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Chapter 1: INTRODUCTION

Apoptosis (a form of programmed cell death) is an intracellaotaifti-step mechanism
of shedding unwanted cells from the body. There is a specifchémical paradigm
involved with each step of apoptosis. There are two different pathiveyisgh which

programmed cell death can take place:

1. Extrinsic

2. Intrinsic
Surface receptors play a very important role in the cellidggadng processes, namely
Fas and Tumor Necrosis Factor (TNF) are primarily respon&bléhe initiation of
extrinsic apoptosis. Fas-Fas ligand mediated and TNF-red@gN&R) (1, 2) mediated
models are two accepted models of the extrinsic pathway of apo@tpais from these
two models, another TNF dependent model is TRAIL (TNF-Related Apispat

Inducing Ligand) (3).

The intrinsic pathway involves mitochondria to a great exteaistt involves caspases
and Bcl-2 family proteins. Upon an apoptotic insult, i.e. oxidative sti2’A damage,
mitochondrial disturbances etc, the Mitochondrial Outer MembraneMMKEcomes
permeable to various Inter Membrane Space (IMS) proteins such as oytectand
Smac/DIABLO. These proteins are released into the cytedoth starts the onset of

the execution phase of apoptosis by participating in the cascade pathway.



There are some common hallmark characteristics of an apoptbticespective of the
pathway through which it is executed, i.e. apoptotic cell condensationeanucl
fragmentation and flippase induced movement of phosphatidylserinetifi@mner to
the outer leaflet of the plasma membrane (1, 2), blebbing iplisena membrane, and
cell shrinkage (1, 2). The apoptotic cell is then transformed into apofioties

(membrane bound entities) (4).
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Fig.1. Schematic diagram of Mitochondria mediated apoptosis pathways




The path by which these proteins egress is subject to intersgalesand a number of
possible pathways have been proposed/ conjectured so far. The basichelaiad the
proposal of many alternate mechanisms is the conflicting evidence optésence.
Various factors can affect the initiation of apoptosis; suchM& Bamage, stress, and
calcium homeostasis. Voltage Dependent Anion-selective ChanBD& QY closure is
also linked to apoptosis (5,6). Cell cycle enzymes, Bcl-2 famibteprs, VDAC,
Neuronal Apoptosis Inhibition Factor (NAIP) as well as Tumor NeisrFactor (TNF)
are believed to regulate cell proliferation and cell death. daten of Bcl-2 family
proteins with mitochondria induce release of inter membrane spateing to the
cytosol, e.g. cytochromg Smac/Diablo and Apoptosis Inducing Factor (AlF).
Released cytochronethen binds to Apoptosis Protease Activating Factor 1 (APAF-1),
activating procaspase-9. Caspase-9 then cleaves and activates-8aspdkis way the
caspase cascade becomes fully operational. After cascadeia@izdtion, DNases,
transglutaminases and endonucleases become activated through the ccesyzake
pathway, which eventually leads to the blebbing of the cell. Release of cyt@hi®m
considered to be an irreversible step in apoptosis (7), but the release should be
accompanied by functional APAF-1 in order to make the cellyreammitted to death
(8).

There are many tentative models in place, to address the egress of inpttant
Proteins, necessary for the execution phase of apoptosis. One promaushtoont of
many existing ones is formation of lipidic pores. Bax induces schsnges in

membrane



monolayer, promoting a change in membrane curvature and thereby ipgrit
formation of a lipidic pore. This proves the role of Bax in the fdram of apoptotic
pores (9). Formation of channels by pro-apoptotic protein Bax is also forms imgagral
of models revolving around it. In apoptotic cells or when Bax is taigtiethe
mitochondrial membranes, bax then triggers release of cytochoomehich starts
downstream discrete steps of intrinsic apoptosis (10). Mitochondoabtasis induced
Channels (MAC) is another prominent candidate which forms apoptotimmelsain
mitochondria. Characteristically it is slightly cationic 2-o&ductance channel. This
channel is said to be large enough for cytochraragress (11). Last but not the least
Mitochondrial Permeability Transition Pore (MPT) is also al wetepted model in this
field. The MPT pore is formed in the mitochondrial inner membranaltmes in
mitochondrial swelling. This may lead to protein release fromitkermembrane
space. (12). These are some of the proposed pathways throughtdbkondrial

membranes and these examples are far from being exhaustive.

