley, MA). Temperature
was maintained at +25°C using a water bath and circulator (Thermo Electron
Corporation). The PLA; activities were measured and calculated according to
manufacturer’s instructions.
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4.5 Quantitative thin-layer chromatography and differential
scanning calorimetry

Thin-layer chromatography (TLC; IV) of lipids was performed using silica gel
plates (VWR, Copenhagen, Denmark). Water was removed from the samples by
evaporation on a rotary evaporator (Heidolph VV micro, Heidolph Instruments,
Schwabach, Germany). The resulting dry lipids were dissolved in chloroform.
Standards of appropriate ratios were applied on each plate. The plates were
developed using the solvent systems for non-polar lipids described previously
(Yao & Rastetter 1985). The plates were charred in an oven (model Digiheat,
J.P. Selecta s.a., Barcelona, Spain) at 180°C after which they were scanned (Lex-
mark X75, Lexmark, Birkeroed, Denmark) to create a high-resolution RGB coded
colour image. Unspesific charring was removed and the images inverted. Inte-
grated densities of the spots were measured and normalised against standards on
each plate. Image processing and analysis was performed with Image] software
(Rasband, W.S., Image], U. S. National Institutes of Health, Bethesda, MD).

Thermotropic behaviour of the membranes was analysed using differen-
tial scanning calorimetry (DSC; IV). DSC was performed either with Calorimetric
Sciences Corp. model 4100 MC-DSC (TA-Instruments, Lindon, UT) or with TA-
Instrument NANO-DSC equipped with cylindrical gold cells (TA-Instruments).
For the MC-DSC the scan rate was 5 K/h and a solid metal insert was used
as a reference sample. For the NANO-DSC a scan rate of 30 °C/h and a pure
water reference were used. The thermograms were analysed in Origin 7 (Origin-
Lab Corporation, Northampton, MA) by first subtracting the baseline and deter-
mining the start and end temperatures of the phase transition using the method
described by Mabrey and Stutewant (Mabrey & Sturtevant 1976). The enthalpies
of the phase transitions were calculated by integration of the DSC trace, by the
use of a linear baseline from the Origin 7 DSC module. The obtained enthalpies
were then normalised with respect to the total lipid concentration.

4.6 Atomistic molecular dynamics simulations

Molecular dynamics (MD) computer simulations were utilised to study interac-
tions between desipramine and membranes in atomistic detail. A previously vali-
dated united-atom model (Chiu et al. 1995; Berger et al. 1997; Ollila et al. 2007)
was used for palmitoyloleoyl phosphatidylcholine (POPC). For cholesterol
the model by Holtje et al. (Holtje et al. 2001) based on a modified version
of the united-atom GROMOSS87 force field (van Gunsteren & Berendsen 1987;
van Buuren et al. 1993; Daura et al. 1996) was employed. The simple point
charge (SPC) model (Berendsen et al. 1981) was used for water.

The model for desipramine was developed for this work. As in the case
of the cholesterol model used, the bonded and Lennard-Jones parameters for
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the desipramine model were taken from the modified GROMOSS87 force field.
Only the protonated form of desipramine was considered. The atomic partial
charges were obtained by quantum-mechanical calculations with the Gaussian03
software package (Frisch et al. 2004). The model was further detailed by opti-
mising the structure of 20 random desipramine conformations at the Hartree-
Fock level of theory by employing a 6-311G* basis set. The resulting electronic
distributions were then fitted to produce atomic partial charges with the ChelpG
method (Breneman & Wiberg 1990). The final partial charges for the model were
obtained by averaging over the respective values for the different desipramine
conformations.

In the MD simulations fully hydrated POPC/cholesterol bilayers with a
total of 128 lipids were used. The membranes contained either 5 mol% or 40 mol%
cholesterol. A total of 6 or 14 (5 mol-% or 10 mol-%, respectively) desipramine
molecules were positioned evenly and symmetrically in the plane of the bilayer,
at a distance of 2.7 nm from the bilayer center. The remaining free volume in
the simulation cell was filled with water molecules. The simulation systems were
made charge neutral by randomly replacing a number of water molecules, corres-
ponding to the number of desipramine molecules in the system (6 or 14), with C1~
ions.

The simulations were carried out with the GROMACS
package (Lindahletal. 2001; van der Spoel et al. 2005), version 3.3.1.  The
system temperature was maintained at T = 310 K with the Nosé-Hoover
thermostat (Nose 1984; Hoover 1985). The molecules in the bilayer, inclu-
ding desipramine, and the subsystem comprising water and Cl~ ions were
separately coupled to thermostats with a time constant of 0.5 ps. The system
pressure, p = 1 bar, was maintained independently in the direction parallel to
the bilayer normal and in the plane of the bilayer with the Parrinello-Rahman
barostat (Parrinello & Rahman 1981), with a coupling time constant of 2.0 ps.
The simulation time step length was 2 fs and the total simulation time for all the
bilayer systems 100 ns.



TABLE4  Alphabetical summary of methods used in this thesis. Detailed
descriptions can be found in the articles indicated in the table

by Roman numerals.
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Method Article
Cell culture and virus infections IL III, V
Cellular protrusion quantitation by the ImageJ] program Vv
Circular dichroism spectroscopy I
Confocal microscopy and spectra acquisition I, IIL, V
Differential Scanning Calorimetry (DSC) v
DPH anisotropy v
Electron paramagnetic resonance spectroscopy (EPR) v
Fluorescence spectroscopy LI, IV
Immunofluorescence labelling II, 11T
Kinetics of PLA; enzymatic activity I
Kruskall-Wallis analysis for variance IL III, V
Large unilamellar vesicles (LUVs), extrusion method \Y
Laurdan general polarisation v
Mann-Whitney U-test I III, V
Multilamellar vesicles (MLVs), shaking method v
Molecular dynamics simulations I
Protein production with the baculovirus expression system  II
Purification and analysis of His-tagged proteins I
Protein concentration assay (Bradford method) I
Quantitation of virus marker positive nuclei I
Small unilamellar vesicles (SUVs), sonication method I
Student’s t-test I
Thin-layer chromatography (TLC) v
Virus culture and purification LILIIV
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The antibodies and probes used in the thesis are summarised below.

TABLE5  Antibodies and probes used in this thesis

Antibody or probe Source Article
Alexa Fluor 488, 555 Molecular Probes, Eugene, V
anti mouse / rabbit OR / Invitrogen
Alkaline phosphatase Promega, Madison, WI II
conjugated secondary antibodies
Di-4-ANEDPPHQ L. M. Loew, University II

of Connecticut Health

Center, Farmington, CT
1,6-diphenyl-1,3,5-hexatriene (DPH) Invitrogen v
Hoechst 33342 Sigma-Aldrich Vv
Laurdan Invitrogen v
Mouse monoclonal antibody Sigma-Aldrich \%
to alpha-tubulin
Mouse monoclonal antibody (Strassheim et al. 1994), IL III, V
to CPV capsid (Mab8) C. R. Parrish, Cornell

University, Ithaca, NY
Mouse monoclonal antibody Developmental Studies I
to LAMP2 Hybridoma Bank, The

University of Iowa City,

Iowa City, IA
Mouse monoclonal antibody Serotech, Oxford, UK II
to His-tag
Northern Lights NL-557 R&D Systems Inc., IL III, V
donkey anti-mouse Minneapolis, MN
Methyl-5-doxylstearic acid (Me-5-DSA)  Sigma-Aldrich v
Rabbit polyclonal antibody Cymbus Biotechnology, I
to transferrin receptor Hampshire, UK
Rabbit polyclonal antibody C. R. Parrish, Cornell I
to CPV capsid University, Ithaca, NY




5 REVIEW OF THE RESULTS

5.1 Interactions of parvovirus capsid with model membranes

5.1.1 Alterations in the CPV capsid structure

We studied how acidic conditions and the presence of membranes affect the
structure of the CPV capsid. The icosahedral (T=1) capsid of CPV is built with
structural proteins, VP2 and VP1, the latter comprising only 10% of the 60 sub-
units of the capsid (Paradiso et al. 1982; Cotmore & Tattersall 1987). The capsid
has a diameter of 26 nm (Agbandje et al. 1993; Chapman & Rossmann 1993).
In DNA-containing viruses the VP2 N-termini exposed outside the capsid
are cleaved by host cell proteases to form VP3 protein (Paradiso et al. 1982;
Weichert et al. 1998). The protein monomers are organised into eight-stranded
antiparallel barrels with the loops connecting the strands at the surface of the cap-
sid (Tsao et al. 1991). 143 additional amino acid residues differentiate parvoviral
VP1 protein from the VP2 protein forming the so-called unique N-terminus of
VP1, which contains a phospholipase A, motif and a nuclear localisation signal
(Paradiso et al. 1982; Vihinen-Ranta et al. 1997; Weichert et al. 1998).

As CPV capsid is known to bind Ca?* ions (Simpson et al. 2000), the mea-
surements were performed in the presence of CaCl,. Red shifts in the maxi-
mum emission wavelength of CPV capsid tryptophans were detected when the
sample was supplemented with small unilamellar vesicles (SUVs) composed of
bovine brain sphingomyelin or bovine brain phosphatidyl serine (I, Fig. 1A).
However, phosphatidyl choline, phosphatidyl ethanolamine and phosphatidyl
inositol were found to not cause any pronounced changes in the emission (data
not shown). Acidic conditions, pH 5.5, combined with sphingomyelin induced a
significant red shift (3.8+£0.3 nm; P = 0.002) in the tryptophan emission of CPV
capsids compared to CaCl, alone. A similar, but less significant, shift in emission
towards higher wavelength was seen with sphingomyelin at pH 7.4. With phos-
phatidyl serine a trend in red shift resembling the changes seen with sphingo-
myelin was seen both at pH 5.5. and pH 7.4. The change, however, was deemed
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statistically insignificant. Interestingly, the acidicity alone was not sufficient to
induce a significant change in the maximum emission wavelength. Only a minor
strengthening in the emission at the red end of the measured spectra was seen
at pH 5.5 when compared with pH 7.4 (I, Fig. 1A). The results suggest increased
water penetration between the subunits of the CPV capsid proteins. This can
originate for example from structural changes in the capsid.

