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DODAP, 1,2-dioleoyl-3-dimethylammoniumpropanediol

DOPA , dioleolphosphatic acid;

DOPC, dioleoylphosphatidylcholine;

DOPE, dioleoylphosphatidylethanolamine;

DOPS, dioleolylphosphatidylserine;

DOTAP, 1,2-bis(oleoyloxy)-3(trimethylamino)-propane;

DOTMA, N-[2,3-(dioloeyloxy)propyl]-N,N,N-timethylammonium;

DPA, dipicolinic acid;

DPPC, dipalmitoylphosphatidylcholine ;

DPX, N,N'-p-xylylene-bis(pyridinium bromide);

EDTA, ethylenediaminetetraacetic acid tetrasodium salt;

EGF , epidermal growth factor;

GL, glycolipids;

Hyy, inverted hexagonal phase;

HA, influenza virus hemagglutinin;

HPTS, 1-hydroxypyrene-3,6,8-trisulfonic acid;

ILA ,interlamellar attachment site;

IMI .the inverted micelle intermediate;

L, phase, the disordered lamellar phase;

LDL, low density lipoprotein;

LPC , L-a-lysopalmitoylphosphatidylcholine;

LUV, large unilamellar liposomes;

MEM, modified Eagle’s medium;
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MeOH, methanol;

MLV, multilamellar liposomes;

NBD-PE, N-(7-nitro-2,1,3-benzoxadiazol-4-yl)
dioleoylphosphatidylethanolamine;

PA; sn-glycero-3-phosphatidic acid;

PC, sn-glycero-3-phosphatidylcholine;

PE, sn-glycero-3-phosphatidylethanolamine;

PEAA , poly(2-ethylacrylic acid);

PEG, poly(ethylene glycol);

PEG-S-DOAPD,(rac-N-monomethoxypoly(ethyleneglycol)2000-
succinyl-3-aminopropane-1,2-dioleate);

PEGx-PE, PEG lipidwhere x represents the PEG number average
molecular weight;

PG, sn-glycero-3-phosphatidylglycerol;

PHC, palmitoylhomocysteine;

PI, sn-glycero-3-phosphatidylinositol;

PS, sn-glycero-3-phosphatidylserine;

Qy1. inverted cubic phase;

RES, reticuloendothelial system.

RET , resonance energy transfer;

Rh-PE, N-(lissamine rhodamine B sulphonyl)
phosphatidylethanolamine;

S-DOX, S-liposomes which contain the anti-cancer drug,
doxorubicin;

S-liposomes, 'Stealth’ liposomes ;

bis-SorbPC, 1,2-bis-[10-(2',4'-hexadienoyloxy) decanoyl]-sn-
glycero-3-phosphatidylcholine;

SP, shpingomyelin;

Tf, critical fusion temperature;

Ty, lamellar liquid crystalline/inverted hexagonal phase transition
temperature;

T, lamellar liquid crystalline (La) phase to isotropic tramsition
temperature;

TLC, thin-layer chromatography.

Tm the transition from the gel phase to the disordered phase;

TMC, trans monolayer contact;
UV, ultraviolet
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ABSTRACT

Bennett and O'Brien [Biochemistry 1995 34, 3102] showed
that the ultraviolet light exposure of two-component large
unilamellar liposomes (LUV) composed of a 3:1 molar mixture of
dioleoylphosphatidylethanolamine (DOPE) and 1,2-bis[10-(2'-
hexadienoyloxy)-decanoyl]-sn-glycero-3-phosphatidylcholine (bis-
SorbPC) facilitated liposome fusion. The rate and extent of fusion
was dependent on the extent of photopolymerization, the
temperature, and the pH. Here, the effect of the molar lipid ratio
of DOPE/bis-SorbPC liposomes on the temperature for the onset of
fusion, was characterized by changing the relative amounts of
unreactive polymorphic lipid, and reactive lamellar lipid. The
cellular uptake of liposomes is mediated by nonspecific adsorption
of liposomes onto the cell surface and subsequent endocytosis.
This research compared the effect of liposome surface charge on
liposomal binding and endocytosis by a human cancer cell line,
HeLa, and a murine macrophage cell line, J774. LUV were
composed of dioleolylphosphatidylcholine with and without either
a cationic lipid, dioleoyldimethylammonium propanediol, or an

anionic lipid, dioleolylphosphatidylserine. @HeLa cells endocytosed
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cationic liposomes to a greater extent than either neutral or anionic
liposomes and with PEG- LUV, a neutral PEG-lipid over the anionic
PEG-PE2000. In contrast, the extent of liposome endocytosis by
J774 cells was quite similar for both cationic and anionic liposomes,
both greater than neutral liposomes. Incorporation of a neutral
PEG lipid may minimize interactions with cells of the RES, yet
strongly interact with proliferative cells. Clapp et al.,
[Macromolecules 1997 30, 32] demonstrated that certain
amphiphilic cyanine dyes are capable of sensitizing lipid
polymerization to visible light. The individual effects of pH, light
intensity, temperature, and the requirement for oxygen suggested
that the polymerization process is initiated by electron transfer
from the dye excited state to oxygen, to yield superoxide anion,
which in aqueous media combines to form hydrogen peroxide.
Here, irradiation of cell-associated visible light sensitive liposomes
sensitized with either the cationic dye, N, N'-dioctadecyl-3,3,3".3'-
tetramethylindocarbocyanine, DiIC(18)3, or a sulfonated
derivative, Dil-DS, caused cell membrane damage and cytoplasmic

delivery of liposomal contents could not be confirmed.



