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Abstract 

Exocytosis is a critical cellular process enabling key cellular activities such as exo- and 

endocrine functions  and synaptic  transmission.  In  turn,  exocytosis  is  defined by the 

calcium-triggered membrane fusion step of release.  To effect release of soluble vesicular 

contents first requires the complete merger of two apposed, amphipathic, lipid bilayers. 

In model lipid systems, this fusion step is strongly dependent on the specific composition 

of the hydrated bilayer, requiring membrane components of defined intrinsic curvature. 

Herein we demonstrate in a well characterized, biological membrane fusion system of 

isolated cortical vesicles, that the native fusion reaction depends on cholesterol in two 

distinct  roles.  First,  as  a  native  membrane  component  of  high  negative  curvature, 

cholesterol  lowers  energy  barriers  to  the formation  of  high  curvature  lipidic  fusion 

intermediates, defining the ability of vesicles to undergo fusion. Second, cholesterol acts 

as a membrane organizer to integrate the functions of specific proteins and lipids at the 

active  fusion  site,  dependent  on  the  integrity  of  cholesterol-enriched  microdomains. 

Altering  the  stability  of  such  microdomains  affects  the  fusion  process  indirectly,  by 

diminishing  the  efficiency  of  membrane  fusion  while  leaving  the  inherent  ability  of 

vesicles  to  fuse  intact.  The  role  of  cholesterol  in  regulating  the  efficiency  is  quite 

specific, as it cannot be replaced by structurally similar sterols. 
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Chapter 1: General Introduction 

Sections 1.4 – 1.6 have been previously published as Cholesterol, Regulated Exocytosis, 

and  the  Physiological  Fusion  Machine  by  Churchward  MA and Coorssen  JR (2009) 

Biochemical Journal 423; 1-14. 

MAC was responsible for writing all drafts of this article, with input and revisions from 

JRC. 

1.1 Synopsis 

Exocytosis  is  a  highly  conserved  and  essential  process,  deficits  of  which  are 

implicated  in  a  spectrum of  human  health  conditions.  While  numerous  proteins  are 

involved throughout the exocytotic process, the defining membrane fusion step appears to 

occur through a lipid-dominated mechanism. Here we review and integrate the current 

literature on protein and lipid roles in exocytosis and trafficking, with emphasis on the 

multiple roles of cholesterol in exocytosis and membrane fusion, in an effort to promote a 

more  molecular  systems-level  view of  the  as  yet  poorly  understood process  of  Ca2+

triggered membrane merger.  The complete cycle of exo- and endocytosis in intact cells 

complicates the study of fusion as blockade of any given step will result in blockade of 

release.  Bypassing  these  limitations,  we use  a  preparation  of  release-ready  cortical 

vesicles isolated from sea urchin oocytes.  These vesicles undergo a conserved, triggered 

fusion  reaction  in  response  to  only  an  increase  in  intracellular  [Ca2+]free without 

requirement  for other cytosolic factors.  By all  available criteria homotypic fusion of 

isolated  vesicles  occurs  through  the  same  molecular  mechanism  as  vesicle-plasma 

membrane  fusion  and  bypasses  both  access  difficulties  and  the  bulk  background 

contributed by the plasma membrane in the docked state of the vesicle. 
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1.2 Abbreviations used 

SNARE – SNAP receptors 

SV – synaptic vesicle mβcd – methyl-β-cyclodextrin 

PM – plasma membrane lo – liquid ordered 

FFM – fundamental fusion machine ld – liquid disordered 

PFM – physiological fusion machine GPI – glycophosphatidylinositol 

NSF – N-ethylmaleimide sensitive factor DRM – detergent resistant microdomain 

SNAP – soluble NSF attachment protein FRET  –  fluorescence  resonance  energy 

transfer 

VAMP  –  vesicle  associated  membrane SPT – single particle tracking 

protein TCZ – transient confinement zone 

PEG – poly-ethyleneglycol PLD1 – phospholipase D1 

CV – cortical vesicle PA – phosphatidic acid 

CSC – cell surface complex F-actin – filamentous actin 

SM – sec1/Munc18 

1.3 Trafficking, Exocytosis, and Human Health 

Exocytosis is broadly defined as the release of soluble, vesicle bound content to 

the exterior of a cell.  Exocytosis constitutes one component  of the many trafficking 

pathways that exist in every eukaryotic cell.  Collectively these trafficking pathways are 

responsible for the transfer of material between the different membrane bound organelles 

that define eukaryotes, allowing spatial separation and coordination of various catabolic 

and anabolic reactions, degradative processes, and storage, transfer, and maintenance of 

various essential proteins, hormones, and ions.  All trafficking events share a series of 

conserved structural features: formation (biogenesis) of a transport vesicle (e.g. budding 

of a vesicle from the trans-Golgi network), transport of the vesicle to the target organelle 
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or membrane, and the docking and fusion of the vesicle and target membranes to effect 

release or mixing of soluble and/or membrane bound content (Figure 1.1).  

1.3.1 Conservation of trafficking 

From  a  functional  perspective  exocytosis  can  be  divided  into  two  distinct 

categories:  constitutive  and  regulated  (Ca2+-triggered)  exocytosis.  Constitutive 

exocytosis is carried out by essentially every eukaryotic cell  and includes delivery of 

newly synthesized protein to the plasma membrane and excretion of waste products from 

the cell.  Regulated exocytosis occurs in a number of different cells highly specialized for 

secretion.  The defining difference between constitutive and regulated exocytosis occurs 

at the site of membrane fusion.  The membrane fusion step of regulated exocytosis is 

functionally restricted in order to allow for precise timing of fusion.  The trigger for 

release  in  almost  all  regulated  exocytotic  events  is  an  increase  in  cytosolic  Ca2+ 

concentration. This regulatory step allows animals to exhibit important temporal control 

and enables such critical and diverse functions as synaptic transmission [1], endocrine 

[2], exocrine [3], and neuroendocrine [4] function, immune response [5], fertilization [6

8], and regulation of lung surfactant [9]. 

Trafficking  pathways,  both  intracellular  and  exocytotic,  share  a  number  of 

features and molecular components conserved from yeast and plants to humans (Figure 

1.1).  Following biogenesis and maturation of trafficking vesicles transport and tethering 

to target sites is regulated by small GTPases of the Rab family (reviewed in [10]).  The 

membrane  anchored  Rab  proteins  coordinate  interactions  between  the  vesicles  and 

molecular motors: kinesin and dynein/dynactin transport vesicles over long distances via 

microtubules  [11],  while  myosin  is  responsible  for  short  range  transport  over  actin 

filaments [12].  In one of the better studied examples, Rab7 facilitates the interaction of 

secretory lysosomes with the microtubule motors dynein and dynactin, resulting in the 

transport towards the developing immune synapse in cytotoxic T-lymphocytes [13].  At 

the cell periphery, Rab27a directs the transfer of secretory lysosomes from microtubules 

to actin filaments by interaction with myosin V [14].  Tethering interactions are, in a 
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number  of  exocytotic  reactions  (adrenal  chromaffin  cells,  lymphocytes,  and 

melanocytes),  facilitated  by  Rab27  (or  other  Rab  proteins)  through  interactions  with 

protein  complexes  at  the  fusion  site,  including  the  SNARE  proteins  SNAP-25  and 

syntaxin,  Munc13  and  18,  and  the  exocyst  tethering  complex  [14-17].  The  steps 

occurring immediately prior to fusion are highly conserved: in most studied systems the 

SNARE proteins function in a prefusion step, forming a tightly assembled trans-SNARE 

complex that bridges the vesicle and target membranes [18-22].  Despite the numerous 

identified components of trafficking upstream of membrane fusion, no proteins have yet 

been identified which directly contribute to the process of lipidic membrane merger. 

1.3.2 Trafficking deficits in human disease 

Given the diversity  and importance of  exocytotic  pathways to  normal  cellular 

function it is perhaps not surprising that exocytotic components have been identified in a 

number of human health disorders.  Among the most thoroughly described is Griscelli 

syndrome types I-III (GS1-3), characterized by partial albinism, and for types I and II 

neurological impairment and immunodeficiency.  GS1 is caused by mutations in the gene 

encoding myosin Va [23], GS2 by mutations in RAB27A [24] , and GS3 by mutations in 

MLPH [23], which encodes melanophilin.  These mutations result in impaired trafficking 

and  exocytosis  of  melanocytes,  as  well  as  defects  in  secretory  lysosome  release  in 

lymphocytes,  and  is  typically  fatal  at  an  early  age [25].  Similar  defects  in  vesicle 

transport are seen in a host of conditions: choroideremia is an X-linked impairment in 

Rab27a  geranylgeranylation  resulting  in  progressive  loss  of  vision [26];  non-specific 

mental retardation is an X-linked defect in GDI1, a Rab guanine nucleotide dissociation 

inhibitor  [27]; Charcot-Marie-Tooth  type  2A1  and  2B  are  linked  with  mutations  in 

KIF1B (kinesin 1b) and Rab7, respectively, and present as progressive peripheral sensory 

neuropathy resulting in muscle atrophy [28, 29]; Warburg Micro Syndrome and Martsolf 

syndrome  are  related  autosomal  recessive  disorders  resulting  in  mental  retardation, 

microcephaly, microcornea, optic atrophy and hypogonadism and are linked to mutations 

in RAB3GAP1 and RAB3GAP2 (Rab3 GTPase-activating proteins),  respectively [30

32];  and  a  subset  of  cases  of  amyotrophic lateral  sclerosis  1, a  progressive,  fatal 
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neurodegenerative  disorder, are  linked  to  mutations  in  DCTN1,  which  encodes  the 

dynamin/dynactin  and microtubule  interacting protein p150Glued [33].  In  the tethering 

stage of exocytosis, mutations in Munc13-4 have been linked to familial hemophagocytic 

lymphohistiocytosis  type  III,  which  is indicated  by  severe,  often  fatal  immune 

disregulation [34].  The  SNARE  proteins  are  linked  with  a  number  of  additional 

disorders:  mutations in SNAP29 are implicated in neurocutaneous cerebral dysgenesis, 

neuropathy, ichthyosis,  and keratoderma syndrome [35];  mutations in syntaxin 11 are 

linked with type IV familial hemophagocytic lymphohistiocytosis [36]; mutations in the 

Sec1/Munc18  protein  VPS33B  are  linked  with  arthrogryposis-renal  dysfunction

cholestasis (ARC) syndrome, characterized by non-degenerative joint contractures, renal, 

bile duct,  and platelet  dysfunction; and mutations in SNAP25,  one of three SNAREs 

critical for synaptic transmission, have been linked to psychological disorders such as 

attention deficit hyperactivity disorder and schizophrenia (reviewed in [37]). 

1.4 Exocytosis and Membrane Merger 

1.4.1 Regulated Exocytosis 

Exocytosis is a highly conserved process essential to the function of numerous 

cellular  activities.  At  the  neuronal  synapse,  the  rapid,  triggered  release  of 

neurotransmitter  following a depolarizing action potential  is  perhaps one of  the most 

widely studied exocytotic events.  In this case synaptic vesicles (SV) are trafficked to the 

active zone where they are docked, tethered and undergo final ATP-dependent priming 

reactions (Figure 1.2).  These SV are now defined as release-ready and will undergo a 

regulated fusion reaction with the plasma membrane (PM) dependent on only an increase 

in intracellular [Ca2+]free to trigger release of neurotransmitter into the synaptic cleft; at 

any time there are a limited number of such readily releasable SV (e.g. ~7-12) at an 

active zone [38, 39].  Subsequent endocytosis and refilling of vesicles retrieved from the 

PM (via endosomal  fusion or  endosome-independent refilling)  serves to replenish the 

pool of SV.  As the entire exo- and endocytotic machinery is intact in healthy synapses 

this, in theory, allows for the study and identification of protein and lipid components 
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Figure 1.2: Schematic diagram of exocytosis in the presynaptic terminal 

Note that while diagrammed as a strict sequence, the timing of the steps of the priming 

reaction  may  occur  before,  during,  or  after  the  docking  process.  Adapted,  with 

permission, from the Annual Review of Neuroscience, Volume 27 © 2004 by Annual 

Reviews www.annualreviews.org  [303]. 
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integral to the mechanism of exocytosis; however, the cyclic nature of this pathway can 

confound study of the Ca2+-triggered fusion steps as blockade of any step will result in 

the eventual inhibition of exocytosis and thus neurotransmitter release.  To some extent, 

this  has  resulted  in  the  tendency  to  equate  the  exocytotic  process  directly  with  the 

membrane fusion event. 

Membrane  fusion  is  strictly  defined as  the  intermixing  of  apposed  bilayer 

membranes  (e.g.  the  vesicle  membrane  and the  PM)  to  enable  release  of  vesicular 

contents,  or  content  mixing  in  the  case of  homotypic  vesicle  fusion  as  occurs  in 

compound exocytosis.  While exocytosis includes the release of vesicle contents, it is a 

more general descriptor for the entire trafficking pathway, and includes both essential and 

regulatory  steps  upstream  of  membrane  fusion  (targeting,  tethering,  docking,  and 

priming). This interchangeable use of terms has led to the description of a number of 

exocytotic proteins as 'fusion proteins' without rigorous evidence of a direct role for the 

protein  in  native  membrane  fusion.  Rather  than  a  simple  issue  of  semantics,  the 

distinction  between  a  fusion protein  and  an  exocytotic  protein  is  one  of  molecular 

mechanisms.  While a fusion protein would be expected to transduce some or all of the 

local energy in vivo to fully drive the membrane merger steps, contributions upstream of 

membrane  merger  that  ensure  the  efficiency  of  the  triggered  fusion  event  –  e.g. 

promoting  close  membrane  apposition  by  helping  to  dissipate  the  hydration  layer, 

ensuring stable docking and the effective binding of Ca2+ required for the characterized 

physiological  response of  the system – may not  equate  with a  fusion protein per se. 

While a range of different cell types exhibit physiologically different secretory events 

(e.g. differences in Ca2+-sensitivity and fusion pores of different sizes and stabilities), 

evidence suggests that this is accomplished with a single fundamentally conserved fusion 

mechanism that is coordinated by any number of accessory molecules to promote the 

efficiency of the fusion process, thus yielding the physiology characteristic of the cell 

type in question [40, 41].  In this light the entire ensemble of interacting molecules could 

be more globally considered to be a fusion machine: a multicomponent system composed 

of  varied  constituents,  including those  necessary  and sufficient  to  enable  fusion  (i.e. 
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membrane merger) as well as those serving modulatory roles critical to the physiology of 

the system. 

Thus,  while  only  specific  components  may  be  necessary  and  sufficient  for 

membrane merger per se, based on purely (bio) physical considerations, many additional 

components contribute to the overall physiology of any given native membrane fusion 

event.  In terms of the most basic components required to actually merge apposed native 

bilayer membranes (perhaps only cholesterol and specific lipids according to the stalk-

pore  hypothesis [42-45]),  we  consider  this  to  be  the fundamental  fusion  mechanism 

(FFM).  Superimposed on this inherently inefficient mechanism [40] are those various 

components  that  provide  for  the  regulation,  sensitivity,  triggering,  speed,  and overall 

efficiency of the native fusion reaction – the characteristic physiology – we consider this 

to be the physiological fusion machine (PFM) [46, 47]. 

1.4.2 Proteins in Regulated Exocytosis 

Studies of exocytotic pathways in a range of secretory cell types have led to the 

clear identification of a number of proteins involved in exo- and endocytosis.  Among the 

first identified and best studied exocytotic proteins are N-ethylmaleimide sensitive factor 

(NSF), the soluble NSF attachment protein (α/β SNAP) and the SNAP receptor (SNARE) 

family of proteins [48-51].  The PM Q-SNAREs syntaxin 1 and synaptosome-associated 

protein  of  25 kDa (SNAP-25,  no relation to α/β SNAP)  as  well  as  the  vesicular  R

SNARE synaptobrevin (or vesicle-associated  membrane  protein; VAMP) are targets of 

the  Clostridial  toxins.  A number  of  studies  subsequently  identified  the  SNAREs  as 

fusion proteins, and they are sometimes described as the minimal machinery required for 

membrane fusion [51-53].  Quantitative  analyses  have demonstrated that  the SNARE 

protein  cytosolic  domains,  while  essential  for  efficient  exocytosis,  are  not  absolutely 

required for native Ca2+-triggered membrane fusion [40, 54-58], nor are these proteins 

capable of providing a minimal framework for the fusion of artificial membranes when 

reconstituted at native densities [59, 60]. 
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As such, although the importance of the SNARE proteins to eukaryotic exocytosis 

is  undisputed, the specific role of the SNAREs as the membrane fusion proteins still 

remains highly controversial. Studies of the SNARE proteins in vitro have provided 

interesting information regarding their structural interactions, yet it is still unclear how or 

whether these results  directly translate  to the native membrane interactions or fusion. 

Early studies demonstrated that two discrete populations of proteo-liposomes containing 

Q- and R-SNAREs, respectively, were able to undergo spontaneous lipid mixing when 

the  populations  were  combined [52,  53].  This  was  heralded  as  evidence  that  the 

assembly of the trans-SNARE complex was sufficient and necessary to drive the full 

fusion of  two lipid  membranes.  Subsequent  studies  identified  three  unaccounted for 

experimental variables which may have influenced the results (summarized in Table 1.1). 

First, the comicellization method used to generate SNARE proteo-liposomes resulted in a 

heterogeneous distribution of  vesicle  sizes,  which led to a comparably heterogeneous 

distribution (and thus density) of proteins within the vesicle population [59].  Second, the 

authors measured only lipid mixing as an indicator of vesicle fusion; as content mixing 

was not assessed, full  vesicle fusion events could not be distinguished from transient 

localized disruption and re-annealing of contacting membranes.  Indeed, the SNAREs 

(with synaptotagmin and Ca2+) have since been shown to promote hemifusion over fusion 

pore formation in these in vitro assays [61]. Recent studies, with protein incorporated 

directly into pre-formed liposomes,  did not demonstrate significant  content mixing in 

SNARE proteo-liposomes at native protein densities, even in the presence of significant 

lipid mixing [60], in contrast to an original report of content mixing in similar SNARE 

proteo-liposomes  reconstituted  using  the  comicellization  approach  [62].  Finally,  the 

authors observed lipid mixing between the two populations of SNARE proteo-liposomes 

at protein/lipid ratios that vastly exceed the native densities of the Q- and R-SNAREs. 