The red shift detected in CPV capsids at low pH in the presence of sphin-
gomyelin can be assumed to arise through conformational rearrangements which
either bring tryptophan containing motifs of the structural proteins to the capsid
surface or loosen the capsid to become more penetrable to water. It is important to
note as well that even though acidicity did not have an effect alone, together with
sphingomyelin it contributed to a significant red shift in the capsid. The fluore-
scence emission of free tryptophan in water is not sensitive to changes in pH
(Luykx et al. 2004), which implies the pH-related changes in the capsid fluore-
scence to indeed stem from the conformational changes resulting from exposure
of tryptophans to water.

Each VP2 protein of the CPV capsid contains 14 and each VP1 protein
15 tryptophan residues, all of them more or less shielded from water by their
hydrophobic location inside the capsid subunits (Chapman & Rossmann 1993;
Xie & Chapman 1996). This variable access of water molecules to the tryptophan
residues of the capsid proteins can be clearly seen in a Stern-Volmer plot calcu-
lated from acrylamide quenching experiments (Pakkanen et al. unpublished, see
Fig. 11). No pH variation in the water accessibility of CPV tryptophans was
detected.

To further investigate the interactions of phosphatidyl serine and sphin-
gomyelin with CPV capsids, circular dichroism (CD) spectroscopy in far UV
region was used. Measurements were again performed in the presence of CaCl,
and the effect of phosphatidyl serine/sphingomyelin SUVs as well as acidicity
on the capsid protein conformation was analysed. In general terms the spectra
contained a wide negative valley at 220-200 nm and a narrower positive peak at
190 nm. Without vesicles, in the presence of CaCl; only, the positive 190 nm peak
was lower at pH 5.5 compared to pH 7.4. The wide valley at 220-200 nm was
slightly shallower and shifted to red at pH 5.5 (I, Fig. 1 B, C).

Vesicles composed of phosphatidyl serine/sphingomyelin markedly
changed the CD spectra of the capsids. Similar to acidic conditions only, the
220-200 nm valley became less negative with the vesicles. Differences seen in the
220-200 nm valley without vesicles at pH 5.5. and pH 7.4 seemed to lessen when
the vesicles were present, making the two spectra resemble more each other than
the spectra measured at each pH without vesicles. Surprisingly, also the blue shift
seen with pH 5.5 was corrected with the presence of the vesicles. The differences
in the spectra with vesicles were evident mainly in the raise up to the 190 nm
peak: the 205-195 nm slope at pH 7.4 was not as steep as at pH 5.5 ( (I, Fig. 1B-C).
The circular dichroism data were not interpreted in terms of secondary struc-
ture. However, the data strongly suggests the presence of phosphatidyl serine
and sphingomyelin to result in different kind of conformational changes in the
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FIGURE 11 A Stern-Volmer plot of CPV capsid tryptophan fluorescence in the presence
of phosphatidyl serine vesicles (K. Pakkanen unpublished). The plot de-
viates from the linearity towards the x axis, which is indicative of diffe-
rent populations of tryptophan residues, each accessed differently by the
quencher (Lakowicz 2006). Light grey pH 5.5, dark grey pH 6.5 and black
pH7.4.

CPV capsids than acidicity alone can do.

In addition to the effects produced by acidicity and membranes, we also
elucidated the reversibility of the acid-induced structure alterations. This might
have a role in the viral life just after the endosomal membrane penetration, when
the virus is released to the neutral cytoplasm. For the experiments, the virus cap-
sid was incubated at pH 5.5 for 10 min after which the sample was immediately
neutralised. The tryptophan fluorescence emission was again used to report on
changes in the capsid proteins. No statistically significant changes in trypto-
phan fluorescence emission maxima were detected when acid-treated neutralised
capsids were compared with native capsids (I, Fig. 1D). In the CD spectrum of
the acid-treated capsids, however, some marked differences were seen. In acid-
treated capsids the valley at 220-200 nm was less profound than in native capsids,
and there was a distinct shoulder at 225 nm (I, Fig. 1E). This difference between
neutralised acid-treated and native capsids could relate to long-term effects of
those structural rearrangements the CPV capsid undergoes when it it first in-
fluenced by the acidicity of the endosomes and then subsequently escapes from
the endosome lumen to the cytoplasm. The remaining neutralised conforma-
tion of the capsid could have a role later in the viral life. For example, minute
virus of mice (MVM), a parvovirus related to CPV, has been shown to damage
the nuclear envelope, possibly helping the virus to gain entry into the nucleus
(Cohen & Panté 2005).



60

5.1.2 Sphingomyelin does not affect the function of CPV PLA;,

The unique part of parvoviral VP1 protein harbours the phospholipase A ; acti-
vity of the viral capsid and contains two motifs found conserved throughout the
phospholipase A, family. Similar to secretory type PLAjs, the parvoviral phos-
pholipase is not partial in choosing its substrates in respect to lipid species or
fatty acid saturation (Zadori et al. 2001; Canaan et al. 2004). The enzyme requires
Ca?", is especially active towards aggregated lipids (Canaan et al. 2004) and is
only available for functioning when the N-terminus of the VP1 protein is exposed
from inside the viral capsid (Weichert etal. 1998; Vihinen-Ranta et al. 2002;
Suikkanen et al. 2003b).

Sphingomyelin has previously been connected with inhibiting the function
of group V secretory PLA; (Singh et al. 2007). We tested the effect of sphin-
gomyelin on the activity of CPV PLA;. Thiol-conjugated phosphatidyl choline,
supplemented when applicable with bovine brain sphingomyelin SUVs, was
used as a substrate in the assay. The activity of CPV PLA; was not signifi-
cantly affected by the presence of sphingomyelin in the reaction mixture. The
activity decreased from 0.001940.0003 pmol/ml/min without sphingomyelin to
0.0016+0.0003 pmol/ml/min with sphingomyelin, which in essence was similar
to the behaviour of bee venon PLA; used as a control (I, Fig. 2). These results,
together with the findings on the effect of sphingomyelin and acidicity on the
capsid protein conformation, suggest that the changes in the capsid structure are
most likely not involved in facilitating the function of the CPV PLA;. The changes
in structure may, however, have some previously unknown function in the endo-
somal escape of the virus.

5.1.3 CPV capsid modifies fluidity of membranes in vitro

Membranes can function as trigger to induce changes in the viral capsid, but
it is also important to understand how the virus alters the membrane it in-
teracts with. We studied the effect of CPV capsids on the rigidity of ordered
cholesterol-rich phosphatidyl choline membranes and very fluid phopshatidyl
choline membranes without cholesterol. For this we utilised fluorescence spectro-
scopy and di-4-ANEPPDHQ probe. Di-4-ANEPPDHQ is a styryl probe which is
sensitive to the molecular ordering of its local environment and has been shown
to exhibit pronounced spectral shifts in respect to transition from liquid disor-
dered phase to liquid ordered phase (Jin et al. 2006)

The emission spectra of di-4-ANEPPDHQ (II, Fig. 1) were all in all in good
accordance with previously published results (Jin et al. 2006). In the case of the
DPPC:cholesterol vesicles (7:3 molar ratio) CPV capsids induced at pH 5.5 a sta-
tistically significant red shift (2.1 nm; P = 0.035) in the emission of the probe com-
pared to vesicles without the virus (II, Fig. 2A). This implies increase in disorder
in the the vicinity of di-4-ANEPPDHQ. At neutral pH the virus capsid did not
seem to be able to induce any significant shifts in the emission (II, Fig. 2B). At
either acidic or neutral environment neither bee venom PLA, nor CPV His-VP2
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protein induced any significant shifts in the emission of di-4-ANEPPDHQ (II, Fig.
2 A-B).

Characteristically, with DOPC vesicles the general form of the spectra
was wider and the emission appeared at higher wavelengths than with
DPPC:cholesterol vesicles (II, Fig. 1). No significant shifts in emission were de-
tected in either acidic or neutral conditions with either CPV or with His-VP2 and
PLA2 used as controls (II, Fig. 3 A-B).

Similar to the emergence of the PLA; activity at low pH
(Suikkanen et al. 2003b), the present results show that acidicity is required
for the fluidising function of the capsid. It is important to note that the His-VP2
capsids lacking the VP1 protein, and subsequently the PLA; activity, did not have
a fluidising effect on DPPC:cholesterol vesicles. This implies that the fluidising
domain in the CPV capsid is located in the VP1 unique N-terminus. However,
as secretory type PLA; used as a control did not pose any disordering effect on
the vesicles, it is plausible that the classical lipase activity of the parvoviral PLA;
is not responsible for the fluidising effect. Nevertheless, it is possible that there
is an additional functional domain in the VP1 N-terminus responsible for the
disordering of membranes. In addition, one cannot exclude possibility that the
PLA, domain would have additional abilities outside the normal action of the
enzyme.

5.2 Interactions of the parvoviral capsid with endosomal
membranes

5.2.1 Membrane fluidisation is a part of the entry strategy of CPV

Similar disordering effect as seen in vitro at acidic pH with DPPC:cholesterol
membranes (see 5.1.3) was also detected in perinuclear intracellular compart-
ments during CPV entry. The disordering was again monitored using fluore-
scence spectroscopy and di-4-ANEPPDHQ probe, but this time the spectra were
gathered from live cells by using a confocal microscope. At 3 h and 4 h post infec-
tion (p.i.) the form of the emission spectrum was wider than at 5 h p.i. or without
virus (II, Fig. 4 A). At 3 h p.i. the emission was clearly red shifted in comparison
to cells without virus and at 4 h p.i. significantly red shifted in respect to both
cells without virus (15.4 nm; P = 0.007) and 5 h p.i. (8.8 nm; P=0.04) (II, Fig. 4
B). These results imply increase in the fluidity of the membrane and a clear-cut
difference between the time points 4 h and 5 h p.i.