23

Chapter I

INTRODUCTION

I.A. Research Goal

The delivery and buffering of therapeutic agents with
liposomes currently stimulates active research in many areas. The
large aqueous interiors of liposomes provides the opportunity to
deliver large local concentrations of therapeutics to target cells, as
long as the liposomes are properly designed to avoid non-specific
uptake by systemic cells (Lasic and Martin, 1995). The delivery of
therapeutic agents to the cytoplasm of target cells would appear to
require liposome-cell fusion.  Cytoplasmic delivery could occur via
fusion between the liposomal membrane and the endosomal
membrane following endocytosis, as has been observed with pH-
sensitive immunoliposomes (Wang and Huang, 1987, 1989).
Alternatively, the contents of the liposomes could be released in
the vicinity of the target cell and then be transported across the
cellulay membrane as has been proposed in the case of drug

delivery to murine lung tumor in vivo (Allen, 1994).
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The study of liposome-liposome fusion and liposome-cell
fusion has been facilitated by the development of several fusion
assays (Bentz et al., 1983). Bentz et al. (1992) pointed out that
the delivery of the contents of pH-sensitive liposomes to the
cytoplasm following endocytosis is different from the mixing of
contents between two pH-sensitive liposomes, since cytoplasmic
delivery can occur by either stable fusion of the liposome with the
endosomal membrane or by merely destabilizing the endosomal
membrane and the subsequent extensive leakage of the liposomal
contents into the cytoplasm; by contrast, leakage is completely
antithetical to fusion between liposomes.  Cytoplasmic delivery
from liposomes to cells may be approximated by the measurement
of liposome-liposome interactions, despite the fact that between
two liposomes, leakage and fusion compete. Thus both fusion and
leakage assays should be performed since either destabilization
process could lead to cytoplasmic delivery of therapeutic agents.
Fusion assays may be initiated by subjecting liposomes to low pH
conditions to mimic delivery of therapeutic agents to a cell via
fusion with the endosomal membrane following endocytosis. The

addition of chemical agents to facilitate liposome fusion is not
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necessarily suitable for in vivo delivery. The use of radiant
energy to enhance liposome fusion avoids the need for added
chemical agents, and offers the further advantages of temporal and
spatial control of the fusion event. It is the control of these
variables that has proven so useful in photodynamic therapy. The
use of light to treat disease could be enhanced if the radiant energy
were used to release therapeutic agents from liposomes.

Several strategies for the design of photosensitive liposomes
have been described in recent years (reviewed by O'Brien and
Tirrell, 1993).  These methods were generally designed to favor
liposomal lysis. Only in the case of the photopolymerization of
liposomes has evidence for liposome fusion been reported (Bennett
and O'Brien, 1994, 1995). The photolysis of a large unilamellar
liposomes (LUV), consisting of a 3:1 molar ratio of
dioleoylphosphatidylethanolamine, DOPE, and 1,2-bis[10-(2'-
hexadienoyloxy)decanoyl]-sn-glycero-phosphatidylcholine, bis-
SorbPC, induced lateral separation of reactive and nonreactive
components and facilitated fusion of the LUV. The destabilization
event was proposed to occur through interliposomal membrane

contact following photoinduced domain formation. It was shown
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that the rate and extent of liposome fusion was dependent on
extent of photopolymerization, temperature, and pH. Here, it is
demonstrated that the composition of the liposomal bilayer, i.e. the
ratio of polymerizable lipids to polymorphic lipids, has a significant
effect on the threshold temperature for the fusion of the reactive
liposomes.

The uptake of liposomes by cells is generally believed to be
mediated by nonspecific adsorption of liposomes onto the cell
surface and subsequent endocytosis. Early studies indicated that
liposomes which bind to the surface are internalized through a
coated pit-mediated pathway in some cells (Straubinger et al.,
1983; Chin, et al., 1989). Negatively charged liposomes containing
phosphatidylserine (PS), phosphatidylglycerol (PG), or phosphatidic
acid (PA) were observed to be endocytosed faster and to a greater
extent than neutral liposomes by phagocytotic (endocytotic) cells
(Allen, et al., 1991; Lee, et al., 1992; 1993). Negative surface
charge .can be recognized by receptors found on a variety of cells,
including macrophages (Allen, et al., 1988; 1990; Lee, et al., 1992).

While it is still not known what factors define the uptake of

liposomes by various cells, the different extents of binding for a
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given liposome cqmposition by different types of cells suggest that
the binding itself may be the crucial step. This was suggested by
Lee et al. (1992) from comparative studies of the endocytosis of
liposomes of varying compositions by two different cell lines, i.e.
CV1 cells, an African green monkey kidney cell line, and J774 cells,
a murine-macrophage cell line chosen to represent mononuclear
phagocytes in the reticuloendothelial system, RES. The inclusion of
9 mol % PS, PG or PA increased the extent of CV1 cell uptake of
PC/cholesterol liposomes by 20 fold, whereas S50 mol % of the same
anionic lipids was required to reach this same level of liposome
uptake in J774 cells. @ The aqueous contents uptake was measured
with the liposomally encapsulated fluorescent probe, HPTS, whose
pH dependence was used to differentiate between liposomes at
neutral pH and the ones in low pH compartments (Daleke, et al.,
1990). The bilayer probe rhodamine-PE was also employed to
calculate the lipid associated with the cells (Lee, et al.,, 1992; 1993).
A further study by Lee et al. (1993) indicated liposome binding at
the J774 cell surface controlled the overall rate of liposome-cell
interaction. The number of binding sites and binding constants

were greater for PS/Chol/PC liposomes than for Chol/PC liposomes,
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whereas the rate constants for endocytosis after binding were
similar for each type of liposome. Moreover these studies suggest
that the choice of suitable liposome compositions can facilitate the
delivery of encapsulated contents to a target cell in preference to
uptake by macrophages of the RES.