Recent reports indicate that the native density of VAMP in rat brain SV is approximately 

180:1 (lipid:protein, mol/mol): this is equivalent to ~3200 copies of VAMP per square 

micron of membrane [63], which contrasts with an earlier estimate of ~2800 copies/µm2 

[51].  The density of VAMP on sea urchin cortical vesicles (CV), another well-studied, 

fast, Ca2+-triggered fusion system, is somewhat lower, at ~1700 copies/µm2 [40, 56].  The 
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Table 1.1: Summary of experimental systems utilized in some SNARE proteo

liposome studies 

Group Citation	 Method Density Findings Lipid / 
(co/dir)a (lipid:pt)b Content Mix 

Rothman JE [52] co 11-18:1 First demonstration of SNARE-induced 
lipid mixing 

lipid 

[53] co 11-18:1 Rapid lipid mixing lipid 

[62] co 11-18:1 Content mixing assessed with 
oligonucleotides 

content 

[296] co 22:1 Specificity of yeast SNAREs in lipid 
mixing 

lipid 

[297] co 11-18:1 Zippering of SNAREs lipid 

[298] co 22:1 Golgi inhibitory SNAREs lipid 

[299] co 100:1 Mixing inhibited by positive curvature 
lipids 

SNARE 
assembly c 

Söllner TH [96] co 75-100:1 Ca2+-independent lipid mixing with 
synaptotagmin 

lipid 

Davletov B [101] co 25-35:1 Ca2+-dependent lipid mixing with SV lipid 

Chapman ER [95] co 17-300:1 Ca2+-dependent lipid mixing with 
synaptotagmin 

lipid 

[152] co 27-270:1 Synaptotagmin specificity for neuronal 
SNAREs 

lipid 

[153] co 280-450:1 Direct effect of synaptotagmin in mixing lipid 

Hirashima N [300] co 600:1 Mast cell SNAREs lipid 

Zerial M [301] co 10000
2000:1 

Reconstituted endosome fusion with 
Rabs and cytosolic factors 

content 

Rizo J [59] co 

co 

dir 

20:1 

160:1 

300:1 

Slow mixing 

Little mixing 

No detectable mixing 

lipid d 

lipid d 

lipid d 

Lentz BR [60] dir 420-950:1 SNAREs affect only PEG-mediated 
fusion 

both d 

Jena BP [93] dir N.R. f Ca2+-dependent liposome fusion without 
synaptotagmin 

lipid 

Jahn R [65] 

[91] 

[92] 

dir 

dir 

dir 

100:1 

300:1 

300:1 

Mixing inhibited by Botulinum toxin 

Ca2+-dependent mixing with full length 
synaptotagmin 

SV 'fusion' with liposomes, Ca2+-
independent 

lipid 

lipid 

lipid 

Shin Y-K [100] dir 150:1 Kinetics of SNARE assembly and lipid 
mixing 

lipid 
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[302] dir 50:1 Liposome fusion transits through lipid d,e 

hemifusion 

[98] dir 100:1 Monitor single fusion events lipid e 

[61] dir 200:1 Specificity of synaptotagmin for lipid e 

neuronal SNAREs 

[87] dir 100-200:1 Synaptotagmin/Ca2+ relieve complexin lipid e 

block to mixing 

[99] dir 100:1 Yeast SNAREs lipid 

[86] dir 50-400:1 SNARE assembly precedes hemifusion lipid e 

[88] dir 200:1 Complexin and Ca2+ stimulate fusion lipid 
without synaptotagmin 

[89] dir 200:1 Cholesterol stimulates hemi-fusion lipid e 

[90] dir 200:1 Cholesterol effects on SNAREs in lipid lipid e 

mixing 

Weisshaar JC [94] dir 240:1 Fast mixing with planar bilayers – 
SNAP25, Ca2+-independent 

lipid 

a.	 co – reconstitution of protein during liposome formation by comicellization 

method, detergent dilution and dialysis 

dir – direct reconstitution of protein into pre-formed ~100 nm liposomes using 

detergents followed by dialysis 

b.	 molar lipid:protein ratio - native ratio estimated to be 180:1 [63] 

c.	 'lipid mixing' was assessed based on FRET between fluorescent protein-labeled 

Q- and R-SNAREs upon SNARE complex formation 

d.	 indicates studies in which vesicle size was assessed 

e.	 lipid mixing was assessed separately for both inner and outer leaflets – outer 

leaflet mixing occurs after hemifusion while inner leaflet mixing is more 

suggestive of fusion 

f.	 N.R. - not reported 
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initial  studies  of  SNARE-induced  lipid  mixing in  vitro used  VAMP  at  an  ~20:1 

lipid:protein  ratio, equivalent  to  approximately  29,000  copies/µm2 of membrane 

(assuming uniform distribution and liposome size), almost 10- and 20-fold higher than 

reported native SV and CV VAMP densities, respectively [40, 52, 53, 63].  In contrast, 

the sum total of the 15 most abundant SV membrane proteins only equates to a 72:1 

lipid:protein ratio (mol/mol; 1:1.94 lipid:protein, w/w), approximately 8100 proteins/µm2 

[63].  Sea urchin CV have a comparable lipid:protein ratio of 1:2.44 (w/w) [64].  Thus in 

the  original  SNARE reconstitution experiments  VAMP was present  at  about  3.5-fold 

higher densities than the total protein composition of native SV.  When incorporated into 

pre-formed  liposomes  at  approximately native  densities  (160-185:1),  these  SNARE 

proteo-liposomes  were  unable  to  undergo efficient  lipid-mixing,  and  content  mixing 

(when assessed) was negligible [59, 60]. Furthermore, as the co-micellization method 

originally  used  to  generate  SNARE-loaded  proteo-liposomes  results  in  a  widely 

heterogeneous  population  in  terms  of  both  liposome  size  and  protein  density,  it  is 

probable that the subpopulation of liposomes involved in the lipid mixing events detected 

had much higher protein densities than originally estimated [59, 65].  As high SNARE 

protein densities can cause increased leakage of trapped vesicle contents [60], SNARE 

interactions  between  such  proteo-liposomes  are  likely  causing  catastrophic  local 

dehydration and membrane lysis, similar in effect to the interaction of Ca2+ with anionic 

lipids [66, 67].  Additionally, SNARE over-expression in native vacuoles has also been 

shown to result in extensive lysis [68].  To our knowledge, there is no known biological 

membrane that equates to SNAREs reconstituted to densities equivalent to or greater than 

the total native protein density.  Thus while in vivo results are consistent with a role for 

the SNARE proteins in the process of exocytosis, there is insufficient in vitro evidence to 

support a direct role in the membrane merger steps of native fusion.  While it has been 

clearly demonstrated that the targets of the Clostridial toxins (i.e. the SNARE proteins) 

are linked to the probability of fusion events, including the Ca2+-sensitivity of release [40, 

41, 54-57, 69] they do not appear to be essential to the fusion process itself, but rather 

enable critical inter-membrane attachment and perhaps closer apposition.  Thus, there is 

likely some validity to the notion that SNAREs 'catalyse' fusion since, like a true catalyst, 
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they are present in small amounts relative to the reactants (i.e. lipids) and they are neither 

consumed nor are they a part of the reaction (i.e. the FFM) itself. 

Pure lipid vesicles can undergo fusion in the absence of proteins [70] and can 

exhibit properties that closely resemble those of native membrane fusion, including Ca2+

triggering [71, 72].  Protein-free liposomes are capable of interacting with [73, 74] and 

fusing to biological membranes [75-77].  Furthermore, liposome fusion can be facilitated 

or promoted by a number of factors including lipid composition [70, 72], reagents that 

induce  aggregation  or  dehydration  (such  as  PEG  [poly(ethylene)glycol]  and 

dimethylsulfoxide) [70, 78-80], or specific proteins [70, 81-85].  Myelin basic protein can 

bring  protein-free  liposomes into  close  apposition [81] and  induce  measurable  lipid 

mixing on timescales comparable to that seen with SNARE proteo-liposomes (t½ = 0.5-5 

min) [70,  82,  83].  Similarly,  serum albumin has been observed to  induce fusion of 

protein-free  liposomes  under  specific conditions  [84].  Perhaps  most  notably 

biotin/avidin/antibody tethering of liposomes to cultured cells  resulted in dramatically 

enhanced PEG-mediated  membrane  fusion, as  assessed  by liposome content  delivery 

[85].  As none of the aforementioned proteins are found on SV (at least not at detectable 

levels  [63]) it  is  safe  to conclude that none are involved in neuronal  exocytosis,  nor 

would they necessarily be expected to participate in any exocytotic process.  Such results 

complicate  any  interpretation  of  SNARE-mediated  proteo-liposome  mixing  assays. 

Rather than a definitive demonstration of a minimal FFM, the SNARE proteins may be 

acting  to  tether  two  membranes  into  the close  apposition  required  to  increase  the 

probability of a spontaneous and purely lipidic fusion event.  This interpretation is also 

consistent with the observation that SNAREs promote PEG-mediated fusion [60].  This 

would clearly explain the dramatic differences in the speed of proteo-liposome 'fusion' as 

compared to fast SV fusion or other release events (e.g. neuroendocrine, CV).  Further 

complicating matters is the wide variability of assay results for SNARE proteo-liposome 

fusion from different groups.  Most notably some groups have reported that the SNARE 

proteins,  incorporated  into proteo-liposomes  at  approximately  native  densities,  were 

unable  to  drive  or  even  promote  lipid  mixing [59,  60],  while  subsequent  studies  at 
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comparable protein densities showed efficient lipid mixing [61, 86-92] (summarized in 

Table  1.1).  Further  discrepancies  include  reports  of  Ca2+-dependent  [93] and 

-independent [94] lipid  mixing  of  proteo-liposomes  containing  only  the  Q-  and  R-

SNAREs, as well as Ca2+-dependent [91, 95] and -independent [96] stimulation of lipid 

mixing by synaptotagmin.  When complexin is included in the proteo-liposome assays, it 

has been reported that synaptotagmin promoted the 'unclamping' of complexin in a Ca2+

dependent manner [87], consistent with the proposed role of synaptotagmin as a Ca2+

sensor  in  exocytosis,  yet  further  studies  from  the  same  group  found  that  Ca2+ also 

promoted  lipid  mixing  of  complexin-treated  SNARE  proteo-liposomes  even  in  the 

absence of synaptotagmin [88].  Efficient lipid mixing of SNARE proteo-liposomes has 

even been reported in the absence of SNAP-25 [94],  despite numerous reports to the 

contrary [61,  86-90,  97-100].  In  the presence  of  PEG  VAMP  proteo-liposomes 

underwent homotypic (VAMP→VAMP) lipid mixing with efficiency very close to that 

of  the  fully  assembled  SNARE  complex  (VAMP→syntaxin/SNAP-25)  [60]. 

Furthermore,  in  an  assay  of  SV fusion to  Q-SNARE proteo-liposomes,  two separate 

groups have reported conflicting observations concerning Ca2+-sensitivity: SV fusion in 

vitro has been reported to be both Ca2+-sensitive  [101] and Ca2+-insensitive [92].  As a 

whole, these observations minimally suggest caution when interpreting the results of any 

such reconstituted 'fusion' assay, and indicate that better communication and standardized 

protocols across labs will be necessary in order to achieve the consistency and uniformity 

expected of a reproducible and quantitative assay format. 

The SNARE proteins are proposed to play a role in exocytosis (i.e. the PFM) by 

forming a heterotrimeric trans-SNARE complex between the vesicle bound R-SNARE 

VAMP and the PM associated Q-SNAREs syntaxin and SNAP-25.  This  complex is 

defined by a coiled-coil of 4 α-helices (one each from VAMP and syntaxin, and two from 

SNAP-25)  which serve  to  draw the two lipid bilayers  into close  proximity,  to  better 

enable the subsequent steps required for actual membrane merger (i.e. the FFM) (Figure 

1.2).  After membrane merger all components of the intact SNARE complex are retained 

within one  bilayer  and  this  is  referred  to  as  the cis-SNARE complex.  The SNARE 
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proteins are themselves quite promiscuous, and this property has been used to identify a 

number  of  proteins that  interact  with the  SNAREs, both in  complexes  or  as  isolated 

components [102-105].  Downstream of the fusion steps, the cis-SNARE complex binds 

the accessory protein α/β SNAP and the ATPase NSF.  The ATPase activity of NSF 

drives the dissolution of the cis-SNARE complex, to enable recycling of the individual 

protein components [106]. Complexins are similarly capable of binding to the assembled 

SNARE complex in a manner that competes with α/β SNAP [107, 108]; however, their 

exact role in the PFM remains debated. In vivo evidence suggests that the complexins are 

responsible  for  binding  to  the  assembled  SNARE  complex  only  in  the  context  of 

regulated (i.e. Ca2+-dependent) exocytosis.  Surprisingly, in many systems both increasing 

and  decreasing  levels  of  cellular  complexin cause  an  inhibitory  effect  on  regulated 

exocytosis (reviewed in [109]). It has been suggested that this binding to the assembled 

SNARE complex acts as a fusion clamp that stabilizes the assembled SNARE complex to 

prevent fusion in advance of a Ca2+ stimulus [87, 97, 110];  other results suggest that 

complexin plays a critical role as a positive regulator of vesicle priming [111]. Upstream 

of  membrane  fusion,  the  Sec1/Munc18  (SM) proteins  bind  to  syntaxin1,  and  this  is 

proposed to limit or modulate the formation of cis- or trans-SNARE complexes [112], 

although it  has also been suggested that  SM proteins may play roles in docking and 

priming [113-115] or  directly  in  fusion [116-118],  possibly  modulating  fusion  pore 

expansion [119]. 

An alternative to the stalk-pore model is the hypothesis that the initial fusion pore 

itself is proteinaceous or 'channel-like' in nature [120-122].  Multiple proteins have been 

proposed  to  comprise  such  an  initial  fusion  pore.  Perhaps  the  best  described  pore-

forming  protein  in  this  regard  is  the  V0 subunit  of  the  V-ATPase  [123-125].  Yeast 

vacuoles  undergo  a  conserved,  constitutive  fusion  reaction  that  appears  to  be  Ca2+

regulated [126-128].  As with the basic exocytotic pathway in other eukaryotes, yeast 

vacuolar contact, priming, docking, and fusion utilizes specific proteins including NSF 

(Sec18p), α-SNAP (Sec17p), the R-SNARE VAMP (Snc1p, Snc2p), and the Q-SNAREs 

SNAP-25  (Sec9p)  and  syntaxin  (Sso1p, Sso2p)  [129-132].  The  membrane  integral 
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subunit, V0, is capable of forming a stable inter-membrane dodecameric complex (i.e. 

two rings of 6 subunits each in two adjacent membranes),  which would have an ion-

channel like pore functionality [123].  A role for at least one component of this model, 

actin, has been tested in fast, Ca2+-triggered membrane fusion and was found not to be 

essential  to  the  FFM  [133].  Substantiation  of  a  central  role  for  V0 has  not  been 

forthcoming in other secretory systems, suggesting that this may be a constitutive release 

pathway utilized largely by yeast.  Other studies  have implicated the transmembrane 

helices  of  syntaxin  and  VAMP as  the  pore-forming  proteins  in  neuroendocrine  cells 

[134], although there has been some discussion of this model [135].  In both cases the 

proteinaceous structure is proposed to form the initial aqueous fusion pore after triggering 

of fusion with Ca2+, while expansion of the structure by the invasion of lipids is thought 

to  enable  full  membrane  merger.  A critical  factor  of  any proteinaceous fusion pore 

model is that it requires specific sets of proteins in both fusing membranes, yet several 

secretory vesicle types have been shown to require proteins in only one fusing membrane 

[77, 136-140].  Ultimately, substantiation of any such protein pore model will require 

both identification of critical proteins and the in vitro reconstitution of fast, Ca2+-triggered 

membrane fusion. 

Two  proteins  remain  prominent  contenders  for  roles  as  Ca2+-sensors  during 

exocytosis: synaptotagmin is a vesicle associated SNARE binding protein with two Ca2+

binding  C2 domains [141,  142] and  a  defined  Ca2+-dependent  phospholipid  binding 

activity, while annexin-2 has a similar Ca2+-dependent binding of anionic phospholipids 

that is capable of inducing structural changes in membranes [143].  In part due to its close 

association with the known exocytotic SNARE proteins [144, 145], synaptotagmin has 

been better studied for a possible direct role in the Ca2+-triggered steps of membrane 

fusion. Binding of Ca2+ to the C2B domain of synaptotagmin coordinates binding of 

phospholipids in two adjacent bilayers [146] and is capable of bringing membranes into 

close  proximity  and  inducing  membrane  deformations [97,  146-151] that  may  be  

consistent  with  the  early  steps  of  lipidic  membrane  fusion.  Synaptotagmin strongly 

associates with the  SNARE proteins and promotes SNARE mediated lipid mixing in 
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vitro in a Ca2+-dependent manner [61, 91, 151-153], although as noted above there is at 

least  one study that does not support this [96]. At approximately native lipid:protein 

ratios  (1300:1  lipid:protein  vs  850:1  for  SV)  the  C2 domains  of  synaptotagmin  are 

proposed to insert short, hydrophobic loops into the membrane in the presence of Ca2+ 

[151,  154]. This  insertion is  thought  to  promote  the  formation of  positive  curvature 

structures in vitro, possibly providing some early membrane stress required to initiate the 

FFM via  formation of initial lipidic fusion intermediates [150, 151], and to subsequently 

promote fusion pore expansion [150].  Ongoing approaches promise an unbiased alternate 

route to independently identify critical Ca2+-sensors as well as other protein components 

of the PFM [155]. 

Underlying every proposed protein role in membrane fusion is the fundamental 

problem of merging two predominantly lipid bilayers.  The lipidic process of membrane 

merger is itself best described by the stalk-pore model, which details the structural and 

energetic requirements of membrane fusion at the level of two lipid bilayers. 

1.4.3 The Stalk-Pore Model of Membrane Fusion 

Based on an extensive body of work in viral and lipid model systems, the stalk-

pore hypothesis is a mathematical and physical description of the merger of two pure 

lipid bilayers that has been vetted by extensive computational analysis [42-45, 45, 156

161].  The model describes a series of transient intermediate structures that two fusing 

bilayers must progress through in order to facilitate content mixing (Figure 1.3).  Each 

intermediate  structure  involves  the  formation  of  highly  curved  membrane  structures, 

which present an energy barrier to the fusion process.  Initial membrane deformation, in 

the form of a point-like protrusion  [162], disrupts the hydration layer [163,  164] and 

allows initial contact between the hydrophobic bilayer regions; such membrane dimpling 

has been observed in fusion-ready native membranes [165]. This initial contact enables 

lipid mixing and results in the fusion of the two contacting monolayers to form the initial 

stalk structure (Figure 1.3).  The stalk is defined by the high curvature of the merged 

proximal monolayers.  Expansion of the stalk into a hemifusion diaphragm brings the two 
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distal monolayers into close proximity, enabling these to fuse, forming the initial fusion 

pore.  Much as the stalk is defined by the curvature of the contacting monolayers, the 

fusion  pore  is  defined  by  the  curvature  of  the  distal  monolayers [159].  Molecular 

dynamics simulations are consistent with such a fusion pathway (i.e. FFM), as are studies 

of membrane merger in different artificial lipid assemblies.  Notably, a FFM based on the 

stalk-pore pathway does not obviate more direct protein/proteolipid involvement [166] 

although  how  protein  transmembrane  domains might  also  contribute  to  this  process 

requires substantial further investigation [134, 167, 168]. 

Individual lipid species can contribute curvature to the lipid monolayers, and the 

spontaneous (or intrinsic) curvature of a given lipid species is a measure of its tendency 

to form non-planar (or non-bilayer) structures in hydrated assemblies.  By convention, the 

tendency  of  a  lipid  to  form a  convex,  micelle-like  structure  is  defined  as  positive 

curvature (Figure 1.4A), whereas the tendency to form concave structures is defined as 

negative  curvature  (Figure  1.4C).  At  the  simplest  level,  the  relative  curvature 

contribution can be related to the average effective molecular conformation (i.e. shape) of 

a  lipid.  Positive  curvature  lipids  (such  as  lysophospholipids)  have  a  hydrophilic 

headgroup that is large relative to the hydrophobic acyl chain, whereas negative curvature 

lipids  (such as  diacylglycerols)  have small  polar  heads relative  to  the  non-polar  acyl 

chains [169-171].  Lipids  with  little  or  no  net  curvature  (such  as 

diacylphosphatidylcholine)  have  hydrophilic  and  hydrophobic  regions  that  are  of 

approximately equal proportions (Figure 1.4B). 

The highly curved intermediates of the stalk-pore model are defined energetically 

by  their  net  curvature.  Formation  of  the stalk,  having  a  net  negative  curvature,  is 

supported  by  lipids  having  negative  spontaneous  curvature.  The  transition  from 

hemifusion  diaphragm to  fusion  pore  is supported  by  lipids  of  positive  spontaneous 

curvature in the distal monolayers [159, 172, 173].  The addition of negative curvature 

lipids in the contacting monolayers lowers the energy barrier to the formation of the stalk, 

while adding positive curvature lipids to the contacting monolayers arrests the fusion 

process [174-176].  The formation of a fusion pore can be likewise manipulated by the 
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Figure 1.4: Membrane curvature and domain structure 

A – Positive curvature lipids form convex, micelle like structures.  B – Neutral curvature 

lipids form planar structures.  C – Negative curvature lipids form concave structures. D – 

Cholesterol-enriched lo microdomains (green) are characterized by a thickening of the 

membrane (relative to ld, blue) and highly ordered packing of acyl chains.  Part D adapted 

with permission from [305]. 
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select addition of positive and negative curvature lipids to the distal monolayers [172, 

177], including the products of snake phospholipase A2 neurotoxins [178, 179].  Thus, 

while the PFM may be predominantly proteinaceous in nature, considering as well that 

pure lipid membranes can also support flickering fusion pores [180], it is clear that the 

FFM could itself be largely or purely lipidic (see also [181]). 

1.5 Cholesterol 

1.5.1 Cholesterol in Model Membranes 

Cholesterol is a molecule of particular interest in the field of membrane fusion; as 

a naturally occurring lipidic component of established negative curvature it is capable of 

locally contributing directly to the FFM in order to facilitate efficient membrane merger 

[182, 183].  Cholesterol is enriched in a wide range of secretory vesicles, and comprises 

up to ~40 % (mol/mol) of the total lipid in SV, CV, and other secretory vesicles [63, 64, 

176, 184-189]. These observations, along with the tendency of cholesterol to promote 

formation of negative curvature structures in vitro, have led to widespread interest in the 

role of cholesterol in membrane fusion [182, 183]. 

Various models have been used to study the in vitro fusion of pure lipid vesicles, 

synthetic bilayers, or  the lipidic fusion of biological membranes. The PEG-mediated 

fusion of lipid vesicles has been used extensively to study the lipid dependence of the 

fusion  process.  In  this  model  system, cholesterol,  while  not  strictly  required, 

dramatically  increases  the  efficiency  of  fusion [78,  80].  Cholesterol,  as  well  as 

diacylphosphatidylethanolamine  and  diacylglycerol,  dramatically  enhanced  the  PEG-

mediated fusion of liposomes in a manner that is consistent with a direct contribution of 

negative curvature to the lipidic fusion process [78].  An optimally fusogenic membrane 

composition  for  PEG-mediated  fusion contained  ~20  mole  %  cholesterol, closely 

mimicking  that  of  native  SV and  CV [64,  80].  In  the  absence  of  PEG,  cholesterol 

enhanced  the  fusion  of  phosphatidylcholine  vesicles [190] and  was  required  for  the 

aggregation  and  fusion  of  vesicles  induced  by  myelin  basic  protein [83].  In  model 

systems measuring the fusion of biological membranes, cholesterol was required for the 
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fusion of small unilamellar vesicles with Mycoplasma capricolum [191], and enhanced 

both the homotypic fusion of hen erythrocytes and the fusion of the Sendai virus with 

erythrocytes [192].  Similarly,  in  studies  of  Ca2+-triggered  CV-liposome  fusion, 

cholesterol was a necessary component of the target membrane [77].  Cholesterol was 

similarly required for the fusion of Sendai virus particles with pure lipid vesicles [193, 

194]. 