5.2.2 Disintegration of cholesterol-rich areas affects parvoviral entry
Cholesterol itself or the ordering effect it poses on membranes seems to func-

tion as some kind of trigger for the membrane fluidisation by the CPV capsid (II,
see sections 5.1.3 ad 5.2.1). As the role of cholesterol on cellular membranes is
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very closely connected to the emergence of lipid rafts (Simons & Ikonen 1997),
we tested the effect of raft disrupting compounds on CPV entry. All the
tested compounds have previously been reported to disrupt cholesterol-rich
membrane domains, or lipid rafts (Gidwani et al. 2003; Awasthi-Kalia et al. 2001;
Klingenstein et al. 2006; Kamata et al. 2008). In experiments with CPV the drugs
were found to hinder the progression of the virus from intracellular vesicles to
nucleus. The virus was internalised into the cell and no clear virus labelling was
detected at the plasma membrane at 24h p.i (III, Fig 5), indicating that the effect
of the tested compounds was indeed intracellular. In all cases where CPV traffic
was perturbed, the virus was found arrested in intracellular vesicular structures.

Ceramide C2 (30 uM) caused the most pronounced reduction in the CPV
traffic efficiency. Only 1.6% (P= 0.021) of cells were infected with the virus at 24 h
(II1, Fig. 5 D, G). U18666A (7ug/ml), which in addition to causing cholesterol and
sphingolipid accumulation in lysosomes (Liscum & Faust 1989; Lusa et al. 2001;
te Vruchte et al. 2004) has been reported to be able to disrupt detergent resistant
membranes (DRMs) (Klingenstein et al. 2006), also had an inhibiting effect on the
intracellular progression of CPV. With U1866A only 12% (P= 0.021) of cell nuclei
were positive for CPV at 24 h p.i. (Ill, Fig. 5 C, G). Desipramine (10 uM) , a
putative raft-breaker, had also a clear effect in hindering the intracellular traffic of
CPV, decreasing the percentage of capsid positive nuclei down to 38% (P= 0.021)
(II, Fig. 5 B, G) compared to untreated cells, where 87% of cells were positive
for the virus at 24h p.i. Although the hindering effect on CPV infection brought
about by lidocaine (0.2%) did not reach the significance level (5%), perturbation of
normal CPV infection was evident. Gentamicin, a lysosomotropic antibiotic with
no known raft disintegrating function was used as a control and it was found not
to affect CPV entry (III, Fig. 5 E, G).

In addition to the various compounds used, we also tested how removal of
cholesterol from the membranes by using 10 mM methyl-B-cyclodextrin (MBCD)
affected CPV entry. Previously, MBCD has been found to inhibit internalisation
of CPV on the plasma membrane level (data not shown) and therefore it was
added to cells 3 h p.i. After one hour of treatment with MBCD, CPV was not able
to proceed beyond perinuclear vesicular structures (III, Fig. 6A) Following the
MPBCD treatment, only 5.9% (P= 0.053) of nuclei were detected to be CPV positive
after 24 h incubation in fresh medium compared to nearly 30% of infected cells in
the untreated control (III, Fig. 6C).

To learn more on the effects of cholesterol and sphingomyelin, crucial raft
components, on CPV infection, we tested how CPV is able to infect cells supple-
mented with additional cholesterol or sphingomyelin. Addition of 20 ug/ml
cholesterol to cells did not seem to influence the course of CPV infection, 88.7 % of
the cell nuclei were positive to CPV at 24 h p.i (III, Fig. 7 B,C). Additional sphin-
gomyelin, 50 pg/ml, on the other hand, seemed to hinder the progression of the
virus. Only 36.1 % of the cells were infected at 24 h p.i. in the presence of supple-
mentary sphingomyelin (III, Fig. 7 A, C). The virus marker was seen localised pri-
marily inside the cells, implying that also with sphingomyelin the effect on CPV
entry was at the intracellular stage, and not at the plasma membrane level. We
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also tested whether cholesterol could enhance the viral entry in cells first supple-
mented with additional sphingomyelin. The cells were given 50 yg/ml sphin-
gomyelin and infected for 24 h after which cholesterol, 20 ug/ml, was added
for 3 h time and the number of CPV positive nuclei quantified. Cholesterol was
indeed found to counteract the effect of sphingomyelin: there was a significant
increase in the percentage of CPV positive nuclei (49.1%; P= 0.036) in cells treated
with cholesterol after sphingomyelin supplementation when compared to cells
with added sphingomyelin only (36 %; III, Fig. 8).

5.3 Antidepressant desipramine disorders cholesterol-rich
membranes

Desipramine, 3-(5,6-dihydrobenzo[b][1]benzazepin-11-yl)-N-methylpropan-1-a-
mine (DMI, for structure see III, Fig. 1), is a tricyclic antidepressant
known to accumulate in lysosomes through protonation (Stoffel et al. 1987;
Lemieux et al. 2004). In cell studies desipramine was found to inhibit the entry
of CPV (I, Fig. 5) along with other molecules known to disrupt the integrity of
raft domains on cellular membranes. Desipramine itself has also been previously
connected to destabilisation of DRMs (Klingenstein et al. 2006).

The effect of desipramine on lipid bilayers was studied in atomistic de-
tail with molecular dynamics simulations. The model membrane consisted
of palmitoyloleoyl phosphatidylcholine (POPC) and cholesterol. Two mem-
brane models were constructed, one with 5 mol% and the other with 40 mol%
cholesterol. The former corresponded to cholesterol-depleted disordered do-
mains, and the latter one to highly ordered raft-like domains in cell membranes
(Niemela et al. 2007). The concentrations of desipramine in the simulations were
0, 5 or 10 mol%.

Addition of desipramine in the membrane with 5 mol% cholesterol resulted
in a clear increase in the deuterium order parameter (Scp) values close to the
glycerol backbone of the lipids (III, Fig.2 A-B). However, the membrane was still
clearly in fluid state. A detailed study on the localisation of desipramine in the
membrane confirmed, that the regions with the most pronounced increases in
Scp, around carbons 5 in both chains, coincided with the position of the desi-
pramine tricyclic ring in the membrane (III, Supplementary Fig. S1, 52). In the
lipid bilayer with low cholesterol desipramine affected only little the area of the
membrane and did not seem to alter the membrane phase. For both 0 and 5 mol%
DMI the calculated areas per lipid were 0.64 4 0.01 nm? and for 10 mol% DMI
0.65 £ 0.01 nm (III, Fig. 3 A). These resemble area per lipid values published
previously for neat POPC bilayers (Ollila et al. 2007).

The influence of desipramine on the cholesterol-rich membrane was indeed
found to differ from the effect seen with membranes poor in cholesterol. The
buckling of the Scp curves around the centers of the lipid chains, a feature typical
for highly ordered cholesterol rich bilayers (Falck et al. 2004), was significantly
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FIGURE 12 A snapshot of desipramine embedded in a cholesterol-rich membrane.
POPC molecules are drawn with grey and cholesterol with yellow. Desi-
pramine is presented as a space-fill model in orange with its nitrogens
marked in blue. Picture with permission from Emppu Salonen. For the
detailed structure of DMI see III, Fig. 1

reduced by desipramine. Correspondingly, the Scp values for POPC in the high
cholesterol membranes decreased substantially when desipramine was present in
the membrane (III, Fig. 2 C, D). This was also seen as an increase in the membrane
area, which allowed the POPC fatty acid chains to twist into less ordered confor-
mations. For 0, 5, and 10 mol% DMI the calculated areas per lipid were 0.418 +
0.004 nm?, 0.431 + 0.004 nm?, and 0.444 + 0.005 nm?2. These results indicate that
desipramine induced a fluidising effect on the cholesterol-rich membranes. DMI
molecules were not positioned all that deeply in the membrane: the calculated
electron density profiles revealed the tricylic ring of desipramine to reside at the
level of the lipid carbonyl groups (III, Supplementary Fig. S1). Interestingly, desi-
pramine showed no preference of residing close to cholesterol in either high or
low cholesterol concentration (data not shown).

5.4 Lysosomal membrane properties - a simplistic approach

5.4.1 Physical properties of triglyceride-containing membranes

Lysosomal membranes have been reported to contain triglycerides
(Brotherus & Renkonen 1977; Ruiz & Ochoa 1997) and even tolerate uptake
of triglycerides for storage (Schoonderwoerd et al. 1990). Hence, it is likely
that triglycerides participate in determining the behaviour of the lysosomal
membranes. But how do triglycerides affect the properties of a phospholipid
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membrane, such as the lysosomal membrane? So far only little is known
about the properties of triglyceride-phospholipid bilayers. The few studies
so far have mainly concentrated on the solubility of triglycerides in phospho-
lipid membranes (Spooner & Small 1987; Hamilton & Small 1981) and on the
hexagonal phase transitions of phosphatidylethanolamine-triglyceride systems
(Lee et al. 1996; Prades et al. 2003). In addition to triglycerides, we have also
found monoglycerides in the lysosomal membranes (data not shown, Pakkanen
et al. unpublished).

To elucidate the contribution of triglycerides in the properties of phospho-
lipid membranes, we studied the effect of triolein (TO) on simple phospho-
lipid membranes (POPC) by fluorescence and electron paramagnetic resonance
spectroscopy as well as differential scanning calorimetry. In addition to the in-
fluence of triolein alone, possible synergistic effects of monopalmitin (MP) and
TO on POPC membranes were analysed. Ratios of lipids were 10 mol% TO, 90
mol% POPC for the two-component system and 10 mol% TO, 10 mol% MP and
80 mol% POPC for the three component system. Intriguingly, both the TOPOPC
system and the MPTOPOPC system were found to undergo macroscopical phase
separation into a lighter floating phase and a pellet. The pellet was expected to
be a multilayer phase, while the supernatant was considered a dilute vesicular
phase (Janiak et al. 1979). The phase separation was most pronounced when the
samples were centrifugated, but the same phenomenon could clearly be seen also
in normal gravity after over night storage. The floating fraction and the pellet
were named light phase (LF) and heavy phase (HF), respectively.