This study compares the effect of liposome surface charge on
liposomal binding and endocytosis by HeLa cells, a line of
proliferative human cells chosen for its ubiquitous use in cancer
research, and the murine-macrophage J774 cells. Unlike previous
studies, the effect of positive as well as negative and neutral
surface charge is examined. It is particularly noteworthy to
examine the effect of positively charged liposomes on endocytosis,
because studies show that cationic liposomes allow for efficient
transfection of mammalian cells and this transfection appears to be
mediated by endocytosis (Friend, et al.,, 1996).

In the 1970s it was shown that vesicles used in vivo were
rapidly cleared from the blood of intravenously injected rats in a
dose-dependent and biphasic manner (Gregoriadis and Ryman,
1972). Neutral and positively charged (with sterylamine)

liposomes exhibited a slower rate of clearance than negatively
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charged vesicles (Gregoriadis and Neerunjun, 1974). Liposomes
with entrapped materials ended up in the fixed macrophages of
RES mainly in the liver and spleen. Sterically stabilized liposomes
were introduced to reduce liposome interaction and uptake by the
RES. Liposomes with a sufficiently hydrophilic surface decreased
the adsorption of proteins, opsonins, to the surface of the liposomal
bilayer and thus curtailed interception by the RES. The current
molecule of choice is bilayer tethered poly(ethylene glycol), PEG
(Senior, et al.,, 1991). PEG coating of the liposome surface inhibits
nonspecific adsorption of serum proteins and thereby prevents
nonspecific recognition of liposomes by macrophages (Moghimi and
Patel, 1993). Grafted PEG can also inhibit the adhesion of liposomes
to macrophages. Du et al. (1997) reported that 5 mol % of PE-

PEG5000 on the surface of liposomes nearly inhibited the adhesion

of liposomes to the surface of cells. The commercially available
PEG-lipid, a derivative of PE, is negatively charged and can
therefore present an electrostatic as well as a steric barrier to
interactions with systemic cells. As part of a broader investigation
of steric and electrostatic effect on liposome-cell interactions the

endocytosis of neutral and anionic PEG-liposomes are compared by
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using an uncharged PEG-lipid, PEG-S-DOAPD (rac-N-
monomethoxypoly(ethyleneglycol) 2000-succinyl-3-
aminopropane-1,2-dioleate) synthesised by my coworker, Bruce
Bondurant, who will report the synthesis elsewhere.

The use of photopolymerization to induce the release of
liposomally encapsulated therapeutic agents in vivo could provide
an efficient means of delivery. It offers both temporal and spatial
control over the delivery event and fiber optic delivery of light to
tissues in a manner that is a relatively non- invasive means of
therapy. In previous work the method of liposomal destabilization
utilized UV irradiation. @ UV energy is potentially damaging to
tissues and is less penetrating than longer wavelength visible light.
Sensitizing the polymerization of sorbyl lipids to visible light
provides a means to circumvent these problems.

Sensitization of vinyl polymerizations to visible-light has
been a subject of current interest due to widespread possible uses
especially in photoimaging and medical applications. Our group has
demonstrated that certain amphiphilic cyanine dyes are capable of
sensitizing lipid polymerization to green or red light (Armitage et

al.,, 1994; Clapp et al., 1997). The sensitized polymerization was
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accomplished via irradiation of lipid assembly-bound cyanine dyes
with visible light under ambient conditions. The product was
shown to be polymeric lipid by NMR and size exclusion
chromatography which indicated the relative number-average
degree of polymerization was 100. The reaction occured in the
presence of oxygen, and spin-trapping experiments demonstrated
the formation of superoxide anion (Clapp et al., 1997). The
individual effects of pH, light intensity, temperature, and the
requirement for oxygen suggested that the polymerization process
is initiated by electron transfer from the dye excited state to
oxygen, to yield superoxide anion, which in aquous media combines
to form hydrogen peroxide. To this end, it was shown that the
addition of exogenous peroxide to monomeric lipids caused similar
polymerization. These data suggest that the dye-sensitized
polymerization is mediated by the formation of hydroxyl radicals
in the immediate vicinity of the lipid bilayer.

In other studies Clapp (1996) demonstrated that
polymerization of preformed DOPE/bis-SorbPC liposomes with
DiI(18)3 added in a 20:1 lipid to dye molar ratio could lead to

contact mediated leakage from LUV using the ANTS/DPX leakage
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assay. This data indicates that visible light sensitized
polymerization could lead to delivery of endocytosed liposomally
encapsulated fluorophores to the cytoplasm of cells in culture.
The goal of this project is to demonstrate the
cytoplasmic delivery of liposomally encapsulated agents to cells in
culture. While irradiation of cell- associated liposomes with
concomitant leakage of liposomal contents in the vicinity of cells
may lead to cellular uptake, the liposomal contents may be
destroyed by the lysosomal enzymes and never reach the
cytoplasm. To circumvent this problem we will induce endocytosis
of the liposome followed by irradiation to instigate fusion of the
liposome with the endosomal membrane leading to cytoplasmic
delivery of liposomal contents. @ Both methods are shown in figure

[-1. The specific aims of my project are:
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Specific Aims
I. To determine the magnitude of the change in critical fusion

temperature with variation in LUV composition.