1.5.2 Cholesterol in Viral Fusion 

Cholesterol was required in the target membrane for the entry of a number of 

encapsulated  viruses  such  as  Semliki Forest  virus  (SFV) [195-198], as  were 

sphingolipids;  however,  virus  entry  did  not  depend  on  intact  cholesterol- and 

sphingomyelin-enriched  microdomains,  suggesting  a  direct  role  of  cholesterol  and 

sphingolipids in the fusion process [199,  200].  The influenza virus does not require 

cholesterol  in  the  target  membrane [201];  however,  depletion  of  envelope-associated 

cholesterol with methyl-β-cyclodextrin (mβcd) [202], but not filipin [203], was observed 

to  inhibit  viral  infectivity.  In  studies  of  hemagglutinin-mediated  cell  fusion  both 

hemagglutinin-associated [200] and target  membrane  cholesterol [204] were  found to 

promote fusion, with specific effects on pore formation.  Many other encapsulated viruses 

have been found to depend on cholesterol-enriched microdomains to organize the site of 

virus entry on the target membrane, including the murine leukaemia virus, the human T-

cell leukaemia virus, and the human immunodeficiency virus type 1 (HIV-1).  Fusion of 

the HIV-1 virion required cholesterol-enriched microdomains on the target membrane, 

where  they  organize  the  target  proteins  CD4  and  chemokine  receptors [205-207]. 

Disruption  of  cholesterol-enriched  microdomains  with  the  reagent  mβcd  resulted  in 

inhibition of membrane fusion and blockade of HIV-1 infectivity, and was recovered by 

restoration  of  cholesterol  to  native  levels.  HIV-1  particles  are  highly  enriched  in 

cholesterol, and the virion membrane-associated cholesterol was also required for fusion, 

internalization,  and  infectivity  of  HIV-1 [208,  209]; however,  virion  associated 

cholesterol  was not  required for  membrane binding,  which suggests  a  direct  role  for 

cholesterol in the fusion of HIV-1 to target membranes. Virion-associated cholesterol 
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and  sphingomyelin  were  similarly  required  for  the  maturation  and  infectivity  of  the 

Hepatitis C virus [210, 211].  A role for sphingomyelin in the efficiency of secretory 

vesicle fusion has also been established [212]. 

In addition to its role as a structural membrane component, a number of proteins 

have specific binding sites for free (annular) cholesterol.  In the best studied example, 

cholesterol binding is necessary for the ion-gating activity of the acetylcholine receptor 

(AchR), and numerous other proteins have since been demonstrated to bind cholesterol 

(for review see [213-215]). 

1.5.3 Cholesterol as a Membrane Organizer 

One  remarkable  role  of  cholesterol  in  biological  membranes  is  its  ability  to 

spontaneously self-organize into discrete domains within the plane of the bilayer.  At a 

critical concentration in model membranes, cholesterol self-organizes into liquid ordered 

(lo)  microdomains  within  the  liquid  disordered  (ld)  phospholipid  membrane.  The 

cholesterol-rich lo phase is characterized by the specific inclusion of long chain saturated 

phospho-  and  sphingolipids;  the  close  association  of  cholesterol  and  saturated  lipids 

yields  a  highly ordered packing of  lipid acyl  chains  and a distinct  thickening of  the 

membrane similar to the ordered gel phase in a pure phospholipid bilayer (Figure 1.4D; 

reviewed extensively [216-219]); however, unlike the gel phase, the cholesterol-rich lo 

domain has a high rate of lateral diffusion, comparable to the ld phase [220, 221]. In 

addition  to  the  spontaneous  segregation  of  lipids,  cholesterol-enriched  microdomains 

provide organization of proteins within the plane of model bilayers: both lipid anchored 

proteins,  most  notably glycophosphatidylinositol-  (GPI-)  anchored proteins [222],  and 

transmembrane  proteins  (reviewed  in [215])  can  associate  with cholesterol-enriched 

microdomains.  Discrete microdomains can be readily visualized in model bilayers using 

various techniques of fluorescence microscopy (for review see [223]). 

The  existence  of  cholesterol-enriched  microdomains  in  biological  membranes 

remains somewhat contentious, largely due to the biochemical techniques that have been 

used  to  classically  define  such  domains.  The  earliest  biochemical  evidence  of 
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cholesterol-enriched  microdomains  came  from  observations  that  cold  Triton  X-100 

extraction of membranes yielded a low density, insoluble fraction that was enriched in 

cholesterol,  sphingomyelin,  glycolipids,  and specific  proteins [224].  These  detergent 

resistant  microdomains  (DRM) are  sensitive  to cholesterol-depleting reagents  such as 

mβcd [225],  and  can  be  reconstituted  into  model  lipid  membranes [226].  Some 

controversy  arose  when  it  was  observed  that  distinct  DRM  could  be  isolated  using 

different non-ionic detergents, such as those of the Lubrol or Brij families [227-230]. 

These findings did however demonstrate that, unlike earlier studies using Triton X-100, 

the isolation of DRM was possible at  physiological temperatures (up to 37°C [231]). 

Recent  observations  that  cold  Triton  X-100  induced  the aggregation  of  cholesterol-

enriched plasma membrane  regions [232] suggest  that  DRM do not  in  fact  represent 

physiologically  intact  microdomains,  but  rather  could  be  aggregates  of  cholesterol-

enriched microdomains of different sizes and compositions. 

Additional  biochemical  techniques,  notably  the  manipulation  of  membrane 

cholesterol content, have been used to dissect the functional importance of cholesterol-

enriched microdomains in native membranes.  Traditional cholesterol modulating agents 

such as mβcd and the statin class of drugs are capable of inducing both cholesterol-

dependent and -independent effects in vivo.  In addition to the high affinity for reducing 

membrane  cholesterol  levels,  at  acute  doses  mβcd  causes  a  significant  disruption  of 

glycerophospholipids  and  sphingolipids,  and  can  interact  with  proteins  (reviewed 

extensively  in [233]).  Statin  drugs,  in  addition  to potent  inhibition  of  3-hydroxy-3

methyl-glutaryl-coenzyme A (HMG CoA) reductase, have been observed to regulate the 

nitric  oxide  synthase  (NOS)  pathway  in human  aortic  endothelial  cells  leading  to 

downstream effects  including modulation of exocytosis [234].  Longer  term use also 

affects isoprenoids, and thus the prenylation of different proteins, notably small GTP-

binding proteins (reviewed in [235]).  Any studies looking to rigorously examine specific 

molecular  roles  of  cholesterol  must  integrate  a  number  of  quantitative  approaches  in 

order to account for secondary effects of any such reagents. 
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Within  model  membranes  the  cholesterol-enriched lo phase  can  be  readily 

visualized using fluorescent lipids or selective binding of the cholera toxin B (CTB) to 

GM1 ganglioside,  a  classic  marker  for  such microdomains  (reviewed exhaustively in 

[218,  219,  223]).  In  biological  membranes  cholesterol-  and sphingomyelin-enriched 

microdomains are far more difficult to detect.  While some groups have reported direct 

visualization of cholesterol-enriched microdomains in living cells [236, 237] the majority 

of  evidence  supporting  the  existence  of  biologically  relevant  cholesterol-enriched 

microdomains  comes  from alternate  methods:  fluorescence  resonance  energy  transfer 

(FRET),  single  particle  tracking  (SPT),  and  other  advanced  microscopy  techniques 

provide evidence in favour of the cholesterol-enriched microdomain hypothesis.  Studies 

using video-enhanced microscopy to track the motion of antibody-coated colloidal gold 

particles  have  measured  the  lateral  mobility  of  putative cholesterol-enriched 

microdomain components  in native membranes [238-240].  These initial  observations 

demonstrated that the lateral mobility of GPI-anchored proteins in the plasma membrane 

was restricted to transient confinement zones (TCZ): temporally and/or spatially discrete 

subdomains of the plasma membrane.  Protein and lipid components isolated with DRM 

showed high retention times within TCZ, while non-DRM components typically had very 

low retention times.  Similarly, retention within TCZ was both glycosphingolipid- and 

cholesterol-dependent,  consistent  with  model  and  DRM analyses [238-241].  Further 

studies using FRET in native membranes showed that GPI-anchored proteins were found 

in cholesterol-dependent, sub-micron domains [242] and were associated with specific 

lipids, such as GM1 ganglioside  [243]. Domains occupied by GPI-anchored proteins 

specifically excluded plasma membrane proteins such as the transferrin receptor [243]. 

Chemical crosslinking studies demonstrated that GPI-anchored proteins were clustered in 

cholesterol-dependent domains within the plasma membrane, while detergent treatments, 

as for DRM isolations, caused an increase in the apparent size of GPI-anchored protein 

domains [244].  Similar  results  were  observed  when  GPI-anchored  proteins  were 

crosslinked using antibodies [245].  Recent studies using fluorescence photoactivation 

localization microscopy to image protein dynamics at sub-diffraction resolution (i.e. 40 
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nm) suggest that, while correct, our perception of membrane domains remains perhaps 

oversimplified [246]. 

While  it  remains  unclear  if  detergent-based isolation  methods  for  cholesterol-

enriched microdomains yield accurate protein maps of a single type of domain, it is clear 

that  cholesterol  plays  a  role  in  providing  lateral  organization  in  the  plane  of  the 

membrane  in  a  manner  consistent  with  the  cholesterol-  and  sphingomyelin-enriched 

microdomains  described in  model  membranes.  It  is  more  likely that  DRM isolation 

methods are generating a conglomerate of cholesterol-enriched microdomains that would 

otherwise be spatially and/or temporally discrete, and may in fact contain distinct lipid 

and protein components.  Thus, so long as the limitations of the technique are taken into 

account,  isolation  of  DRM  remains  a  valuable  tool  for  the  analysis  of  cholesterol-

dependent protein organization. 

1.6 Coordination of Cholesterol and Proteins in Exocytosis 

1.6.1 Cholesterol-Enriched Microdomains 

Due  to  the  versatility  of  cholesterol  in  biological  processes,  there  are  three 

mechanisms  by which cholesterol  is  capable  of  contributing to  the  process  of  native 

membrane fusion.  First,  as  a  component  of  cholesterol-  and sphingomyelin-enriched 

microdomains  cholesterol  can organize  essential  protein and  lipid  components  at  the 

fusion site.  Second, as an abundant membrane component, cholesterol can contribute to 

the  fusion  process  by  modulating  the  physical  properties  of  the  membrane,  such  as 

fluidity and/or curvature [247].  Finally, as a functional ligand or co-factor cholesterol 

can directly modulate the activity of proteins essential to the fusion process. 

A number of proteins linked with or directly involved in exocytosis have been 

reported to associate with cholesterol-enriched DRM.  The SNARE proteins have been 

well characterized in terms of their association with cholesterol-enriched microdomains 

in  a  range  of  cell  types.  The  Q-SNARE proteins  syntaxin  and  SNAP25  have  been 

isolated in cholesterol-enriched DRM from diverse secretory cell types including PC12 
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cells [248, 249], mast cells [112], pancreatic β- [250] and α-cells [251], endothelial cells 

[20], and rat brain synaptosomes [252].  Synaptotagmin was also found to associate with 

DRM in rat  brain synaptosomes [252] and rat brain synaptic vesicles [253].  Voltage 

gated Ca2+-channels have been isolated in DRM from pancreatic α- and β-cells [250, 251, 

254], mouse  cerebellum [255],  and rat  cerebrum [256].  The SNARE-regulatory SM 

protein (Munc18/n-Sec1) is specifically excluded from cholesterol-rich microdomains as 

either a free protein or in complex with syntaxin1; indeed, the exclusion of SM from 

cholesterol-enriched microdomains may provide spatial control over syntaxin1 recycling 

and activity [112, 248, 250].  Taken together the association of exocytotic proteins with 

and by cholesterol- and sphingomyelin-enriched microdomains strongly suggests that the 

site of membrane fusion is defined and organized by cholesterol.  Global treatments of 

neurons with mβcd have linked cholesterol  to aspects  of  effective neurotransmission, 

including possible effects on evoked release [257, 258].  In a direct assay of native Ca2+

triggered CV fusion, cholesterol is required to enable  fusion, and also contributes to the 

efficiency (Ca2+-sensitivity and rate) of the process [176].  Altering membrane cholesterol 

with specific reagents such as mβcd and the cholesterol binding polyene antibiotics (e.g. 

filipin,  amphotericin,  pimaricin),  as  well  as  enzymatically  altering  cholesterol  using 

cholesterol oxidase, resulted in the potent inhibition of membrane fusion.  Treatments 

capable of disrupting cholesterol- and sphingomyelin-enriched microdomains (mβcd and 

cholesterol  oxidase)  potently  inhibited  the  Ca2+-sensitivity  and  kinetics  of  membrane 

fusion, while treatment with the polyene antibiotics, which bind and sequester cholesterol 

without altering microdomain stability [259], resulted in inhibition of only the ability of 

vesicles to fuse [176].  Further studies demonstrated that treatments capable of disrupting 

cholesterol- and  sphingomyelin-enriched microdomains  without  altering  membrane 

cholesterol  (e.g.  treatment  with  exogenous  sphingomyelinase)  inhibited  the  Ca2+

sensitivity of fusion without altering the ability of CV to fuse [212].  Taken together these 

results strongly suggest that the Ca2+-triggering steps of fusion depend on the integrity of 

cholesterol- and sphingomyelin-enriched microdomains in the fusing membranes, most 

likely through organization of proteins at the fusion site [260]. 
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1.6.2 Direct Contributions to Membrane Fusion 

Careful experimental design has enabled us to separate the functional effects of 

cholesterol  depletion on membrane fusion,  enabling the identification of  two discrete 

roles for cholesterol in the native fusion mechanism.  In contrast to the indirect effects of 

cholesterol on the Ca2+-sensitivity and kinetics of fusion, the ability of vesicles to undergo 

Ca2+-triggered  fusion  depends  on  a  direct  role  of  cholesterol  in  the  fusion  process. 

Following cholesterol depletion, the resulting inhibition of fusion was fully reversed by 

delivery of exogenous cholesterol to recover the original native levels, consistent with 

recovery of microdomains [176].  The fundamental ability of CV to fuse, as measured by 

the extent of fusion, was also selectively recovered by delivery of exogenous, structurally 

dissimilar  lipids  having  intrinsic  curvatures  comparable  to  or  greater  than  that  of 

cholesterol [176, 261].  This recovery was concentration dependent, and correlated not 

only to the molar amounts of these exogenous lipids but to the respective curvature that 

each contributed to the membrane.  For example, by replacing a proportion of membrane 

cholesterol with dioleoylglycerol, a neutral lipid having a measured negative curvature 

more than twice that  of cholesterol,  less  than half  of the molar quantity of this lipid 

(relative to cholesterol) was required to fully recover the extent of fusion [261].  We have 

thus effectively separated the fundamental ability to fuse (the FFM) from the efficiency 

of the native mechanism (as defined by the PFM).  It is important to note that of all lipids 

tested  only  cholesterol  was  able  to  recover  both  the  efficiency  (Ca2+-sensitivity  and 

kinetics) of fusion and the fundamental ability of CV to fuse.  This ability of negative 

curvature  lipids  to selectively replace  cholesterol  in  the  fusion  mechanism  (FFM) 

demonstrates  that  in  biological  membrane fusion  cholesterol  contributes  a  critical 

membrane curvature to lower the energy barriers and thus promote formation of fusion 

intermediates,  consistent  with  the  stalk-pore  model. This  work  also  identifies  other 

common  native  membrane  components  of intrinsic  negative  curvature,  including 

tocopherols, phosphatidylethanolamine, and diacylglycerols that could substitute for or 

work with cholesterol to locally facilitate the FFM.  Thus, different types of secretory 

cells and vesicles may well utilize different negative curvature lipids, or different local 
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mixtures of these lipids, to facilitate the FFM, providing yet another layer of regulation to 

pore  formation  and  modulation  by  the  PFM. Indeed,  in  PC12  cells  exogenous 

phosphatidylethanolamine has been shown to increase the kinetics of release in a manner 

consistent with the stalk-pore hypothesis [262]. 

In addition to the defined roles of cholesterol as both a membrane organizer to 

coordinate proteins essential  upstream of and during the triggered fusion process (the 

PFM),  and  as  a  negative  curvature  lipid  contributing  the  local  curvature  required  to 

enable fusion (the FFM), there remains a third possible, unexplored role for cholesterol in 

exocytosis.  No study of the cholesterol-dependence of exocytosis, including the specific 

analyses of the role of cholesterol  in membrane fusion [176, 212, 261], has provided 

evidence against the existence of a cholesterol-binding protein in the fusion machinery. 

It thus remains a possibility that cholesterol directly regulates the activity of one or more 

proteins through direct binding. 

1.7 Sea urchin cortical vesicle membrane fusion 

The study of exocytosis by a reductionist  approach allows for the independent 

functional  and  molecular  characterization  of  the  underlying  steps  which,  when 

recombined,  offer  a  complete  description of a complex and essential  cellular  process 

(Figure 1.2).  Regulated exocytosis is defined by the Ca2+-triggered fusion of secretory 

vesicles to the  plasma membrane,  which in various contexts  results  in  the  release of 

neurotransmitters, hormones, and a host of other proteins and signalling molecules.  In 

almost any intact cell the cycle of exocytosis is likewise intact, meaning the sequential 

steps of vesicle trafficking, tethering, docking, priming, fusion, endocytosis and vesicle 

recycling  occur  concurrently.  The  study  of  the  membrane fusion  step  in  isolation 

requires a native model system that is stage specific, robust, and amenable to both in 

vitro manipulation and quantitative molecular analysis. 
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1.7.1 The sea urchin cortical reaction 

Sea  urchin  oocytes  have  been  an  important  model  system  for  developmental 

biology for over 150 years (reviewed in [263]).  Genetically speaking, the sea urchin is 

one  of  the  closest  non-vertebrate  relatives  to  humans  and other  animals;  in  fact,  the 

urchin shares more genes in common with humans than it does with other invertebrate 

model organisms such as Drosophila [264-266].  During fertilization the cortical reaction 

is  responsible  for  the  development  of  the  fertilization  envelope,  which  is  in  turn 

responsible for the slow block to polyspermy.  Moser first described the origin of the 

fertilization envelope in 1939 [267] as being the result of the breakdown of cortical layer 

granules (Figure 1.5a,b).  The cortical granules, or cortical vesicles (CV), line the cortex 

of the unfertilized egg where they await fertilization (Figure 1.6).  Sperm entry triggers a 

massive wave of CV fusion to the plasma membrane (PM) originating at the site of entry, 

and the released vesicle contents hydrate and cross-link to form the fertilization envelope 

[268].  The cortical reaction is a Ca2+-triggered process: in intact eggs the fertilization 

envelope can be elevated by treatment with Ca2+ ionophore A23187 or micro-injection of 

buffered Ca2+ solutions [269-271] (Figure 1.5).  During the fertilization process this Ca2+ 

signal is released from internal stores [270, 272] and can be inhibited by micro-injection 

of Ca2+ chelating agents [273].  A number of preparations can be made from the cortex of 

unfertilized eggs in order to better facilitate the direct study of the Ca2+-triggered steps of 

membrane fusion.  Vacquier first isolated the functional cortex in 1975 by adhering eggs 

to a glass surface and shearing the eggs open with a stream of buffer [274].  As a model 

preparation for exocytosis [275] the planar cortex enabled determination of the direct role 

of  Ca2+ in  triggering  CV-PM  fusion  [274] and  the  lack  of  requirement  for  soluble 

cytosolic factors, including ATP [272, 276].  These initial experiments demonstrated that 

CV are fully primed and fusion competent secretory vesicles with a high homology to 

other secretory release events (i.e. synaptic transmission and endocrine secretion).  CV 

fusion to the PM is Ca2+ triggered, occurs downstream of the ATP-dependent priming 

reactions, does not involve the cytoskeleton, requires proteins, and can be inhibited by 

thiol-reactive reagents such as N-ethylmaleimide [272, 274, 277-279]. 
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A B 

C 
100 μm 

Figure 1.5: Photomicroscopy of S. purpuratus oocytes 

(A)  Oocytes  in  artificial  sea  water.  (B)  Fertilized  oocytes showing  an  elevated 

fertilization envelope.  (C) Oocytes treated with 10 µM Ca2+ ionophore A23187 for 1 

minute showing fertilization envelope comparable to B. 
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Figure 1.6: Fluorescence microscopy of cortical vesicles at the plasma membrane of 

an intact oocyte 

Images were acquired from an intact oocyte settled onto a glass slide from just above the 

contacting  surface  through  a  z-section  of  3.91 µm.  Image  was  generated  from  8 

consecutive confocal images using the maximum intensity method with ImageJ.  Oocytes 

were stained with BODIPY FL C12 and imaged through 100× 1.3 NA oil  objective. 

Scale bar represents 10 μm, the resulting image depth is 3.91 μm. 
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Further  refinement  of  isolation  techniques  resulted  in  a  number  of  important 

findings.  In addition to the native, intact cortex, or cell surface complex (CSC), CV-PM 

fusion can be reconstituted from isolated CV and PM [280-282], which suggests that CV 

do not require specific contributions from the PM in order to retain fusion competence. 

Further to this, CV can undergo homotypic (CV-CV) fusion both at the cortex [274, 275] 

and in vitro [280, 283, 284], comparable to the homotypic fusion observed in compound 

exocytosis  [285,  286],  demonstrating  that CV  retain  the  essential  machinery  for 

membrane fusion.  Finally, isolated CV are able to fuse with pure lipid membranes [77, 

136] indicating that each CV retains all of the required protein components for fusion. 