The composition of the two phases was analysed by quantitative thin-layer
chromatography. There were only subtle differences in the compositions of the
LF and HF. In TOPOPC system both the LF and the HF contained 5% TO and 95%
POPC. In MPTOPOPC system, the amount of TO in LF seemed to be higher than
in TOPOPC LEF, 9%. The percentages for MP and POPC in MPTOPOPC LF were
4% and 87%, respectively. However, in the MPTOPOPC HF TO, only 2%, made a
minor contribution to the composition. Correspondingly, the amount of MP was
higher, 8%. Some oil-like drops were seen on the membrane-water interface of
the sample. However, these droplets were separated from the sample (LF and
HF) and therefore are not included in the quantitations (IV, Fig 1 A). Differential
scanning calorimetry of the different phases further supported the view that no
major compositional difference was responsible for the phase separation of HF
and LE. Only some minor variation was seen in the DSC traces of the different
phases. Furthermore, the DSC results demonstrated that in both TOPOPC and
MPTOPOPC LFs the TO in the membrane was in equilibrium with another TO
containing phase, namely the oily drops at the water surface, (IV, Fig. 2), analo-
gously to a microscopic interaction model proposed for foreign molecules which
partition into the membrane (Jorgensen et al. 1991).

The two phases were analysed in detail with spectroscopical methods. EPR
spectroscopy showed the LF and HF of the TO containing systems to differ clearly
from the membranes of MPPOPC or POPC alone. The EPR spectra of all the
samples measured showed clearly the spin probe, Me-5-DSA, to reside in a fluid
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environment. The spectra of TO and MPTO HFs were clearly representative of
a more fluid environment than those of MPPOPC or POPC (for TOPOPC see 1V,
Fig. 5). Phase separation like that seen with the TO systems did not take place
in the systems without TO as indicated by the very weak EPR signal in the LF of
these systems and similarity of DSC thermograms of HF and LF (IV, Fig. 2).

To extract more information from the EPR data, we simulated the spec-
tra using the EPRSIM program (Strancar et al. 2000; Kavalenka et al. 2005). The
program can simulate EPR spectra assuming the presence of one or several do-
mains. None of the samples analysed bore any indication for more than one
domain in their spectra and the goodness of fit in the simulation did not improve
by allowing one or several domains. Therefore, all of the spectra were simu-
lated based on one domain. The TOPOPC and MPTOPOPC LFs were found to be
nearly isotropic with their order parameters, S;, around 0.03. Interestingly, the or-
der parameters for the LFs presented almost no temperature variation. Between
different HFs only minor differences in order were seen (IV, Fig. 6 A). The corre-
lation time, 7., which is inversely proportional to the viscosity of the membrane,
confirmed the TOPOPC and MPTOPOPC LF to be considerably more fluid than
the HFs (IV, Fig. 6 B). Furthermore, the simulations were used to obtain informa-
tion on the polarity of the membrane-water interface. Only minor differences in
polarity were seen between the different HFs, but the polarity in LFs of TOPOPC
and MPTOPOPC was markedly different (IV, Fig. 6 B). The EPR spectra and the
simulation of the EPR data show the studied membrane systems to be in fluid
phase and TO to further increase the fluidity of the membranes, particularly in
the case of the LF. In addition TO seemed to lower the polarity of the membrane-
water interphase in LF.

We utilised both Laurdan and 1,6-diphenyl-1,3,5-hexatriene (DPH) as
probes for fluorescence spectroscopy. Laurdan was used to assess water pene-
tration to the glycerol backbone region of membrane and DPH anisotropy mea-
surements to gain more information on the viscosity of membranes. However,
unlike with EPR, only minor differences in anisotropy were seen between the LFs
and HFs (IV, Fig. 7). In addition, the anisotropy values measured were not on
an isotropic level, unlike values measured with neat olive oil (data not shown),
which is different to the near-to-isotropic behaviour of TOPOPC and MPTOPOPC
LFs seen with EPR spectroscopy (IV, Fig. 6 A). The DPH results imply the micro-
viscosity in the fatty acid region of the TO-containing membrane to resemble pure
POPC membranes.

Marked differences in the spectra of the two phases of the TO containing
systems compared to neat POPC membranes were seen with Laurdan. The emis-
sion spectrum of POPC membranes followed the general features of Laurdan
emission in fluid membranes and had a clear emission maximum in the region
of 470 nm. Compared to POPC HF, the emissions of TOPOPC and MPTOPOPC
LFs as well as MPTOPOPC HF were clearly blue-shifted (IV, Fig. 3). Laurdan
general polarisation (GP) was measured to gain quantified information on the
Laurdan fluorescence sensitive to local molecular environment. Most striking
differences in Laurdan GP were seen between the TO containing LFs and POPC.
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The GP values for TOPOPC LF ranged from 0.24 at 25°C to 0.11 at 40°C and those
for MPTOPOPC LF from 0.29 at 25°C to 0.15 at 40°C , whereas GP for POPC was
at its lowest, at 40°C , only -0.09 (IV, Fig. 4). Statistical testing using the non-
parametric Kruskall-Wallis and Mann-Whitney U tests ensured the GP values
for both TOPOPC LF and MPTOPOPC LF to be indeed significantly higher than
those for POPC at all temperatures tested. P values for the difference between
TOPOPC LF and POPC were 0.0006 for all temperatures measured and for MP-
TOPOPC and POPC 0.023, 0.029, 0.029 and 0.041 for 25°C, 30°C, 35°C and 40°C,
respectively. The higher GP values of LFs of TO-containing systems indicate that
water was less able to penetrate to the upper part of the membrane. This is well
in accordance with the EPR results on lower polarity of the TO-containing LFs.

5.5 At the far end of the parvovirus infection

5.5.1 Long cellular protrusions as potential means of parvovirus egress

The entry of CPV into its host cells has been characterised in de-
tail (Parker & Parrish 2000; Parker et al. 2001; Suikkanen et al. 2002;
Suikkanen et al. 2003b), but so far next to no information has been available on
the late steps of the infection. A parvovirus related to CPV, minute virus of mice
(MVM) has been proposed to have a non-lytic and potentially active vesicular
egress mechanism (Salome et al. 1989; Bédr et al. 2008). To shed light on the egress
phase of CPV infection, we explored the late steps of the infection process of
CPV.

The morphology of the infected Norden laboratory feline kidney (NLFK)
cells differed markedly from that of the uninfected cells at 72 h p.i., whereas the
morphology was essentially unchanged at in the infected cells at 24 h p.i. The
uninfected cells and infected cells at 24 h p.i. were characteristically flat and
triangular. However, when the cells were infected for a longer period of time,
the shape of the cells begun to change. Already at 42h p.i. some differences to the
uninfected cells were seen (data not shown) but more pronouncedly the striking
difference in the cell morphology became evident at 72 h p.i. (V, Fig. 1A, C, E,
G). The infected cells had become rounder, but were nevertheless still attached to
the cover slip surface. They had grown protrusions which reached out from the
cell body and sometimes fused with other cells or protrusions of other cells. In
NLFK cells the longest protrusions streched out to an astonishing length of 130
pum. Changes in cell morphology similar to those seen in NLFK cells at late time
points in infection, at 42 h p.i. (data not shown) and particularly at 72 h p.i. were
apparent also in another cell line, canine fibroma A72 (see Fig. 13). For A72 cells
the maximum length of protrusions measured was even longer than the longest
protrusions seen in NLFK cells; 200 ym (V, Fig. 2). In addition to long neurite-like
protrusions, the infected NLFK (V, Fig. 1I) and A72 cells (Fig. 13) featured short,
filopodia-like extensions.
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FIGURE 13 Morphology of A72 cells during CPV infection and in uninfected control
cells. (A) Uninfected control cells grown for 24 h and (B) infected cells at
24 h pi. (C) Uninfected control cells grown for 72 h and (D) infected cells
at 72 h p.i. The morphology of the infected cells at both time points differs
clearly from that of the uninfected control cells.

Some roundness and shorter protrusions were visible also in uninfected
control cells grown in subconfluency for 72 h but the changes were much more
subtle and seemingly less uniform than in the infected cells. Hoechst 33342 stai-
ning revealed that some of the NLFK cells infected for 72 h were undergoing
apoptosis or necrosis, but the occurrence of protrusions did not correlate with the
viability of the cell at the time of imaging (data not shown).

NLFK cells were also visualised with confocal fluorescence microscopy.
Antibody to tubulin was found to stain effectively the long protrusions seen
in cells infected for 72 h. As with differential interference contrast (DIC) ima-
ging, short extensions in control cells grown for 24 h or 72 h were also seen with
tubulin staining (V, Fig. 1 B, D, F and H). The long protrusions of the infected
cells seemed to be primarily dependent on tubulin and no major participation
of two other cytoskeletal proteins tested, actin and vimentin, was detected with
immunofluorescence methods (data not shown). In addition to the striking long
protrusions seen in cells infected for 72 h, the staining pattern of the infected and
uninfected cells differed interestingly. In control cells grown for 24 h the charac-
teristic spindle-like organisation of tubulin was clearly visible, but in at 24 h p.i.
tubulin in the infected cells was anomalously mainly localised on the rim of the
cells. Similarly, at 72 h p.i. the most intense fluorescence was seen in the cell
periphery, as well as in the long protrusions, which were the most intensively
stained parts of the cells (V, Fig. 1 B, D, F and H). At 24 h p.i. CPV capsid marker
localised distinctively in the nuclei of the cells, but at 72 h p.i. some of the virus



69

marker was present also in the long tubulin-stained structures (V, Fig. 1J).