Experiments done previously in the laboratory of Dr. Colombini proposed one such
unique mechanism, which is the formation of channels by a sphingolipid called
ceramide. Ceramide is well known as a proposed second messenger. Activation of
cytokine

receptors results in the elevation of ceramide levels actingesoad messenger
signaling molecule. Ceramide plays a role in apoptotic signaling. Bggnalith

diacylglycerol (DAG), ceramide has been suggested to fulfill a secoademger



function by binding to specific intracellular protein targets.

Research from Dr. Colombini’s laboratory has shown that in addition to this pdopose
role as a second messenger, ceramide also directly participates ialpiématgon of

the mitochondrial outer membrane (12). Functional studies have shown that ceramide
helps in the MOM permeabilization by forming stable channels through which IMS
proteins are released to cytosol, which is a significant advancementfiel dhef
apoptosis.

This dissertation presents direct structural evidence oimgeachannel formation,
unlike previous studies. Past research in this field has establiekeexistence of
ceramide channels and proposed models for their structure throughingaaed by
using functional data. A working model of the ceramide channelpsasuced and
supported by molecular dynamic simulations (13) and electrophysiolegisatiments.
However, no direct structural evidence supporting the model wasiaeaprior to the
work presented here. The work presented in this thesis reprédsefitst visualization
of ceramide channels reconstituted in liposomes through the use mdéniisgion
Electron Microscopy (TEM).

In this context, it will be useful to introduce some background on ceramide.
Ceramide:

Ceramide is a sphingolipid discovered by a German physician-biochemishJoha
Thudichum in 1884. The enigmatic behavior of this lipid borrowed its name from the
Sphinx of Egypt. The importance of ceramide remained undervalueal lfiing time

after its discovery. The scenario changed when researdhetesdspaying attention to



ceramide as® second messenger. Among mimembers of thesphingolipid family,
ceramide is themost prominent one and plays important role in intracellule
signaling.

Intracellular vesicular transport plays an actioke iin signaling, and ceramide plays
important role in this proce: Ceramide has gphingosine base along with a fatty a
tail. The chain length of thacyl chain is variable, depending on thecificity of the
synthetic enzymeCeramide’s nature of spontaneous inter bilayer ranst bilaye:
movement and ceramide mediated signaling adds stohydrophobic nature ar
insolubility in aqueous environment which permigsamide to spend most of itfe in
membranous environment. As Hannet al. describes, (14) stress induced ceran
level elevation provides some insight into its pditd role as a second messenger. L
the increase has been associated though with agachannel formation. Cis-
ceramide, or Naalmitoyl-D- erythro sphingosine (figure.2.), is one of the natur:

occurring ceramides.
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(Source: Avanti Polar Lipids)

Activation of ceramidedependent signaling can be cal by extracellular message



Ceramide metabolism is an important factor in channel fooma@ieramide molecules
in a channel are in dynamic equilibrium with monomers (15) in thebrene, and thus
the level of ceramide present in the MOM environment plays vepptitant role in
channel formation. Therefore ceramide metabolism is a key rfantcceramide-
mediated apoptosis, i.e. an elevation in ceramide level due to matalwalis trigger
channel formation solely due to having high level of ceramide in Ni@M
environment. Thus elevation of ceramide ceramide levels resulting fnetabolism

could initiate channel formation.

Ceramide transport from other organelles to mitochondria can bampoytant in the
context of mitochondria mediated apoptosis because it requires fcaignamount of
ceramide to be present in MOM in order to form a channel.

Ceramide metabolizing enzymes are mainly found in the ER and @dlyilesser
amounts in mitochondria. The collision model of ceramide transporblissizd by
Stibanet al. suggests a strong possibility of ceramide transfer from ERttchondria
via membrane-to-membrane contact (16). Long chain ceramide trdrefe ER to
mitochondria is possibly a key element in permeabilizing MOMelease IMS proteins
(16). In the same research article, experiments were done tcstamdethe nature of
lipid transfer from ER to mitochondria and time dependence a$ahee. It was found
that the above-mentioned transfer takes place in a time depensl@onfand through
close contact between the membranes of two organelles sgliaoferandom collision.
The timescale of lipid exchange suggests a rapid transferBRio mitochondria (17,

18).



Ceramide can be synthesized by two pathways:
1) De Novo pathway involving sphinganine and acyl-CoA,

2) Salvage pathway involving sphingomyelin.