II. To test the ability of photosensitive liposomes to deliver agents
to the cytosol of cells in culture following endocytosis and

photopolymerization.
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leakage fusion

liposome
in endosome

53

Fig I-1. A representation of two methods of photosensitive
liposomal delivery of contents to cells. The first is irradiation of
cell- associated liposomes with delivery of contents to the vacinity
of the cell. the second is endocytosis of liposomes by a cell with
subsequent delivery of liposomal contents to the cytoplasm of the
cell following irradiation and liposome fusion with the endosomal
membrane.
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I.B. Bilayer Membrane Characteristics.

I.B.1. Membrane Fluidity

The fatty acid chains of lipids in a bilayer of pure lipids can
exist in an ordered gel like state or in a relatively disordered, fluid
state. This transition from gel to fluid is abrupt, occurring as the
temperature is raised above the main transition temperature (Tm)
for the specific lipid membrane. @ The Tm depends on the length of
the fatty acyl chains and on their degree of saturation. The gel
state is favored by the presence of saturated chains since this
favors tight packing within the bilayer. Cis-unsaturation creates
"kinks" in the chains and disfavors close packing and the gel state,
thereby lowering the Tm for that lipid bilayer. Prokaryotes must
regulate the fluidity of their cell membranes by the presence of
unsaturated chains and methylated chains. Eukaryotes, on the
other hand have cholesterol.  Cholesterol with its high degree of
hydrophobicity intercalates into the hydrophobic core of the
bilayer and prevents the crystallization of fatty acids by fitting

between them. In fact, high concentrations of cholesterol will
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abolish phase transitions Since it disorders gel phase membranes

and ordersfluid phase membranes (Ladbrooke, et al., 1968).

I.B.2. Membrane Asymmetry

Every biological membrane, composed of a bilayer of lipids,
has two distinct faces, each of which encounters a very different
environment. In the plasma membrane there will be one side
which faces the environment of the cellular cytoplasm and one
which faces the environment of the exterior of the cell. Since they
must interact with different surroundings, the two halves of a
membrane, which are termed leaflets, are usually quite different in
composition and structure of lipids, proteins, and carbohydrates.
Variation between the two leaflets was shown by membrane
labeling experiments using TNBS to label amine-bearing lipids such
as PE or PS found on the surface of the membrane accessible to the
rea;gent The labelling reaction is performed before and after cell
membrane dissolution and that which was found on the surface is
subtracted from the total to give the amount of lipid found on the

interior membrane.



37

The consequences of such differences are numerous. One is
the fact that such a distribution of lipids favors fusion with the
inner monolayer of the plasma membrane for purposes of
exocytosis and disfavors fusion with the outer monolayer. This
distribution of lipids also disfavors fusion with the inner monolayer
of endosomes. This asymmetry in bilayer lipids for both the
plasma membrane and the endosomal membrane is shown in table

I-1.
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Human Erythrocyte Membrane *

Lipid % _of total Lipid % _in outer leaflet % _in_inner
leaflet

PA 1.5 NA NA
PC 19 80 20
PE 18 18 82
PG 0 ND ND
PI 1 ND ND
PS 8 5 95
SP 17.5 85 15
GL 10 ND ND
Chol 25 ND ND

Mouse Macrophage Endosomal Membrane #

Lipid % _of total Lipid %_in outer leaflet% in inner leaflet
PA NA NA NA
PC 40 52 48
PE 35 70 30
PG ND ND ND
PI ND ND ND
PS ND ND ND
SP 25 80 20
GL ND ND ND
Chol ND ND ND

Table I-1. Membrane lipid content and asymmetry, adapted from
*Whatmore and Allan (1994) and # Sandra and Pagano (1978). PA;
sn-glycero-3-phosphatidic acid; PC, sn-glycero-3-
phosphatidylcholine; PE, sn-glycero-3-phosphatidylethanolamine;
PI, sn-glycero-3-phosphatidylinositol;PS, sn-glycero-3-
phosphatidylserine; SP, shpingomyelin; GL, glycolipids; CHOL,
cholesterol.
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I.C. Membrane Fusion

Many fundamental biological processes involve membrane
fusion (Duzgunes et al., 1985; Kelly, 1985). In higher organisms,
life begins with sperm-egg fusion, which is proceeded by the
acrosome reaction in the sperm and followed by the cortical
reaction in the egg, both of which are membrane fusion reactions
(Bedford and Cooper, 1978; Epel and Vacquier, 1978; Shapiro, 1984;
Wasserman, 1987). Viral infection frequently involves fusion of
the viral coat with the endosomal membrane or plasma membrane
of cells (Stegman et al., 1989;). The best characterized viral fusion
protein is the influenza virus hemagglutinin (HA) protein which
triggers fusion of viral membrane with that of the inner leaflet of
the endosome following a drop in pH. Exocytotic vesicles of cells
are budded from the Golgi apparatus and fuse with the plasma
membrane (Poste and Allison, 1973; Rubin, 1974; Douglas, 1974).
While there has been considerable success in discovering which
‘cellular processes depend upon fusion, there has only been

moderate success in uncovering the membrane components
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required for fusion and little success in finding how or why these

components facilitate fusion of two apposed bilayers.

I.C.1. Stages for Membrane Fusion

The steps or stages associated with the overall process of
membrane fusion include: adhesion or aggregation of the
membranes, close approach of the membranes to establish a zone
of contact, destabilization of the membrane in the zone of contact,
intermixing of membrane components, and intermixing of the
internal aqueous contents of the compartments bounded by the

membranes.