In cells infected for 72 h both the length of individual protrusions and the
number of protrusions per cell were greater than in control cells grown for 72
h. In NLFK cells at 72 h p.i. the protrusions had an average length of 79.9 ym
and in A72 cells 158.1 ym. In both cell lines the protrusions were significantly
longer than those seen in uninfected cells (V, Fig. 2). Protrusions at 24 h p.i. were
considerably shorter than those emerging at 72 h p.i, but still significantly longer
than extensions seen in uninfected cells grown for 24 h ('V, Fig. 2). At 72 h p.i. the
number of protrusions was significantly higher in infected cells in both cell lines
used compared to uninfected control cells. Each NLFK cell had in average 3.62
(P =0.001) and each A72 cells 4.27 (P < 0.0001) long protrusions, whereas for the
control cells grown for 72 h the average number of extensions were 2.08 and 2.89,
for NLFK cells and A72 cells, respectively (V, Fig. 3). Also compared to infected
cells at 24 h p.i., the cells infected for 72 h had significantly more protrusions in
both cell lines. At 24 h p.i. the protrusions in A72 cells were significantly more
numerous (P = 0.04) than in the uninfected control cells. The average number of
protrusions was 3.07 for infected and 2.59 for uninfected cells. Difference between
the number of protrusions per cell at 24 h was not found to be significant in NLFK
cells (V, Fig. 3). These quantitative results on the number and spectacular length
of the cellular extensions formed during CPV infection suggest that the processes
that drive the formation of the protrusions start already early in infection and the
alteration of cell morphology is a gradual process.



6 DISCUSSION

6.1 Interactions of parvovirus capsid with membranes

The membrane-capsid interactions of non-enveloped viruses are for the virus a
crucial step towards a successful infection. As non-enveloped viruses typically
are internalised into the host cells through endocytosis (Smith & Helenius 2004),
some of the most critical interactions take place in the vicinity of the endo-
somal membranes. Studying these events is challenging as the physical size
of viruses is well below the optical resolution limit and the intracellular lo-
cation of events provides further methodological challenges for the studies.
In general, the interactions between virus capsid and the endosomal mem-
branes fall into two categories: the virus either perforates the membranes
so that the whole organelle lyses, or it generates well-defined pores into
the membrane through which the virus particle or its genome passes into
the cytoplasm (Wickham et al. 1994; Belnap et al. 2000; Smith & Helenius 2004;
Wiethoff et al. 2005; Ivanovic et al. 2008). In both cases, it is clear that these mem-
brane penetration events contain multiple individual interactions which put to-
gether make it possible for the virus exert the desired effect on the endosomal
membrane.

Some of the important interactions facilitating the penetration of a virus
through the endosomal membrane may not necessarily bear signs as clear as
pore formation or full-blown organelle lysis. The endosomal release of CPV is
dependent of the action of the viral PLA;, which is triggered to surface from in-
side the capsid by the acidic environment of endosomes (Parker & Parrish 2000;
Suikkanen et al. 2003b). It would be easy to assume that the action of PLA; would
permeabilise the limiting endosomal membrane altogether and the virus partic-
les would be released when the vesicles lyses. However, this does not seem to
be the case, as endosomes of CPV infected cells retain their integrity even when
the virus passes through them. In fact, only particles up to 10-20 kDa in size can
get through the endosomal membranes as result of the virus-induced membrane
permeabilisation (Parker & Parrish 2000; Suikkanen et al. 2003b). Thus, it seems
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that there is more to the endosomal penetration of parvoviruses than the func-
tion of the phospholipase. Our results implied the CPV capsid to react differently
to the presence of membranes composed of different lipids at acidic pH. While
phosphatidyl choline, phosphatidyl ethanolamine and phosphatidyl inositol had
practically no influence on the CPV capsid, the presence of sphingomyelin and,
to a lesser extent phosphatidyl serine, seemed to trigger changes in the capsid
subunit organisation in terms of water penetration into the capsid (I, Fig. 1A) as
well as secondary structure (I, Fig. 1B-C). Interestingly, the water penetration of
the capsid was not affected by acidity alone, without the membranes (I, Fig. 1A),
but marked changes were visible in the secondary structure of the virus proteins
at acidic pH (I, Fig. 1 B, C).

The solvent sensitive fluorescence emission of tryptophan reports on the
hydrophobicity of the local environment around the amino acid (Lakowicz 2006).
Water penetration into the capsid can be thought to result from loosening of
the capsid, facilitated by structural changes in the capsid subunits. These
changes were found to be partly irreversible by neutralisation, as still some of the
changes were visible after the capsids were brought back to pH 7.4 (I, Fig. 1E).
These results suggest that the changes acidity induces in the capsid, presumably
including at least the exposure of the VP1 N-terminus (Weichert et al. 1998;
Vihinen-Ranta et al. 2002; Suikkanen et al. 2003b), differ from those induced by
the presence of sphingomyelin and phosphatidyl serine. Based on the fact that
the capsid interior becomes more accessible to water in the presence of the
two lipids, these structural rearrangements can be thought to change the cap-
sid more profoundly than the exposure of the VP1 N-terminus. However, the
low pH-triggered conformational changes in the capsid are a prerequisite for the
membrane- induced changes. The changes in the capsid structure brought about
by sphingomyelin and, to lesser extent, phosphatidyl serine membranes could
for example bring additional protein domains to the capsid surface to further fa-
cilitate the endosomal penetration process. Futhermore it seems, that some of
the structural changes the virus undergoes in the endosomal lumen might persist
in the virus capsid and possibly are of use also in further steps of the viral life.
Although also other parvoviruses have been previously reported to react to low
pH in endosomes (Mani et al. 2006; Ros et al. 2006), and to possess the acidicity-
triggered PLA; domain (Zadori et al. 2001), our results show for the first time that
a membrane can affect the parvovirus capsid and that these membrane- induced
structural changes require low pH as a mediator.

We also reported CPV to be able to actively alter membranes by increasing
water penetration into the upper part of the membrane. This is generally con-
sidered to be a sign for disordering, or fluidisation, of the membrane. Again,
the virus required acidity to exert the fluidising effect. The change in the mem-
brane was seen only in rigid DPPC:cholesterol membranes, but not in fluid DOPC
membranes (II, Fig. 2, 3). This can imply two points. Firstly, cholesterol as
such is needed for the fluidisation exerted by CPV or, secondly, the rigidity of
the membrane per se could function as a trigger. Interestingly, the fluidisation
ability of the capsid seemed to be located in the unique N-terminal part of the
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VP1 protein. We constructed virus-like particles (VLPs) composed only of CPV
VP2 protein which, consequently, lacked the N-termini of VP1, the part diffe-
ring between VP2 and VP1 proteins (Paradiso et al. 1982; Xie & Chapman 1996).
These VP2 VLPs did not have a fluidising effect on either of the used mem-
branes. Futhermore, the activity for membrane fluidisation could, based on our
results, be different from the classical hydrolysis activity of secretory PLA,. Bee
venom PLA; used as a control did not influence the fluidity of the membranes
used, when analysed spectrophotometrically with di-4-ANEDPPHQ probe (II,
Fig. 2, 3). Therefore it is reasonable to assume that the fluidising effect
did not arise from the normal phospholipase function of the enzyme. But
there is, in fact, only little sequence homology between the secreted type PLA;
and the parvoviral enzyme. The homology is mainly limited to histidine and
aspartate residues in the catalytic region and the calcium-binding motif GXG
(Canaan et al. 2004). Therefore it is possible that the enzymatic domain could
contain motif or motifs capable of membrane fluidisation. In addition to the VP1
N-terminus which is known to interact with membranes through the PLA; do-
main (Zadori et al. 2001; Canaan et al. 2004), large part of the external surface
of the CPV capsid is hydrophobic (Xie & Chapman 1996), which can assist the
whole capsid to interact with membranes. Hence, one cannot exclude the possi-
bility that both VP1 and VP2 might be simultaneously needed for the membrane
fluidisation.

6.2 Interactions of parvoviral capsid with endosomal membranes

One interesting goal in our studies was to elucidate, how CPV can penetrate
the endosomal membrane through holes smaller than itself. CPV is not the
only virus to encounter the problem of the undersized pore. During entry
reovirus virions are modified by endosomal proteases resulting in infectious
subvirion particles (ISVPs) of 45-50 nm in diameter (Silverstein et al. 1970;
Sturzenbecker et al. 1987). However, when reovirus penetrates the endosomal
membrane it passes through size-selective pores formed presumably by one of
the viral proteins, 41N (Agosto et al. 2006; Ivanovic et al. 2008). These pores have
been both shown to be of only few nanometers in diameter (Tosteson et al. 1993;
Agosto et al. 2006). Agosto and co-workers speculated the pores to be enlarged
either by host cell factors or the whole organelle to undergo lysis because of osmo-
tic swelling (Agosto et al. 2006). In the case of CPV the osmotic lysis of endo-
somes does not seem to be the way for the virus to get to the cytoplasm as both
cytotoxic a-sarcin and dextran are retained in endosomes during CPV infection
(Parker & Parrish 2000; Suikkanen et al. 2003b).

Despite some similarity in their problems to get through the endosomal
membrane, the penetration process for CPV and reovirus differ. The PLA; of
CPV contributes to the endosomal escape process (Suikkanen et al. 2003b). Our
results suggest membrane fluidisation to have a role in squeezing CPV capsid
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from the endosome lumen to the cytoplasm. During the entry phase of the in-
fection CPV imposes a clear fluidising effect on the membranes of perinuclear
endosomal vesicles (II, Fig. 4). The results showed a clear-cut difference between
time points 4 h and 5 h post infection, which as such could suggest for example
that the virus might need to accumulate in the endosomal vesicles before the cap-
sids could penetrate the organellar membrane in bulk. The time points for the
shift in spectra in infected cells, 3 to 4 h p.i., corresponds well with earlier pub-
lished CPV entry kinetics (Suikkanen et al. 2002; Suikkanen et al. 2003b). Our in
vitro results showed cholesterol, in addition to acidity, to trigger the CPV-induced
fluidisation in model membranes (1II, Fig. 2).