1. DeNovo pathway:

This pathway starts when the amino acid serine, reacts with fatty acyinGoA
condensation reaction catalyzed by Serine Palmitoyl Transferase (S#d)
enzyme is a heterodimer (53 and 63 kDa subunits), bound to the ER membrane
(19). This results in a product named 3-ketosphinganine, which then is used by
ketosphinganine reductase to form sphinganine by a reduction reaction.
Sphinganine is in turn used as a substrate by dihydroceramide synthase to form
dihydroceramide, which is a precursor of ceramide in the cell. Dihydraderam
desaturase plays an important role in ceramide-mediated apoptosis because it

desaturates dihydroceramide to form ceramide(Figure.3).
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2. Salvage Pathway:

Another way of producing ceramide in the cell is through Sphingonasai (SMase),

which hydrolyzes sphingomyelin (Fig. 4). There are differenfoisns of SMases

available. Three of them are acidic and two of them are nentrature. Neutral ones

are localized to the ER, Golgi and plasma membrane (20). Theneszgsponsible for

ceramide metabolism are mainly located in ER and Golgi and tsoese in

mitochondria (21, 22).
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Dihydroceramide Desaturase (DDase) is one of the critical enayhtiesde novo

ceramide synthesis pathway. It is present only in the ER. Mitochondrialideram
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usually generated through the de novo pathway, which can be produced pystsible
ways:

1. Presence of a mitochondrial DDase

2. Transfer of ceramide from ER to mitochondria
Ceramide Assembly:
Polar lipids are best known for self-assembly in an agueous environment egpeciall
the formation of a membrane. Assembly of polar lipids can occininMhe lamellar
phase of membrane. Ceramide is a two-tailed lipid with an I®wodargely aliphatic
chain amide linked to a fatty acid, which is variable in length agdedeof saturation.
Because of the presence of ceramide’s polar head groups) hadsa self-assembling

capability in the membranous environment.

Fig. 5 Functionally derived structure of ceramide channel
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The presence of a trans double bond between carbons 4 and 5 of the dgfasgdias
been found to be crucial in maintaining ceramide’s channel forming ability (24).

In vitro experiments performed with ceramide in a planar memebesmvironment and
rat-liver mitochondria shows ceramide’s channel forming abilityn the MOM it
occurs in a dose and time dependent manner (18), which is reinforced Vbyo
experiments done with whole cells (23). The ceramide channddeclarge enough to
let almost all IMS proteins to pass through it (18). TEMag®m analysis of ceramide
channel reconstituted in liposome showed that the channel size in@iposembrane
environment could be as big as 50 nm in diameter. On the contraryiohatadata
driven diameter distributions, generated from isolated rat Im@ochondria, also
suggests variability in channel diameter. The TEM data, alonlg fuitctional data
found in previous experiments, clearly suggest that the diameterarhide channels is
independent of the energetics of membrane curvature. Therefore, in light ofvioeipre
statement, the roles of Bcl-2 family proteins gain prominence,hmmay contribute

directly in ceramide channel diameter determinacy.

Studies of the disassembly of ceramide channels in the planar membrane egwvironm
show a pattern of disassembly at multiples of 4nS (14). This tedicaf the
disassembly of a barrel-like structure. This was consistehtaytrevious model of the

ceramide channel where 6-ceramide molecules (based on thenedsclof the

12



membrane) form a column connected through the amide nitrogen of oeeutaolvith
the carbonyl oxygen of another molecule. It is suggested that tlodsens self
associate in a membranous environment in an anti parallel fashiomta barrel-like
structure. These columns work as staves of a barrel and theyoanected through
hydrogen bonding. The molecular dynamic simulations suggest the tionned an
hourglass-like shape of the channel, which actually helps the gahref ceramide to
be completely buried into the non-polar environment of the membrane. Diipole-
electrostatic interactions of

ceramide columns were proposed to help stabilize the channel alémgvamous
hydrogen bonding, i.e. column remains in order by amide bonding alorg wit
cooperative tails packing. Interlayer and inter column hydrogen bonds keepsdhe pa
antiparallel columns together. circular hydrogen bonding betweemydrand water

bridges essentially keeps the staves of barrel (the column pairs) in cHs8)nel (

The above-mentioned findings about the ceramide channel have received direct

structural support by this thesis research.

Transmission Electron Microscopy:

Transmission Electron Microscopy (TEM) is a very powerful taol imaging. It is
widely used to image various samples in the field of mateciahse i.e. to study the
atomic structure of defects or to study grain boundaries. In #ié &f structural
biology, TEM is used to study subcellular organelles and determingttastructure of

various biological molecules, proteins, viruses etc. In TEM, a befaelectrons is

13



passed through a specimen; image of the sample is formed bytenaction of the
electron with the sample and then imaged on an imaging device. hhey

significantly higher magnification than light microscopes (26).

