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ABSTRACT

CONFOCAL MICROSCOPY INVESTIGATIONS OF PHOSPHOLIPASE A2
INDUCED DEFORMATION OF GIANT LIPID VESICLES

By
April Melody Corella
Master of Science in Physics

Phospholipase A2 (PLA2) enzymes catalyze hydrolysis of phospholipids present
in the cellular membrane bilayer breaking them into fatty acids and lysolipids. These
products perform physiological and patho-physiological functions. PLA2 activity has
been the subject of research for a long time. However, PLA2 induced membrane
deformation is an understudied effect. It is the focus of the present work.
Effects of interaction between bee venom PLA2 and membrane-mimicking Giant
Unilamellar Vesicles (GUV; diameter>5µm) of phosphoholine lipids were investigated
by Confocal Microscopy (CFM). GUVs were prepared by electroformation on indium tin
oxide (ITO) slides. The bilayers were stained with a lipophilic dye to enable fluorescence
imaging in CFM.
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CFM videos of the GUV/PLA2 reaction showed clear evidence of bilayer
disruption due to hydrolysis. Inwardly directed tubules formed followed by GUV
fragmentation at high PLA2 concentrations. Pores developed and passage of secondary
structures into the vesicle was observed at medium concentrations. At lower
concentrations GUVs shrank. In all cases, three stages could be identified: (i) apparent
initial “inactive’ period, (ii) damage development, and (ii) bursting. These results lead to
the following hypotheses:
At high and medium PLA2 concentrations hydrolysis product formation rate is
faster than that of their lateral distribution, leading to product segregation. Furthermore,
lysolipids remain in the outer monolayer, while some fatty acids translocate into the inner
monolayer. Packaging of the dissimilarly shaped phospholipid (cylinder), lysolipid (cone)
and fatty acid (inverted cone) in the asymmetric domains along with the requirement to
shield the hydrophobic tails cause local stresses that drive invaginated tubules and pores.
At lower enzyme concentrations, some bilayer relaxation occurs by formation of pores
through which the enzyme enters into the GUV and hydrolyzes the inner monolayer
leading to shrinkage. Such shrinkage has been reported for direct enzyme delivery inside
the GUV but not for outside.
Elucidating membrane damage is important because damages, such as
pores, cause cell leakage, which can lead to cell death. Tubules and secondary structures
are mechanisms of intercellular and intracellular transport. To the best of our knowledge,
this is the first observation of such structures resulting from PLA2 activity.
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Section 1: Introduction

1.1 Biological Lipid Membrane
The cell is the basic structure of all living organisms. The plasma membrane or
cell wall of the biological cell separates the inner and extracellular regions and thus
compartmentalize the various inner components (nucleus, mitochondria, golgi apparatus
etc) referred to as organelles. The plasma membrane is comprised of a bilayer of 75%
phospholipids, 20% glycolipids 5% cholesterol and inter-dispersed proteins [1]. Fig. 1.1
is a fluid mosaic model of the cell membrane created by Singer and Nicolson in 1972.

Fig 1.1. Fluid mosaic model introduced by Nicolson and Singer in 1972 [2].

Cell membranes are semi-permeable and allow molecules to diffuse across the
lipid bilayer. Cell membranes restrict diffusion of highly charged molecules like ions and
large molecules such as sugars and amino acids [3].
Charles Overton, in 1889, was the first to suggest that the cell wall was comprised
of a lipid membrane [4]. In 1925 Gortner and Grendal further investigated the lipid
bilayer by studying red blood cells with the aid of a Langmuir trough [5]. They concluded
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that cells did indeed contain a lipid bilayer. In addition they discovered that lipids
spontaneously organize themselves in a bilayer when exposed to water.
Some of the areas of modern research regarding the cellular membrane focus on
drug delivery [6], cancer research [7], modeling of lipid domains/ raft formations [8] and
understanding protein transport [9]. To further uncover mysteries of cellular structure, it
is imperative to understand the lipid bilayer and its individual components.
The subject of this thesis focuses on the lipid bilayer and the effective damage due
to the action of the lipolytic enzyme phospholipase A2 (PLA2) on the lipid bilayer
structure. Lipolysis is the biochemical reaction in which the PLA2 enzyme catalyzes the
hydrolysis of the lipid resulting in the breakage (lysis) of the lipid into two parts. This
work includes creation of lipid bilayer structures called giant unilamellar vesicles (GUV)
by elctroformation methods, observation of the vesicles and their interaction with PLA2
by confocal microscopy (CFM), and elucidation of the ensuing disruption in the bilayer
due to the lipolytic action of PLA2.

1.2 Phospholipids and Aggregate Structure
The phospholipid bilayer is the main structure of cellular membrane anatomy.
Phospholipids contain two fatty acid chains and are derived from either glycerol or
sphingosine [10]. The phospholipids investigated in this study were 1,2-Dioleoyl-snglycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC). Figure 1.2 is a schematic of the molecular structure of DOPC and DPPC.
The structure of the phospholipid is divided into three parts 1) the phosphate head
group, 2) the glycerol backbone, and 3) the two fatty acid chains esterified to the two
carbons of the glycerol backbone [5]. Sphingomyelin is the exception to the phospholipid
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Fig. 1.2 The molecular structures of DPPC and DOPC.

family because it contains sphingosine instead of the glycerol. The fatty acid chains
contain an even number of carbon atoms between 14 and 24 with a fatty acid chain of 16
or 18 carbon atoms being most common [11,12].
The head group of the phospholipid is hydrophilic while the fatty acid tails are
hydrophobic. Molecules with dual hydrophobic and hydrophilic properties are called
amphiphilic. When exposed to an aqueous solution, amphiphilic molecules aggregate to
form closed structures. The hydrophobicity drives the self-assembly of the amphiphiles
into closed structures that keep the hydrophobic parts away from coming in contact with
water. “Clathrate structures” or cages are created due to H-bonds formed around the
hydrophobic parts [10]. To decrease the amount of these clathrate structures, hydrophobic
parts aggregate while the hydrophilic counterparts remain on the outside of the structures.
Figure 1.3 shows sections of some of the aggregate structures formed by phospholipids.
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Fig. 1.3 Examples of phospholipid structures. A hemispherical section of a liposome (vesicle), micelle and
portion of a bilayer portion [13].

The shape of the structures depends on the shape factor of the lipids. There are three
parameters that characterize the shape of a lipid.

1) The first parameter is the surface area per head group, a0
2) The second parameter is the length of the fatty acid chains, lc
3) The third parameter is the volume of the hydrocarbon tail v.

Putting all three of the parameters together creates the lipid shape factor

v
a0 lc
A micelle is the simplest of aggregate structures. It is a closed monolayer of molecules

€ pointing radially inward and all of the hydrophilic
with all of the hydrophobic chains
heads forming a spherical surface. Micelle structures have a large head group area, a0 and
a small hydrocarbon chain volume, v. The shape factor for a micelle forming amphiphilic
molecules is smaller than 1/3.
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Lipids with a fatty acid chain length greater than eight carbons aggregate into
bilayer vesicles. The shape factor of molecules that prefer bilayer formation is between ½
and 1. In the outer layer or leaflet of the bilayer, the lipid heads are directed outward
while the tails of the hydrocarbon fatty acid chains point inwards. In the inner leaflet the
fatty acids point outward and heads inward [14]. There is an inner pool of water. Figure
1.4 is a hemispherical section of a bilayer vesicle and shows the relative position of the
aqueous solution and the phospholipid bilayer.