Furthermore, a second suggestion to cholesterol’s particularly important
role in CPV infection was given with our study on drugs influencing CPV entry.
We found desipramine, U18666A and C2 ceramide to significantly inhibit CPV
infection (III, Fig. 5) and to arrest the virus in intracellular vesicular structures.
A similar trend was seen with methyl-B-cyclodextrin and lidocaine, which also
seemed to perturb the intracellular trafficking of the virus. In addition, in the
same study we provided atomistic scale evidence on the disordering effect of
desipramine on phospholipid membrane rich in cholesterol by molecular dyna-
mics simulations (see section 6.3).

We must take into account that lysosomotropic compounds, such as lido-
caine and desipramine (Honegger et al. 1983; Vandenbroucke-Grauls et al. 1984),
are known to alter lysosomal pH (Poole & Ohkuma 1981) and to perturb in-
fection of viruses requiring acidic step in their entry (Helenius et al. 1982).
In addition, U18666A and imipramine, a metabolic precursor of desipramine
(Madsen et al. 1997), have been shown to induce cholesterol accumula-
tion in lysosomes (Liscum & Faust 1989; Lange et al. 2000; Lange et al. 2002;
Klingenstein et al. 2006). However, lysosomotropic antibiotic gentamycin, which
has no known effect on lipid raft integrity, was found not to hinder CPV infection
(II, Fig. 5). In cellular experiments the numerous and sometimes even opposing
effects of one compound typically render interpretation of results difficult. In
our case, however, we provided multiple lines of evidence for the importance of
correct organisation of intracellular membranes in CPV infection. Not only did
we find different types of raft-disrupting compounds to inhibit CPV infection,
we also showed how cholesterol can rescue CPV infection after a block caused
by sphingomyelin addition to cells (III, Fig. 8). The mechanism of cholesterol to
relieve the sphingomyelin-induced block in CPV traffic remains unclear. How-
ever, the fact that addition of cholesterol is favourable for CPV infection further
underlines the special role of cholesterol in the infection process. In addition, the
ability of cholesterol to enhance domain formation could also have an effect on
rescuing the infection. The activity of PLA; has been shown to be enhanced by
the presence of interfacial regions of membrane domains.

CPV’s requirement for cholesterol during it’s entry does not seem
to be a typical case of cholesterol-dependent entry for a non-enveloped
virus. CPV is internalised by clathrin-mediated endocytosis (Parker et al. 2001;
Suikkanen et al. 2002), and therefore does not rely directly on plasma membrane
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cholesterol domains unlike viruses utilising for example caveolae-mediated
endocytosis (Marsh & Helenius 2006). Although CPV internalisation is per-
turbed by cholesterol-depletion of the plasma membrane (data not shown), this
effect is likely to originate from cholesterol’s role in facilitating internalisation of
clahtrin-coated pits (Subtil et al. 1999) rather than direct interactions between the
virus and cholesterol of the plasma membrane. Based on our results it seems that
the role of cholesterol in CPV entry is particularly pronounced at 3 to 4 hours
after the virus is internalised (III, Fig. 6). This corresponds well with the time
CPV has been shown to reside in the endosomal system and especially in LAMP-
2 positive vesicles (Suikkanen et al. 2002). Our results obtained with fluorescence
spectroscopy in live cells reveal the CPV-induced fluidisation to be present at 3
to 4 h p.i. Furthermore, the fluidisation was found to be triggered by cholesterol
and low pH in in vitro experiments. In conclusion, we propose that cholesterol
and correct cholesterol-based organisation of intracellular membranes are impor-
tant for the endosomal penetration of CPV and, consequently, are needed for
successful infection.

6.3 Antidepressant desipramine disorders cholesterol-rich mem-
branes

Results of the atomistic molecular dynamics simulations with the antidepressant
desipramine (DMI) relate to the experimental studies, where DMI was found to
inhibit CPV infection. The membrane interactions of desipramine, and other
known drugs, are interesting also from a broader view point. Understanding
the way these compounds function outside their immediate scope of action can
complement the current clinical based view on their side effects and potentially
render new ways to utilise existing drugs.

The MD simulation results showed the fused three-ring moiety of
desipramine to introduce disorder into phospholipid membranes with high
cholesterol content. Especially pronounced this effect was in the centre of the
membrane (I, Fig. 2 C-D). Nevertheless, the ring triplet was interestingly
not situated very deep in the membrane. This was revealed by the calculated
electron density profiles (III, Supplementary Fig. 1). Conversely, in mem-
branes with only 5 mol% cholesterol the effect of desipramine was moderately
ordering (III, 2 A-B). Cholesterol affects the permeability of phospholipid mem-
branes by altering the physicochemical properties of the membrane. In particular
the ability of cholesterol to lower the free volume of membranes corresponds
to lower permeability of the membrane. Moreover, a membrane in lo phase
has particularly reduced membrane free volume, and consequently, permeability
(Mouritsen & Jorgensen 1994; Barenholz 2002). Introduction of disorder into the
cholesterol-rich membrane by desipramine can thus be assumed to increase the
permeability of the membrane.

Desipramine as well as the serotonin receptor 5-HT3 have been reported
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to colocalise with caveolin-2 and flotillin-1 in cell membranes. This
suggests accumulation of desipramine in lipid rafts on the plasma membrane
(Eisensamer et al. 2005). Interestingly however, in our simulations the molecular
radial distribution functions showed no preference of desipramine to localise in
close vicinity of cholesterol at the molecular level at either low or high cholesterol
concentrations. However, localisation of desipramine in the light buoyant density
(LBD) fraction, a density gradient fraction considered to contain membrane rafts,
of isolated membranes could have other background than direct association with
cholesterol. For example, ligand-receptor interactions could attract desipramine
to the site. DMI exerts its function through inhibition of norepinephrine uptake
(Bauer & Tejani-Butt 1992; Zhu et al. 2004) and norepinephrine transporter (NET)
has been found to be present in lipid rafts (Jayanthi et al. 2004). Disordering of
the membrane and dilation of the membrane area in raft regions by desipramine
can be assumed to lead to disintegration of the raft domains leading possibly to
changes in proteins embedded in rafts and, consequently, in cellular functions,
such as signalling, connected to rafts.

The intracellular effect of desipramine is focused on the endosomal sys-
tem and in particular to the late structures. Because of it’s lysosomotropic na-
ture desipramine, like other cationic amphiphilic drugs, becomes trapped inside
the acidic vesicles by protonation (Honegger et al. 1983; Lemieux et al. 2004). We
utilised this property of desipramine to be inherently targeted to the endosomal
route and found the drug to inhibit CPV entry by arresting the virus into intracel-
lular vesicles (III, Fig. 5; see section 6.2). In addition to the potential antiviral use
of the drug, loosening the ordering of cholesterol-rich membranes, and poten-
tially other highly ordered membranes, give also different view points to use of
tricyclic antidepressants like desipramine outside their classical mode of action.

Using desipramine as and intracellular raft-breaker has, however, some
inherent challenges. Imipramine, another tricyclic antidepressant closely re-
lated to desipramine, have been found to induce cholesterol accumulation in
lysosomes mimicing the cholesterol strorage disorder Niemann-Pick C disease
(Lange et al. 2000; Lange et al. 2002). Imipramine is metabolised into desi-
pramine through N-demethylation by cytochrome P450s (Madsen et al. 1997). In
addition to imipramine (desipramine), also another cationic (class 2) amphiphile,
U18666A, has been found to cause accumulation of cholesterol in lysosomes and
to disrupt DRM domains (Liscum & Faust 1989; Klingenstein et al. 2006). How-
ever, the effect on cholesterol accumulation by class 2 amphiphiles seems to origi-
nate from direct effects on the NPC1 protein or it’s pathway (Lange et al. 2000).
How the direct influence of tricyclic antidepressants and other cationic amphi-
philes on cholesterol-rich membranes contribute to the lysosomal cholesterol
accumulation, whether promoting or counteracting it, remains to be seen.
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6.4 Lysosomal membrane properties - a simplistic approach

We studied in a well controlled model system how triglycerides alter the physical
properties of phospholipid membranes. This relates to our interest to understand
the physical properties of lysosomal membranes. In the study the model mem-
branes used were simple, but the systems containing TO and POPC turned out
to behave in a complex way and exist in two different macroscopical phases both
in centrifugal field and in normal gravity. Interestingly, the two phases seemed
nevertheless to have more or less the same composition, rich in POPC (IV, Fig. 1).
In addition, their thermal behaviour analysed with DSC appeared to be nearly
identical (IV, Fig. 2).

Neither inverted hexagonal phase, which has been reported pre-
viously for triglyceride-phosphatidyl ethanolamine systems (Lee et al. 1996;
Prades et al. 2003), nor micellar phase, where TO droplets would be covered with
POPC, would give adequate explanation to the formation and strikingly different
behaviour of the LFs. Both DPH anisotropy results and the TLC quantitations
contradicted the view that the systems would form POPC-coated micelles of TO.
On the other hand, inverted hexagonal phase, a hexagonally arranged 3D struc-
ture of inverted micelles (for inverted micelles see Section 2.1.2), would not have
allowed such extreme fluidity close to the membrane-water interphase as seen
with EPR in the TO-containing systems (IV, Fig. 6 B).

Based on our spectroscopical results we presented a model (IV, Fig. 8; see
Fig. 14) on how triglycerides could be positioned in a phospholipid bilayer. We
proposed these two different orientations to account for formation of the light and
heavy phases (LF and HF, respectively) in TO containing systems and for their
different behaviour. The model can be used as a first approximation to under-
stand the contribution triglycerides make in the material properties of lysosomes.