Light microscopes magnification is limited by the wavelengtHight, which has a

specific range. The formula of resolution (d) of a microscope is

d= A/ 2n siry

Where {) is the wavelength of the lighte) is numerical aperture of the lens, (n) is

a

constant, changes only with the medium. Visible light has a minimawelength of
about 400 nm. So there is a limitation of these microscopes in ta@rmesolution,
which is a key parameter to decide the power of a microscas®liRion of any light
microscope is also affected greatly by the Numerical ApeftuAg of the lens/ lenses
of the system. In this regard TEMs have significantly hidi&r which is dynamic in
nature. In TEM, the presence of a dynamic NA exists becauteuviftual lenses made
of electromagnetic coils, and variable diameter annular plate resjgorier the

aperture.

The resolution of an optical system is the ability to resolvaildiet the object that is
being imaged. The more powerful the microscope, the betteesiodution. In case of
the electron microscope, of electron is very small e.g. 0.005 nm (26), giving a
resolution of 0.127 nm (26) Behind the high resolution of the system (T }He

electron wave property. That matter shows both particle and praperties, is well

14



established by the quantum mechanics. This mechanism is utiliZéeMn Release of

electrons from the electron gun filament can be termed asraitimec emission (27) or
a field electron emission. In this type of emission, when alnseteated, ion carriers
like electron at the surface of the metal gain energy to overcome the bindengjadaif

the metal, therefore those electrons free themselves fromdted surface and move
away. Then the electrons are accelerated by the elgmitential and focused onto
samples by condenser lenses and other lenses made by elecatmméhge transmitted
beam contains the phase and periodicity, which are importaotdacted to form an

image.

For electron microscopes, the modified equation of wavelength would be

Aex h/~N 2mpE(1+(E/2mc?))

Because of the very low magnitude of Planck’s constant (h), agchigh value of the
speed of light (c), the resultant wavelengtk)(is very small, whereas (E) defines the

energy of an accelerated electron, ang) @efines the rest mass of an electron. (28)

Because the TEM is one of the mainstays of this thesis ohsearwould not be
inappropriate to discuss more about transmission electron microstapysample

preparation.

15
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Electron emission source:

The electron microscope has an electron gun as a source of ¢thereleeam. The
emission source is primarily made of the filament, biasinguiti a wehnelt cylinder.
The filament emits electrons at an angle so that they canrgenwest of the electrons
at one point. Wehnelt cylinders are designed to help the outgoingoaléaams from
the emission source to converge at one point and help getting directadds

condenser lenses by convergeing them. (27).

Electromagnetic Lenses. They emulate optical lenses. These lenses are made of a
metal coil, which is used to generate magnetic or statitrieldields. The widely used
ones for convex lens generation are the electromagnetic ones. i mnegudation of the
level of current flow through these coils one can regulate tloer@tebeam alignment,
magnification etc. Radial symmetry is a very important etspe maintain in order to
get rid of various aberrations. The selection of material i3 iagportant in order to
avoid hysteresis and permeability. The electron beam, generatda ®fectron gun
then goes through various magnetic coils. Modifications of thel lef current-flow
through the coils produce electromagnetic fields of various strenghese electro
magnetic fields act like a magnetic condenser and apertuseseand condense and
magnify the image by regulating the electron beam in a suitable fashionoil$allow
formation of quad or hexapole magnetic lenses for beam asymmated astigmatism

(29).

17



Aperture:

Apertures are annular metallic plates. These allow the gassiaelectrons that are
aligned through a specific axis (optic axis) mentioned and ddehaither scattered

electrons pass. So it is primarily a filtering mechanism.

I maging:

Electrons wave property and periodicity carries the nepgegs@armation to form an image of
the object of concern. The beam exiting from the sample hagieufa amplitude which is a
basic property of its wave function is proportional to the rémoluof image. It's the

combination of amplitude and phase that creates the image. (30)

Imaging is done on a phosphor-coated screen, usually made of zindesulfthis
imaging screen is coupled with a CCD cameras or film baseding devices that

capture the image.

Vacuum system of TEM:

The whole of TEM column is evacuated to minimize the collisioneadtens with the
air particle, which might cause partial defection of electfoo® its designated path as

well as the collision might produce heat. Evacuating the tunnel throingth whe

18



electron beam moves increases the mean free path of themleatticle. Another
positive side of having low air pressure is avoiding an ‘arc’ between the tupleaand

ground (31).

Specimen holder:

Specimen holder is specifically designed to hold the specimen grid radigihed to the
electron beam. It also has an air lock system that lete#tef the column in vacuum
while allowing the filling in and evacuation of air in the holderrabar while changing

samples (32).