Fig. 1.4 A diagram of a equatorial cross-section of a vesicle [15].

Unilamellar vesicles are vesicles that contain only one lipid bilayer.
Multilamellar vesicles are formed when more than one bilayer is encapsulated inside the
outermost lipid bilayer, alternating between shells of bilayer and water. Artificially
created small unilamellar vesicles are also referred to as liposomes.
Lipid vesicles are used as model membranes in research. Synthetic lipids are
available as lyophilized powders. To form vesicles, lipids are first dissolved in an organic
solvent such as chloroform and evaporated in a vacuum or gas stream. The lipid film is
then rehydrated with an aqueous solution and the resulting mixture is vortexed with an
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electric laboratory mixer and/or sonicated [10]. Sonication is a mixing technique that uses
sound energy to break up particles. The outcome of the sizes, shapes, and lamellarity of
the vesicles is dependent on the procedure and type of lipid.
A small unilamellar vesicle (SUV) has a diameter of 100 nm or less. These
vesicles are too small to be seen in optical microscopes. Diameters of large unilamellar
vesicles (LUVs) range between 100 and 1000 nm. A giant unilamellar vesicle (GUV)
ranges in diameters between 1µm to 300µm. Multilamellar vesicles (MLVs) are vesicles
that have one or more smaller vesicles with concentric bilayers inside. Multivesicular
vesicles (MVVs) are vesicles that have one or more, smaller vesicles of varying sizes
encapsulated in one larger vesicle. Figure 1.5 is a diagram of the different morphologies
of lipid vesicles.

Fig. 1.5 Different types of vesicles. The numbers are the typical diameters of each type of morphology.

1.3 GUVs as an Investigative Tool
GUVs are used as an investigative tool in research studies for a variety of reasons.
The size of GUVs is about the same as that of a biological cell (1-100µm). This makes
GUVs a useful tool for research requiring cell-mimicking membranes. Most importantly,
the sizes of GUVs enable investigations of the lipid bilayer with optical microscopy.
GUVs are stable for several days and the GUV phospholipid membranes can be injected
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with a microneedle, in order to deliver peptides or proteins into or outside of the GUV
while under observation.
GUVs are used in various areas of research in biophysics, biochemistry and
biology. GUVs are used as microreactors to observe reactions between encapsulated
molecules [16]. GUVs are also used to investigate enzymatic reactions occurring within
the bilayer [17], lipid fluidity and dynamics [18], gene expression [19], vesicle membrane
fusion [20], and membrane transport [21].

1.4 GUV Methods of Preparation
There are two main protocols to create GUVs: gentle hydration and electroformation.

1.4A Gentle Hydration
The gentle hydration method occurs when thin lipid films spontaneously form
GUVs in the presence of an aqueous solution [22]. Gentle hydration is also known as
spontaneous swelling, natural swelling or lipid film hydration. The gentle hydration
method was created by Reeves and Dowben and was later modified by Akashi . Reeves
and Dowben wanted a better preparation method to create many GUVs that would be
stable for weeks. Their method resulted in bulk vesicles with diameters up to 300µm [23].
Reeves and Dowben’s gentle hydration method used lipids obtained from fresh
bovine brains, asolechtin, and various phosphatidylcholine (PC) lipids obtained from
Supelco and Applied Science Laboratories. A stock solution comprised of 5-6% of lipids
were dissolved in chloroform: methanol at a 2:1 ratio. The stock solution was spread at
the bottom of a 100ml Erlenmeyer flask. A nitrogen stream was added to the Erlenmeyer
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flask to evaporate the organic solvents. A 100ml buffer solution was added to the flask
and stored at 4°C. After 24-48 hours the flask was removed. Clouds of vesicles formed in
the flask that remained stable for several weeks.
Reeves and Dowben determined that the length of the vesicles stability had little
effect over their properties. They also discovered the buffer solution added to the
Erlenmeyer flask needed to have ionic strengths less than 0.1µM in order to create large
amounts of vesicles and prevent myelin figures from forming.
The gentle hydration method was later improved by Akashi [24]. Akashi wanted
to investigate the unilamalarity of GUVs and develop a method to create GUVs in buffer
solutions of high ionic strengths. Akashi obtained egg PC (EPC), cadiolipin and bovine
brain from Avanti polar lipids. The lipid stock solutions were made by dissolving the
EPC and bovine brain in a chloroform:methanol (2:1 by volume) solution at a
concentration of 10mg/ml. The cardiolipin was dissolved in chloroform at a concentration
of 5mg/ml. The stock solutions were stored at -25°C under a stream of argon gas. A
volume of 100µl of the stock solution was added to a glass test tube and dried in a rotary
vacuum at 45°C for at least six hours. The dried lipid film in the test tube was rehydrated
with a water-saturated nitrogen stream for 20 minutes. The glass test tube was removed
from the nitrogen stream and 6 ml of 0.1M sucrose and salt buffer was added. The
mixture was then covered and left overnight at 37°C under a stream of argon.
Akashi used contrast and fluorescence microscopy to investigate the resultant
product and successfully found a way of producing GUVs in solutions at physiological
ionic strengths. Akashi determined that in order to create GUVs in high ionic strengths
charged lipids must be included in the stock solutions. The charged lipids in high ionic
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strengths were needed to create electrical repulsion to oppose the intrinsic adhesive forces
of the membrane and to enhance the unilamellarity of the GUVs.
The gentle hydration method is advantageous when creating GUVs in the
presence of buffer solutions of high ionic strengths. However, the gentle hydration
method creates many unwanted SUVs, MLVs and MVVs. Using the gentle hydration
method to create GUVs with uncharged lipids is difficult because lipid lamellae cannot
repel each other. GUVs that are created through the gentle hydration method typically are
between 5-100µm[24].

1.4B Electroformation
The electroformation method, created in 1986 by Angelova and Dimitrov, utilizes
an external electric field to separate and aggregate thin lipid layers in the presence of an
aqueous solution [25].
Angelova and Dimitrov used the phospholipids L- α phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine. Experiments were conducted with
cholesterol incorporated into the lipid mixtures to examine effects of cholesterols on
membrane formation. Figure 1.6 is a sketch of the device used in Angelova and
Dimitrov’s experiments. The device consists of a chamber with two platinum wires that.

Fig. 1.6 Sketch of the electroformation chamber used by Angelova and Dimitrov in 1986 [25].
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A volume of 1µl of lipid-chloroform stock solution was deposited on to the two parallel
platinum wires. A stream of nitrogen was passed through to evaporate the chloroform.
Distilled water was added to the chamber after all of the chloroform was evaporated and
an external electric field was applied between the two platinum wires for about an hour.
The solution in the chamber was then removed and observed.
The sizes of the GUVs (50-300µm) were larger than the GUVs created from the
gentle hydration method [25]. The electroformation method resulted in a higher yield of
GUVs with less SUVs, MLVs, MVVs and required shorter times than the gentle
hydration method. GUV size and yield were inhibited when cholesterol or solutions of
high ionic strength were used.
In 1992 Angelova et al. used indium tin oxide (ITO) slides and an external AC
field to create giant vesicles [26]. ITO slides are pieces of glass of various sizes that have
a conductive coating made of indium (III) oxide and tin (IV) oxide. The ITO slides create
an electric field when they are connected to a function generator. Various lipids were
used

in

Angelova’s

experiments.