1.7.2 Homotypic vesicle fusion 

Homotypic CV fusion possesses several  key characteristics  making it  an ideal 

model system for the study of Ca2+-triggered membrane fusion.  A single gravid female 

urchin  is  capable  of  producing  gram  quantities  of  eggs, and,  as  each  egg  contains 

approximately 15,000 docked and fully fusion competent CV, large quantities of CV can 

be readily isolated in a simple preparation [54, 55, 77, 176, 283, 284].  Intact CV are 

optically dense (Figure 1.7), and the hydration of vesicle content after fusion results in a 

decrease in optical density that is measurable using simple photometry [54, 55, 279, 284]. 

Changes in optical density are normalized for background absorbance and expressed as a 

percentage  of  fusion  of  the  parallel  control  condition  (Figure  1.8)  to  yield  the 

characteristic  Ca2+-activity  curve  (Figure  1.8a-c) and  kinetics  (Figure  1.8d-f)  of 

membrane fusion.  While  both CSC preparations  and isolated CV undergo the same 

native, Ca2+-triggered fusion reaction [54, 55, 176, 212, 284], homotypic fusion offers 

several distinct advantages over intact CV-PM preparations.  Isolated, free-floating CV 

bypass  access  restrictions  imposed  by  the docked  state  of  CV  at  the  PM,  allowing 

unfettered access to potential components of the fusion machine.  Homotypic fusion is 

insensitive to treatments which may alter the docked state of CV at the PM and thus 

complicate  interpretation  of  results  [274],  effectively  making  CV-CV fusion  a  more 

specific assay for fast, Ca2+-triggered fusion.  Finally, isolated CV are free of the PM 

which  acts  as  both  a  molecular  sink  for  reagents  and  as  a  significant  molecular 
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Figure 1.7: Electron micrograph of cortical vesicles in the intact egg and an 

isolated cortex 

Thin section of an egg (lower left) and a cortex (upper right) showing cortical vesicles 

(granules, G), plasma membrane (P) and reticulum (R). Reprinted from Developmental 

Biology, 105, C Sardet, The ultrastructure of the sea urchin egg cortex isolated before and 

after fertilization, 196-210, Copyright (1984), with permission from Elsevier [306]. 
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Figure 1.8: Processing and normalization of representative raw fusion endpoint and 

kinetic data 

A – raw data for endpoint (Ca2+-activity) assay.  Green data points indicate initial and 

final OD for water lysed samples.  B – normalized change in OD corrected for lysis ΔOD 

= (ODi - ODf)/(ODi - ODwater)×100%.  C – normalized fusion Ca2+-activity curve (final 

result)  %F = (ΔOD – ΔODlower)/(ΔODcontrol upper – ΔODcontrol lower)×100%.  Lower and upper 
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refer to the lower (low Ca2+) and upper (high Ca2+) plateaus.  D – raw data for kinetic 

assay.  Dilution control received injection of BIM handling buffer instead of Ca2+ buffer 

during measurement.  Zero time is defined as the last data point before injection starts.  E 

– normalized change in OD as in B.  F – normalized fusion kinetics (final result) %F = 

(ΔOD – ΔODBIM)/(ΔODend – ΔODBIM)×100%. ΔODend is the change in OD after a 10 

minute endpoint at the indicated [Ca2+]free. 
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Figure 1.9: Measured fusion parameters 

(A) Typical Ca2+ activity curve.  (B) Typical fusion kinetics.  Dashed lines indicate (i) 

fusion extent, (ii) EC50, and (iii) initial rate of fusion.  Solid line in A indicates the best 

fit to the sigmoidal log normal cumulative distribution function [293] (C) where pCa 

indicates the Ca2+ concentration, EC50 the midpoint of the sigmoid, W the width of the 

sigmoid, and f a factor introduced to scale the curve to the fusion extent (for control data 

f = 1). Solid line in B indicates the best fit to the three parameter kinetics model [295] 

(D) where t is time, n is the average number of committed fusion complexes per vesicle, 

α is the probability that an active fusion complex becomes a committed complex, p is the 

probability that a committed complex results in a fusion event, and f is a factor to scale 

the curve as in C. 
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background.  The use of isolated CV enables rigorous molecular quantification of native 

membrane components  [56,  64,  287]  and allows us  to  integrate  studies  of  functional 

changes in Ca2+-triggered membrane fusion and molecular changes in the CV membrane 

[40, 54, 55, 57, 133, 176, 212, 260, 261, 288, 289]. 

Ca2+-triggered membrane fusion proceeds through a sigmoidal Ca2+-concentration 

response  characteristic  of  most  Ca2+-triggered  fusion  events  [290,  291].  The 

characteristic curve-shape of the concentration-response data can best be described by a 

cumulative  log  normal  sigmoid,  which  is descriptive  of  an underlying  Poisson 

distribution of fusion complexes [292-294] (Figure 1.9a).  Any population contains a 

distribution of CV with different Ca2+-sensitivities, the average of which is equivalent to 

the EC50 (the concentration of Ca2+ required to elicit half-maximal activity) [293, 294]. 

These  differences  in  Ca2+-sensitivity  are  a  result  of  differences  in  the  number  of 

functional fusion complexes per vesicle, the average of which in CV is in the range of 6-9 

[54, 176, 292, 293].  Application of these mathematical descriptions to Ca2+-activity data 

allows us to determine specific fusion parameters: the extent, or upper plateau of fusion; 

the EC50, or Ca2+-sensitivity of fusion; and the slope or width of the sigmoid (Figure 

1.9a).  In parallel with kinetic measurements of the initial rate of fusion (Figure 1.9b, 

[295])  these  parameters  define  both  the  ability  of  vesicles  to  fuse  (extent)  and  the 

efficiency of membrane fusion (EC50 and rate of fusion). 

1.8 Research Hypothesis and Findings 

This  thesis  seeks  to  address  the  nature  and  role  of  specific  native  membrane 

components  participating in  the  mechanism of  Ca2+-triggered membrane fusion.  The 

current lack of understanding of the molecular contributors to membrane fusion remains a 

major unresolved question in the field of exocytosis and membrane fusion, particularly in 

light of the importance of exocytosis and trafficking to human health and disease.  To this 

end  we  hypothesize  that  cholesterol  is  an  essential  component  in  membrane  fusion, 

playing two distinct roles: 
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1. As  a  native  membrane  component  with  intrinsic  negative  curvature, 

cholesterol enables membrane fusion by supporting the formation of stalk-pore 

intermediates. 

2. As  the  defining  component  of cholesterol-enriched  microdomains, 

cholesterol  defines the site of fusion, organizing protein and lipid components 

which collectively define the efficiency of fusion. 

The analytical techniques used throughout the thesis are introduced in Chapters 2 

and 3.  Chapter 2 details the techniques of lipid handling and analysis using automated 

multiple  development  high-performance  thin  layer  chromatography  (HPTLC).  We 

address the issues concerning the quantitative analysis of lipidic membrane components, 

both  endogenous  and  exogenous,  through  the development  of  an  improved  on-plate 

detection protocol  with particular  improvement  to the analysis  of  cholesterol.  As an 

initial application of the technique Chapter 2 also describes a quantitative analysis of CV 

membrane phospholipids, neutral lipids, and sterols.  Chapter 3 introduces the various 

protocols  of  protein  handling  and  analysis  using  one- and  two-dimensional  gel 

electrophoresis used later in the thesis through a study aimed at quantitative improvement 

to the extraction of hydrophobic proteins.  Using a range of mammalian tissues and cells 

we  present  a  simple,  cost-effective  solution  offering  significant  and  reproducible 

improvement  to  the  analysis  of  membrane  proteomes  by  two-dimensional  gel 

electrophoresis. 

The contributions of cholesterol in the process of membrane fusion are introduced 

in Chapter 4.  Data are presented which detail the manipulation of CV cholesterol using 

biochemical and enzymatic means.  In this chapter we explore the correlation between 

CV cholesterol content and functional effects on Ca2+-triggered membrane fusion.  The 

results presented herein identify cholesterol as a component essential to the process of 

Ca2+-triggered membrane fusion and experimentally separate the role of cholesterol as a 

membrane component of intrinsic negative curvature from cholesterol as a membrane 
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organizer.  Expanding  on these  data  Chapter  5  explores  the  specific  contributions 

cholesterol makes to membrane fusion as a negative curvature component.  This chapter 

explores  the  quantitative  relationship  between  negative  curvature  contributions  and 

fusion capacity, for the first time yielding data in a native membrane fusion system that is 

directly and quantitatively consistent with the stalk-pore hypothesis.  Chapter 6 presents a 

general discussion of the thesis.  Appendix 1 presents supplemental data on the efficacy 

of cholesterol analogues to support the efficiency of membrane fusion and an analysis of 

cholesterol-enriched  microdomains,  as defined  by  sucrose  density  gradient 

ultracentrifugation, using two-dimensional gel electrophoresis to explore the relationship 

between CV function and microdomain composition and integrity.  

1.9 Materials and methods 

1.9.1 Materials 

Purple sea urchins (Strongylocentrotus purpuratus) were from Westwind Sea Lab 

Supplies (Victoria, BC).  A23187 was from Sigma (St. Louis, MO), BODIPY FL C12 

was from Invitrogen (Carlsbad,  CA).  All other chemicals were of the highest  purity 

available. 

1.9.2 Oocyte treatments and imaging 

Oocytes and sperm were collected from specimens by intracoelomic injection of 

500 mM KCl.  Fertilization was carried out by first diluting sperm 100× into artificial sea 

water and activating by vortexing for 30 s.  Activated sperm was then diluted 100× into a 

suspension of  eggs  in  artificial  sea  water,  mixed,  and incubated 20 minutes  at  room 

temperature.  A23187  and  BODIPY FL C12  were  delivered  from stocks  in  DMSO 

directly to aliquots of oocytes in artificial sea water to a final solvent concentration of ≤ 

0.5%.  Brightfield images were observed through a 6.3× objective and acquired with a 

Zeiss CCD camera.  Fluorescence microscopy was carried out on a Leica TCS SP5 laser 

scanning confocal microscope through a 100× 1.3 NA oil objective. 
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Chapter 2: Thin Layer Chromatography 

2.1 Preface 

This chapter details the development of a new technique for the on-plate analysis 

of lipids and sterols by thin-layer chromatography, as well as a quantitative analysis of 

the  lipid  composition  of  sea  urchin  cortical  vesicles.  This  serves  as  an  important 

introduction to one of the most frequently used techniques throughout the remainder of 

this thesis.  The techniques in lipid handling and chromatographic analysis described here 

are  used  extensively  in  Chapters  4  and  5 for  the  analysis  of cholesterol  and  other 

membrane  lipids.  Additionally,  the  analysis  of  CV  membrane  lipids  serves  as  an 

introduction to the importance of cholesterol and other negative curvature lipids as major 

components of the vesicle membrane. 

2.1.1 Contributions 

This chapter has been previously published as Copper (II) Sulfate Charring for 

High  Sensitivity  On-Plate  Fluorescent  Detection  of  Lipids  and  Sterols:  Quantitative 

Analyses of  the Composition of  Functional  Secretory Vesicles by Churchward MA*, 

Brandman DM*, Rogasevskaia T, and Coorssen JR (2008) Journal of Chemical Biology 

1; 79-87 *authors made equal contributions. 

MAC was responsible for experimental design and the analyses in Figures 2.1, 

2.4, 2.5, 2.6, and Tables 2.2 and 2.3.  DMB was responsible for Figures 2.2 and 2.3 and 

Table 2.1.  The initial draft was written by MAC (Results and Discussion) and DMB 

(Intro and Methods) while subsequent revisions were carried out by MAC, JRC, and TR. 

TR was responsible for the initial discovery and application of the improved technique 

and  provided  invaluable  expertise  to  experimental  design  and  analysis.  JRC  also 

conceived and planned the study and contributed to experimental design and analysis. 
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2.2 Synopsis 

A wide range of methods exist for the on-plate detection of lipids resolved by thin 

layer chromatography.  Fluorescence generally offers improvements in sensitivity over 

methods that use colourimetric or simple densitometric detection.  Here we report that a 

classic cupric sulfate charring protocol produces a fluorescent signal that sensitively and 

quantitatively  detects  a  wide  range  of  phospholipids,  neutral  lipids,  and  sterols  after 

automated,  multi-development  high  performance  thin  layer  chromatography.  The 

measured lower limits of detection and quantification, respectively, were on average 80 

pmol and 210 pmol for phospholipids, and 43 fmol and 8.7 pmol for sterols.  The simple, 

inexpensive,  and highly  sensitive  approach described  here  was  used to  quantitatively 

analyze the lipid and sterol composition of sea urchin cortical vesicles, a stage-specific 

model system used to study the mechanism of regulated membrane fusion. 

2.3 Abbreviations used 

CV - cortical vesicles DAPG - diacylphosphatidylglycerol 

DAPC - diacylphosphatidylcholine FA - fatty acids 

MAG - monoacylglycerol CE - cholesterol esters 

DAG - diacylglycerol SM - sphingomyelin 

TAG - triacylglycerol CER - ceramides 

DAPE - diacylphosphatidylethanolamine CA - cardiolipin 

DAPS - diacylphosphatidylserine HPTLC  - High  performance  thin  layer 

DAPI - diacylphosphatidylinositol chromatography 

DAPA - diacylphosphatidic acid 
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2.4 Introduction 

Detection of lipids on TLC plates by charring in the presence of copper salts is a 

well-established analytical technique originally used for densitometric detection [307]. 

Later improvements to the technique included the use of cupric sulfate in place of cupric 

acetate [308, 309] in order to address shortcomings in detection - specifically with regard 

to  the  differential  sensitivity  to  saturated  and  unsaturated  lipids [310,  311].  The 

technique has since been largely unchanged, and remains a routine, widely used method 

for detecting lipids on TLC plates [312-315]. 

A variety of methods exist for the fluorescent detection of lipids on silica TLC 

plates.  The most common fluorometric detection is based on impregnating the silica gel 

with a fluorescent indicator [316, 317], resulting in a negative staining, with fluorescence 

maxima on the plate background and minima at the lipid peaks.  Staining with Nile Red 

has also proven to be an effective fluorescent method for quantitatively detecting lipids 

and sterols on TLC plates, with reported lower limits of detection in the range of 25-100 

ng [318].  Other fluorescent stains, including 1,6-diphenylhexatriene, yield comparable 

detection  sensitivities [319, 320].  These  would  appear  to  be  the  most  sensitive  of 

currently available reagents. 

Isolated cortical  vesicles (CV) from sea urchin oocytes are a well  established, 

stage-specific model for native Ca2+-triggered membrane fusion [40, 54, 274, 290, 321]. 

As they are able to undergo triggered fusion with liposomes, CV contain the minimal 

molecular machinery for vesicle attachment, Ca2+ sensing and membrane merger [77]. 

Recent studies have highlighted the important contribution of lipids to the process of 

Ca2+-triggered  membrane  fusion [176,  212, 261],  consistent  with  the  stalk-pore 

hypothesis [42, 44, 158, 161, 162, 322].  Here we report the quantitative analysis of the 

lipid  and  sterol  composition  of  fusion-ready  CV  membranes,  using  HPTLC  and  a 

fluorescent detection method based on the classic cupric sulfate charring technique.  The 

optimized protocol yields detection of phospholipids and neutral lipids with sensitivities 

~3-8 – fold higher than existing densitometric and fluorescent methods, and the detection 
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of  biologically  relevant  sterols  with  2-5  orders  of  magnitude  of  improvement  over 

existing  on-plate  methods.  On-plate  fluorescent  detection  of  lipids  and  sterols  with 

cupric  sulfate  charring  is  comparable  to the  sensitivity  of  mass  spectrometry  based 

methods of lipid analysis [63, 323, 324]. 

2.5 Methods 

2.5.1 Materials 

Mixed fatty acids were purchased from Doosan Serdary Research Labs (Toronto, 

ON).  Nile Red, copper (II) sulfate heptahydrate, cholesteryl  stearate,  and cholesteryl 

oleate  were  from Sigma  (St.  Louis,  MO).  Sterols,  except  cholesterol  and  CE were 

purchased from Steraloids Inc (Newport, RI).  Cholesterol and all other lipid standards 

were purchased from Avanti Polar Lipids (Alabaster, AL).  Silica gel 60 HPTLC plates 

and solvents were from EMD Chemicals (Gibbstown, NJ).  All other chemicals were of 

at least analytical grade; bleach was a standard commercial brand (Javex). 

2.5.2 Preparation and Isolation of Cortical Vesicles 

CV  were  isolated  from Strongylocentrotus  purpuratus (Westwind Sea Labs, 

Victoria, BC) as previously described  [40, 54]. Vesicles were lysed hypotonically as 

described [133, 261] and membranes collected by ultracentrifugation (100,000×g, 3 h). 

Parallel membrane samples were dissolved into 2% SDS (for total protein analysis), 1× 

Reaction buffer (for enzymatic cholesterol determination: 50 mM NaCl, 5 mM cholic 

acid, 0.1% Triton X-100, 100 mM potassium phosphate pH 7.4), or extracted according 

to Bligh and Dyer [325] with modifications [326].  Lipid extracts were stored under N2 (

30° C), until required.  For HPTLC, lipids were dissolved into chloroform:methanol (2:1, 

v/v)  and loaded onto HPTLC plates with a  parallel  dilution series  of lipid standards. 

Unless otherwise stated, all lipid standards were the oleic acid (18:1Δ9) esters. 

2.5.3 Cholesterol and protein quantification 
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CV membrane  cholesterol was  determined  using  the  Amplex  Red  cholesterol 

assay kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.  Total 

protein was determined using the EZQ Protein Quantitation Kit (Invitrogen, Carlsbad, 

CA) with modifications as previously described [327]. 

2.5.4 HPTLC 

Plates were prewashed with methanol:ethyl acetate (6:4, v/v) and activated at 110 

°C for at least 30 minutes prior to loading.  Dilution series of both native extract and lipid 

standards in chloroform:methanol (2:1) were loaded onto HPTLC plates under N2 using 

the  CAMAG  Linomat  IV,  and  developed in  the  CAMAG  AMD2  (CAMAG  Inc., 

Wilmington, NC) as described [176, 212].  For neutral lipids and sterols HPTLC plates 

were developed twice with CH2Cl2:ethyl acetate:acetone (80:16:4 v/v/v) to 40 and 55 

mm, then sequentially three times with hexane:ethyl acetate to 68 mm (90:10 v/v), 80 

mm (95:5), and 90 mm (100:0).  Phospholipids were developed essentially according to 

Weerheim [328] with modifications.  Briefly, HPTLC plates were developed to 90 mm 

with CH2Cl2:ethyl acetate:acetone (80:16:4 v/v/v), dried under vacuum for 6 min, then 

developed  again  to  90  mm  with  CHCl3:ethyl  acetate:  acetone:  isopropanol:  ethanol: 

methanol: water: acetic acid (30:6:6:6:16:28:6:2, by volume). 

2.5.5 Chromatogram staining 

After development, plates were stained with Nile Red according to the method of 

Fowler [318].  Briefly, plates were dipped into 8 µg/ml Nile Red in 80% methanol for 3 

s,  and dried for 10 minutes at  110 °C.  Plates were destained with 1:2500 bleach by 

dipping for 1 s, and dried at 110 °C for 30 minutes. Alternatively, plates were sprayed 

uniformly with 10% cupric sulfate in 8% aqueous phosphoric acid, allowed to dry for 10 

minutes at room temperature, and then placed into a 145 °C oven for 10 minutes [308, 

309]. 
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2.5.6 Chromatogram visualization 

Densitometric detection of cupric sulfate charred plates was carried out using the 

CAMAG TLC Scanner 3 (CAMAG Inc, Wilmington, NC).  Initial scans were carried out 

using the spectral analysis option, enabling determination of an absorbance maximum of 

535 nm; subsequent scans used a monochromator setting of 535 nm.  Fluorescence was 

quantitatively  assessed  using  the  ProExpress  multiwavelength  imager  (Perkin  Elmer, 

Boston,  MA).  Nile  Red signal  was  assessed  optimally  with  excitation and emission 

filters  of  540/30  and  620/25,  respectively, while  the  cupric  sulfate-based  signal  was 

optimally detected with the 540/30 and 590/20 filter sets.  Images were also acquired 

using a  simple  UV transilluminator  and digital  camera  (BioDoc-It  system,  UVP Inc, 

Upland, CA). 

2.5.7 Image Analysis 

Digital images of the chromatograms were analyzed using ImageQuant 5.2 (GE 

Healthcare, Piscataway, NJ).  To quantify the samples on the plate, a uniform rectangular 

grid was drawn to encompass each band per dilution series at  a given Rf value. The 

uncorrected pixel volume per band was measured by taking the sum of the pixels (16-bit 

grayscale image) that were encompassed within the grid. 