Sample preparation:

Sample preparation is one of the key areas of transmissomosl microscopy. In the
method section of this thesis, | have discussed our sample pr@pamadetail, but here
| will discuss the general sample preparation techniques for. Tkl sample is placed
atop a thin carbon coated metal grid (copper generally) withnyathia plastic coating
on it. Because the electron beam readily interacts with thplegmaced on the grid,
and basically traverses through the sample to form an image seréden, the sample
cannot be thicker than hundreds of nanometer (26). This is unlike X-fagctdn,
where diffraction is measured, and a thicker sample is considetied. 80 samples
have to be material transparent. In case of biological sampii@atige is necessary in
order to provide rigidity to the sample structure (26). Stains hagteal role to play,

first they are used as chemical fixatives, which give rigido biological sample

19



structure, and they provide the necessary contrast for transmitsttno® microscopy

(26).

Negative Stain:

Negative stains are basically salts of heavy metalsuligaium, tungsten, osmium etc.
Heavy metals are useful because of their ability to dedlledttrons or scatter them to
other directions and deviate them from their path. Negative sieimsfan amorphous
glassy layer of stain on the grid surface and helps formationbatkground smooth
image plane. Negative stain deposits around the sample on thplagriel Negative
staining deposits heavy metal everywhere but on the samplepA&m®menon gives
contrast between the background and sample, called negative contiasy. rHetal
deposition around the sample is much more than other parts of the grde@ease of
concentration of heavy metal deposition around the sample is invpreglgrtional to
the distance from the sample. At sample boundary, deposited amountabfisrisie
highest. As distance increases from the sample boundary on gridiplavieg along X
axis in a XYZ coordinate system), deposition reduces in a lifesdrion. Uranyl
acetate, uranyl formate, phosphotungstic acid and ammonium molyb@atgoad
examples of negative stain. Negative stain also gives rigilitiie biological samples
so they do not undergo any more morphological changes after negativeestament,
and can be preserved for months and can be seen under TEM with dnstitecéure

(26).

20



Positive Stain:

The function of positive stain is quite similar to that of negatian in terms of giving
stability to the sample and increasing contrast, but along withittlzso has a role of
engaging in cross linking reaction with the unsaturated double bontie shinple if
present, and the area where this reaction occurs gets a blackispey. metal salts
present in a positive stain, unlike negative stain, attach to théfispmmples to
increase the density of the samples, increasing positive conftastis exactly the

opposite of negative contrast (26).

In this thesis research, we chose Uranyl Acetate (UA)egative stain over positive

staining because of two reasons:

1. It had better contrast

2. The operable pH range of UA negative stain was similar to that of theesampl

solution.
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CHAPTER 2. MATERIALSAND METHODS

2.1 Materials:

Asolectin (a polar extract of soybean phospholipids resembling the
mitochondrial outer membrane phospholipids), diphytanoyl phosphatidylcholine
(DPhPC), ceramides and the materials needed for liposome fombgtiextrusion were
bought from Avanti Polar Lipids (Alabaster AL). Formvar and carboated, 200
mesh copper electron microscope grids were purchased from Blddiovoscopy
Sciences (Hatfield, PA). Dil C12, the membrane tagging dge kought from BD

Biosciences (San Jose, CA).

2.2 Preparation of liposomes.

Liposomes were composed of asolectin: DPhPC: cholesterol in a M38.5veight
ratio. The lipids were mixed and dissolved in hexane, dried undegeit and placed
under vacuum overnight. On occasion, the fluorescent marker Dil C1Zeladdad at

approximately a 1:50 molar ratio. The lipid was dispersed in 1 rAl&¥ mannitol,
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50mM NacCl, 10 mM HEPES, and 1mM EDTA, pH 7.2. The liposomes wereatedi
and freeze thawed 4 times followed by extrusion through a 0.2 um gubyecde

membrane for 17 passes. This last step generates unilamellar ligosome

Cartoon of aliposome and its Interior Environment.

Figure.7. Cartoon of a liposome (Courtesy: Dr Scott Hartsel )

Formation and Separation of liposome with ceramide channel:

The basic idea behind the separation of liposomes with ceramideatfeom those
having no channel was to make liposome in denser buffer and then tidmein
lighter buffer having similar osmolarity, liposome with channdl float to the surface

because of equilibration of buffer inside Vs. outside through cerarha®el, whereas
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liposomes without channel will remain heavier and will drop to theobotiacking

equilibration of buffer inside Vs. outside.