I.C.1.a. Close Approach and Adhesion of the Membranes
There are three forces which oppose the close approach of
membranes: electrostatic, solvation, and steric forces (Rand et al.,
1990). The source of electrostatic repulsion lies in the innate
charge of the head groups of the lipids and proteins of the
membrane. Phospholipids, have a negative charge associated with
the phosphate group. A phospholipid which contains a quaternary

amine such as phosphatidylcholine (PC) has a permanent positive
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charge on the amine moiety, creating an overall neutral charge
associated with the lipid. The charge of phosphatidylethanolamine
(PE) which contains a protonatable amine in its head group is
affected by pH since it has a pK, of 9.5.  As the pH increases the
membrane composed partly of PE will become more negatively
charged. Whereas at neutral pH, almost all of the PE is protonated
giving the lipid a net zero charge. Other lipids such as
phosphatidylserine (PS), phosphatidylglycerol (PG), and
phosphatidic acid (PA) have a permanent negative charge. Two
membranes which have an overall negative charge are
electrostatically repelled.

The solvation or hydration force which opposes membrane
approach arises from the orientation of water molecules associated
with the membranes. The hydration layer acts as a steric barrier to
close approach of two membranes.  Different lipids have differing
amounts of water associated with them. One significant finding is
that PEs, in general, bind considerably less water than do the PCs.
Liquid crystalline egg yolk PE adsorbs about 10 water molecules
per lipid molecule (Jenrasiak and Hasty, 1974) in comparison to the

14 (Jenrasiak and Hasty, 1974) to 20 (Elworthy, 1961) water
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molecules adsorbed by egg yolk PC under similar experimental
conditions. = Dehydration of the membrane must occur if the
membranes are to come in contact (Rand and Parsegian, 1988).
Since the dehydration process is energetically costly, membranes
with highly hydrated lipids such as PC are difficult to fuse.
Membranes that are stable are rich in hydrated components (e.g.-
the exterior leaflet of the plasma membrane) or fusogenic are rich
in poorly hydrated components (e.g.-the exterior leaflet of the
endosome).

Another steric barrier to close approach of membranes is the
presence of glycolipids found on the exterior leaflet of plasma
membranes. Membranes of eukaryotic cells usually have a
carbohydrate content of between 2% and 10% which is due to the
sugar residues on glycolipids and glycoproteins which are always
located on the extracellular side of mammalian plasma membranes.
While these glycolipids also are means of cellular recognition and

function, they serve as a barrier to fusion with membranes.



43

I.C.1.b. Destabili_zation of the Membranes in the Zone of
Contact

Lipids can undergo various phase changes.  The transition
from the gel phase to the disordered phase, Ty ,was mentioned
previously and this represents a phase change that maintains a
lamellar structure.  This phase change is depicted in figure I-2.

It appears that some nonlamellar structures must form
during fusion and it has been speculated that the intermediates of
the lamellar to hexagonal, L -Hj , phase transition serve this role.
Shown in figure I-11 are some important lipid phases. The L,
phase is the disordered lamellar phase. @ But as the temperature is
raised, hydrated lipids undergo a phase change to a nonlamellar
phase, the inverted hexagonal phase, H;;. Some lipids, particularly

some PE's form an intermediate phase, i.e.- a bicontinuous cubic

phase, Qq.
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Fig I-2. The transition from the gel state to the disordered liquid
crystalline state.
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Fig I-3. Three basic phospholipid phases are shown above.  The

lamellar phase, Lo, the bicontinuous cubic phase, Q emerges if the
sample is heated, and if the sample is further heated, the inverted

hexagonal phase, H; prevails.
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Siegel (1985) proposed that the initial step in fusion is the
formation of inverted micelles between apposed membranes, which
are extremely transient structures. Lipids can form intermediates

between the Lo and the Hy phase, in some cases there is an

identifiable cubic phase formed (Hui et al., 1983; Rilfors et al.,,
1984; Gruner et al., 1987; Caffrey, 1987) and in others there is just
a mix of morphologies (Borovjagin et al., 1982; Gagne et al., 1985).
Fig I-4 shows a model where the inverted micelle intermediate,
IMI transforms to an interlamellar attachment site (ILA). It is the
accumulation of these ILA’s which presumably accounts for the
cubic x-ray diffraction patterns associated with fusion
intermediates (Siegel, 1986). ILA's were shown to be a fusion
intermediate for PE/PC liposomes at temperatures within the range

AT; i.e., above the onset temperature of formation of the isotropic

3'p NMR resonances and below Ty, the hexagonal phase transition
temperature (Ellens et al., 1985; Siegel et al., 1989). Images of
ILA were obtained by cryotransmission electron microscopy
(Frederik et. al., 1989; Siegel et al., 1989). Upon aggregation of
ILA within multilamellar systems, the cubic phase eventually

forms. This mechanism suggests that the fusion of liposomes is
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an obligatory step in the transition from the lamellar to the cubic

phase.

d ’:. ..
R 0.{{.000000

Fig I-4. A schematic of an interlamellar attachment. Adapted
from Seigel (1984;1985).