2.5.8 Lower limits of detection and quantification 

Here, we used the lower limit of detection (LLD) and quantification (LLQ) as 

being a predetermined level of statistical difference from the background noise on the 

plate. Background for each resolved lipid was calculated using the average pixel volume 

of three empty lanes with the same development Rf as the lipid in question. LLD and 

LLQ  were  determined  as  being  the  first dilution  lanes  in  which  the  pixel  volume 

exceeded three and ten standard deviations of the background measurements, respectively 

[329]. 
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2.5.9 Spectrofluorometry 

To  generate  a  large  quantity  of  the  fluorophore,  cholesterol  was  loaded  in  a 

uniform 180 mm wide band, every ~2 mm across a prewashed and activated TLC plate 

using the CAMAG Linomat IV.  Two such plates were vacuum dried, and subsequently 

visualized  with  cupric  sulfate  as  described  above.  Fluorescence  on  the  plates  was 

verified by imaging with the ProXpress scanner before scraping and pooling the silica 

layer from each plate.  The fluorophore was extracted from the silica gel by adding 25 ml 

of glacial acetic acid and rocking for 1 hour at room temperature.  Silica gel was removed 

from the solution by a series of 3 centrifugation steps (4500×g, 40 min, 4 °C) and the 

solution was concentrated by vacuum centrifugation for 16 hours.  The fluorescence of 

the resulting concentrate was verified using the Wallac Victor II Multilabel Fluorometer 

(Perkin Elmer, Boston, MA).  Fluorescence spectra were recorded on an SLM Series 2 

luminometer (SLM Instruments, Urbana, IL) with excitation at 540 nm, emission at 590 

nm for the emission and excitation spectra, respectively. 

2.6 Results and Discussion 

As  literature  reports  vary  somewhat regarding  the  time  and  temperature  of 

charring, tests were done to identify ideal charring temperatures and times for cupric 

sulfate.  Maximal  fluorescence intensity was observed when the developed plate was 

sprayed  with  a  thin  coat  of  cupric  sulfate,  allowed  to  dry  for  10  minutes  at  room 

temperature (tilted to prevent pooling of excess reagent) and then charred at 140-145 °C 

for 10 minutes (Figure 2.1a). This was selected as the standard protocol for all subsequent 

analyses; however, it  should be noted that comparable charring results were observed 

using shorter charring times at higher temperatures (Figure 2.1b).  The 10 minute drying 

step did not  affect  the  final  fluorescent signal,  but  tended to increase reproducibility 

between plates.  Charring at temperatures below 140 °C was consistently less effective 

(Figure 2.1a). 

Staining of HPTLC plates with cupric sulfate yielded reproducible detection of a 

wide range of phospholipids with higher sensitivity than the commonly used fluorescent 
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Figure 2.1: Effects of charring temperature on chromatogram 

fluorescence 

(a)  10  minute  incubations  at  varied  temperatures  resulted  in  a 

maximal signal at 140 °C.  (b) Comparable detection was observed 

with 10 minutes at 140 °C and 4 minutes at 165 °C.  Images are 

representative of 3 separate experiments. 
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reagent Nile Red (Figure 2.2).  Comparable visualization of plates was also obtained 

using a simple UV light box and camera.  On average, detection of phospholipids with 

cupric sulfate showed a ~5.8-fold lower LLD, and a ~4.0-fold lower LLQ compared to 

Nile  Red  (Table  2.1).  Relative  to  Nile  Red,  cupric  sulfate  also  yielded  reduced 

background staining, and reduced staining of solvent fronts (data not shown). Moreover, 

the cupric sulfate protocol is simpler and considerably less expensive, with an estimated 

cost of 18 ¢ per plate. 

Despite previous results indicating that cupric sulfate was relatively insensitive to 

the degree of unsaturation using densitometric detection [310, 311, 330], we were not 

able to visualize fully saturated lipids using cupric sulfate-based fluorescence detection 

(nor  by  densitometric  detection; data  not  shown).  Additionally,  unsaturated 

hydrocarbons, such as the steroid precursor squalene, were detected, suggesting that the 

minimal requirement for fluorescent detection is at least one unsaturated carbon-carbon 

bond (data not shown).  There was, however, a pronounced staining affinity for sterols 

(Figure 2.3a).  When resolved in parallel with neutral lipids, several sterols as well as 

saturated (18:0) and unsaturated (18:1Δ9) cholesteryl esters showed increased signal on 

plate. The average LLD of cholesterol, stigmasterol, and lanosterol were over 3 orders of 

magnitude  more  sensitive  than  for  the  same  sterols  detected  by  Nile  Red,  and  for 

phospholipids detected by cupric sulfate (Table 2.1, Figure 2.3B).  The average LLQ for 

sterols was 70-fold lower than for detection with Nile Red, and 25-fold lower than that 

for phospholipids.  Quantification of cholesterol using standard scanning densitometry 

after cupric sulfate charring yielded a LLD of ~9 pmol,  approximately two orders of 

magnitude higher than that determined using fluorescent detection. 

Extraction from silica gel of the fluorescent agent formed during cupric sulfate 

charring  was  possible  using  glacial  acetic  acid  as  a  solvent.  Spectrofluorometic 

measurements (Figure 2.4) determined a single,  broad emission peak at  590 nm, and 

multiple broad excitation peaks from 400-540 nm, with a prominent peak at 540 nm and a 

cluster of peaks from 450-505 nm (452, 468, 483, 493, 505 nm).  All peaks below 540 

nm were likely due to artifacts of the extraction process or degradation products from 
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Figure 2.2: Detection and quantification of phospholipids 

(a) Fluorescence detection of the indicated phospholipids loaded (from left) with 150, 50, 

25,  15,  5,  2.5,  and  1.5  ng  of  each  lipid per  lane.  Representative  of  3  separate 

experiments.  (b)  Analysis  of  indicated phospholipids  by  cupric  sulfate  staining  to 

determine LLD (dashed vertical lines) and LLQ (solid vertical lines).  (c) Analysis of 

indicated phospholipids by Nile Red staining to determine LLD (dashed vertical lines) 

and LLQ (solid vertical lines); n = 3. 
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Table 2.1: Lower limits of detection and quantification of various phospholipid and 
sterol species (n = 3). 

CuSO4 detection method 
Lipid species LLDa (pmol) LLQb (pmol) 

SM 75.4±35.1 171.4±34.3 

DAPC 93.8±12.6 108.1±39.3 
DAPI (bovine brain) 85.6±35.7 264.7±90.3 

DAPS 99.1±36.8 374.1±112.5 

DAPE 63.2±34.7 194.9±64.1 
DAPG 69.0±30.5 156.8±50.6 

DAPA 73.3±34.5 207.5±71.4 

Average 79.9±11.5 211.1±34.3 

Sterol Species LLD (pmol) LLQ (pmol) 

Stigmasterol 6.3±11×10-3 3.9±1.1 

Lanosterol 2.6±1.9×10-2 15.6±6.4 

Cholesterol 9.7±3.2×10-2 6.5±1.5 

Average 4.3±1.6×10-2 8.7±2.9 

a - 3 standard deviations above background 
b - 10 standard deviations above background 

Nile Red detection method 
LLD (pmol) LLQ (pmol) 

637.8±373.7 823.0±379.0 

655.1±339.8 966.7±392.8 
526.0±310.5 715.8±258.8 

618.5±323.1 1271.5±361.8 

216.4±60.4 470.4±82.3 
214.5±109.1 414.0±90.0 

368.3±167.2 1262.2±428.8 

462.4±99.2 846.2±122.6 

LLD (pmol) LLQ (pmol) 

N.D. N.D. 

72.6±18.7 515.6±194.7 

45.3±12.4 646.6±0 

59.0±12.3 581.1±109.8 
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Figure 2.3: Detection and quantification of neutral lipids and sterols 

(a) cupric sulfate visualization of 750 µg each 1) CER, 2) MOG, 3) DOG, 4) TOG, 5) 

FA,  and  50  µg  each  of  6)  cholesterol, 7)  18:1  CE,  8)  18:0  CE,  9)  lanosterol,  10) 

stigmasterol, 11) ergosterol, 12) cholestanol, 13) 7-dehydrocholesterol. Representative of 

5 separate experiments. (b) Analysis of sterol staining to determine LLD (dashed vertical 

lines) and LLQ (solid vertical lines) for stigmasterol, lanosterol, and cholesterol (n = 4-5). 
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Figure 2.4: Excitation (broken line) and emission spectra (solid line) of the 

fluorophore isolated from cupric sulfate treated TLC plate 
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extended handling, as only the major peak at 540 nm was observed in direct excitation 

scans on plate (not shown). 

Assessment of fluorescence after cupric sulfate thus offers an improvement over 

existing techniques for the detection of various natural lipidic membrane components. 

This is a particularly marked improvement for the simple quantification of sterols, and 

offers possible improvement in the detection of clinically relevant steroids.  To this end 

we investigated the use of cupric sulfate to detect the steroids estradiol, progesterone, and 

an  esterified  testosterone.  Estradiol  was  detected  with  sensitivity  comparable  to 

cholesterol,  but  neither  progesterone  nor  testosterone  undecanoate  were  detected; 

unesterified testosterone was not readily available for analysis.  To resolve this disparity 

we sought to elucidate the sensitivity of this reagent for specific structural elements of 

sterols.  The  cupric  sulfate  method  was  observed  to  stain  a  wide  range  of  sterols, 

including  ergosterol  (a  yeast sterol),  stigmasterol  (a  plant  sterol),  lanosterol,  7

dehydrocholesterol (metabolic precursors to cholesterol), and cholesteryl esters (Figure 

2.3a, Figure 2.5a).  In addition to the two steroids mentioned previously cupric sulfate 

was unable to detect cholestane (Figure 2.5b).  These results suggest that the sterol ring 

structure alone is insufficient for detection, but the presence of either an -OH or ester 

group at the C3 position is.  Unlike phospholipids, detection of sterols was independent 

of  the  presence  of  double bonds  within  the  molecule,  as  demonstrated  by  similar 

detection of  cholestanol  (having no double bonding within the  ring structure)  and 7

dehydrocholesterol (having two carbon-carbon double bonds within the ring structure, 

Figure 2.3a).  Unsaturation in either the C17 hydrocarbon tail of the sterols or the fatty 

acid ester of the cholesteryl esters also had little effect on staining, as is evident from 

comparable detection of both ergosterol and 7-dehydroergosterol, and both cholesteryl 

stearate and cholesteryl oleate.  Altering the staining solution to simply 8% phosphoric 

acid without cupric sulfate retained the ability to detect sterols on plate; however, the 

sensitivity towards neutral and phospholipids was dramatically reduced.  This suggests 

that fluorophore generation is acid-dependent, but is augmented by inclusion of cupric 

sulfate, perhaps in a catalytic role. 
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Figure 2.5: Structural variation in sterols detected by cupric sulfate fluorescence 

(a)  Sterols  detected by the cupric sulfate method.  (b) Sterols  not  detected with the 

cupric sulfate method. 
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The analysis of CV membrane lipids by HPTLC and fluorescent cupric sulfate 

detection  (Figure  2.6,  Table 2.2)  showed  enrichment  in cholesterol,  as  previously 

reported [176].  Other  high  abundance  lipids  include  triglycerides  and 

phosphatidylcholines.  To verify the efficacy of the method, parallel determinations of 

cholesterol  were  carried  out  on-plate  with  cupric  sulfate  and  using  a  sensitive 

standardized enzymatic quantification.  Both methods gave identical results (Table 2.3), 

and the measured cholesterol to phospholipid ratios were consistent with earlier reports in 

CV  and  with  published  values  for  other  secretory  vesicle  types [63,  176]. 

Phosphatidylcholine  was  the  most  abundant  phospholipid  and,  despite  the  high 

enrichment in cholesterol, cholesteryl esters quantitatively constitute < 1 % of total CV 

lipid.  The total phospholipid to protein ratio was 0.41 ± 0.03 (w/w).  These data are 

consistent with the measured phospholipid to protein ratio, cholesterol to phospholipid 

ratio, and the general phospholipid make-up of rat brain synaptic vesicles as analyzed by 

nano-electrospray ionization tandem mass spectrometry [63].  The relative enrichment of 

CV and SV in negative curvature lipids, including cholesterol and DAPE [63, 176], is 

consistent with  the demonstrated significance of their negative curvature contribution to 

the formation of the hemi-fusion stalk intermediate during membrane merger [261].  In 

total,  lipids of high negative curvature (including cholesterol,  CA, DAPE, and DAG) 

constitute ~35% of the total lipids, and if probable roles of FA are added to this, we find 

an initial total of ~42% of lipids potentially capable of directly supporting and facilitating 

the bilayer merger mechanism — and we have not yet begun to analyze the endogenous 

tocopherols / tocotrienols [331].  At ~2% of total lipids (~5% of phospholipids), DAPI 

may  contribute  either  as  a  signalling  molecule  or  as  the  precursor  to  DAG,  thereby 

potentially increasing negative curvature lipid plus FA levels to almost 45%.  Alternately, 

if DAPI is considered with other anionic species (DAPS, DAPG), these total ~10% of all 

lipid species, suggesting that their potential roles in membrane merger should be further 

analysed, as should the contributions of other major species such as TAG and MAG that 

together constitute almost 30% of the total lipid. 
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Figure 2.6: High resolution HPTLC analysis of CV membrane. 

(a) CV membrane phospholipids and (b) neutral lipids and sterols. 
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Table 2.2: Total CV neutral lipid, phospholipid, and sterol composition (n = 3).


Lipid distribution (mol %)

CHOL 23.6 ± 0.9 
TAG 23.2 ± 1.1 

DAPC 14.5 ± 2.2 
FA 6.9 ± 0.2 

DAPS 5.9 ± 0.9 
MAG 5.8 ± 0.3 
LPE 5.6 ± 0.3 
CA 5.6 ± 0.9 

DAPE 4.0 ± 0.4 
DAPI 2.0 ± 0.1 
DAPG 1.8 ± 0.3 

CE 0.60 ± 0.03 
DAG 0.54 ± 0.01 
SM < 0.15 

Phospholipid distribution (mol %) 
DAPC 36.9 ± 5.5 
DAPS 14.9 ± 2.3 
LPE 14.3 ± 0.8 
CA 14.1 ± 2.2 

DAPE 10.2 ± 0.9 
DAPI 5.1 ± 0.4 
DAPG 4.6 ± 0.8 

SM < 0.4 
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Table 2.3: Analysis of CV cholesterol content by on-plate or enzymatic detection 

Molar CV Cholesterol CV Cholesterol to 
Analytical Method to Phospholipid ratio Protein ratio (w/w) 

HPTLC 0.58 ± 0.02 0.096 ± 0.003 
Cholesterol assay 0.61 ± 0.02 0.101 ± 0.003 
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The  use  of  cupric  sulfate  as  a  fluorometric  staining  reagent  thus  offers 

reproducible  improvements  over  existing  fluorescent  reagents  and  the  classic 

densitometric assessments after charring.  Compared to the fluorescent reagent Nile Red, 

cupric  sulfate  offers  significantly  improved sensitivity  of  detection,  ease  of  use,  and 

reduced cost.   This  method is  able  to sensitively detect  a  wide range of  biologically 

relevant  sterols,  requiring  only  a  3′-OH  or  ester  linkage:  this  includes  cholesterol, 

stigmasterol, lanosterol, ergosterol, cholestanol, and the cholesteryl esters.  Similarly, the 

method is able to quantitatively detect unsaturated lipids, including phospholipids, neutral 

lipids, fatty acids, and hydrocarbons (such as squalene).  Quantitative analyses of lipids 

and  sterols  are  also  possible  using  mass  spectrometry  (triple  quadrupole  instrument 

equipped  with  a  nano-electrospray  ionisation  source) [63,  323,  324,  332],  though 

exhaustive characterization of the LLD and LLQ of different lipidic species has not been 

published.  Relative  to  the  on-plate  method  presented  here,  it  would  appear  that 

sensitivities for quantification by mass spectrometry are comparable for phospholipids, 

but  not  as  sensitive  for  cholesterol [323, 324].  Thus,  as  a  straightforward,  routine 

technique the on-plate detection method presented here,  coupled with high resolution 

automated multiple development HPTLC (or even more standard TLC protocols), will be 

an important complementary analytical tool for future large-scale lipid characterizations. 

In order to fully dissect underlying molecular mechanisms,  one must be able to both 

identify and quantify essential molecules. Coupled with our development of a simple, 

high-sensitivity immunodetection protocol for quantitative protein analysis [56], the new 

approach presented here fully enables comparable analyses of lipids without the need for 

highly specialized infrastructure. 
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Chapter 3: Two Dimensional Gel Electrophoresis 

3.1 Preface 

This  chapter  presents  the  analytical  techniques  used  to  quantitatively  assess 

protein changes.  In this chapter we optimize the extraction and quantification conditions 

for  the  analysis  of  membrane  proteins using  2-dimensional  electrophoresis.  These 

techniques are used extensively in Appendix A. 

3.1.1 Contributions 

This chapter has been previously published as Churchward MA, Butt RH, Lang 

JC, Hsu KK, and Coorssen JR (2005) Enhanced Detergent Extraction for Analysis of 

Membrane Proteomes by Two-Dimensional Gel Electrophoresis.  Proteome Science 3; 5 

JCL and HKK carried out the initial 1D gel analyses (Figure 3.1), RHB assisted in 

sample  preparation for  the  2D gel  analyses  (Figures 3.2, 3.3, 3.4, 3.5)  and provided 

invaluable input to the design and analysis of experiments.  MAC supervised the 1D gel 

analyses, carried out all 2DE analyses (Figures 3.2, 3.3, 3.4, 3.5), and was responsible for 

experimental design and analysis.  MAC wrote the manuscript with input and revisions 

from JRC.  JRC conceived and planned the study and contributed to experimental design 

and analysis. 

3.2 Summary 

3.2.1 Background 

The  analysis  of  hydrophobic  membrane proteins  by  two-dimensional  gel 

electrophoresis  has  long  been hampered  by the  concept  of  inherent  difficulty  due  to 

solubility  issues.  We  have  optimized  extraction  protocols  by  varying  the  detergent 

composition of the solubilization buffer with a variety of commercially available non

ionic and zwitterionic detergents and detergent-like phospholipids. 
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3.2.2 Results 

After  initial  analyses  by  one-dimensional  SDS-PAGE,  quantitative  two-

dimensional  analyses of  human erythrocyte membranes,  mouse  liver  membranes,  and 

mouse brain membranes, extracted with buffers that included the zwitterionic detergent 

MEGA  10  (decanoyl-N-methylglucamide) and  the  zwitterionic  lipid  LPC  (1-lauroyl 

lysophosphatidylcholine),  showed  selective  improvement over  extraction  with  the 

common  2-DE  detergent  CHAPS  (3[(3-cholamidopropyl)dimethylammonio]-1

propanesulfonate).  Mixtures of the three detergents showed additive improvements in 

spot number, density, and resolution.  Substantial improvements in the analysis of a brain 

membrane proteome were observed. 

3.2.3 Conclusions 

This study demonstrates that an optimized detergent mix, coupled with rigorous 

sample handling and electrophoretic protocols, enables simple and effective analysis of 

membrane proteomes using two-dimensional electrophoresis 

3.3 Abbreviations used 

LPC - 12:0 L-α-lysophosphatidylcholine SB  3-10  - N-decyl-N,N-dimethyl-3

LPG - L-α-lysophosphatidylglycerol ammonio-1-propanesulfonate 

LPE - L-α-lysophosphatidylethanolamine ASB-14 - amidosulfobetaine-14 

LPS - L-α-lysophosphatidylserine C12E8 - octaethylene  glycol  monododecyl 

ether 
MEGA 8 - octanoyl-N-methylglucamide 

RBC - red blood cell 
MEGA 9 - nonanoyl-N-methylglucamide 

2-DE – two dimensional electrophoresis 
MEGA 10 – decanoyl-N-methylglucamide 
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3.4 Introduction 

Historically, the proteomic analysis of hydrophobic membrane proteins has been 

considered  to  be  difficult  within  the  bounds  of  conventional  protocols  for  two-

dimensional  gel  electrophoresis  (2-DE).  The  nature  of  first  dimension  isoelectric 

focusing (IEF) requires that proteins be thoroughly solubilized as they are subjected to an 

electric field in which they migrate to their isoelectric point, by definition the state of 

lowest  possible  net  charge  and  thus  lowest  solubility  in  aqueous  environments.  In 

addition to being highly hydrophobic, many integral membrane proteins tend to be very 

large: human Ca2+ channels have 24 transmembrane helices and are typically > 200 kDa 

[333], and tyrosine kinase receptors are frequently > 100 kDa [334, 335] .  This leads to 

two major problems in the preparation of membrane protein samples for 2-DE.  First, 

effectively extracting membrane proteins into a detergent that is IEF compatible.  Second, 

maintaining protein solubility throughout loading onto IPG strips and the subsequent first 

dimension IEF separation.  Although highly efficient membrane protein extractions are 

routinely carried out with a detergent such as SDS for one-dimensional PAGE, SDS is 

incompatible  with  IEF  due to  the  charged  head  group.  To  overcome  this,  SDS 

solubilized samples often undergo solvent or acid precipitation to remove or reduce SDS 

and  lipids.  Despite  these  harsh  treatments  and  even  subsequent  treatment  of  the 

precipitate with a strong base [336] , delipidation by solvent extraction is often cited as 

enhancing protein recovery [337, 338] without discussion of the loss or modification of 

proteins  during  precipitation.  For  example,  highly  hydrophobic  proteins  (such  as 

proteolipids)  and  proteins  with  particular  post-translational  modifications  (such  as 

palmitoylation) are capable of partitioning into the solvent phase [339-341], and TCA 

treatment can cause acid hydrolysis of proteins or alter post-translational modifications. 