The extruded sample (1ml) was diluted to 10 ml with 0.60M MannitoQNd.NaCl,
10mM HEPES, 1mM EDTA, pH 7.2. This buffer was carefully chosen becthes
osmolarity of the buffer equals that of the denser mannitol bufsede the liposome.
Four hundred microliters of 1mg/ml£ceramide in isopropanol or vehicle alone were
added to the diluted liposome solution while vortexing. Dilution of the lipessample
was necessary to minimize the influence of the vehicle (isopropalplosomes
containing channels were separated from those lacking channeé&ntrifugation in a
step gradient. The bottom layer, containing most of the volume, lveaippsome
suspension. The next layer was 1ml of 0.4M NaCl containing 10mM HEBPERB?2.
The channel-containing liposomes were expected to collect ahténrace between
these solutions. Aggregated ceramide molecules (ceramide micttauild float above
the NaCl layer because their density (approximately equahter) is less than that of
both Bulk mannitol buffer and NaCl buffer solution layers. To furthepasate the
liposomes from the ceramide aggregates, 1 ml of water warethpn top of the NaCl
layer. The tubes were spun in a swinging bucket rotor at an RCF=580@fbm
temperature for 4 hours. In the tube containing the liposomesdreatie ceramide,
most of the liposomes were located at the mannitol/ NaClfaceer(Fig. 9A). The
liposomes only treated with isopropanol (vehicle control) sedimentétetbottom of
the centrifuge tube (Fig. 9B). Once removed from the gradiémt, liposome
suspension was concentrated further by placing it in a dialyie &nd adding

polyvinyl pyrrolidone, with average molecular weight of 40,000, around the tube.
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2.3 Transmission electron microscopy:

Carbon coated formvar grids were used for the study. The gridiogdsd on top of a
drop of sample for fifteen minutes followed by floating on top of osntetnoxide (2%
agueous solution) for ten minutes. Then it was floated on top of 1% aqueog
acetate for 1 min and after air-drying, it was observed under.THM electron
microscopic analysis of the sample was performed with a ZEEHMSL0 CATEM at
magnifications ranging from 25K — 200K. The electron micrographse waid
projections of the negatively stained channels. Approximately equabersmof
ceramide-treated and control liposomes, treated only with the vemteopanol, were
observed. No channel-like structures were ever observed on the dgusames
whereas a total of over 80 channel-like structures were olobsenvethe ceramide-
treated liposomes over many separate experiments by twotigatess working

independently (JS and SS).

2.4 1mage analysis:

All image analysis was performed using Image J softwdesgloped at NIH
and freely available on line) at 8-bit resoluti@hannel diameters were determined by
densitometric slicing through the channel and measuring the distarnice inflection
points. The channels were essentially circular and considdrengvide variation in
channel sizes, increased precision was considered to be unneceSsafsce plots of

ceramide channels embedded in liposomes were performed aftemigtbe image so
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that dark areas appear raised. This allowed better visuatizatithe channel and its
comparison to the depth of stain accumulated around the vesiclaesiiation of the

electron micrographs, as influenced by the degree of defocusasggdetermined from
the first zero of the phase contrast transfer function in the éfotransform power

spectrum of a background region of the micrograph and used without further correction.

In order to test the possibility that the walls of the chanmedght be tilted, the
density function of the cross-section at the edge of a channelcomapared to a
theoretical right-angled edge that was smoothened (low-paseedijt by a moving
average. To avoid sampling error, the shape of the tilt usedaébr @hannel was an
average of the density function of 6 cross-sections through tneehat angles evenly
spaced around the circle. The number of nanometers in the movingewesa the
same as the resolution determined from the phase contrast itramsféon of the
background. In addition, a random sample of 15 micrographs was seledtefitaese
13 was of sufficient quality to be analyzed further. The smoothiogedure was
performed with a variable moving average and the best fie@st squares) yielded the
resolution estimate (i.e. the number of nanometers in the moving auverBlgs value

was compared to the value obtained from analysis of the background.

2.5 Electrophysiological recordings:

The formation of ceramide channels was monitored by recordingutihent flowing
through a planar phospholipid membrane made by the monolayer techniquas[33]
modified [34]. The lipids used to form the membrane were DPhPC, asylecti

cholesterol, 1:1:0.2 (w/w/w). Membranes were 0.05-0.1 mm in dianiétervoltage
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was clamped and the current recorded. The aqueous solution contained KIll, mM
5mMMgCI2, 5 mMPIPES (pH6.9) for C2-ceramide and 1.0MKCI, 5 mM MgCI2, 5
MMPIPES (pH 6.9) for Cl16-ceramide. All the experiments werépeed at room
temperature (about 23 °C). Ceramide was generally added to both dfidése
membrane. C2-ceramide was dissolved in DMSO and C16-ceramigegropanol.
Solutions of 0.1 or 1.0 mg/ml were used. Aliquots of 2gP@vere stirred into 5 ml of
aqueous buffer bathing the membrane. Multiple additions were ofteleché@ achieve
a substantial conductance. The dispersal of ceramide close to thbrane was

essential to achieve a good conductance level with the 8 long-chain ceramide.
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CHAPTER 3. RESULTSAND DISCUSSION