In the model a triglyceride molecule is assumed to be able to adopt two
main conformations. Either the triglyceride lies on the membrane with the three
fatty acid side chains inserted into the membrane in a conformation which we,
based on the caricatural letter it resembles, named E (Fig. 14; IV, Fig. 8B) or
the triglyceride is fully embedded in the membrane. This latter option, what we
call the h configuration would, unlike lipids in general in a membrane, find a
most suitable place for itself upright in the membrane with two of it’s fatty acids
pointing to one direction and the last one to opposite direction (Fig. 14; IV, Fig.
8B). Both E and h conformation have also been described previously. Triolein has
been shown to reside in conformation corresponding that of our E conformation
in an NMR study (Hamilton & Small 1981). Similar conformation has also been
suggested for tristearin (Teixeira et al. 2008). The h conformation, or "tuning fork"
as it has also been named, has been noted to appear in both crystalline triglyceride
and fluid tristearin (Callaghan 1977; Akita et al. 2006). In addition, both E and h
conformations have been seen in molecular dynamics simulations. According
to the simulations 88% of tripalmitins in crystalline phase are in conformations
corresponding h (tuning fork and chair conformations) and mere 9% in the E
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FIGURE 14 Model on triglyceride orientation in phospholipid membranes. On the left,
triglyceride (brown) in h conformation and on the right in E conformation.

(trident) conformation. In fluid phase on the other hand, the simulations showed
tripalmitin to adopt mainly random conformations (Hall et al. 2008).

Our spectroscopical results support the idea of h-type orientation of TO in
the phospholipid membrane. Viscosity (IV, Fig. 6 B) and order (IV, Fig. 6 A) of
the light phase membranes with TO were considerably lower at the membrane-
water interphase than in the heavy phase membranes of the same systems. At
the same time, viscosity deeper in the membrane was unchanged in the light
phase. This corresponds well to our model of E and h conformations. If TO was
positioned in h conformation in the light phase membranes, the spin probe would
have more freedom to rotate as the lack of head group in the upward pointing
fatty acids would generate space in the uppermost part of the membrane. At the
same time the core of the membrane would remain practically unchanged if the
glycerol backbone of the TO would reside in the middle of the membrane. This
was confirmed with the DPH anisotropy measurements (IV, Fig. 7). DPH has
been shown in molecular dynamics simulations to reside deep in the membrane,
in the middle of the fatty acid region (Repdkova et al. 2004). Polarity of the upper
part of the membrane at the level of the glycerol-fatty acid ester bonds was also
seen to be changed in the light phase (IV, Fig. 6 C). This is explained by the h
conformation when the fatty acids pointing upwards in the membrane would
bring a non-polar contribution to the phase. Furthermore, our GP data support
the results on low polarity of the light phase. Decreased polarity repels water
from the upper part of the membrane and this affects directly the GP measured
in light phase. The increase in GP (IV, Fig. 4) cannot be explained by decrease
in the membrane area due to ordering of the membrane as the EPR results at
the same time tell the membrane to be greatly fluidised. Therefore we assume the
significant raise in GP in the light phase compared to the heavy phase to originate
from the water repelling effect the fatty acids of the TOs in h conformation bring
to the membrane, and consequently affect the emission of Laurdan by decreasing
solvent dipolar relaxation.

These previous studies on triglyceride confomations in crystalline and
fluid phase (Callaghan 1977; Akita et al. 2006) were, apart from the NMR study
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(Hamilton & Small 1981), made with pure triglycerides. However, in our case the
system contained mainly POPC: over 90% in the two-component systems and
over 80 % in the three-component system. The systems were in fact saturated
with triolein, as with 10 % addition only 5 % of TO partitioned into the POPC
membrane in the two-component system (IV, Fig. 1B). In a phospholipid mem-
brane the phospholipids could provide a molecular scaffold for the triglycerides
to orient in a more crystal-like manner in a phospholipid membrane. Corres-
pondingly, in our systems, the triglycerides would first orient in the membrane
mainly in E conformation. When the amount of TO in the membrane would
increase, more and more of the triolein molecules would flip into h conformation
and this would promote the formation of the light phase (LF). This view is also
supported by our most recent results. POPC membranes supplemented with only
2% TO did not present phase separation into light and heavy phase. However,
POPC membranes with either 4%, 6%, 8% or 10% TO, that is to say amounts close
to or above the saturation limit, formed the two phases (for 2, 4, 6 and 8 % data
not shown, Pakkanen et al. unpublished; for 10% see IV).

Triglycerides are in cellular context sparse components of membranes.
Typically triglycerides reside in cells as lipid droplets. The lipid droplets have
a core of triglycerides and cholesterol esters covered by a layer of phospho-
lipids and they are most abundantly found in adipose tissue in mammals
(Zweytick et al. 2000; Tauchi-Sato et al. 2002). In addition, in cells and in blood
circulation, triglycerides are transported inside two classes of triglyceride-rich
lipoproteins, chylomicrons (CM) and very low density lipoproteins (VLDL).
These are, after enzymatic modification by the lipoprotein lipase, taken into cells
by receptor-mediated endocytosis and delivered into lysosomes for degradation
(Heeren & Beisiegel 2001). Consequently, triglycerides have been found in lyso-
somes of normal healthy cells (Brotherus et al. 1977; Ruiz et al. 1997, Pakkanen
et al. unpublished). As a highly hydrophobic molecule, triglycerides can be
expected to partition into the lysosomal membrane during the degradation of
triglyceride-containing lipoproteins. Our recent studies suggest triglycerides to
indeed partition to phospholipid membranes and the isolated membranes to con-
tain triglycerides (Pakkanen et al. unpublished). In fact, the presence of trigly-
cerides is one of the few facts which actually have been established regarding the
composition of the lysosomal membranes.

All in all, the lysosomal membrane composition is still, after decades of
research, somewhat obscure. In addition the the suggestion of triglycerides in
the membranes, lysosomal membranes have been shown to be poor in choleste-
rol (Mobius et al. 2003). As the composition remains unclear, also the properties
of the lysosomal membranes are, to date, more or less unknown. Studying the
detailed physical properties of native lysosomal membranes is challenging be-
cause of difficulties in obtaining highly purified membrane material in sufficient
amounts. In addition, lysosomal membranes like all native cellular membranes
contain innumerable amount of different lipid species. Each of the lipid species
contribute to the properties of the membrane and this makes the interpretation
of the results from a biophysical perspective unreliable, as one does not know
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which property originates from which component. Our approach here was to
bring the system complexity to the minimum and investigate the properties of
lysosomes one part at the time. It is of course true, that a simplistic approach like
ours does not give any information on the synergistic effects of different lipids on
to the properties of the membrane nor direct evidence on the behaviour of native
membranes. Nevertheless, we have gained by studying this simple model mem-
brane new insight into how the lysosomal membranes could with the help of the
triglycerides they contain function as a barrier against the harsh conditions of the
lysosomal lumen and for retaining the acidic conditions inside the vesicles.

Low amounts of cholesterol in the lysosomal membrane pose a require-
ment for additional protection against leakage, as the permeability of membranes
without cholesterol has been proposed to be compromised (Finkelstein 1976;
Lande et al. 1995) and the mid-plane of a fluid membrane without cholesterol
to contain appreciable amounts of water (Marsh 2001). It so seems that the
cholesterol-poor lysosomes have a challenge in keeping water out and solutes
in to retain the pH gradient over the limiting membrane. We therefore postulate,
that accumulation of triglycerides in lysosomes leads to saturation of lysosomal
membranes with triglycerides. This, then promotes the formation of the light
phase membranes, where the triglycerides are in h conformation. Consequently,
decrease in polarity repels water from the membrane interphase and reduces the
permeability of the membrane to water. At the same time as promoting the bar-
rier properties triglycerides allow the membrane to be highly fluid, which differs
from the situation achieved by sealing the membrane with cholesterol.

6.5 At the far end of the parvovirus infection

Exit of viruses from cells is a critical step for the virus to efficiently transfers its off-
spring to neighbouring cells in the tissue. Viruses have optimised the transit from
one cell to another to maximise the efficiency of spreading the infection. Some
viruses utilise the host cell cytoskeleton to firstly move from inner parts of the
cell to the plasma membrane and secondly, to reach out to other cells. Typically,
viruses induce the host cell normal outgrowth, filopodia, for means of transfer to
the next cell. Viruses such as Marburg virus, Semliki Forest virus (SFV), Sindbis
virus and Murine leukemia virus have been found to induce filopodia-formation
in host cells (Kolesnikova et al. 2007; Laakkonen et al. 1998; Sherer et al. 2007).
Interestingly, in the case of Semliki Forest virus (SFV) and Sindbis virus, the
abnormal growth of filopodia is induced by the viruses nonstructural proteins
(Laakkonen et al. 1998).

In our study CPV was found to induce the formation of cellular protru-
sions late in infection. Although some smaller, filopodia-like extensions of the
host cell cytoskeleton appeared on the infected cells (V, Fig. 1 I), dominated long
protrusions the scene at 72 h p.i (V, Fig. 1). The long, neurite-like protrusions
did not seem to be actin-based (V, data not shown) but contained tubulin (V,
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Fig. 1]). Dramatically long cellular protrusions similar to those induced by CPV
has been reported also to be formed during pseudorabies virus infection. These
protrusions, however, contained both actin and tubulin (Favoreel et al. 2005).
The protrusions emerging during CPV infection were more solitary, whereas
the protrusions associated with pseudorabies virus infection appeared more
branched (Favoreel et al. 2005). The staining pattern of tubulin, on the other
hand, was similar in both: tubulin was localised mainly at the rim of the cell
and in the long protrusions. For pseudorabies virus it has been cleared that
the formation of the long protrusions is dependent on a viral protein kinase,
US3. The US3 kinase affects directly the cytoskeleton by inducing disassembly
of actin fibers (Van Minnebruggen et al. 2003; Van den Broeke et al. 2009). Simi-
lar actin rearrangements leading to formation of cellular protrusions during
viral infections are seen also with HIV and vaccinia virus (Fackler et al. 1999;
Valderrama et al. 2006). For vaccinia virus the actin fiber loss is induced by
the viral effector protein F11L, which hampers RhoA signalling in the cell
(Valderrama et al. 2006).