EPC,

egg

phosphatidlethnolamine

(EYPE),

lysophosphatidlethnolamine (lyso PE), digalactosyl diacylglyceride (DGDG), bovine
phosphatidylserine (PS) and cholesterol in a chloroform:methanol solvent (9:1 by
volume) were made. A volume of 2.5µl of the stock solution was deposited on one of the
ITO slides. The ITO slide with the deposited stock solution was placed under a stream of
nitrogen to evaporate all of the chloroform and methanol. After all of the organic solvents
evaporated a chamber was created for vesicle preparation. The chamber was comprised
of a silicone spacer between the ITO slide with the dried lipid film and a second parallel
ITO slide. Figure 1.7 is a sketch of the ITO chamber. Milli-Q water was added into the
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Fig. 1.7 A diagram of the ITO chamber for the GUV preparations by Angelova in 1992 [26].

chamber and an external AC field of 1V was applied between the slides for two hours.
After two hours the chamber was disconnected from the external AC field. The solution
was collected and observation showed formation of GUVs up to 300µm in diameter.
Angelova et al. discovered that lipid swelling was rapid and occurred within a
matter of minutes. The vesicles vibrated with the applied field and GUV size increased
due to fusion of neighboring SUVs. In addition they discovered it was possible to create
GUVs from lipid/cholesterol mixtures using external AC fields.
In 2006 Pott, Bouvrais and Meleard created a method to incorporate high ionic
buffer solutions in the GUV electroformation process [27]. The phospholipids used were
EPC, soyPC, stearoyl-oleoyl phasphatidylcholine (SOPC) and palmitoyl-oleoyl
phosphatidyl-choline (POPC). Pott et al. used a platinum wire, electroformation, cell
obtained from Hellma-France (Paris). SUVs and LUVs were deposited onto the platinum
wires and the chamber was filled with buffer solutions of ionic strengths up to 250mM/L.
After the buffer solution was added the platinum wire cell was connected to a function
generator. The settings for the function generator varied according to the ionic strength.
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Table 1.1 lists the electroformation protocols used by Pott et al. to create GUVs in high
and low ionic strength buffers. For high salinity, the frequency of the function generator

Table 1.1 Table from Pott, Bouvrais and Meleard showing the parameters of electroformation in buffer
solutions of high and low ionic strength. f is the frequency in Hz, t is the time in minutes and E is the
applied electric field peak to peak in V/m [17].

was set to 500Hz and the voltage slowly increased from 50 to 1300 E (v/m) for 30
minutes. The cell was left for 90 minutes at 1300 E (v/m). The frequency of the function
generator was then slowly reduced from 500 to 50Hz.
Pott et al. devised a new way to create GUVs with mixed lipid/cholesterol
compositions in buffer solutions of high ionic strength. However, they discovered that
higher the salinity in the buffer solutions the lower the GUV yield. In addition, Pott et al.
discovered a three-step electroformation process to achieve GUVs under more
physiological conditions. The first step was to slowly increase the voltage and minimize
shock to the lipid layers. The second step was to leave the function generator at a fixed
voltage and frequency to induce swelling. The third step was to slowly decrease the
frequency in order to detach the vesicles from the platinum electrodes and to allow for
membrane closure [5].
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1.5 Phospholipase A2 History, Function and Lipid Bilayer Reaction
Phospholipases are a group of enzymes that catalyze the hydrolysis of
phospholipids [28]. The reaction breaks down the molecule into fatty acids and a
remaining lipophilic structure. There are several types of phospholipase enzymes that are
categorized into four major classes: A, B, C and D. Phospholipases are classified by the
reaction they catalyze and the site at which the reaction occurs [29].
Phospholipase A2 acts on the second carbon group of the phospholipid glycerol
backbone of phosphatidylcholine (PC) and hydrolyzes the sn-2 bond releasing
lysophospholipids (lysoPC) and fatty acids. Figure 1.8 is a diagram of the reaction
products of the phospholipid bilayer after the addition of the PLA2 enzyme. The activity
and lipid-PLA2 interaction appear to be specific to the type of lipid, its aggregate state,
and the particular PLA2 isozyme [29]. Figure 1.8 is a diagram of PLA2 / DOPC reaction
and the products. The reaction products are lysophosphotidylcholine (LOPC) and oleic
acid (OA).

Fig. 1.8 A Diagram of the PC lipid reaction products after addition of PLA2.

The sn-2 position of some phospholipids contain polyunsaturated fatty acids that
when released can metabolize various forms of eicosanoids, platelet activation factor
(PAF) and bioactive lipid mediators [30]. Eicosanoids are complex molecules that trigger
many body functions linked to inflammation and immunity [31]. PLA2 protein inhibitors
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are of high pharmaceutical interest due to the enzyme’s link to the inflammatory response
[32].
All forms of PLA2 have a low molecular weight (13-15 kDA). PLA2 proteins have
a dependence on calcium ions (Ca2+) for reaction on the active site, the exception being
calcium independence iPLA2 [29]. PLA2 is found in snake venom, bee venom and the
pancreas. Trace amounts of PLA2 are found in every type of cell studied and play a
crucial role in lipid mediation and cellular regulation [32].
In the turn of the century PLA2 was grouped into two categories: PLA2 found in
“old world snakes”, such as cobras and PLA2 found in “new world snakes” such as the pit
viper [33]. In 1988 PLA2 was found in the human synovial fluid through isolation
sequencing and cloning [28]. Currently there are 15 different izosymes of PLA2 that are
grouped in four different categories. The four categories of PLA2 are: secreted PLA2,
cytosolic PLA2, calcium independent or iPLA2 and PAF acetyl hydrolase/oxidized Lipid
PLA2 [33]. Table 1.2 is a list of the current 15 categories of PLA2.
PLA2 displays an increase in activity in lipid aggregates such as bilayers, micelles
or vesicles. The increase in catalytic activity is caused by conformational changes created
by reactions from the PLA2 enzyme [34]. A apparent period of inactivity of the enzyme
during observations is referred to as “lag time”. Interfacial activation refers to a process
where PLA2 binds to the lipid bilayer interface and the binding activates the enzyme [35].
Interfacial activity is a series of three steps where the enzyme (i) binds to the bilayer, (ii)
the enzyme binds an individual phospholipid, and finally (iii) hydrolyzes the lipid
(chemical or catalytic step). The phospholipid is subsequently broken into two different
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Table. 1.2 The 15 different isozymes of PLA2 [29].
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molecules after hydrolysis: lyso PC and fatty acid. The process is illustrated in Fig. 1.9.
PLA2 reacts quickly in the presence of negatively charged lipids [36]. The catalytic
reaction of secreted PLA2 in the presence of zwitterionic lipids varies. Phospholipid
hydrolysis from secreted pancreatic PLA2 has a long “lag time” of about two hours.
Phospholipid hydrolysis from secreted PLA2 from venoms occurs in a fractions of a
second [37]. Secreted PLA2 is a highly researched enzyme but there is little conclusive
research on the lipid-isozyme specificity.

Fig. 1.9 Illustration of PLA2 activity on a phospholipid bilayer.

1.6 Confocal Microscopy
Confocal microscopy is a type of high-resolution imaging techniques that use lasers and
point illumination to create fluorescent images of microscopic specimen. Figure 1.10 is a
diagram of a Nikon laser scanning confocal microscope with its respective pieces labeled.
A true confocal scanning (TCS) microscope uses a single pinhole that limits diffraction
and illuminates one small spot of a sample at a time [39].
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Fig. 1.10 A Diagram of a Nikon laser scanning confocal microscope [38].