3.1 Generation of liposomes containing channels

Unilamellar phospholipid/cholesterol liposomes were formed by theisah
technique. G-ceramide dissolved in isopropanol was added while vortexing to form
channels in the liposomes. The amount of isopropanol was kept below 4% do avoi
disturbing the liposomal membranes. This technique was shown to cleeimmels
capable of permeabilizing the liposomes to carboxyfluoresceinttegermeability
could be influenced by agents that influence ceramide channels [13]lipdhemes
with channels were separated from those without channels and éramide micelles
by means of a density step gradient. This took advantage of fieeenice in
permeability of the membranes of liposomes containing channelthasdlso served
as evidence of channel formation. In Fig. 9A, the top of the gradev®als the
ceramide-containing liposomes as cloudy layer just below the air-witdefiace. There
is no visible pellet on the bottom of the tube. In Fig. 9B, dipedf the gradient shows
no visible liposomes whereas the bottom of the tube has an evident pietk gbe

liposomes containing the tagging dye.
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A. with ceramide B. control

Figure.8. Location of liposomeswith channel and without channel in density
gradient centrifugation [A. top: Liposome with channel, bottom: no liposome] [B.
top: aggregated ceramide, bottom: liposomes treated with isopropanol]
3.2 Visualization of channels by electron microscopy

Both the isopropanol (vehicle control) and ceramide treated liposorees w
fixed with osmium tetroxide and negatively stained with uranydtate prior to
observation by TEM. It is known that ceramide channels arenandic equilibrium
with monomers or non-channel aggregates in the membrane [35-42] andrttiusos
tetroxide was used as a mild fixative to stabilize the channEfe osmium tetroxide
treatment alone produced little staining. The subsequent treatiteniranyl acetate
visualized the channels. As a negative stain, uranyl acetats &m amorphous, glassy
layer that fills spaces, such as channel lumens, causing thésediectron opaque.
Some of the ceramide-treated liposomes had black circular sesic(iig. 10),

interpreted as stain-filled cylindrical channels.
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100 nm

100 nm

100 nm

Figure.9. Liposomes with ceramide treatment having channels

A total of over 80 channel-like structures were observed on thenade-treated
liposomes over many separate experiments by two investigabokeng independently
(JS and SS). A similar number of isopropanol treated liposomgs 1E) were
observed as those treated with ceramide yet none of these digmasolmes had the
structures seen in the ceramide-treated liposomes, demonsthatintpe channel-like

structures were induced or produced by ceramide.
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100 nm

100 nm 100 nm

Figure.10. Liposomes with control (vehicle) treatment
Dihydroceramide-treated liposomes were indistinguishable fromtrais.
This is expected because dihydroceramide does not form channetechondria [24],

planar membranes [26, 36] or liposomes [24].

A histogram of the diameters of the circular channel-likecttires shows a size
range from 5-38 nm (Fig. 12). The resolution limit for negasitaning is 1.5-2 nm
[27] and thus these structures are well within the scope of tlileothe However,
smaller channels may have been present and not detected bafcthesémitations of

the method
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Figure.1l. Histogram of channel diameters

The amorphous, glassy nature of the negative stain allowed us tqulitin
between a surface feature and a channel with depth. Asatinedries over and around
the flattened liposome, the stain can accumulate at the edgesatidckness can
decline with distance from the liposome in an exponential fashign (BA) or the
vesicle can displace stain from a fairly even background (Fig. 18Bg. gray scale of
the scanned image has 8-bit resolution and represents the quanttatienelectron
micrograph. The gray scale values should be proportional to the trsokhdsposited
stain because the heavy metals in the stain are the maptmoelscatterers and the
greater the amount of stain the fewer electrons will hit theoginaphic negative. The
major peaks within this outline of the vesicles in Fig. 13 aresthm-filled channels.
The accumulation of stain within the channel results in a grage $lat is comparable
with the accumulation of stain around the flattened vesicle shothiaigwhat we
interpret as channels have significant depth and thus are uriikély minor surface

indentations.
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gray scale

gray scale

Figure.12. Surface plots of the stain density of electron micrographs of vesicles
containing one (A) and two (B) channels. The gray scale wasinverted so that the
highest value hasthe darkest stain. Arrows indicate the location of the strain-filled
channels