Siegel (1993) revised the model for membrane fusion to
replace IMI structures with so-called stalk intermediates. His

proposal argued that the stalk proposal of Markin, Chernomordik,
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and coworkers (Markin et al., 1984; Chernomordik et al., 1985,
1987; Leikin et al., 1987; Kozlov et al., 1989), while not completely
accurate, with insightful modification seem to require the least
activation energy of any proposed mechanism. A stalk is a
semitoroidal structure that forms between two closely apposed
membranes.  The stalk is assumed to form at a transient point of
contact for the apposed membranes. Markin (1984) proposed that
the stalk rapidly expands causing the trans monolayers to dimple
inwards to meet with the hydrophobic sides in contact in the center
of the structure. This structure is termed the trans monolayer
contact, TMC. This TMC then expands to form a fusion pore (ILA)

as shown in fig. I-S.
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Fig I-5. The stalk mechanism for fusion, where R, is the radius of

curvature for the structure.. Adapted from Seigel (1993).
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I.C.1.c. Intermixing of the Membrane Components

In certain instances, destabilization of compartmental
membranes may result in the formation of a lamellar (i.e., a single
bilayer) diaphragm between the two com.pa.rtments, causing
intermixing of membrane components without the intermixing of
aqueous contents (Duzgunes, et al.,, 1987), in a process- that has
been called fusion (Palade, 1975) but can also be considered as
semifusion (Duzgunes et al., 1985) or hemifusion (Bentz et al.,
1988). Indeed this diffusion of lipids through interconnected ILAs
is responsible for the *'P-NMR isotropic signals observed at

temperatures below the temperature for the onset of the cubic

phase, Tq (Ellens et al., 1987; Siegel et al., 1987).

I.C.1.d. Intermixing of Aqueous Contents

In many cases the consequence of aggregation and
destabilization of membrane compartments is lipid mixing with
concomitant intermixing of.internal aqueous contents. Since fusion
is driven by dgstabilization of the liposomes, leakage occurs when
competitive formation is allowed of both ILAs and precursors to

the Qp phase. This leakage is seen in most known liposome fusion
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experiments, but not in biological systems where no leakage is

evident (Bentz et al., 1988).
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Fig I-6. The general model for fusion from dimers to doublets.
Adapted from Bentz and Ellens, (1988).
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I.D. Fluorescence Assays For Liposome Fusion

Since the key steps for both liposomal and biological
membrane fusion are similar, liposomes can be used as an
experimental model. Bentz et al. (1987) list three reasons: (i) ease
of preparation and homogeneity of liposomes; (ii) the development
of fluorescence assays to monitor liposome interactions; and (iii)

explicit kinetic analysis of these processes.

I.D.1. Fusion

In 1979 Wilschut and Papahadjopoulos reported the first
assay to monitor the fusion of two liposome populations. The assay
is based on the formation of a terbium (III)/dipicolinic acid,
Tb/DPA, complex. In the Tb/DPA assay, separate liposome
populations are prepared containing either Tb** or DPA** (Wilschut
and Papahadjopoulos, 1979; Wilschut et al., 1980). Fusion results
in the formation of the fluorescent chelation complex, [Tb(DPA),]*,
with a 10°-fold increase in the emission intensity from Tb’*.
Inclusion of 0.1 mM EDTA in the external buffer prevents the
formation of the Tb/DPA complex upon liposomal leakage because

EDTA binds Tb** more strongly than DPA.
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In 1985 Ellens, et al., reported a new liposome fusion assay
in order to study the effect of low pH on liposome stability. This
assay is based on the quenching of l-aminophthalene-3,6,8-
trisulfonic acid (ANTS) fluorescence by the collisional quencher,
N,N’-p-xylenebis-(pyrinium bromide) (DPX) (Smolarsky et al.,, 1977,
Ellens et al., 1984). ANTS fluorescence is relatively insensitive to
pH, with only a 7% drop in relative fluorescence intensity between
pH 7.5 and 4.5. ANTS does not self-quench. In the assay ANTS is
en;:apsulated in one population of liposomes and DPX in the other.
Mixing of aqueous contents inside of the liposomes upon fusion
results in DPX quenching of ANTS fluorescence. Dilution of DPX in
the external medium prevents quenching of ANTS fluorescence
outside of the liposomes.

The excitation wavelength maxima for the Tb/DPA emission
is 276 nm, which is very close to the absorbtion maxima of a
polymerizable lipid used in our research, bis-SorbPC.  Therefore
the Tb/DPA assay is less useful for this research than ANTS/DPX

assay.
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I.D.2. Leakage

The Tb/DPA assay may be used to monitor liposomal contact-
induced leakage. In this assay both Tb’* and DPA are placed in
one liposome population. This assay requires the use of 0.1 mM
EDTA in the external buffer to disrupt Tb/DPA complexes formed
extra-liposomally.  Leakage is monitored as a decrease in
fluorescence of the Tb/DPA complex.

The self-quenching fluorophore calcein has been widely
employed to measure dilution of the aqueous contents of liposomes
resulting from rupture of the membrane (Allen and Cleland, 1980).
Leakage is monitored as an increase in calcein fluorescence as the
concentration of the fluorophore decreases due to dilution upon
leakage of dye from the liposomes.

In 1984 Ellens et al. introduced a leakage assay which
employs ANTS and DPX for the reasons mentioned above. ANTS
and DPX were coencapsulated into one liposome population and
leakage was monitored by an increase in ANTS fluorescence. = ANTS
-emission can be reduced to 15% by DPX quenching and the
quenching is completely relieved upon leakage of ANTS and DPX

from the liposomes and dilution into the medium.