Additionally,  some  early  general  problems  with  effectively  separating  hydrophobic 

proteins by 2-DE have led to widespread general disregard for the analysis of membrane 

proteins, particularly in the development of alternate proteomic approaches [336, 338, 

342, 343]. 
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Since membrane proteins comprise approximately 30% of human proteins [344], 

and may account for substantially more cellular functions, the focus on soluble proteins 

in so-called ‘full’ proteomic analyses is somewhat concerning.  There is evidence that 

optimization of extraction conditions by alteration of buffers, chaotropes, and detergents 

is sufficient to reliably achieve high-resolution maps of membrane proteins [345-348]. 

To this end we have sought simple alternatives to optimize the detergent conditions used 

to extract proteins from native membranes by systematic analysis of the solubilization 

properties  of  a  wide  range  of  commercially  available  non-ionic  and  zwitterionic 

detergents and a range of natural and synthetic detergent-like lipids  [349-351]. Using 

proven synthetic detergents,  together with more native lipophilic  agents,  we find that 

combinations of these reagents generally improve the resolution of membrane proteomes 

analyzed by 2-DE, providing for select improvements in the yields of specific proteins. 

Optimization  of  conditions  for  particular samples  remains  a  key  to  any  successful 

analysis [352-354]. 

3.5 .Methods 

3.5.1 Reagents 

L-α-lysophosphatidylcholine  lauroyl,  urea,  tris  acetate,  lauric  acid,  pH  3-10 

ampholytes,  ammonium persulfate,  decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate 

(SB 3-10),  amidosulfobetaine-14 (ASB-14),  DL-α-O-benzylglycerol,  tributylphosphine 

(TBP), HEPES, sodium orthovanadate, staurosporine, cantharidin, and components of the 

broad spectrum protease inhibitor cocktail [54] were purchased from Sigma (St. Louis, 

Missouri).  IPG strips (pH 3-10), 30% acrylamide/bisacrylamide solution, low melting 

agarose,  Sypro Ruby,  10×TGS running buffer,  RC DC Protein Assay Kit,  bovine γ

globulin, and SDS were from BioRad (Hercules, California).  EZQ Protein Quantitation 

Kit was from Molecular Probes (Eugene, OR), Zwittergent® 3-10 was from Calbiochem 

(La  Jolla,  California),  and  CHAPS  was  from  Anatrace  (Maumee,  Ohio).  1,2

dioleoyloxy-3-(dimethylamino)propane,  5,7-docosadiynoic  acid,  and  1-oleoyl-sn

glycerol were from Toronto Research Chemicals (Toronto, Ontario).  Bovine brain L-α
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lysophosphatidylserine,  egg  L-α-lysophosphatidylcholine,  egg  L-α 

lysophosphatidylethanolamine,  egg  L-α-lysophosphatidylglycerol,  egg  L-α

lysophosphatidic acid, bovine heart cardiolipin, and free fatty acids were from Doosan 

Serdary Research (Toronto, Ontario).  Thiourea was from Fisher Scientific (Hampton, 

New Hampshire), and PBS, DTT, octanoyl-N-methylglucamide (MEGA 8), nonanoyl-N

methylglucamide  (MEGA  9),  decanoyl-N-methylglucamide  (MEGA  10),  TEMED, 

glycerol, 40% acrylamide solution, and octaethylene glycol monododecyl ether (C12E8) 

were from Bio Basic Inc. (Markham, Ontario).  Narrow range ampholytes (pH 2.5-4, 3.5

5,  5-7,  7-9,  and  8-9.5)  were  from  Fluka  (Buchs,  Switzerland),  and  tryptophol  and 

trans,trans-farnesol was from Aldrich (St. Louis, Missouri).  All other chemicals were of 

at least analytical grade. 

3.5.2 Red Blood Cell membrane preparation 

Packed RBC were obtained from Canadian Blood Services, (Calgary, AB) and 

washed 3× with isotonic buffer (20 mM sodium phosphate pH 7.4, 0.9% NaCl).  RBC 

ghosts  were  prepared  according  to  the  method  of  Chernomordik [355] with  slight 

modifications.  Cells were lysed osmotically in hypotonic lysis buffer (5 mM sodium 

phosphate pH 7.4, protease inhibitor cocktail [54], 5 mM DTT) for 20 minutes on ice. 

The lysate was flash frozen in a dry ice / ethanol bath, thawed, and membranes were 

collected by centrifugation (3000×g, 20 min, 4°C). Pellets were washed with wash buffer 

(20  mM  sodium  phosphate  pH  8.5,  protease  inhibitor  cocktail,  5  mM  DTT)  until 

supernatants were clear, and then subjected to a second round of hypotonic lysis and 

freeze-thaw.  After washing until supernatants were clear, membranes were collected by 

centrifugation (3000×g, 40 min, 4°C), suspended in a minimal volume of wash buffer, 

and  stored  at  -80°C.  Before  extraction,  membrane  isolates  were  washed  with  PBS 

containing protease inhibitors (PBS-PI) and pelleted (3 hours, 120 000×g, 4°C). 

3.5.3 Membrane preparations from mammalian tissues 

Membranes were isolated as previously described [356]. Briefly, mouse brains or 

livers were flash frozen after dissection and stored at -80°C until needed. For the isolation 
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of  all  cellular  membranes,  we  applied  a simple  physical  separation  /  fractionation 

protocol. Briefly, frozen tissues were thawed in hypotonic lysis buffer (20 mM HEPES 

pH 7.4, protease inhibitor cocktail, 10 mM sodium orthovanadate, 4 µM staurosporin, 4 

µM cantharidin) and manually homogenized on ice with a polyethylene pestle in a 1.5 

mL microcentrifuge tube. The homogenate was subjected to one round of freeze-thaw (

80 °C), before being combined with an equal volume of 2×PBS to restore isotonicity. 

Membranes were collected by ultracentrifugation (3 hours, 120 000×g, 4°C), and were 

washed  twice;  pellets  were  resuspended in  PBS-PI  for  each  wash  and  collected  by 

ultracentrifugation, as described above. 

3.5.4 Detergent Extractions 

Detergent extraction buffers were prepared for 1D (7 M urea, 2 M thiourea, 9 mM 

Tris acetate pH 7.0, protease inhibitor cocktail, and detergent as indicated) or 2-DE (IEF 

buffer 1 containing 8 M urea, 2 M thiourea, protease inhibitor cocktail, and detergent as 

indicated [356]).  Membrane  pellets  were  resuspended  by  pipetting  and  vortexing. 

Extractions were incubated for 1 hour on ice, with periodic vortexing. Any insoluble 

material  was  separated  by  ultracentrifugation  as  previously  described.  Solubilized 

samples were assayed for total protein content using the EZQ Protein Quantitation Kit 

(Molecular Probes, Eugene, OR). 

3.5.5 Protein Quantification 

Total protein was assayed using either the EZQ Protein Quantitation Kit or the 

RC DC Protein Assay Kit (BioRad, Hercules, CA).  The RC DC assay was carried out 

according to manufacturers instructions in 96-well plates and absorbance was measured 

using the Wallac Victor2 Multilabel HTS Counter (PerkinElmer Life Sciences, Boston, 

MA).  EZQ Protein Quantitation was carried out essentially according to manufacturers 

instructions  except  fluorescence  was  recorded  by  imaging  on  the  Proexpress 

multiwavelength fluorescent imager (PerkinElmer,  Boston MA) and spot fluorescence 

was quantified using ImageQuant 5.2 software (Molecular Dynamics, Sunnyvale, CA). 
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3.5.6 1D SDS-PAGE 

1D SDS-PAGE was performed in mini gel format using the BioRad Protean II 

Electrophoresis system, essentially as described [357] with minor modifications [358]. 

Samples  were  normalized  to  2  mg/ml  in  the  appropriate  extraction  buffer,  and  then 

diluted 1:1 (v/v) with  2 x SDS sample buffer [357]. 10 µg total protein was loaded per 

well on 12.5%T separating gels with 5%T stacking gels, buffered with 375 mM Tris (pH 

8.8) as described [358]. Gels were run at 125 V for 10 min to stack proteins, and then the 

voltage was reduced to 90 V to completion [56]. 

3.5.7 2-DE 

Samples for IEF were normalized to 2 mg/ml with the appropriate IEF buffer, 

then  combined  1:1  (v/v)  with  an  ampholyte-containing  IEF  buffer  (8  M urea,  2  M 

thiourea, 1% pH 3-10 broad range ampholytes, 0.2% each narrow range ampholytes (pH 

2.5-4, 3.5-5, 5-7, 7-9, and 8-9.5) and detergent as indicated [356]), to introduce a working 

concentration  of  ampholytes to  the  sample.  Samples  were  sequentially  reduced  and 

alkylated  essentially  according  to  Herbert  et  al. [359,  360] with  some  minor 

modifications. Briefly, the sample was reduced by the addition of TBP and DTT to final 

concentrations of 2.3 mM and 45 mM DTT, respectively, and incubated for 1 hour at 

25°C. The reduced sample was then alkylated with 230 mM acrylamide monomer for 1 

hour at 25°C.  Immediately following alkylation, the sample was loaded onto IPG strips 

for passive hydration at 25°C (12 hours).  IEF was carried out at 15 °C using the BioRad 

Protean IEF Cell; voltage was ramped linearly to 4000 V (2 hours) and IEF was carried 

out at 4000 V (constant) for 37500 Vhours.  After focusing, IPG strips were equilibrated 

essentially  according  to  the  manufacturer’s  instructions  by  sequential  immersion  in 

equilibration buffer (6 M urea, 2% SDS (w/v), 20 % glycerol (w/v), and 375 mM Tris pH 

8.8) containing 130 mM DTT for 10 minutes, followed by equilibration buffer with 350 

mM  acrylamide  monomer  for  10  minutes.  Following  equilibration,  IPG  strips  were 

loaded onto 12.5%T separating gels with 5%T stacking gels (buffered as described for 

1D) and sealed in place with an agarose overlay (0.5% low melting agarose, 0.1% SDS 
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and 375 mM Tris pH 8.8).  SDS-PAGE was otherwise carried out as described for 1D 

SDS-PAGE. 

3.5.8 Image analysis 

After electrophoresis, gels were fixed in 10% methanol, 7% acetic acid for 1 hour, 

washed  thoroughly  with  water  and  stained with  Sypro  Ruby  overnight.  Gels  were 

visualized  using  the  Proexpress  multiwavelength  fluorescent  imager  (PerkinElmer, 

Boston MA).  Quantitative image analysis was performed using Progenesis Workstation 

2004 (Nonlinear  Dynamics,  Cambridge,  UK).  Parallel  sets  of  gels  were warped and 

matched by automated analysis, and volumes were normalized to a single spot consistent 

in size, shape, density and location across all gels. 

3.6 Results & Discussion 

3.6.1 1D SDS-PAGE of RBC membrane 

Analysis of RBC extracts using 1D SDS-PAGE allowed for the rapid screening of 

a  large  number  of  extraction  reagents  (including  glycerols,  lipids,  fatty  acids,  and  

isoprenoids),  providing  results  that  could  be  interpreted  qualitatively  based  on  the 

selective increase and decrease of protein banding patterns relative to control extractions 

with CHAPS or SDS (Figure 3.1).  For example, band III, a large protein with multiple 

transmembrane spanning domains [361] could be clearly distinguished in SDS extracts at 

an apparent MR of ~110 kDa, compared to those made with CHAPS.  Another band, at 

apparent MR of 28 kDa, was also observed in the SDS but not the CHAPS extract.  Based 

on these simple criteria, detergents were selected that gave improved banding patterns 

over the CHAPS control extraction.  An initial working series of effective detergents was 

thus identified for further testing (Table 3.1), and these were then used to extract RBC 

membrane  samples  for  subsequent  analysis  by  2-DE.   Notably  LPC,  the  N

methylglucamide detergents MEGA 8, 9, and 10 and the sulfobetaine-based detergents 

ASB-14 and SB 3-10 showed improvements in the 1D banding pattern relative to the 

CHAPS  control.  A  selection  of  natural  source  lipids  were  also  tested,  including 
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Figure 3.1: Composite of 1D SDS-PAGE analyses of RBC ghost membranes. 

Membranes extracted with A) 4% CHAPS, B) 2% SDS, C) 2% LPC, D) 2% lauric acid, 

E) 2% trans, trans-farnesol, F) 2% MEGA 8, G) 2% MEGA 9, H) 2% MEGA 10, I) 2% 

1,2 dioleoyloxy -3-(dimethylamino)propane, J) 2% SB 3-10 (Sigma),  K) 2% SB 3-10 

(Calbiochem), L) C12E8, M)1-oleoyl-sn-glycerol, N) DL-α-O-benzylglycerol. Arrows 

indicate notable differences between extractions including 1, the multiple transmembrane 

spanning protein band III. 
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Table 3.1: Summary of detergents tested using systematic 1D SDS-PAGE analysis. 

Overall extraction efficacy analyzed by 1D SDS-PAGE or 2-DE separation is expressed 

qualitatively relative to SDS extraction (for 1D analysis) or CHAPS extraction (for 2

DE).  + indicates compatibility but poor performance, ++ indicates similar or slightly 

worse  than  CHAPS  extraction,  +++  indicates  performance  equal  to  or  better  than 

CHAPS, - indicates incompatibility. 

Detergent 1D-PAGE 2-DE Comments & Rationale 
SDS +++ - IEF incompatible 

CHAPS ++ +++ 
Poor extraction of hydrophobic and high 
molecular weight proteins 

trans, trans-farnesol +++ ++ Natural isoprenoid 

MEGA-8a 

MEGA-9b 

MEGA-10c 

+++ 

+++ 

+++ 

++ 

++ 

+++ 

Group of nonionic detergents commonly used for 
protein purification [365, 366] 

amidosulfobetaine
14 (ASB-14) 

Zwittergent® 3
10/SB 3-10d 

+++ 

+++ 

++ 

+++ 

Sulfobetaine-based detergents reported to improve 
membrane protein extraction [362-364] 

LPC (synthetic, 
lauroyl chain)e +++ +++ Zwitterionic lysophospholipid 

LPC (egg, mixed 
chain)e 

LPS (bovine brain)f 

++ 

++ 

++ Zwitterionic lysophospholipid 

- Anionic lysophospholipid, incompatible with IEF 

LPE (egg, mixed 
chain)g - -

Zwitterionic lysophospholipid; low solubility in 
high urea buffer 

LPG (egg, mixed 
chain)h ++ - Anionic lysophospholipid, incompatible with IEF 

LPA (egg, mixed 
chain)i ++ - Anionic lysophospholipid, incompatible with IEF 

cardiolipin (bovine 
heart) 

++ -
Anionic lipid, incompatible with IEF, low 
solubility in high urea buffer 

5,7-docosadiynoic 
acid 

- -
Synthetic fatty acid; low solubility in high urea 
buffer 

lauric acid +++ ++ 
Medium chain fatty acid; low solubility in high 
urea buffer 

free fatty acids 
(mixed) 

- -
Mixed natural fatty acids; low solubility in high 
urea buffer 
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DODAPj +++ -
Cationic lipid used as a transfection reagent [367], 
IEF incompatible 

1-oleoyl-sn
glycerol 

+ -
Uncharged monoacylated lipid, very low 
solubility in high urea buffer 

C12E8 
k + -

Nonionic detergent used to study membrane 
proteins [368] 

DL-α-O
benzylglycerol 

+ - Amphipathic cyclic glycerol conjugate 

tryptophol ++ -
Amphipathic heterocyclic metabolite of 
tryptophan; ionizable at low pH 

a octanoyl-N-methylglucamide 

b nonanoyl-N-methylglucamide 

c decanoyl-N-methylglucamide 

d N-decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate 

e L-α-lysophosphatidylcholine 

f L-α-lysophosphatiylserine 

g L-α-lysophosphatidylethanolamine 

h L-α-lysophosphatidylglycerol 

i L-α-lysophosphatidic acid 

j 1,2-dioleoyloxy-3-(dimethylamino)propane 

k octaethylene glycol monododecyl ether 
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lysophsphatidylglycerol  (LPG),  lysophosphatidylethanolamine  (LPE), 

lysophosphatidylcholine  (LPC,  from  egg),  lysophosphatidylserine  (LPS,  from  bovine 

brain),  and  cardiolipin  (bovine  heart).  Although  generally  comparable,  and  of  some 

selective use in extractions, most of these natural lipids proved to be of limited general 

usefulness as they are charged at neutral pH, and thus inherently incompatible with IEF. 

This limitation does not obviate the potential application of these lipids as extraction 

agents for use with alternate protein separation paradigms. 

3.6.2 2-DE analysis of Red Blood Cell membrane 

Initially,  red blood cell  (RBC) membranes  were extracted with a 2-DE buffer  

containing 4% total CHAPS (our standard concentration) or 1-2% total detergent, due to 

the relatively lower solubility of most  test  detergents compared to the highly soluble 

CHAPS.  Extraction of RBC membranes with synthetic LPC (lauroyl chain, Sigma) and 

the zwitterionic detergent MEGA 10 under these conditions resulted in areas of selective 

improvement in resulting 2-DE patterns relative to the control extracts in CHAPS (data 

not shown).  2-DE of samples extracted with SB 3-10 yielded similar protein maps to 

CHAPS,  however  this  detergent  was  difficult  to  solubilize  into  high  urea  buffer,  as 

previously reported [362, 363].  However, contrary to earlier reports [363, 364], samples 

extracted with ASB-14 did not show improvement over either CHAPS or SB 3-10 (data 

not shown).  In order to both appropriately account for more general effects of detergent 

concentration  and  take  advantage  of  the  high  solubility  and  efficient  solubilizing 

properties of CHAPS, both LPC and MEGA 10 were used to extract RBC membranes 

(Figure 3.2), mouse brain membranes (Figure 3.3), and mouse liver membranes (Figure 

3.5) as mixtures of 3% CHAPS : 1% alternate detergent, for a total 4% detergent.  

RBC membranes extracted with the 4% total detergent mixtures of CHAPS and 

LPC showed  general  evidence  of  improved spot  densities  (Figure  3.2B),  as  well  as 

specific  improvements  in  terms  of  reduced horizontal  streaking  in  the  intermediate 

molecular  weight  region  (Figure  3.2A). Automated  spot  detection  and  quantitative 

comparative analysis using Progenesis Workstation software identified specific changes 
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Figure 3.2: 2-DE of RBC ghost membranes. 

Membranes extracted with A) 4% CHAPS, B) 3% CHAPS : 1% LPC, C) 3% CHAPS : 

1% MEGA 10, D) 3% CHAPS : 0.5% LPC : 0.5% MEGA 10.  Extractions were carried 

out in buffer with 8 M urea, 2 M thiourea, protease inhibitor cocktail, and the indicated 

detergent for 1 hour on ice. Gels are representative of three independent experiments. 

Roman numerals indicate areas of improvement including i, the multiple transmembrane 

spanning protein band III. 
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in the protein pattern.  Specific areas of the gels showed improvement relative to parallel 

4% CHAPS control gels (Figure 3.2Bi-iv).  In particular, a prominent spot corresponding 

to band III was clearly observed [347, 348], as well as a 2.2 ± 0.1 - fold  increase in the 

density  of  a  string  of  spots  relative  to  the  CHAPS  extract  (Figure  3.2Bii).  Three 

additional  unique  spots  were  observed  when  extracted  with  3%  CHAPS  :  1%  LPC 

(Figure 3.2Biii-iv).  RBC membrane samples extracted with 3% CHAPS : 1% MEGA 10 

(Figure 3.2C) yielded protein maps of generally equivalent resolution to both the 3% 

CHAPS : 1% LPC and the 4% CHAPS maps, but did not resolve the protein band III as 

effectively as 3% CHAPS : 1% LPC.  

In  order  to  examine  the  overlapping effects  of  both  these  test  detergents,  but 

ameliorate the observed losses of protein, 0.5% of each was mixed with 3% CHAPS and 

tested in the extraction and 2-DE analysis of RBC membrane proteins (Figure 3.2D). 

Extraction with 3% CHAPS : 0.5% LPC : 0.5% MEGA 10 does not yield the extent of 

differences identified in the 3% CHAPS :  1% LPC extracted condition,  although the 

maps show general improvements over the control CHAPS condition that correlate with 

the improvements seen in the two individual detergent extractions (Figure 3.2B, C).  The 

density of the indicated string of proteins was increased an average of 1.7 ± 0.2 - fold 

over CHAPS (Figure 3.2Dii).  In general  then, the addition of LPC to the extraction 

buffer enhances both protein recovery and resolution in the subsequent 2D protein maps. 

Our  initial  findings  using  the  RBC membrane  as  a  model  system lead  us  to 

expand the analyses to additional tissue types.  Mouse brain membranes [356] and mouse 

liver membranes were chosen due to their availability, and broad international interest in 

improved analyses of these tissue proteomes.  

3.6.3 2-DE analysis of mouse brain membrane 

Adult mouse brain membrane samples were subjected to the final four extraction 

conditions (Figure 3.3) in order to further test the results obtained in RBC membranes 

(Figure 3.2).  Overall the results were quite similar to those obtained in the tests on RBC 

membranes.  Extraction  of  mouse  brain  membranes  with  3%  CHAPS  :  1%  LPC 
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Figure 3.3: 2-DE of mouse brain membranes. 