The cross-sectional view of the stain density of the stdedfithannels is not
rectangular but rhomboid in shape. This is expected becauseage is blurred by the
contrast transfer function of the microscope. However, one cawlasker the shape
is within the limits expected for a cylindrical channel or ppshiadicates the formation
of something other than a right cylinder. For instance, the chamgék have tilted
sides, forming a truncated cone. To look for evidence of deviations froigha
cylinder, we compared the density function of the cross-sectitre a&dge of a channel

to a theoretical right-angled edge that was smoothened (lowiftassd) by a moving

average. In the two examples shown in Fig. 13, the degree of smooethmg
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determined by the resolution estimate determined from the Zexi of the phase
contrast transfer function (CTF) of the Fourier transform pows¥ctsum of a
background region of the same electron micrograph from which @geinvas obtained

(1.25 nm for panel A and 1.0 nm for panel B of Fig. 13).
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Figure.13. Expected tilt of channel edge compared to experimental data

In these cases the agreement between experimental resultheandtical
expectation can be seen visually to be very high. Alterngtigehoothening of the
theoretical right-angled edge was varied until it gave & fite® the density function
cross-section of the micrograph of a channel and from this an appasehition was
obtained that could be compared to that determined from the CTF batkground.

This was done by sampling 13 micrographs. The average resoftam the fits was
1.3 £ 0.3 and that from the CTF was 1.4 £ 0.3. The average of the wiifsrevas 0.12
nm, only 10% of the value of the resolutions. Thus, the observations are consistent with
a channel forming a pore that is a right cylinder. More sdpated methods will be

needed to rigorously explore the shape of the channel.
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Planar membrane data also agreed with TEM experiment derisgitisrand confirmed

the size distribution and structure of the ceramide channel.
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Fig. 14. Sizes of ceramide channels measured from electrophysiological
experiments. (A) A typical trace of conductance incrementsin a planar
phospholipid bilayer following the addition of C16-ceramide to the aqueous
compartment. Thisisthe growth of a single ceramide channel [15]. The calculated
channel diameter isalso indicated on the y-axis. (B) Histogram of the calculated
size of ceramide channels from many experiments such astheoneillustrated in
(A). In theinset, the number of eventsis expressed as a fraction of the total
number of eventsand theresultsfrom electron microscopy (EM) and
electrophysiological recordings are plotted together for comparison.

The planar membrane experiments are another way to measuigethed seramide

channels. These sizes can be compared to the sizes determinEdby@ramide is
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known to form large and stable channels in planar membrane [25,43].iofddit
ceramide to phospholipid membranes results in conductance incremeraslitnaate
into a final steady-state conductance (Fig. 14A). In most c#sssfinal conductance
has been shown to be due to a single gargantuan channel [15]. Due tgdhsZa of
these channels, one can calculate their diameter with highraagcknowing the

conductance of a cylinder of solution and the access resistance of the medium.

d = 0:9G +p°G*4+4pGLrs

Where d is the diameter of the pore, G is the measured condugtasdbe resistivity

of the medium (8.942 cm for 1.0 M KCI), L is the length of the channel (taken as 5
nm) andn has the usual value. The length of the channel was assumedstarbe
Separate histograms of channel diameter sizes calculated Tilvh and planar
membrane experiment data (Figs. 11 and 14B, respectively) showallyirdentical
distribution. Both data sets were converted to fractions of thd totenber of
observations and plotted together in the inset to Fig. 14B for @asparison. Both
histograms are asymmetric, with long tails on the side gélahannels. This indicates
that the channel sizes are not clearly limited. Electroplogicdl measurements have

recorded channels with much larger calculated diameters.

36



4. Conclusion:

This work presents the first visualization of the large chanfaiwed by
ceramide in phospholipid membranes. Channel sizes peak around 10 nm but do not
show a normal distribution, indicating that the size is not stritthited by the
energetics of channel curvature. Indeed, both the TEM and functiodassshow that
the channels can achieve very large sizes. The size magtb&nmed in mitochondria
by Bcl-2 family proteins as previously reported [44]. The abiityform very large
channels is in agreement with models of the ceramide channdlstrdeduced from
functional studies [43] and supported by molecular dynamics simulatics The
large channel size is also in agreement with all the intenbreme space proteins that
are released on the onset of the induction phase of apoptosis. rébelée may not
apply to other structural forms of ceramide, such as skin cerdhatlbas been shown

[45] to act by changing the overall morphology of liposomes.
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