Confocal microscopes (CFM) use fluorescence to gather images of a specimen.
The lasers in the CFM are directed toward a specimen containing a fluorescent molecule.
While there are some specimens that naturally fluoresce, most specimens observed with a
confocal microscope are stained with a dye that enters the specimen and fluoresces when
excited at a certain absoption range. In the present experiments, the lipophilic dye 1,1Didodecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI) was used to stain the
phospholipid. DiI has an excitation (absorption) spectrum between 425-600nm and an
emission spectrum between 575-700nm.
The confocal microscope consists of one or more lasers that excite fluorescence.
The emitted light from the excited specimen is collected by a photomultiplier detector or
a photomultiplier tube (PMT). The PMT is attached to a computer that builds the image
one pixel at a time [40]. The computer stores the images as time-lapse videos or still
frames. Figure 1.11 shows a diagram of the internal optics of a confocal microscope. The
confocal microscope can have one or more, high intensity, monochromatic, laser and one
or more PMT. The type of laser and number of PMTs used depend on the excitation and
emission spectrum of the observed specimen. The power of the incident laser light can be
adjusted from 0-100% and the observation wavelength can be adjusted between 350 to
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Fig. 1.11 The optics in a confocal microscope [38].

800nm. Figure 1.12 is a diagram showing two confocal microscope indicators; one for
the monochromatic laser wavelength and one for the PMTs. In the diagram, the confocal
microscope has four separate monochromatic lasers (argon 458nm, krypton 488nm,
helium neon 568 and helium neon 633nm) and three separate PMTs.

Fig. 1.12 The Indicators on a confocal microscope interface for the monochromatic lasers and PMTs [38].

Images from the confocal microscope can also be obtained from differential
interference contrast (DIC), brightfield (illumination from transmitted light) or polarized
light. The confocal microscope can be attached to a set of epifluorescence filters to
observe images directly from the microscope eyepiece. Epifluorescence is a short
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wavelength fluorescence method where the excitation of the specimen and detection of
the emitted light are done through the same light path.

1.7 Project Outline and Motivation
The lipolytic activity of PLA2 produces inflammation-triggering molecules such
as eicosanoids. Drug research and development aims at producing inhibitors of PLA2 and
focuses on understanding direct drug-PLA2 interactions. Another area of PLA2 research
targets the lipid-isozyme specificity. There are several isomers of PLA2 (referred to as
isozymes) and several different types of lipids. The activity and lipid-PLA2 interaction
appears to be specific to the type of lipid, its aggregate state, and the particular PLA2
isozyme. This specificity is very poorly understood. Because of this specificity, the
outcomes of the same isozyme in different parts of the body are completely different
from one another.
A rather much less studied area is the damage that is produced in the cell
membrane by the action of PLA2. This work focuses on visual observations, using CFM,
of the lipid bilayer and the effects of PLA2 hydrolysis and hydrolysis products on bilayer
structure. The goal is to characterize the damage and determine the factors involved, like
enzyme concentration, lipid phase, lipid architecture etc.
Damage to the membrane can ultimately lead to cell death, simply because
contents of the cell can leak out and foreign matter can transfer into the cell. PLA2 is a
peripheral enzyme and can itself enter the cell. Upon entry, it can begin to attack the
membranes of the organelles. Membrane deformations in which secondary structures like
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tubules and small vesicles form are also significant to membrane trafficking. This work
contributes a methodology to investigate an as yet unexplored facet of PLA2 activity.
The effect of the interaction between PLA2 from bee venom (apis mellifera) and
GUVs of DOPC and DPPC were investigated with the aid of a CFM. GUVs were
prepared by a modified electroformation method using ITO slides. The lipophillic dye
DiI was used to stain the GUV bilayers during electroformation to enable fluorescence
observation through confocal microscopy.
A sample of the GUV suspension was placed on the observation slide of the
CFM. PLA2 was added to the GUV sample and the subsequent reaction was video
recorded. Temperature of the experiment was 22°C. Results show clear evidence of
different types of defects including tubules, pores, and fragmentation.
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Section 2: Methods, materials and experiments

2.1 Materials Used
DOPC, L-DPPC and D-DPPC lipids were obtained from Avanti Polar lipids. The
fluorescent probe DiI was obtained from Assay Biotech. Indium tin oxide slides (ITO)
size 50x75x1.1mm and 30-60 ohms, were purchased from Delta Technologies. The
silicone O-rings with a 1-inch inner diameter and 3/32 inch width were obtained from
Sterling Seal and Supply. Vacuum grease was obtained from Dow Corning. PLA2
enzyme from honeybee venom (apis mellifera) was obtained from Sigma-Aldrich. The
oil used on the oil objective lens was Type F oil provided by Leica technologies.

2.2 Instruments Used
A dessicator attached to a vacuum was used to evaporate the organic solvents.
Two small ½ inch binder clips were used to clamp the two ITO slides together. A multimeter was used to check the resistance of the ITO slides and to monitor the voltage of the
wave generator during the electroformation process. The wave generator used was the
Hewlett Packard 3311A function generator. Figure 2.1 is a picture of the Hewlett Packard
function generator. To create the L-DPPC and D-DPPC vesicles a heated stir plate by

Fig. 2.1 Hewlett Packard 3311A function generator

	
  

21

Thermolyne was used to heat the lipid film in the ITO slide chamber and maintain a
temperature above the bilayer phase transition temperature. A thermocouple by Bailey
Instrument was used to monitor the temperature between the two plates. Figure 2.2 is a
picture of the heated stirring plate and thermocouple. GUV vesicles were observed with
an inverted Leica TCS SPC confocal microscope with an attached epifluorescence lamp.

Fig. 2.2 Picture of the (a) Thermolyne heated stirring plate and (b) thermocouple.

Figure 2.3 is a picture of the Leica TCS SP5 confocal microscope used in the
experiments. A 63X oil objective was used to observe the GUVs. The argon laser at 574
nm and two-helium neon lasers at 543 nm and 638 nm were used to excite the DiI probe.
To enhance the contrast, the bright field setting was switched on in conjunction with the

Fig. 2.3 A picture of the Leica TCS SP5 confocal microscope used in the experiments.
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Three lasers. A three-piece Sykes-Moore chamber was purchased from Bellco labs to
view the GUV suspension with the confocal microscope.

2.3 GUV Preparation
The giant vesicles were prepared by a modified method developed by Angelova
[16]. The step-by-step details can be found in Appendix A along with a video
presentation of the process in the supporting files.
To create the lipid bilayer, a stock solution was created with a concentration of
0.5mg DOPC, D-DPPC or L-DPPC per 1 ml of chloroform. To view the GUVs with
confocal microscopy, 0.1mM or 1% of the DiI molecular probe was added to the stock
solution and vortexed. Figure 2.4 is a picture of the lipid stock solution with DiI. The ITO

Fig. 2.4 The lipid stock solution in a 2ml plastic vial.

slides were cleaned with chloroform soaked Kimwipes and placed in a dessicator to dry.
40µl of the stock solution was pooled in the center of the ITO slide and left in a
dessicator connected to a vacuum for 2-7 days. Figure 2.5 is a picture a thin lipid film on
an ITO covered slide after all of the organic solvent has been evaporated. The ITO slide

	
  

23

Fig. 2.5 An ITO slide with a dried layer of L-DPPC and DiI dye

was thereafter removed from the dessicator and the electroformation chamber was
created with two ITO slides separated by a silicone spacer. A 200mM sucrose and Hepes
solution (1:1 by volume) was added into the chamber and ITO plates were connected to a
function generator, to produce an electric field between the top and bottom plates. Figure
2.6 is a picture of the assembled ITO chamber. The function generator was set to 1.3 V

Fig 2.6 The assembled ITO chamber with 1.1ml of sucrose solution
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(peak to peak) for exactly one hour. Figure 2.7 shows the ITO slide connected to the
function generator at a voltage of 1.3V. The solution was then transferred from the
chamber into a vial and diluted 2-4 times with a 200mM glucose and Hepes solution. The

Fig. 2.7 Picture of the ITO chamber connected to the function generator at 1.3V.

final lipid concentration was estimated to be about 8µM. The GUVs were observed
during the first 24 to 48 hours after electroformation.
For L-DPPC and D-DPPC, the temperature for electroformation needed to be
modified in order to create GUVs in the liquid phase. To create the necessary transition
temperature the ITO chamber was placed on top of the heated stir plate. A thermocouple
was used to measure the temperature, which was about 50-52°C. The gel-liquid transition
temperature of DPPC is 41°C. The ITO chamber was then connected to the function
generator.
4µl of Ca2+ per 2mL of GUV solution was added before observing on the
confocal microscope. The Ca2+ is a required cofactor for lipid hydrolysis.