Membranes extracted with A) 4% CHAPS, B) 3% CHAPS : 1% LPC, C) 3% CHAPS : 

1% MEGA 10, D) 3% CHAPS : 0.5% LPC : 0.5% MEGA 10.  Extractions were carried 

out as for Figure 3.2.  Gels are representative of three independent experiments.  Areas 

defined with Roman numerals are shown in Figure 3.4. 
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(Figure 3.3B) showed improvement of spot number, density and resolution compared to 

extraction with 4% CHAPS alone (Figure 3.3A); quantitative analysis indicated specific 

areas of significant improvement  (Figure 3.4).  Automated analysis identified 13 ± 3 

novel that spots were reproducibly detected primarily in the low molecular weight and 

basic  extreme  regions  of  the  gel  (Figure 3.4B;  blue  arrows  indicate  novel  spots). 

Additionally, 5 spots were identified that significantly increased in volume an average 7.0 

±  3.4  –fold,  and  increased  in  density  2.8  ±  0.9-fold  compared  to  the  4%  CHAPS 

condition (Figure 3.4B; green arrows indicate increased recovery).  Of the 15 ± 2 novel 

spots detected in the 3% CHAPS : 1% MEGA 10 condition (Figure 3.4C), most were also 

observed in the 3% CHAPS : 1% LPC condition.  Overall, of the same 5 spots showing 

increased recovery, the volume increased 5.8 ± 2.5-fold, while density increased 3.2 ± 

0.9-fold (Figure 3.4C; green arrows).  Extraction of mouse brain membrane with 3% 

CHAPS : 0.5% LPC : 0.5% MEGA 10 (Figure 3.3D) showed an additive effect on spot 

number.  Spots recovered in both 3% CHAPS : 1% LPC and 3% CHAPS : 1% MEGA 10 

were also detected in the combined extraction system.  13 ± 1 novel spots were detected 

relative to control, and the 5 previously identified spots increased in volume 6.4 ± 0.4

fold and density was increased 2.6 ± 0.6-fold (Figure 3.4D; green arrows).  The nature of 

the recovery of these protein spots in 3% CHAPS : 0.5% LPC : 0.5% MEGA 10 reveals 

the specific action of the two detergents — LPC and MEGA 10 working in concert.  Only 

one selective loss of a protein spot was observed in relation to this recovery of unique 

spots (Figure 3.4Ai); this loss is the result of a specific action shared by the two alternate 

detergents  as  opposed  to  a  result  of  the  difference  in  CHAPS  concentration  during 

extraction  since  this  protein was  not  recovered  even  after  extraction  with  5%  total 

detergent  (4% CHAPS :  0.5% LPC :  0.5% MEGA 10)  (data  not  shown).  This  loss 

implies some specific action of the alternate detergents that prevent the extraction of this 

particular protein, or possibly an alteration in the electrophoretic mobility of this protein 

in  the  first  dimension  by  means  of  increasing  or  decreasing  the  number  of  exposed 

ionizable  residues.  Together,  the  results  of  the  RBC  membrane  and  mouse  brain 

membrane extractions show that simple combinations of zwitterionic detergents (CHAPS 

and MEGA 10) with a zwitterionic lipid (LPC) are generally more effective at extracting 
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Figure 3.4: Enlargement and contrast of selected regions after 2-DE of mouse brain 

membranes. 

Areas  defined  in Figure  3.3.  Areas  i-vi show  selective  increases  in  spot  number, 

resolution, and density.  Samples were extracted with A) 4% CHAPS, B) 3% CHAPS : 

1% LPC, C) 3% CHAPS : 1% MEGA 10, D) 3% CHAPS : 0.5% LPC : 0.5% MEGA 10. 

Results are representative of three independent experiments. Green arrows indicate spots 

showing increased volume and density, red arrows indicate decrease, blue arrows indicate 

novel spots. 
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membrane proteins and maintaining protein solubility during first dimension IEF than are 

standard CHAPS-based extraction conditions.  

3.6.4 Additional 2-DE Analyses 

Interestingly,  extracting  mouse  liver  membranes  with  the  same  detergent 

combinations described above resulted in protein maps that  were highly similar,  with 

very limited improvements.  Automated analysis indicated almost complete overlap of 

the resulting 2-DE protein patterns (Figure 3.5), with the specific and substantial recovery 

of one additional protein spot.  We interpret the marked similarity in these liver protein 

profiles,  relative to the differences seen in the RBC and brain samples,  to be due to 

variability between tissues in terms of relative homogenization/extraction efficiency and 

compatibility with our current buffer system. 

To  control  for  possible  differences arising  from  the  changing  CHAPS 

concentration in these test extraction buffers, mouse brain membranes were also extracted 

with 5% total detergent (5% CHAPS or 4% CHAPS : 0.5% LPC : 0.5% MEGA 10) and 

analyzed in parallel with membranes extracted with 4% total detergent.  No significant 

difference in overall spot pattern or specific differences as described above was observed 

between the 5% and the 4% total detergent mixtures (data not shown), indicating that the 

differences described here are specifically attributable to the addition of LPC and MEGA 

10 as solubilizing agents.  Indeed, overall, membrane protein patterns were generally of 

somewhat  lower  resolution  when  the  CHAPS  concentration  or  total  detergent 

concentration was increased to 5%. 

3.6.5 Protein Quantification 

During initial experiments we found total protein load to be the most significant 

variable confounding quantitative analyses. As such, great care was taken to ensure that 

the  analyses  meaningfully  tested  protein extraction  and  solubilization  efficiency,  in 

isolation from complicating variables.  Simply,  the  goal  was to compare reagents  and 

conditions, not to compare different final total protein loads by 2-DE.  Initially many 
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Figure 3.5: 2-DE gels of mouse liver membranes. 

Membranes extracted with A) 4% CHAPS, B) 3% CHAPS : 1% LPC.  Extractions were 

carried out as for Figure 3.2. Gels are representative of three independent experiments. 

Arrow indicates specific differences between gels. 
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protein  samples  were  quantified  using  a  modified  Folin  total protein  assay  (RC DC 

Protein  Assay  kit,  BioRad).  Colourimetric  assays  of  this  type  (eg.  Bradford,  Lowry, 

BCA,  and  so  forth)  perform  acceptably  under  many  circumstances  requiring  routine 

normalization of a series of very similar samples. However one of several limitations of 

such  total  protein  assays  is  a  marked  sensitivity  to  interfering  substances,  including 

components of typical IEF solubilization solutions such as detergents, reducing agents, 

and  urea.  In  our  experiments,  detergents  and  detergent  concentrations  were 

systematically  altered  and  combined.  Not  unexpectedly,  we  observed  substantial 

variability  in  the  results  of  the  total  protein  assay,  depending  upon  the  solubilizing 

reagents present.  The complications of applying systematic corrective controls,  or  of 

preparing separate standard curves for each of the solubilization conditions tested, simply 

increased  the  potential  for  error.  Regardless,  separate  standard  curves  are  not  even 

feasible in the case of the RC DC assay, as urea causes a saturating false positive signal.  

We  have  found  that  the  EZQ  Protein Quantitation  kit  (Molecular  Probes)  is 

insensitive to the nature and concentrations of detergent in all samples tested.  In this 

assay format, the immobilized protein sample is washed exhaustively with methanol to 

remove components  of  the  solubilization solution prior  to  addition of  the  fluorescent 

protein detection reagent. Thus, the chemistry of the assay proceeds in the absence of 

potentially  confounding  contaminants.  In  extensive  comparisons,  there  were  no 

significant differences in standard protein assay curves regardless of the type or quantity 

of detergent included (data not shown).  Additionally, the method proved quite sensitive 

(routine detection of 0.030 µg of total protein/spot, or 15 µg/ml); this is fully 10-fold 

more sensitive and requires 4-fold less material than the RC DC Assay.  Thus, as the 

chemistry of the assay was not altered under our different experimental conditions, we 

are confident that the improvements observed in our final protein maps were truly the 

result of differences in extraction and solubilization efficiency, and not artifacts generated 

by erroneous total protein assays leading to inconsistent total protein IEF loads between 

different test conditions.  Although the EZQ protein assay certainly has its caveats, not 
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least of which is cost, it does offer distinct benefits that support its utility in these and 

other ongoing proteomic analyses. 

3.7 Conclusions 

In order to optimize recovery of hydrophobic proteins for 2-DE, we have sought a 

simple,  direct solution to the problem of protein extraction and solubility during IEF. 

The systematic screening and combination of commercially available detergents offers a 

direct, inexpensive, and convenient method for optimizing the conditions of IEF without 

entering  into  the  complexities  of  a  systematic  synthesis  of  new detergents  based  on 

specific  base molecules,  or the potential  losses or modification of proteins associated 

with  solvent  extraction  techniques.  Coupled  with  our  ability  to  effectively  analyze 

membrane proteomes using 2-DE [356] the resulting findings should also prove of use in 

defining optimized combinations  of  extraction reagents  for  use  with alternate  protein 

separation protocols. 

Based on the hypothesis that  highly lipophilic  molecules (albeit  at  lower total 

concentrations than can be achieved with the more standard detergents),  might  better 

mimic  native  lipid-membrane  protein  interactions  and  thus  improve  protein 

solubilization, we found that LPC can substantially augment the extraction of membrane 

proteins from different sources.  This finding does not obviate the need for optimization 

of extraction and 2-DE conditions for different samples, but does provide a powerful, 

widely available and reasonably priced alternative that can be readily tested in parallel 

with more routine solubilization reagents.  Rigorous testing of protein assays ensured that 

these findings reflect  a true effect on extraction and protein solubility,  rather than an 

artifact of inconsistent protein loads between different 2-DE analyses.  Notably, LPC and 

MEGA 10 provided particularly marked improvements in the resolution of the mouse 

brain membrane proteome. 
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Chapter 4: Cholesterol 

4.1 Preface 

In this chapter we present a quantitative analysis of the role of cholesterol in Ca2+

triggered  membrane  merger.   Using  the  sea  urchin  cortical  vesicle  model  system 

described in Chapter 1 and quantitative analytical techniques described in Chapter 2 and 

the current chapter we demonstrate a strong correlation between membrane cholesterol 

levels and fusion capacity and efficiency. 

4.1.1 Contributions 

This chapter has been previously published as Cholesterol Facilitates the Native 

Mechanism of Ca2+-triggered Membrane Fusion by Churchward MA, Rogasevskaia T, 

Höfgen J, Bau J, and Coorssen JR (2005)  Journal of Cell Science 118; 4833-4848 

JH  was  responsible  for  developing  and  adapting  HPTLC  protocols  for  the 

effective analysis of phospholipids and neutral lipids (Figure 4.5D, Table 4.1).  JB carried 

out the polyene antibiotic treatments (with MAC) and photomicroscopy of sea urchin 

cortices  (Figures 4.2A, 4.9A,B,  and  D).  TR  carried  out  experiments  with  LPC, α 

tocopherol, and diacylphosphatidylethanolamine (Figures 4.10, 4.11), and assisted in data 

analysis and interpretation.  MAC was responsible for experimental design (with JRC), 

all other experiments, including polyene antibiotic treatments (Figures 4.1, 4.2B, 4.3, 4.4, 

4.5, 4.6, 4.7, 4.8, 4.9, and Table 4.1), data analysis and interpretation.  MAC wrote the 

manuscript with input from TR and JRC and revisions from JRC.  JRC conceived and 

planned the study, and contributed to experimental design and analysis. 

4.2 Summary 

The process of regulated exocytosis is defined by the Ca2+-triggered fusion of two 

apposed membranes, enabling the release of vesicular contents.  This fusion step involves 

a number of energetically complex steps and requires both protein and lipid membrane 
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components.  The role of cholesterol has been investigated using isolated release-ready 

native cortical secretory vesicles to analyze the Ca2+-triggered fusion step of exocytosis. 

Cholesterol is a major component of vesicle membranes and we show here that selective 

removal  from  membranes,  selective  sequestering  within  membranes,  or  enzymatic 

modification cause a significant inhibition of the extent, Ca2+-sensitivity, and kinetics of 

fusion.  Depending upon the amount incorporated, addition of exogenous cholesterol to 

cholesterol-depleted  membranes  consistently  recovers  the  extent,  but  not  the  Ca2+

sensitivity  or  kinetics  of  fusion.  Membrane  components  of  comparable  negative 

curvature selectively recover the ability of vesicles to fuse, but are unable to recover the 

kinetics and Ca2+-sensitivity of fusion.  This indicates at least two specific positive roles 

for  cholesterol  in  the  process  of  membrane  fusion:  as  a  local  membrane  organizer 

contributing to the efficiency of fusion, and, by virtue of its intrinsic negative curvature, 

as a specific molecule working in concert with protein factors to facilitate the minimal 

molecular machinery for fast Ca2+-triggered fusion. 

4.3 Abbreviations used 

SV - synaptic vesicle BIM – baseline intracellular media 

PM – plasma membrane CSC – cell surface complex 

mβcd – methyl-β-cyclodextrin DMSO – dimethylsulfoxide 

hpβcd – 2-hydroxypropyl-β-cyclodextrin a-toc – a-tocopherol 

LPC – lysophosphatidylcholine OD – optical density 

DOPE – dioleoylphosphatidylethanolamine ampB – amphotericin B 

PIM - pimaricin 
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4.4 Introduction 

Exocytosis is an essential cellular process with numerous distinct stages.  In many 

systems,  the defining step of regulated exocytosis is  the Ca2+-triggered fusion of two 

apposed  membranes.  The  mechanism  of  Ca2+-triggered  membrane  fusion  has  been 

described by both proximity and proteinaceous fusion pore models. Both models seek to 

account for a mechanism that can overcome the substantial energy barriers obviating the 

close apposition of two bilayers and the subsequent molecular reorganization required for 

the merger and coalescence of these membranes [369]. Protein pore models initially 

considered  connexin-like  channels  linking  the  two  fusing  bilayers [122].  Recent 

proteomic, genetic, and molecular biological approaches have identified potential protein 

pore  components  that  may include syntaxin [134],  and vacuolar  ATPase V0 subunits 

[123].  Proximity  models  consider  mechanisms  to  bring  two  bilayers  into  close 

apposition, causing bilayer reorganization and rapid formation of a lipidic fusion pore 

[157, 369, 370].  The stalk-pore hypothesis is a mathematical and physical description of 

membrane fusion based initially on data from model membrane studies [42, 159, 160]. 

The  hypothesis  accounts  for  the  minimized  energies  associated  with  the  rapid  and 

progressive formation of transient lipidic intermediates in terms that include membrane 

curvature [371], or the ability of a hydrated lipid assembly to form non-bilayer structures 

[372].  By convention, positive curvature is the tendency to form convex, micelle-like 

structures, whereas negative curvature implies formation of concave surfaces at the lipid-

water interface [373]. 

Cholesterol is a major component of native biological membranes. In both model 

and native membranes cholesterol associates to form discrete, functional microdomains 

(rafts) that serve as sites for specific protein-lipid interactions [374].  Several proteins 

implicated in the exocytotic process have been shown to associate with cholesterol-rich 

microdomains [249]: these domains have been suggested to be the sites of membrane 

fusion,  although a  more  recent  study  suggests them to  be  negative  regulators  of  the 

exocytotic  process [375],  consistent  with  other  membrane  components  functioning 

downstream in the actual triggered membrane fusion event [40, 54, 123, 376, 377].  This 
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is  at  least  potentially consistent  with either  the protein pore  or  proximity models  for 

fusion.  Additionally,  cholesterol  serves  as a  source of  negative curvature  within the 

bilayer membrane [182, 183] that can lower energy barriers to promote the formation of 

lipidic  fusion intermediates,  or  support the  formation and expansion of  proteinaceous 

pores. 

Here we selectively describe a role for lipidic membrane components, specifically 

cholesterol,  in  the  process  of  triggered  fusion  using  well-established,  stage-specific 

cortical vesicle (CV) preparations isolated from sea urchin eggs.  Cortex preparations, 

consisting of  primed,  release ready CV fully  docked to  the  plasma membrane  (PM), 

undergo rapid exocytotic fusion in response to an increase in [Ca2+]free [40, 54, 55, 274, 

290, 292, 295, 321, 378, 379].  As this fully docked state can restrict access to critical 

components at the fusion site [54, 58] and as the PM can often act as a sink for reagents, 

experiments were also carried out using the established homotypic CV-CV fusion system 

[54, 57, 290].  Homotypic fusion has been documented at the cortex and proceeds rapidly 

through the same molecular mechanism as CV-PM fusion [40, 54, 321, 380].  Cholesterol 

was removed from membranes using methyl-β-cyclodextrin (mβcd), an agent known to 

alter  membrane  cholesterol  levels  through  direct  binding  of  cholesterol  into  a 

hydrophobic  pocket [381,  382].  Delivery  of  cholesterol  to  depleted  membranes  was 

accomplished using cholesterol-loaded mβcd, saturated cholesterol solutions [383], and 

cholesterol-loaded 2-hydroxypropyl-β-cyclodextrin (hpβcd), a related cyclodextrin with a 

relatively lower affinity for membrane cholesterol.  Studies were also carried out with 

polyene antibiotics, a class of molecules known to bind and effectively sequester sterols 

in the membrane [384-387].  Cholesterol oxidase was used to metabolically ‘remove’ 

cholesterol from the membranes and effectively disrupt functional microdomains [388, 

389].  The results of these experiments support the role of cholesterol as a pre-fusion 

organizer [249,  390],  but  also indicate that cholesterol  functions more directly in the 

native molecular mechanism of bilayer merger. 
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4.5 Methods 

4.5.1 Materials 

Mβcd,  hpβcd, α-cyclodextrin  (αcd), β-cylcodextrin  (βcd),  cholesterol  oxidase, 

amphotericin B, pimaricin, and α-tocopherol (α-toc) were from Sigma (St. Louis, MO). 

Filipin  III  was  from  Calbiochem  (La  Jolla,  CA).  Cholesterol,  12:0 

lysophosphatidylcholine (LPC), and dioleoylphosphatidylethanolamine (DOPE) and lipid 

standards  for  HPTLC  were  from  Avanti  Polar  Lipids  (Alabaster,  AL).  All  other 

chemicals were of at least analytical grade. 

4.5.2 Preparations and fusion assays 

Cortical  vesicles  were  isolated  from  purple  sea  urchins  (Strongylocentrotus 

purpuratus, Westwind, BC) as previously described [54].  Animals were stored on site at 

~7 °C.  All experiments were carried out in baseline intracellular media (BIM, 210 mM 

potassium glutamate, 500 mM glycine, 10 mM NaCl, 10 mM PIPES, 50 μM CaCl2, 1 

mM MgCl2, 1 mM EGTA pH 6.7) [56] supplemented with 2.5 mM ATP and protease 

inhibitors, unless otherwise stated.  Standard end-point and kinetic fusion assays were 

carried  out  as  previously  described [40,  54,  57],  with  some  modifications.  CV-PM 

preparation (cell surface complex, CSC) endpoint and kinetic fusion assays were carried 

out on free floating CSC, with suspensions maintained by gentle shaking steps.  During 

kinetic measurements CSC were kept suspended by 2 s shaking steps (Wallac Victor II 

microplate reader) between the measurement of each well.  Each condition was tested in 

sets of 4 replicates per experiment, and each experiment was repeated as indicated (n); 

data  are  reported  as  Mean ± SEM.  Final  free  Ca2+ concentrations ([Ca2+]free)  were  

measured with a Ca2+-sensitive electrode (World Precision Instruments, Sarasota, FL) for 

each condition in every experiment, as previously described [40, 54].  Ca2+ activity curves 

were fit using the sigmoidal cumulative log-normal model [293]; control conditions were 

fit with a 2-parameter model (by definition reaching 100% fusion), whereas experimental 

conditions were fit with a 3-parameter model (TableCurve 2D) to determine the upper 

plateau extent, Ca2+-sensitivity, and sigmoidal-slope parameters of fusion.  In the kinetic 
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assays, a rapid phase of fusion was apparent during the period of Ca2+ injection (450 ms) 

corresponding to a rate of CV fusion reported here as the initial fusion rate (% fusion/s). 

Lysis was confirmed by light microscopy, and measured as a change in optical density 

after  incubation  with  mβcd.  Two-sample,  two-tailed  t-tests  were  used  to  determine 

differences (P < 0.05)  of  fusion parameters  between the experimental  conditions and 

parallel, internal controls. 

4.5.3 CSC and CV Treatments 

Saturated  cholesterol  was prepared  as  previously described  [383]. Polyene 

antibiotics were delivered from dimethylsulphoxide (DMSO) stock solutions to a final 

concentration  of  <  1%  DMSO,  while α-tocopherol  (α-toc)  and 

dioleoylphosphatidylethanolamine (DOPE) were delivered using hexadecane to a final 

solvent  concentration  of  0.05%;  parallel  solvent  controls  were  carried  out  in  every 

experiment but never significantly affected fusion.  Stock solutions of mβcd, hpβcd, αcd, 

and βcd  were  prepared  by  dissolving  in  BIM  working  buffer  and  added  to  CV 

suspensions at the indicated concentrations.  Mβcd- and hpβcd-cholesterol were prepared 

as previously described [391-393]; briefly, cholesterol dissolved in chloroform:methanol 

(2:1 v/v) was dried under a stream of nitrogen and trace solvent was removed under 

vacuum for 2 h.  An appropriate volume of 100 mM mβcd or hpβcd was added to the 

dried  film  at  a  standardized  molar  ratio  (~  8:1  for  mβcd:cholesterol  and  10:1  for 

hpβcd:cholesterol) and vortexed to suspend the film.  Suspensions were bath sonicated 

for  20 minutes,  then incubated overnight  at  37 °C with shaking (250 rpm).  Finally, 

suspensions were cooled to room temperature and filtered through 0.2 μm filters (Fisher 

Scientific, Hampton, NH) to clarify solutions.  CSC and CV suspensions (O.D. 1.00 ± 

0.05)  were  treated  with  mβcd for  30 minutes  (25 °C),  followed by centrifugation to 

isolate the preparations.  Resulting supernatant samples were cleared of all membrane 

fragments  by  ultra-centrifugation  (100000  ×  g  for  3  h), and  stored  at  -80 °C until 

analyzed.  Isolated CSC and CV were then suspended in BIM (O.D. 0.39 ± 0.02); an 

aliquot was used for  fusion assays,  and the remainder stored at  -80 °C prior  to lipid 

analysis. Cholesterol oxidase treatments were carried out at 30 °C in BIM, pH 7.0, for 30 
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minutes.  For treatments with reversible inhibitors (filipin, ampB, PIM, and LPC) CV 

were either treated at an optical density of 1.00 ± 0.05 and then diluted after incubations 

(for  filipin,  ampB,  and PIM) or  treated at  a  final  dilution of 0.40 ± 0.02 (for  LPC). 