55

I.D.3. Lipid Mixing

The most widely used assay for the intermixing of membrane
components is based on resonance energy transfer (RET) between
N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine
(NBD-PE) and N-(lissamine rhodamine B sulfonyl)phosphatidyl-
ethanolamine (Rh-PE) (Struck et al., 1981). The probes are
covalently attached to the head group of
phosphatidylethanolamine. Since RET depends on the proximity of
the energy donor (NBD) and the energy receptor (Rh), the changes
in surface densities of the probes during membrane fusion can be
monitored as changes in fluorescence intensity. There are two
versions of the lipid mixing assay. The first is probe dilution.
Here both probes are incorporated in one population of liposomes
(“labeled liposomes”), and their dilution into ‘“unlabeled liposomes"
upon fusion is monitored as an increase in NBD fluorescence. The
RET from the donor to acceptor is decreased as the lipids are
redistributed on the surface of the fused liposomes (Struck et al.,
1981; Duzgunes et al., 1985, 1987; Ellens et al., 1985; Wilschut et
al., 1985). The second method is probe mixing. Here each probe

is placed on a separate liposome population and fusion is monitored
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by either the quenching of donor fluorescence or an increase of
acceptor fluorescence (Hoekstra, 1982; Wilschut et al., 1985). In

1987 Duzgunes and coworkers compared these two assays in the

presence of Mg2+ which induces aggregation but not fusion of PS
containing liposomes. The probe dilution assay did not report the
aggregation as fusion, whereas the probe mixing assay reported
rapid and extensive lipid mixing. Thus, it appears that the probe
mixing assay reports not only fusion, but also aggregation of
liposomes.  Therefore the probe dilution assay is regarded as more

reliable.

I.LE. Liposome Fusion

I.LE.1. Anionic Liposomes and Multivalent Anions

The fusion of unilamellar liposomes involves the aggregation
step followed by the fusion event. Since negatively charged
membranes tend to repel one another, divalent cations can
neutralize the charge and facilitate the aggregation. Initial binding
of the cations decreases the surface charge and facilitates approach

of membranes. As the membranes come into closer apposition, the
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amount of bound cations increases due the increased negative
surface charge. (Nir et al., 1983). The interaction of divalent and
monovalent cations with liposomes composed of acidic lipids has
been intensively studied. The earliest liposome fusion systems
developed involved liposomes composed wholly or in part of

anionic lipids such as PA, PG cardiolipin, and PS in the presence of

multivalent inorganic cations such as Ca**, Mg?*, Ba?* , and La**.
Generally divalent cations induce the fusion of these liposomes
with aqueous contents mixing between compartments, while
monovalent cations only cause aggregation without fusion. @ The
induction of fusion of these identically charged vesicles by cations
occurs as a result of both membrane neutralization and of the
formation of ionic bridges by the cations via binding to anionic
lipids in the cis-monolayers of separate liposomes. The exception
to the rule is the involvement of H ions which can cause either

stable fusion or merely lipid mixing between liposomes depending

on the lipids involved (Ellens et al., 1985).
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I.LE.2. Anionic and Cationic Liposomes

A second possible means to promote interactions between
liposomes is to mix two populations of liposomes with opposite
surface charges. This approach would offer advantages over the
method described above in that one could examine interactions
between liposomes with different lipid compositions while
suppressing interactions between liposomes of identical
composition (Stomatatos, et al., 1987). Such studies are
biologically relevant since cell membranes generally exhibit net
negative charge. Consequently, coulombic interactions offer
strategies for drug delivery (Marchi-Artzner, et al., 1996) as well
as gene delivery (Felgner,1987). In 1987, Felgner and colleagues
reported a positively charged lipid called DOTMA, (N-[2,3-
(dioloeyloxy)propyl]-N,N,N-timethylammonium). @ They found that
mixing of DOTMA/PE liposomes with negatively charged PS/PC
liposomes resulted in membrane fusion in the absence of
multivalent anions, indicating that the presence of charged
headgroups is sufficient to promote fusion between oppositely
charged liposomes.  Silvius and coworkers (Stomatatos et al., 1988)

described an analogue of DOTMA, DOTAP (1,2-bis(oleoyloxy)-
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3(trimethylamino)-propane), which also has a permanent positive

charge, as well as DODAP (diamino-propane) which has a pK, of 8.5

having a positive charge at physiological pH.
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Fig I-.7. Structures of some positively charged lipids.
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Felgner and Silvius opened a major area of research for both
drug and gene delivery which continues to grow. The application
of cationic liposome reagents has advanced DNA and RNA
transfection research in vitro and data are accumulating which

show their utility for in vivo  applications as well.

I.E.3. Protein Induced Fusion of Liposomes

Beginning with the discovery that one of the enveloped
animal viruses (Sendai) fused with erythrocyte membranes (Howe
and Morgan, 1969), there has been a concerted effort to deduce the
mechanism of that fusion process. Influenza virus has been the
most studied viral system. The ectodomain of its fusion protein
(hemagglutinin, HA) has been crystallized (Wilson et al., 1981) and
has been shown to undergo conformational changes at endosomal
pHs. It is proposed that the amphipathic fusion peptide acts to
dehydrate the intermembrane space as well as to localize the
bilayer destabilization (Bentz and Ellens, 1988 ). This is caused by
a pH-induced conformational change that orients an amino-
~terminal amphipathic helix at the interface between viral and