	
  

25

2.4 Experiments
100 ml of the DOPC vesicles were deposited with a pipette onto the slide in the
Sykes-Moore chamber. Vesicles observed were attached to the bottom of the slide.
These vesicles tend to have limited mobility during the course of the experiment. GUVs
were initially located using the epifluorescence lamp with the rhodamine setting. Focus
was on DOPC vesicles between 5-25µm with the most uniform membrane and with
minimal multi-vesicular morphology.
PLA2 was added with a pipette into the solution of the observed GUVs at varying
concentrations. The added volume of the PLA2 enzyme was 4µL from stock solution
concentrations of .91mg/ml, 0.31mg/ml, 0.155mg/ml, 0.062mg/ml, 0.031mg/ml
and .0155mg/ml. These numbers correspond to various levels of dilution from the
original concentration. Videos were recorded before and after PLA2 addition by the laser
scanning method on the microscope at intervals between 2.252 to 15 seconds at a 1024 x
1024 resolution at a rate of 400Hz. Images were obtained from stills of the captured
video. Composite bright field and fluorescent videos/images were collected and later
analyzed.
D-DPPC and L-DPPC GUVs were observed in the same manner as the DOPC
GUVs, only for the enzyme stock concentration of 0.31 mg/ml.
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Section 3: Results

In all experiments the volume of the GUV solution in the Sykes-Moore chamber
was 100µL and the molar lipid concentration in the solution was about 8µM. The CFM
images before and after adding PLA2 are shown for various PLA2 concentrations.
3.1 DOPC GUVs Without PLA2.
Images were collected over a period of two hours. The GUVs remained stable
during the entire observation. No significant change in size or shape was found. A
representative confocal image of DOPC GUVs is shown in Fig. 3.1. The diameter of the
GUV was about 10 µm.

Fig. 3.1. A DOPC GUV in a 10mM Hepes buffer.

3. 2 DOPC GUVs After Addition of 4 µL of 0.91mg/ml PLA2
Figure 3.2 shows images just before the addition of the enzyme at concentration
0.91mg/ml and at various times after. Figure 3.2a before addition appears solid red,
because the GUVs were of a smaller size and the resolution of the image is not enough.
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Also, the smaller GUV moved rapidly and the focus area shifted. This can happen if the
GUV is not anchored firmly in the chamber. Even so, some contrast between inner and
outer volumes is visible.
Figure 3.2b is the image immediately after addition of the enzyme and it is the
beginning of the reaction. Figure 3.2c is the image after about two minutes of reaction.
This image shows the formation of a pore or gap in the bilayer and tiny fragments
(containing the dye) of the membrane detaching from the main bilayer. Figure 3.2d is the
end result, when the GUV has completely been destroyed due to high level of hydrolysis
products. At this point the GUV is transformed into smaller structures containing mostly
micelles.

Fig. 3.2 DOPC GUV images before and after the addition PLA2 at concentration 0.91mg/ml. This is the
highest concentration of PLA2 studied.
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3.3 DOPC GUVs After Addition of 4µL of 0.31mg/ml PLA2
Time series of the effect of PLA2 interaction at concentration 0.31mg/ml are
shown, where each image has a time stamp on it. Figure 3.3a is taken at 2x zoom, Fig.
3b-d were taken at 3.38 times zoom and Fig. 3e-f were taken at 4 times zoom. The image
in Fig. 3a was taken before the addition of enzyme. It shows a GUV with a diameter of
about 10µm. There are no significant changes up to about six minutes after enzyme
addition. In Fig. 3.3b an invaginated tubule begins to form and is clearly visible twenty
seconds later in Fig. 3.3c. The tubule extends further and merges with another tubule
(Fig. 3.3d). A tubule is a bilayer that deforms at some point and extends inward as shown
in Fig. 3.3c. Figure 3.3e shows the bilayer membrane shattering and the GUV membrane
bilayer sections are still visible. Figure 3.3f shows the end result where the bilayer is
completely destroyed.

Fig 3.3 Time series images of the membrane transformation due to PLA2 (0.31mg/ml) activity. (a) No
change is observed for about six minutes. The images display the different stages in the destruction process:
(b,c) tubule formation, (d) tubules merging, (e) GUV begins to burst, and (f) complete destruction.
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3.4 DOPC GUVs After Addition of 4µL 0.155mg/ml PLA2
Time series of the effect of PLA2 interaction at concentration 0.155mg/ml are
shown in Fig. 3.4, where each image has a time stamp on it. The images were observed
with the bright field setting on the confocal microscope. The image in Fig. 3.4a was taken
before the addition of enzyme and shows a GUV with a diameter of 8 µm. There are no
significant changes up to about five minutes after enzyme addition. At this time the GUV
membrane began to develop a large pore (Fig. 3.4b). Something entering the vesicle is
indicated in Fig. 3c and 3d. This could be a small vesicle breaking off from the parent
GUV. About nine and a half minutes into the experiment the pore in the GUV begins to
reseal (Fig. 3.4c). At about nine and a half minutes into the experiment the pore in the
GUV begins to reseal (Fig. 3.4c). In Fig. 3.4d the membrane completely reseals. After
11.5 minutes (Fig. 4e) the GUV bursts into smaller structures that are below the
instrument resolution.

Fig. 3.4 Time series of the GUV membrane transformations due to PLA2 (0.155mg/ml) activity. (a) No
change is observed for about five minutes. The images display the different stages in the destruction
process: (b,c) pore formation (d) resealing of pores (e) GUV bursting.
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3.5 DOPC GUVs After Addition of 4µL 0.062mg/ml PLA2
Time series of the effect of PLA2 interactions at concentration 0.062mg/ml are
shown in Fig. 3.5, where each image has a relative time stamp on it. The image in Fig.
3.5a was taken before the addition of the enzyme and shows a GUV with a diameter of
15µM. There are no significant changes up to about four minutes and forty seconds after
the PLA2 is added (Fig. 3.5b). At this time the GUV membrane developed large pores. At
nine minutes and ten seconds into the experiment (Fig. 3.5c) the GUV membrane reseals
and reverts closely to its original shape. At about ten minutes into the experiment (Fig.
3.5d) the GUV quickly bursts and disappears

Fig. 3.5 Time series of the GUV membrane transformations due to the addition of PLA2 (0.062mg/ml)
activity. Images show (a) GUV before PLA2 addition, (b,c) GUV membrane pore formation and resealing
(d) the GUV busting.
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3.6 DOPC GUVs After Addition of 4µL 0.031mg/ml PLA2
Time series of the effect of PLA2 interaction at concentration 0.031mg/ml are
shown in Fig. 3.6, where each image has a relative time stamp on it. The image in Fig.
3.6a was taken before the addition of the enzyme and shows a GUV with a diameter of
20µm. The GUV observed contained smaller GUVs of various sizes inside the interior
aqueous solution. Seven minutes and 45 seconds into the experiment the GUV starts
decreasing in size and the interior GUVs can be seen to decrease in size as well (Fig.
3.6c). The GUV begins to shatter in eight minutes (Fig. 3.6d). At nine minutes and 45
seconds the entire GUV bilayer bursts and disappears (Fig. 3.63).