The long protrusions were the dominating feature seen in cells infected
with CPV (V, Fig. 1) and this suggests that similar to e.g. vaccinia virus and
pseudorabies virus some interactions between the viral proteins and the host
cell cytoskeleton are likely take place during infection. Although actin was
not found to be present in the long protrusions during CPV infection, RhoA
signalling could still have a role in the formation of the cellular protrusions.
Sceife et al. have reported microtubule to be rearranged into bundles and fibro-
blasts to grow out extensive tubulin-based protrusions when Rho effector pro-
tein ROCK and the multiadaptor proto-oncoprotein Cbl were simultaniously
inhibited (Scaife et al. 2003). These tubulin-containing extensions bear striking
resemblance to the extensions seen in CPV infected cells.

Presence of tubulin in the long protrusions in CPV infection is highly
interesting. Previously, CPV has been shown to associate with microtubules and
microtubule motor protein dynein both in vitro and in vivo. Both dynein and
microtubules seem to be indispendable for the cytoplasmic transport of CPV from
endosomal region towards the nucleus. (Suikkanen et al. 2003a). In our study,
CPV was found to partially localize in tubulin-stained structures of the cells (Fig.
1]). This suggests that CPV might utilise microtubules not only in its entry but
also in egress from the host cells. In both cases travelling along the microtubule
is a good way for the virus to avoid the slowing effect of viscose cytoplasm.

Our results propose CPV to have a tubulin-mediated egress strategy. A
related parvovirus, MVM has been previously suggested to leave the host cell
by using a vesicular mechanism including vesicles, which contain markers for
late endosomes/ lysosomes. (Bir et al. 2008). Although the actin network of the
host cell seemed to have a role in MVM exit, it does not exclude the possibi-
lity of microtubules to participate in facilitating the movement of the virus
towards the cell perifery. In addition, both early and late endosomes have been
shown to move along microtubules with the help of motor proteins kinesin
and dynein (Nielsen et al. 1999; Murray et al. 2000; Bananis et al. 2004). This
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provides another way to interpret the results of our study, namely that CPV could
during the exit phase of the infection travel onboard endosomal vesicles along

microtubules which stretch out as long protrusions towards the neighbouring
cells.



7

CONCLUSIONS

The main conclusions of this thesis are:

1.

CPV interacts strongly with lipid bilayers both in vitro and in vivo. The
capsid structure is affected by sphingomyelin and the virus is capable of
fluidising membranes. This fluidisation effect is triggered by cholesterol
and present only in low pH.

. Cholesterol is important for successful CPV infection. In particular

cholesterol seems to be needed at the intracellular membranes to facilitate
CPV entry.

Tricyclic antidepressant desipramine disorders cholesterol-rich membranes.
Desipramine also inhibits CPV infection.

. At or above their saturation limit in membranes, triglycerides promote

macroscopic phase separation in fluid phospholipid membranes. In the
light floating phase triglyceride fluidises the membrane and repels water
from the membrane-water interface. As triglycerides are found in lysoso-
mal membranes we propose them to decrease the water permeability of
lysosomal membranes and thus, contribute to maintaining the pH gradient
over the membrane.

Late in infection CPV induces the growth of tubulin-based neurite-like
protrusions in host cells. These are likely to contribute to the egress of the
virus.
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YHTEENVETO (RESUME IN FINNISH)

Endosomeista eteenpdin. Lipidikalvoja, lysosomeja ja viruskapsidin
vuorovaikutuksia

Solut tarvitsevat ulkopuoleltaan materiaalia, joka kuljetetaan soluun
solukalvolta ldhtevdan rakkulakuljetusjdrjestelmdn, endosytoosin, avulla.
Endosytoosissa pieni osa solukalvoa kuroutuu tarkan signaalikoneiston
sadtelemdnd rakkulaksi eli vesikkeliksi solun sisddn. Sisddan kuljetettu ma-
teriaali, niin reseptorit, niihin kiinnittyneet ligandit kuin soluviliaineen
nestefaasissa mukaan tulleet molekyylitkin, lajitellaan lipidikalvojen rajaamissa
osastoissa joko jatkamaan matkaansa syvemmaille soluun yhd happamampiin
kalvorakkuloihin, tai kuljetettavaksi takaisin solukalvolle uudelleen kaytet-
tavaksi.

Vaikka endosytoosi on soluille elintdrked, se on solulle myos turvallisuus-
uhka. Monet mikrobit, kuten esimerkiksi virukset, ovat kehittdneet tapoja
kaapata solun oma endosytoosikoneisto kayttoonsd. Talloin solu huomaamat-
taan itse kuljettaa mikrobit sisddnsd kalvorakenteiden sisdlldi muun endosy-
toosissa soluun sisddn otettavan materiaalin mukana. Viruksen paastya tarpeeksi
syville solun sisddn — mahdollisimman ldhelle tumaa — sen tarvitsee vain
murtautua endosytoosivesikkelejd rajaavan lipidikaksoiskalvon lapi paastikseen
solulimaan ja yhé edelleen tumaan monistamaan genomiaan ja tuottamaan uusia
viruspartikkeleita. Endosomikalvon ldpdisy on tarked virusinfektion onnistu-
miselle. Jos virus ei jostain syystd padsekdadn ulos kalvojen rajaaman, tyypillisesti
hyvin happaman vesikkelin sisiltd ei se voi infektoida solua eikd siten synny
myoOskaddn uusia viruspartikkeleita. On tdrkedd oppia ymmartdmaan mitkd
kalvon ja viruksen ominaisuudet maéérittelevdt onnistuuko viruksen ldpdista
kalvo.

Tassa vaitoskirjatydssa tutkittiin koiran parvoviruksen (CPV) ja kalvojen
vuorovaikutuksia: kuinka CPV vaikuttaa kalvoihin sekd kuinka kalvot vaikut-
tavat CPV:hen ja sen toimintaan solussa. Lisdksi tutkittiin mallikalvosysteemin
avulla kuinka triglyseridit vaikuttavat fosfolipidikalvon ominaisuuksiin. Tama
osa vditoskirjaa edesauttaa ymmartdméadn lysosomien, endosytoosireitin vii-
meisten rakenteiden, kalvojen ominaisuuksia ja antaa erityisesti uutta informa-
tiota lipidikoostumuksen vaikutuksesta lysosomikalvojen eheyteen. Viimeisend
kokonaisuutena tdssa vaitoskirjassa tutkittiin CPV-infektion loppuvaihetta, jossa
virus on jo valmis hylkddmaan iséntdsolunsa ja siirtyméaan ulos solusta voidak-
seen infektoida yha uusia soluja.

Lipidikalvojen koostumuksella havaittiin olevan vaikutusta CPV:n raken-
teeseen ja toimintaan. Erityisesti sfingomyeliinin todettiin aiheuttavan viruksen
proteiinialayksikoissd muutoksia, jotka johtivat kapsidin rakenteen véljen-
tymiseen. Sfingomyeliini ei kuitenkaan vaikuttanut CPV:n kapsidissa sijaitsevan
lipideitd hajottavan fosfolipaasi A, entsyymin toimintaan. Fosfolipaasi-entsyymi
ei ndyttdnyt olevan ainoa alue kapsidissa, joka aktiivisesti osallistuu kalvojen
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muokkaamiseen viruksen haluamaan suuntaan. Happamissa olosuhteissa
CPV:n todettiin muuttavan jaykkien, kolesterolirikkaiden kalvojen juoksevuutta.
Samankaltaisia juoksevuusmuutoksia havaittiin my6s solun sisédlld endosomi-
rakenteissa CPV infektion aikana. Tulostemme perusteella vaikuttaa siltd, ettd
CPV tarvitsee jaykkid kolesterolirikkaita kalvoalueita voidakseen pddstd endo-
somien sisdltd solulimaan.

On tdrkedd 16ytdd uusia tapoja pysdyttdd virusinfektion kulku solussa. Me
tutkimme tarkemmin yhtd ladkeainetta, desipramiinia, joka on jo kliinisessd
kdytossd mielialalddkkeend. Atomitarkkuudella toteutetuissa tietokonesimu-
laatioissa havaitsimme desipramiinin notkistavan kalvoja, joiden kolesterolipi-
toisuus on korkea. Solukokeissa havaitsimme desipramiinin myo6s haittaavan
CPV infektiota. Tamé antaa uuden ndkokulman viruslddkkeiden kehitykseen:
muuttamalla solun kalvoja virukselle haitalliseen suuntaan voi viruksen kenties
saada pysdytettya.

Neljannessd osatutkimuksessa opimme ettd triglyseridit muuttavat
fosfolipidikalvojen ominaisuuksia.  Triglyseridin lisdys kalvoon sai aikaan
kahden erilaisen kalvofaasin muodostumisen. Toinen ndistd kalvoista erosi
juoksevuudeltaan ja polaarisuudeltaan fosfolipidikalvosta ilman triglyseridid.
Lysosomien kalvon voi karkeasti ottaen ajatella olevan fosfolipidikalvo, jossa
on mukana my®os triglyserideja. Nain yksinkertaisen mallikalvon avulla saadut
tulokset triglyserideja sisdltdvien kalvojen ominaisuuksista liittyvit ldheisesti
ymmartdmykseemme lysosomikalvojen ominaisuuksista. Triglyseridien tehtdva
lysosomien kalvoissa saattaakin liittyd juuri kalvon polaarisuuteen, jolloin
kalvosta tulee tavallista enemmaén vettdahylkiva.

Vditoskirjan viimeinen osatyo kasitteli CPV infektion loppuvaiheita.
Havaitsimme CPV infektion aihettavan pitkien, tubuliinia sisdltdvien ulokkei-
den muodostumisen soluissa. CPV néhtiin myos ndiden ulokkeiden sisilld, joten
on perusteltua olettaa ettd ndima naapurisoluja kohti kurottelevat ulokkeet voisi-
vat luoda reitin, jota pitkin virus voi siirtyd uuteen soluun tai ainakin aivan sen
lahistolle.
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