cellular membranes (Gething et al., 1986). In 1987 Stegmann et al.
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showed the influenza virus envelope could be reconstituted by
solubilization of the viral membrane in the nonionic detergent
Cz2Es, removal of the viral nucleocapsid and matrix protein by
ultracentrifugation, and subsequent extraction of the detergent by
hydrophobic Bio-Beads SM2. Bron et al. (1994) showed that these
reconstituted virus envelopes (virosomes) fused efficiently with
membranes of the endosomes of Baby hamster kidney cultured
cells after internalization through receptor mediated endocytosis.
This event was monitored by the delivery of diptheria toxin.
Another protein that induces fusion between liposomal
populations is the HIV-1 fusion peptide. = The exposure of a 25
amino acid segment of HIV, the putative fusion sequence found at
the N-terminus of gp4l, has been proposed to be an integral part of
the fusion mechanism for HIV (Moore et al., 1993). In 1994 Nieva
and coworkers (Nieva et al., 1994) demonstrated that a 23-residue
synthetic peptide representing this N-terminus of gp4l of HIV-I1
could induce fusion between negatively charged large unilamellar
liposomes when added to liposomal suspensions.  This was,
however, only possible in the presence of calcium ions to induce

aggregation of vesicles, but the ions themselves did not induce
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fusion. They postulated that in the absence of calcium the protein

was primarily in an a-helical structure (as seen by FTIR spectra),

but in the presence of calcium the protein adopts an anti-parallel

B-sheet structure that favors fusion (Nieva et al, 1994).

Synthetic fusion proteins have been incorporated into the
bilayer of liposomes to induce leakage. One is GALA, a 30 residue
amphipathic peptide designed to interact with uncharged bilayers
in a pH-dependent fashion. This was achieved by a random coil to

o-helical transition at pH 5.0. The repeat unit of the peptide,

glutamic acid-alanine-leucine-alanine positioned glutamic acid
residues on the same face of a helix, and at pH 7.5 charge repulsion
between aligned Glu destabilized the helix. = This repulsion was

neutralized at low pH, allowing the membrane-destabilizing a-helix

to form (Subbarao et al., 1987).

I.LE.4. Asymmetry-Induced Fusion of Liposomes

The asymmetric transbilayer distribution of lipids commonly
observed in biological membranes may be expected to play a role
in regulating membrane fusion in vivo. Wu, et al. (1996 ) created

LUV composed of dipalmitoylphosphatidylcholine (DPPC) and
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asymmetrically distributed L-a-lysopalmitoylphosphatidylcholine
(LPC) (a single-chain fusogenic lipid). They either added a small
amount of LPC to preformed liposomes, placing the LPC in the outer
leaflet to create LUV-LPC,, or used liposomes which had LPC in
both leaflets and extracted the LPC from the outer leaflets with
bovine serum albumin to create LUV-LPC;,. The slow
redistribution of LPC allowed the fusion capabilities of the
asymmetric vesicles to be characterized in the presence of
poly(ethylene glycol), PEG, which acts as a dehydrating agent.
Measurements showed that LUV-LPC;, fused in the presence of
15% (w/w) PEG without loss of contents but that LUV-LPC,,, did
not fuse in the presence of up to 35% PEG. They concluded that
the outer leaflet of LUV-LPC;, was less ordered and less well
packed than LUV-LPC,, and that the slight perturbation of the
external LUV surface correlated with ability to fuse.

Eastman et al. (1992) created LUV made of DOPC, DOPE, PI,
and DOPA which were asymmetric in phosphatidic acid (another
fusogenic lipid). @ They created them by sequestering the DOPA to
the inner monolayer by incubation in the presence of a pH gradient

(LUV interior was basic). The addition of 8 mM calcium ion, a
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divalent cadon. was unable to induce fusion. indicating that PA was
sequestered in the intenior leaflet of the lLposomes. If PA was
added to preformed liposomes placing the PA in the outer
monolayer. liposomes could be induced to fuse with as little as 15§
mol% PA. If PA was found in both leaflets 5 mol% PA was

required to induce fusion. supporting the idea that lipid asvmmetry

is involved in membrane fusion.

I.LE.5. pH-Dependent Fusion of Liposomes

While pure DOPE liposomes can only be made at pH >9.0
where the PE is negatively charged (Stollery and Vail., 1977). stable
liposomes can be made at physiological pH if another. lamellar
phase forming membrane constituent is added. If, however. that
stabilizer is an amphipath which carries a weakly acidic functional
group that destabilizes the bilayer upon protonation. then a pH
sensitive liposome is created. Ellens and coworkers in 1984 (Ellens
et al.,, 1984) created stable liposomes at pH 7.5 using PE and
cholesterol hemisuccinate (CHEMS). At this pH the CHEMS is
negatively charged, causing liposome repulsion as well as

stabilization of PE. But when the CHEMS is protonated, near pH
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5.5, the liposome is effectively neutral and contact induced leakage
ensues.  Other examples of pH sensitive liposomes which employ
this strategy include oleic acid (Straubinger, et al., 1985) and
palmitoylhomocysteine (Connor et al., 1984).

Yet another example of creation of pH sensitive liposomes is
to utilize an acid-cleaving mechanism to alter a stabilizing lipid.
Drummond and Daleke (1994) devised a series of blocking
mechanisms for PE and PS. These groups stabilized PE such that
liposomes could be prepared at neutral pH, yet when the pH was
lowered the blocking group would be removed allowing for
destabilization of the liposome. An example is the use of a
citriconyl group which was acid cleaved from the lipid after 60
minutes of reaction at pH of 5.5. A liposome composed of a 1:4
molar ratio of citriconyl-PE to DOPE was shown to leak its contents
after 60 minutes at pH 5.5 and was also shown to deliver calcein to
the cytoplasm of CV-1 cells in culture (Drummond, et al.,, 1997).

In 1984 Seki and Tirrell introduced a new idea in pH
sensitive liposomes. This involved the addition of a pH-sensitive
polymer which complexation with the liposomes caused a decrease

in the apparent cooperativity of the lipid melting transition.  The