Fig. 3.6 Time series of the GUV membrane transformations due to PLA2 (0.031mg/ml) activity. (a) GUV
before PLA2 addition, (b-e) after addition of PLA2. (c) Entire GUV begins to shrink (d) the inner and outer
GUV membranes burst (e) the GUVs completely bursts and disappear.
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3.7 DOPC GUVs After Addition of 4µL 0.0155mg/ml PLA2
Time series of the effect of PLA2 interaction at concentration 0.0155mg/ml are
shown, where each image has a time stamp on it. Images are captured with fluorescence
only (bright field setting turned off). The observed GUV is fused to a smaller GUV. The
larger GUV is about 10µm in diameter and the smaller fused GUV is around 5µm in
diameter. Four minutes after PLA2 is added (Fig. 3.7a) the larger GUV remains
unchanged and the smaller GUV begins to form perforations. Forty seconds later (Fig.
3.7b) some of the pores in the smaller GUV begin to reseal and the shared membrane
region shifts inward. At this time the smaller GUV begins to shrink. At eight minutes and
50 seconds (Fig. 3.7c) the smaller GUV bursts and disappears. At nine minutes and 16
seconds (Fig. 3.7d,e) the larger GUV shrinks and fades. Finally the GUV shatters (Fig.
3.7f).

Fig. 3.7 Time series of the GUV membrane transformations due to PLA2 (0.0155mg/ml) activity. Two
fused GUVs are shown. (a) Four minutes after PLA2 is added the smaller GUV shows perforations. (b) The
smaller GUV begins to shrink and the shared membrane region moves inward (c) the small GUV bursts and
the larger GUV forms pore (d,e) the larger GUV begins to shrinks (f) GUV finally bursts and disappears.
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3.8 L-DPPC GUVs After Addition of 0.31mg/ml PLA2
Time series of the effect of PLA2 interaction at concentration 0.31mg/ml are
shown, where each image has a time stamp on it. Figure 3.8a was taken before PLA2 was
added and shows a GUV with a diameter of about 5µm. A smaller GUV was present
inside the interior aqueous solution of the larger GUV. There are no significant changes
up to about 16 minutes after enzyme the enzyme is added (Fig. 3.8b). At that time the
GUV fragment and the bilayer deforms.. At About 17 minutes into the experiment (Fig.
3.8c) large fragments break apart from the membrane bilayer and shrinkage increases.
Inside the GUV membrane the smaller inner vesicle decreases in size and fragmentation
occurs. After about a half hour (Fig. 3.8d) the GUV completely deforms and the GUV
bilayer is almost completely destroyed.

Fig. 3.8 Time series of the L-DPPC GUV membrane transformations due to PLA2 (0.31mg/ml) activity. (a)
GUV before PLA2 addition (b) GUV fragmentation begins (c) large GUV fragments and membrane
deformity can be seen (d) the GUV bilayer is almost completely destroyed.
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3.9 D-DPPC GUVs With 0.31mg/ml PLA2
The enzyme PLA2 is stereo selective toward L enantiomers of lipids. Therefore
D-DPPC will not hydrolyze and there will not be any hydrolysis products. Any damage,
if present, would be due to the enzyme itself and not due to the products. Experiments on
D-DPPC GUVs were conducted to confirm whether damage is caused by the enzyme or
by the products.
Figure 3.9 shows a time series of the effects of PLA2 (0.31mg/ml) interaction on
the D-DPPC GUV membrane. Each image has a relative time stamp on it. Figure 3.9a
was taken before the addition of PLA2 and the largest observed GUV has a diameter of
about 12µm. Fused to the larger GUV are two smaller GUVs. At eight minutes (Fig.
3.9b) the smaller GUVs began to deform. At 30 minutes into the experiment (Fig. 3.9d)
the larger GUV began to deform. The Deformations in the small and large GUVs
continue till progress until the end of the experiment (3.9b-f). Pore formation,
fragmentation, and vesicle shattering did not occur on the membrane even up to forty
minutes after the addition of PLA2.
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Fig. 3.9 A Time series of the D-DPPC GUV membrane transformations due to PLA2 (0.31mg/ml) activity.
Images show (a) the GUV before the addition of PLA2 (b,c) deformations to the smaller fused GUVs (d,e)
deformations in the smaller and larger GUVs and (f) the end result of the GUVs after about 40 minutes.

36	
  

4. Discussion and future experiments

4.1 Discussion
There are many facets to PLA2-lipid membrane reactions. Current and existing
research focuses on the enzyme itself and finding ways to inhibit its hydrolysis activity
because of the patho-physiology of the products. Basic research on PLA2 is concerned
with the mechanism of lipid-enzyme interaction to understand lipid-isozyme specificity
and the roles of the different isozymes. A fundamental question is why so many different
isozymes even exist if all of them are performing the same function and if there are any
other undiscovered roles. The present research turns the light on a new facet, namely the
damage caused to the membrane. Membrane disruption and the notion of productinduced defects have always been known.

However, the type of defects and their

potential physiological functions; pathological or otherwise have not been delineated.
This work investigated the membrane-damage and deformation aspect of PLA2 activity.
CFM observations provided clear evidence of bilayer damage following addition
of PLA2. The type of damage depended on the enzyme concentration and the phase of
the lipid bilayer. At high concentrations of PLA2, tubules formed that extended inward to
the interior of the DOPC GUVs. After a few minutes, the GUV burst into fragments. At
medium concentrations pores developed and secondary structures were observed to enter
the vesicle. At the lowest enzyme concentrations, the GUV surface deformed, pores or
gaps developed, and shrinkage of the GUV membrane followed. These results lead to the
following hypotheses:
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At high and medium concentrations of PLA2, hydrolysis products form at a rapid
rate that is faster than the rates of lateral distribution of products. This leads to local
accumulation of products; regions referred to as domains.

Furthermore, fatty acids

formed in the outer leaflet (where the reaction occurs) translocate to the inner leaflet
much faster than lysolipids. In a translocation, a molecule has to flip and its polar
headgroup has to encounter the non-polar tail region. Such an unfavorable encounter is
more difficult for the larger polar lysolipid headgroup than for the fatty acid. Typically
lysolipid takes days to translocate, whereas fatty acids distribute in a tenth of a second.
Thus, there exists an asymmetric distribution of the products across the bilayer. In the
following paragraphs a model for how segregated product rich domains with asymmetric
outer to inner monolayer distribution can give rise to tubules and pores is presented.
The reaction and the shapes of the molecules involved are shown in Fig. 4.1. The
phospholipid molecule is cylindrical, the lysolipid molecule is cone shaped and a fatty
acid molecule is an inverse cone (Fig. 4.1a). In the reaction a cylinder splits into a cone

Fig. 4.1 (a) Phospholipid, fatty acid and lysophospholipid shapes. (b) Bilayer curvature for phospholipids
(cylinders) in a bilayer is zero. The curvature of fatty acids (inverse cone) if present alone would be
negative. The curvature in a lipid bilayer would be positive for lysophospholipids (cone) if present alone
[41].
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and an inverse cone. If the individual molecules were present alone, the phospholipid
cylinders would aggregate as a bilayer, cones would aggregate with a positive curvature,
and inverse cones with a negative curvature (Fig. 4.1b). But the individual molecules are
not present alone. Some of the inverse cones translocate to the inner monolayer. There
are now domains of product rich regions of a mixture of unequal numbers of cylinders,
cones and inverse cones. A bilayer portion with two such domains separated by an,
unhydrolyzed phospholipid region is shown in Fig. 4.2. In this figure, two phospholipids

(a)

PLA2

(b)
=

=

Fig. 4.2. Visualization of tubule formation. (a) Diagram of a phospholipid bilayer before and after PLA2
hydrolysis. (b) The cylinder in red represents two phospholipids combined: one phospholipid in the outer
and the other in the inner monolayer. The blue cones represent a combined Lyso PC molecule in the outer
monolayer and a fatty acid in the inner monolayer.

one each from the outer and inner monolayers are together depicted as one cylinder. A
lysolipid in the outer monolayer and a fatty acid in the inner monolayer are together
depicted as a cone through the bilayer. These representations are illustrated in Fig. 4.2 b.
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The diagram is a visualization of the reorganization that needs to happen in order to
shield the hydrophobic regions from water and minimize gaps.

The phospholipid

orientation gradually changes from one domain to the other. A gap or a pore can develop
as shown in the middle figure of Fig. 4.2a. This is unsustainable and the phospholipids at
the circumference of the gap bend toward the horizontal and the gap develops into
invaginated tubules (third figure, Fig. 4.2a) or temporary pores.
Thus the visualization in Fig. 4.2 shows that tubules and pores are a relaxation
response to the stresses of packing dissimilarly shaped molecules into forms with
minimum contact of the hydrophobic parts with water. Such formations have been
observed in binary GUVs of inverse cone shaped lipids and cylindrical lipids [42].
At low enzyme concentrations, lateral distribution of products occurs but may still
not be able to keep up with product formation so as to produce a uniform distribution[43].
Domains of product rich regions are still possible, which increase membrane tension.
Bilayer relaxation occurs by formation of pores. Pores are a response to increase in
membrane tension [44,45].
The enzyme enters into the GUV through the pores and begins to hydrolyze the
inner monolayer leading to the observed shrinkage. Such shrinkage has been reported for
enzyme delivery inside the GUV but not for outside [46]. The phenomenon of shrinkage
at the lower PLA2 concentrations are similar to that found in the research of Wick et al
[47]. Because the DOPC GUVs shrank instead of bursting suggests that the enzyme was
transported through the pores into the internal aqueous solution and gave results similar
to delivering the enzyme directly inside.
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Elucidating the damage to membranes is important because damages like pores
cause leakage of cell contents, and extracellular contents into the cell. The enzyme once
inside can destroy the membranes of the organelles. These processes lead to cell death.
Pores also affect a crucial element to several biological functions by allowing transport of
ions and molecules through the cellular membrane. The hypotheses were formulated
based on the empirical CFM observations. Quantitative analyses of GUV shapes and
pore formation and sealing rates are needed to further explore the effects of damage [4246].
The effects caused by the addition of PLA2 on DPPC bilayers were different from
those seen on DOPC. Investigations into the effects of PLA2 on DPPC were significant in
confirming if the lipid bilayer changes were due to PLA2 binding itself or due to
hydrolysis products. The two isomers L-DPPC and D-DPPC were used because the PLA2
enzyme is stereoselective toward the L-enantiomers. Therefore, PLA2 catalyzes the
hydrolysis of L-DPPC upon interfacial activation and does not catalyze hydrolysis for DDPPC. Therefore, reaction products would be formed in the case of L-DPPC but not in
the case of D-DPPC.
In images gathered from investigations of L-DPPC, the phospholipid bilayer after
addition of PLA2 appears porous, spongy, and fragmented. After about 30 minutes the LDPPC GUV became diffuse and disappeared. In the experiments conducted with DDPPC the membrane deforms. However, no damages or defects in the membrane were
seen. The D-DPPC GUVs were observed for forty minutes. No signs of fragmentation,
shrinkage, and bursting were visible. These results indicate that damages like pores,
tubules, fragments and shrinking are in general due to products and not the enzyme itself.
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The differences between the L-DPPC and DOPC GUVs are due to the phase
difference of the two bilayers. At the temperature of CFM experiments, 22°C, DPPC is
in the gel (or solid) phase and DOPC is in the liquid phase. Tubules and pores are more
readily formed in the liquid phase because the flexible lipid tails are able to yield in
response to the stress as Fig. 4.2b indicates. In the gel phase, due to lack of flexibility,
the GUV fragments and shatters as if it were brittle.
Another feature of PLA2 activity is lag time. This is an initial period of
low activity followed by a sudden increase in activity. The existence itself of lag time
and its duration seem to depend on lipid properties and the type of enzyme. It is
attributed to PLA2 or product induced defects which build up during an initial period to
some critical level at which a sudden change in activity occurs. There is no mechanistic
understanding of the reason for lag time or why defects would induce increase in
activity. The present CFM results show an onset of bilayer disruption by tubules and
pores a few minutes after addition of PLA2. These initial few minutes appear as a period
of “inactivity”. Following the disruption, the changes in the bilayer proceed at a more
rapid rate until the final rupture. These CFM images are thus visual demonstrations of
lag time and the hypothesis that defects build-up during the lag period. A possible
mechanism for defect induced increase in activity that can be formulated from the present
observations is that the pores are points of entry into the vesicle, because of which the
enzyme has access to the inner leaflet of lipids. Activity increases because of the
availability of twice the number of lipids and passages for the enzyme.
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4.2 Future Experiments
The hypothesis, membrane damage is due to local stresses caused by
inhomogeneous lateral distribution and asymmetric sorting of the products between the
outer and inner leaflets, can be tested by performing CFM observations on uniformly
mixed GUVs formed with lipids and the corresponding products. The products, lysoPC
and fatty acids, are available commercially. Electroformation of GUVs of lipids and their
products should yield a homogeneously mixed bilayer. Absence of defects in such a
GUV would confirm that defects are due to local regions of segregated products formed
upon hydrolysis.
It is possible that the lipid layer structure could be altered or damaged by the dye,
DiI, used to stain the bilayer. GUVs without dye can be observed using a bright field
setting. Results with and without dye should be compared. However it is believed that
the dye is not a problem because no defects were observed before PLA2 addition. This is
perhaps because the dye is uniformly distributed in the bilayer during GUV formation,
echoing the hypothesis that membrane damage is caused by inhomogeneous distribution
of added molecules.
Another experiment to be developed is the use of fluorescein to detect and
confirm pore formations in the GUV membranes. Fluorescein is a small water-soluble
fluorescent dye and therefore will be present only in aqueous regions. GUVs will be
created through the electroformation method without dye. During observation,
fluorescein will be added to the external aqueous solution and will therefore be present
outside the GUV before the addition of PLA2. The PLA2 enzyme will be added to the
observed GUVs and a series of time-lapse videos will be captured on the confocal
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microscope. If pores are formed fluorescein will transfer through the pores into the
internal aqueous solution of the observed GUV. The dye fluorescein emits in the green
spectrum. Therefore if pores form, the internal aqueous solution of the GUV will appear
green.
Experiments utilizing the confocal microscope can also try to capture pore
formations created in phospholipid bilayers. The confocal microscope is able to create
three-dimensional representations of specimen through a laser scanning method called Zstack. The Z-stack method takes incremental slices of the specimen between two points
on the z-axis and compiles the image to form a three dimensional representation. In
theory, a Z-stack image of a GUV taken from top to bottom will be represented as a
sphere. If there are pores in the GUV membrane, then the Z-stack image will shows black
spots or perforations in the sphere. This can be used as evidence of pores forming on the
GUV membrane surface.
If funding allows, it would be ideal to use a microinjection aspirator and
microinjection needle to uniformly distribute PLA2 around the GUV. The microinjection
aspirator will hold the GUV in place while the microinjection needle injects different
concentrations of PLA2 in and around a GUV membrane.
Finally, the use of a heated stage on the confocal microscope can control the
transition temperature reveal temperature and lipid phase differences.
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5. Summary and conclusions

Confocal microscopy investigations of PLA2 activity on GUVs of phospholipids
were carried out to elucidate the PLA2 induced damage of the lipid bilayer. GUVs were
prepared by electroformation methods. The GUVS and their interaction with PLA2 were
observed by confocal microscopy. The reaction products cause visible deformations of
the membrane. The morphologies of the damage and deformation include invaginated
tubules, pores, small inner vesicles, fragmentation, complete shattering, and vesicle
shrinkage.
Tubule and pore formations were hypothesized to be due to inhomogeneous
lateral distribution of products that result in lysolipid/fatty acid rich domains and
asymmetric sorting (between outer and inner leaflets) of the products just as in binary
GUVs of dissimilarly shaped lipids. As pores and gaps are generated, the membrane
deforms locally into tubules and forms small inner vesicles in response to stresses. The
repackaging of dissimilarly shaped phospholipids, lysolipids, and fatty acids primarily
causes the bilayer stresses. This repackaging is formed in order to keep the hydrophobic
parts of the hydrolysis products and remaining phospholipids away from water. The
PLA2 enzyme in the present experiments was delivered outside of the GUV. Subsequent
vesicle shrinkage led to the proposed hypothesis that the enzyme enters the vesicle
through pores and hydrolyzes the inner leaflet. A similar behavior occurred when PLA2
was injected directly inside the inner aqueous solution region of POPC GUVs [47].
Defects like pores can potentially cause leakage and cell death. Mechanical deformation
of vesicles is currently an active area of research. Tubules and small vesicles generated
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by deformation of the parent vesicle are involved in intercellular and intracellular
transport, and formation of organelle membranes. To the best of our knowledge the
present results are the first observations of tubules, pores, and small vesicles induced by
PLA2-catalyzed hydrolysis products. Thus, this research spotlights a new role for PLA2
activity.
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Appendix A

Electroformation Method for Preparation of GUVs
Materials:
1) PC lipids (DOPC, L-DPPC and D-DPPC)
2) Chloroform
3) Ethanol
4) 1,1-Didodecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI),
4) Sucrose
5) Glucose
6) Kimtech kimwipes
7) 10mM Hepes solution
8) Dow Corning vacuum grease
9) Two ITO slides (50mm x 75mm x 1.1mm polished float glass 30-60ohms) from Delta
technologies
10) Silicone spacer (13/16inch inner diameter, 1inch outer diameter. 3/32inch width)
11) Pipette
12) 2ml Plastic tube
13) Hewlett Packard 3311A function generator
14) Desiccator attached to a vacuum
15) Vortex
16) Fume hood
17) Thermolyne Nuova stiring hotplate
18) Bailey Instruments thermocouple
19) Innova 3306 multimeter
Procedure:
Step 1- Preparing the ITO slides
• Dissolve the PC lipid in chloroform at a concentration of 0.1 to 0.8mg of DOPC
or DPPC per 1ml of chloroform.
• Add 1% or 1uM of the DiI fluorescent dye into the stock solution.
The dye will enable the GUVs to fluoresce when observed through a confocal
microscope.
• Close the lid on the 2ml vial and vortex for about a minute and store the stock
solution in the freezer.
• Clean the ITO slides with ethanol soaked kimwipes and place in the dessicator.
Attach a vacuum to the dessicator and leave for ten minutes.
• Remove the slides from the dessicator and place on a paper towel. Take the
multimeter and test the resistance of each slide. Only one side of the slides will be
coated with the ITO film.
• Place the slides ITO side up on a paper towel. Take a silicone O-ring and with a
Q-tip apply on one side a small amount of Dow Corning vacuum grease.
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•
•

•

Place the O-ring, greased side down, in the middle of the ITO slide.
Take the lipid stock solution out of the freezer. With a pipette deposit 40µl of the
lipid stock solution into the middle of the O-ring on the ITO slide. Quickly close
the lid of the lipid stock solution and place back into the freezer.
Take the ITO slide with the deposited stock solution and place into the desiccator
attached to a vacuum. Leave the ITO slide in the desiccator for 2-8 hours.

Step 2-Creating the buffer solutions
• The sucrose and glucose solution each have a concentration of 200mM in a
10mM HEPES buffer.
• Take a clean container and measure on a scale .680mg of sucrose.
• Add 10ml of the 10mM HEPES solution to the vial.
• Vortex the solution to dissolve all of the sucrose into the buffer solution.
• For the Glucose solution measure .360mg of glucose powder per 10ml of the
HEPES buffer and dissolve in a clean container.
Step 3-Adding the sucrose/ binder clips
• After 2-8 hours remove the IIT slide and place it on a paper towel with the ITO
coating facing up.
• Take another clean ITO slide and place it ITO coated side up next to the slide
with the thin lipid film.
• Add about 1.1 ml of 200mM sucrose solution into the O-Ring and cover with the
second ITO slide. The ITO coatings need to be facing each other.
• Seal the two slides with small binder clips. Be careful not to let the O-ring slip
out of place.
• Be sure to seal the two slides without creating any air bubbles. It is okay if some
water escapes so long as the seal is tight.
Step 4-Connecting the ITO chamber to the function generator (Setting the voltage)
• Turn on the Hewlett Packard 3311A function generator and set the frequency to
10Hz.
• Stabilize the ITO slide chamber on a sturdy platform. In the case of the L-DPPC
and D-DPPC GUVs, a heated stir plate by Thermolyne was used as a platform at a
temperature of 51°C. The temperature was tested with a thermocouple by Bailey
Instruments.
• Connect the alligator clips to one slide, being sure to make complete contact with
only one slide.
• Set the voltage to 1.3v. Test the voltage across the ITO slide chamber with a
multi-meter to ensure the proper voltage is applied.
• Leave the Ito chamber connected to the function generator for one hour.
• Turn off the function generator and remove the ITO chamber. At this time clouds
of GUVs have formed and are now ready to be harvested.
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Step 5-Removal of GUVs into Teflon tubes
• To remove the GUVs carefully remove the binder clips and place the ITO
chamber on a paper towel.
• Slowly pry open the two slides and set the top ITO slide aside.
• Take a pipette and cut the tip off with scissors in order to prevent any GUVs from
bursting.
• Slowly pipette about 50µl of the GUV solution with the pipette and deposit the
solution into a 2ml vial.
• Dilute the GUVs with 100 to 150 µl of the 200mM glucose solution. Tighten the
cap of the 2ml vial and label the outside.
• The GUVs are now ready for observation and will remain stable for about a week.
• Experiments with the newly formed GUVs took place between 24 to 48 hours
after electroformation.
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