Fusion assays were then carried out immediately.  In all cases fusion assay results were 

normalised against those of controls handled in parallel. 

4.5.4 Molecular Analyses 

Quantification of cholesterol  in CV membrane fractions after  mβcd treatments 

was carried out using the Amplex Red Cholesterol Assay kit (Molecular Probes, Eugene, 

OR) according to the manufacturer’s instructions. 

CV membrane lipids were extracted essentially according to Bligh and Dyer [325] 

with some modifications.  Lipids were extracted by the sequential addition of methanol, 

and then chloroform, to an intermediate ratio of 0.8:2:1 (H2O:CH3OH:CHCl3, v/v/v) and 

subsequently brought to a final ratio of 1.8:2:2 through sequential addition of aqueous 

solution (1 M NaCl, 0.1 M HCl in water) and CHCl3.  The resulting organic phase was 

recovered, dried under vacuum, and stored under nitrogen at -30 °C.  Dried lipid films 

were  resuspended  in  CHCl3:  CH3OH  (2:1  v/v)  for  high performance  thin  layer 

chromatography (HPTLC) analysis.  HPTLC was carried out  essentially according to 

Weerheim et al. [328] with modifications.  Extracted lipids dissolved in CHCl3:CH3OH 

were loaded onto silica gel 60 HPTLC plates (CAMAG Linomat IV) pre-washed with 

CH3OH:ethyl acetate (6:4) and activated at 110 °C for 30 minutes.  Using the automated, 

sequential  separation steps  enabled by the CAMAG AMD 2 multi-development  unit, 

lipids were resolved to 50 mm using CHCl3, ethyl acetate, acetone, isopropanol, ethanol, 

methanol,  water,  acetic  acid  (30:6:6:6:16:28:6:2,  v/v),  then  to  78  mm  with 

dichloromethane,  ethyl  acetate,  acetone  (80:16:4,  v/v/v),  and  finally  to  90  mm  with 

hexane, ethyl acetate in three steps (85:15, 92:8, and 100:0 v/v, sequentially).  Separated 

lipids were visualized with Nile Red [318] and imaged (Ex 540 nm/ Em 620 nm) with the 

PROXPRESS multi-wavelength fluorescent imager (Perkin Elmer, Boston, MA).  For 

phospholipid quantification on HPTLC plates, the integrated Nile Red fluorescent signal 
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for  each  species  of  interest  was  compared to  a  parallel  dilution  series  of  standard 

phospholipids.  Extraction efficiency was estimated by collecting and lyophilizing the 

aqueous  phase  remaining  after  lipid  extraction,  and  analyzing  these  lipid  samples  in 

parallel with the organic phase.  We observed consistent recovery of 90 ± 7% for total 

phospholipid  by  this  method  (n  =  4).  Two-sample,  two-tailed  t-tests  were  used  to 

determine differences (P < 0.05). 

4.6 Results 

4.6.1 Effects of cholesterol depletion on exocytotic fusion 

Native, docked CV-PM preparations (cell surface complexes, CSC) exposed to 

increasing [Ca2+]free undergo exocytosis in vitro yielding a classic sigmoidal Ca2+ activity 

curve [40, 54, 55, 274, 290, 292, 293, 321, 378] with an EC50 of 45.8 ± 8.0 μM [Ca2+]free 

(Figure 4.1a, closed circles; n = 5) following an hour or more incubation in vitro. The 

initial rate of fusion was 77.5 %/s (n = 2) in response to 189 μM [Ca2+]free, consistent with 

previous reports [295].  Treating CSC with mβcd resulted in concentration-dependent 

inhibition of the extent of triggered fusion even at high concentrations of [Ca2+]free (e.g 1 

mM),  and a progressive rightward shift  in Ca2+-sensitivity of  up to 695 μM [Ca2+]free 

(Figure  4.1a,  orange  squares).  The  kinetics  of  fusion  showed  a  comparable 

concentration-dependent inhibition following treatment with mβcd (Figure 4.1b); initial 

rate decreased to 8.9 %/s following treatment with 6 mM mβcd (n = 2).  Furthermore, at 

high concentrations  of  mβcd  (>10 mM) the  fusion  of  intact  vesicles  was  effectively 

abolished.  Inhibition was not a result of CV lysis or the undocking of CV from the PM 

during  treatment  (Figure  4.2),  as  cortices  treated  with  mβcd  were  morphologically 

identical to parallel, untreated cortices, except that intact, unfused vesicles remained even 

after a Ca2+ challenge (Figure 4.2a).  Likewise, significant inhibition of the extent of 

fusion occurred at concentrations of mβcd that did not induce marked lysis (Figure 4.2b). 

The  inhibition  of  fusion  extent,  Ca2+-sensitivity,  and  kinetics  correlated  with 

depletion of cholesterol from the CSC (Figure 4.1c).  As the Ca2+ activity curves (Figure 

4.1a) were all translationally invariant, the results are consistent with a reduced number 
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Figure 4.1: The dose-dependent effects of mβcd on CV-PM fusion. 

A) Ca2+-activity curves (n = 3) following treatments with 0 mM (closed circles), 1 mM 

(blue circles), 2 mM (red triangles), 4 mM (green triangles), 6 mM (purple squares), 10 

mM (orange squares), or 15 mM (yellow diamonds) mβcd.  B) Kinetics of fusion of CV

PM preparations treated as in A, triggered with 189 μM [Ca2+]free (n = 2).   C) Total  

cholesterol in CV-PM preparations after treatment with the indicated concentration of 

mβcd,  expressed relative to untreated preparations.  *  indicates  significant  difference 

from control (P < 0.05) and other treatments (P < 0.005), **, *** indicate significant 

difference from control and other treatments (P < 0.001). 
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of active fusion machines, rather than with an altered fusion mechanism [293].  To ensure 

full  access even to the sites of triggered fusion, and to enable more direct  molecular 

quantification  of  treatment  effects,  experiments  were  also  carried  out  with  the  well-

established isolated CV system, thereby avoiding effects arising from the large molecular 

background imposed by the PM. 

4.6.2 Direct effects of cholesterol depletion on vesicle fusion 

Well established homotypic CV-CV fusion assays yield characteristic sigmoidal 

Ca2+ activity curves [54, 57, 290, 292, 293] with an EC50 of 36.1 ± 7.0 μM [Ca2+]free 

following an hour or more incubation in vitro (Figure 4.3a, closed circles; n = 4); these 

are translationally invariant to the CV-PM curves shown in Figure 4.1a [40, 54, 292, 

293].  The initial rate of fusion was 57.8 ± 4.4 %/s (n = 3) in response to 71 ± 21 μM 

[Ca2+]free.  Treating isolated,  free-floating CV with increasing concentrations  of  mβcd 

prior to fusion assays resulted in a progressive, concentration-dependent rightward shift 

in Ca2+-sensitivity (to 240 ± 4 μM [Ca2+]free) and a parallel loss in the extent of fusion 

(Figure 4.3a, orange squares).  Kinetics of fusion were also inhibited in a concentration-

dependent manner (Figure 4.3b); the initial rate of fusion decreased to 4.6 ± 1.9 %/s (n = 

3) following treatment with 4 mM mβcd.  Inhibition of CV-CV fusion was more sensitive 

to mβcd than was CSC fusion, likely due to higher mβcd concentrations relative to CV 

due to the absence of PM cholesterol.  Lysis of isolated CV was also more sensitive to 

mβcd concentration; however, at lower concentrations (≤ 2 mM), lysis did not exceed 

10% (Figure 4.2c).  It was also noted that the time course of inhibition by mβcd, which 

was maximal within ~30 minutes, was independent of lysis, which generally occurred 

within 1 minute (data not shown).  The concentration-dependent inhibition of the extent 

of fusion was mathematically correlated to the number of intact, active fusion sites (<n>) 

per  vesicle  as  previously  described [54,  292,  293] and  extrapolated  to  estimate  the 

number of fusion machines per native vesicle (<n>Max; Figure 4.4 open symbols).  The 

resulting estimates, <n>Max = 6.5 ± 2.7 (n = 4) for CSC, and <n>Max = 5.7 ± 1.2 (n = 5) for 

CV, are consistent with previously reported values [40, 54]. 
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Figure 4.3: The dose dependent effects of mβcd on CV-CV fusion. 

A) Ca2+-activity curves (n = 4) following treatments with 0 mM (closed circles), 0.5 mM 

(blue circles), 1 mM (red triangles), 2 mM (green triangles), 4 mM (purple squares), 6 

mM (orange squares), or 10 mM (yellow diamonds) mβcd.  B) Kinetics of CV-CV fusion 

treated as in A, triggered with 71 ± 21 μM [Ca2+]free (n = 3). C) Total CV cholesterol after 

treatment with the indicated concentration of mβcd, expressed relative to untreated CV. 

*  indicates  significant  difference  from  control  (P  <  0.05),  **  indicates  significant 

difference from control and all other conditions (P < 0.001). 



95 

<n> CV-CV fusion 
<n>Max CV-CV fusion 
<n> CV-PM fusion 
<n>Max CV-PM fusion 

<n
> 

10


8


6


4


2


0  2 	4  6  8 10 


[mβcd] (mM)

Figure 4.4: Extrapolation of the number of intact fusion sites (<n>). 

CV-CV fusion (closed circles) and CV-PM fusion (red squares) to estimate <n>Max (open 

symbols), the total number of fusion machines per vesicle. 



96 
The ATP-dependence of mβcd inhibition was examined by excluding ATP from 

buffers both during treatment and during the fusion assay.  As previously established, the 

Ca2+-triggered fusion steps occur independently of ATP [54, 272, 274, 290, 321], and 

there was also no effect of ATP on the inhibitory activity of mβcd (data not shown). 

Furthermore, the inhibition by mβcd was not reversed by simply removing mβcd from 

the buffers.  Washing treated CV (up to 4 wash steps) following mβcd treatment had no 

effect  on the extent  of  inhibition,  and there was no residual  mβcd detected by high-

performance thin-layer chromatography (HPTLC) (data not shown).  Thus, the inhibition 

of the extent of fusion, together with marked declines in Ca2+-sensitivity and the rate of 

fusion, were related to the proportion of cholesterol removed from the CV membranes 

(Figure 4.3c) rather than to an effect of residual mβcd bound to the membrane. 

HPTLC  analyses  revealed  that  the  mβcd  treatments  only  removed  limited 

amounts of other lipidic components from CV membranes relative to cholesterol (Figure 

4.5d).  The specificity of the observed relationship between removal of cholesterol and 

inhibition of fusion was confirmed by using other cyclodextrins that are less selective for 

cholesterol  [381]. The α- and β-cyclodextrins (αcd and βcd) as well as hpβcd had no 

measurable  effect  on  the  extent,  Ca2+-sensitivity,  or  kinetics of  triggered  fusion  at 

comparable concentrations to mβcd (Figure 4.5a-b); however, at higher concentrations (5 

mM), βcd has a slight inhibitory effect on Ca2+-sensitivity (Figure 4.5a, yellow squares), 

while αcd  has  inhibitory  effects  on  fusion kinetics  (Figure  4.5e,  green  squares).  In 

response to 87 μM [Ca2+]free, the initial rate of kinetics decreased from 60.4 %/s to 27.1 

%/s following treatment with 5 mM βcd (n = 2).  Very high (≥ 20 mM) concentrations of 

hpβcd also inhibited the Ca2+-sensitivity, but not the extent of fusion (Figure 4.5b, purple 

inverted triangles).  Relative to the effects of an identical concentration of mβcd (2 mM), 

there was no substantial  removal  of CV membrane cholesterol  by any of these other 

cyclodextrins (Figure 4.5c-d), although at higher concentrations each of the cyclodextrins 

tested  tended  to  show  removal  of  cholesterol  (Figure  4.5c). Thus,  overall,  the 

concentration-dependent effects of mβcd treatments on triggered fusion (as well as those 

of the other cyclodextrins at higher concentrations) correlated directly with the removal 
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Figure 4.5: Effects of cyclodextrins on CV-CV fusion. 

CV treated with 0 mM (closed circles) or with A) αcd or βcd as indicated (n = 2), B) 

hpβcd as indicated (n = 2).  Dashed lines in (A) represent the 99% confidence intervals of 

the fusion plot for untreated CV.  C) Total CV cholesterol assayed after treatment with 

the indicated cyclodextrins.  Results are expressed as percent of untreated control CV. *, 

** indicates significant difference from control and all other conditions (P < 0.001). D) 

HPTLC analysis of supernatant extracts following incubation with 0 mM, or 2 mM of the 

indicated cylcodextrin.  Lipid standards include cholesteryl esters (CE), triacylglycerol 

(TAG),  free  fatty  acids  (FA),  diacylglycerol  (DAG),  cholesterol  (Chol), 

monoacylglycerol  (MAG),  ceramide  (Cer),  cardiolipin  (CA),  diacyl

phosphatidylethanolamine  (PE),  -phosphatidylinositol  (PI),   -phosphatidylserine  (PS), 

-phosphatidylcholine (PC), lysophosphatidylethanolamine (LPE), lysophosphatidylserine 

(LPS), and lysophosphatidylcholine (LPC), sphingomyelin (SM).  The prominent band in 

the mβcd lane is mβcd.  E) Kinetics of CV-CV fusion following treatments as in (A), in 

response to 87 μM [Ca2+]free (n = 2). 



98 
of CV cholesterol.  If this is indeed a cause-effect relationship, the ability of CV to fuse 

should be rescued by the addition of exogenous cholesterol to cholesterol-depleted CV. 

4.6.3 Cholesterol acts in the fusion mechanism 

Here, bypassing the access difficulties at fully docked sites, we find a direct effect 

of  cholesterol  on  triggered bilayer  merger,  resulting  in  a  selective  rescue  of  fusion. 

Delivery of cholesterol using mβcd as a carrier molecule did not fully recover the extent 

of fusion, and resulted in no rescue of Ca2+-sensitivity or kinetics (Figure 4.6a, green 

triangles).  Additionally,  exposing  untreated  (native)  CV  to  cholesterol-loaded  mβcd 

(mβcd-cholesterol) caused a significant rightward shift in Ca2+-sensitivity and a decrease 

in extent of fusion (data not shown), similar to that seen with unloaded mβcd (Figure 

4.6a,  blue  circles).  Taking  these  results  to  indicate  nonspecific  effects  of  mβcd, 

particularly  with  cumulative  exposures,  we  sought  alternate  methods  of  delivering 

cholesterol to the CV membrane.  Cholesterol delivery using saturated solutions was only 

able to partially recover extent, but not the Ca2+-sensitivity or kinetics of fusion (Figure 

4.6a,  d  orange  triangles).  Exogenous  cholesterol  delivered  with  hpβcd  caused  full 

recovery  of  the  extent,  Ca2+-sensitivity,  and  kinetics  of  fusion  (Figure  4.6b-d,  red 

triangles, Table 4.1).  Molecular analysis revealed the specificity of both mβcd inhibition 

and the recovery of fusion (Figure 4.6e, Table 4.1).  Untreated, native CV have 70.6 ± 3.3 

amol (4.25 ± 0.20 × 107 molecules) of cholesterol per CV (n = 9), and this correlates with 

a cholesterol : phospholipid ratio of 0.602 ± 0.034.  After treatment with 2 mM mβcd, 

cholesterol  levels  drop  to  49.5  ±  2.0  amol  per  CV  (n  =  4),  with  a  cholesterol  : 

phospholipid ratio of 0.411 ± 0.021 (Table 4.1).  The effective delivery of cholesterol to 

cholesterol-depleted CV resulted in the full recovery of total cholesterol per CV (and thus 

the native cholesterol : phospholipid ratio) and correlated with the complete  rescue of 

fusion extent, Ca2+-sensitivity, and kinetics (Figure 4.6b-d, Table 4.1).  For each method 

of  cholesterol  delivery,  rescue  of  the  ability  to  fuse  (e.g.  extent)  correlated  in  a 

concentration-dependent  manner  with  the  total  amount  of  recovered  membrane 

cholesterol  (Figure  4.6d),  yet  the  Ca2+-sensitivity  and  kinetics  of  fusion  were  only 

effectively  recovered  when  the  total  CV membrane  cholesterol  concentration  was 
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Figure 4.6: Addition of exogenous cholesterol to cholesterol-depleted CV. 

Homotypic CV-CV fusion assays of CV treated with 0 mM (closed circles),  or with 

2mM mβcd (blue circles), and recovered by delivering cholesterol using A) 2 mM mβcd 

as a vehicle (green triangles, n = 3), saturated cholesterol solutions (orange triangles, n = 

4), and B) with 2 mM hpβcd as a vehicle (red triangles, n = 4).  Vertical dashed lines in 

(A-B) indicate the EC50 of each curve.  C) Kinetics of CV-CV fusion triggered with 67 

± 14 μM [Ca2+]free (n = 4), after treatments as in (A-B).  D) Total CV cholesterol assayed 

before and after 2 mM mβcd treatment, and with subsequent recovery with the indicated 

delivery methods. * indicates significant difference from control and all other conditions 

(P < 0.005), **,*** indicate significant differences from control and all other conditions 

(P < 0.05). 
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Table 4.1: Molecular analyses of cholesterol depleted and recovered CV 

Cholesterol/CV 
Sample EC50 (μM) Extent (%) Kinetics (%/s) a 

(amol) 
CH : PL b 

Control 28.4 ± 2.8 100.0 e 92.4 ± 6.1 70.6 ± 3.3 0.602 ± 0.034 
Cholesterol-
depleted c 50.0 ± 6.6* 78.6 ± 4.5* 43.5 ± 4.1* 49.5 ± 2.0* 0.411 ± 0.021* 

Cholesterol-
recovered d 28.3 ± 8.6 95.2 ± 7.7 85.9 ± 9.7 74.8 ± 4.9 0.637 ± 0.045 

* indicates significant difference from control (P<0.05) 

a initial rate in response to 96 ± 11 μM [Ca2+]free 

b molar cholesterol : phospholipid ratio 

c treated with 2 mM mβcd for 30 minutes at 25 °C 

d treated with 2 mM hpβcd-cholesterol for 30 minutes at 25 °C after treatment with 2 mM 

mβcd 

e 100% fusion by definition 
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recovered to native levels.  Supplementation of  cholesterol  into untreated,  native CV 

membranes produced a slight, but statistically insignificant left-shift in Ca2+-sensitivity, 

and a slight  corresponding increase in  fusion kinetics  without  affecting the extent  of 

fusion (Figure 4.7a-b).  Taken together, these results suggest different specific roles for 

cholesterol in both the pre-fusion and triggered steps of native bilayer merger.  First, to 

ensure the efficiency of fusion (e.g. Ca2+-sensitivity and rate of fusion), cholesterol likely 

acts via microdomains to optimize the interactions of other critical upstream factors [248, 

249, 394]; roles for related sterols in priming and docking have also been indicated [395, 

396].  Now, by selective rescue, a second more central role for cholesterol as a direct 

component in the native fusion mechanism is revealed. 

4.6.4 Testing for specific roles of cholesterol 

In order to further characterize the effects  of altering cholesterol  levels in the 

membrane, and to test the hypothesis of two select roles for cholesterol in the fusion 

pathway, we sought additional methods of altering the effective cholesterol concentration 

in the membrane.  As oxidized cholesterol (the ketone, cholesten-3-one)  is  known to 

disrupt  rafts [388,  389],  we  enzymatically  manipulated  cholesterol  levels  in  the  CV 

membrane using cholesterol oxidase (Figure 4.8a).  The resulting inhibition of fusion 

extent  was  concentration-dependent,  correlating  with  total  cholesterol  levels.  Only 

following treatments with very high enzyme concentrations (1 U/ml cholesterol oxidase) 

that caused a loss of 52.3 ± 0.5 % of the total CV cholesterol, was Ca2+-sensitivity also 

significantly right-shifted (Figure 4.8b, green triangles).  Thus, effects on the efficiency 

of fusion were only seen when cholesterol was depleted to levels comparable to those 

seen after treatments with mβcd (Figure 4.6e, Table 4.1). 

We also capitalized on the selective cholesterol binding of polyene antibiotics.  Of 

the  antibiotics  tested,  filipin  and  amphotericin  B  (ampB),  with  the  highest  relative 

affinities  for  cholesterol [385-387],  produced  similar,  concentration-dependent 

inhibitions  of  fusion  extent  (Figure  4.9a,b).  Although  also  causing  concentration-

dependent inhibition, the lower affinity antibiotic pimaricin (PIM) [387] was a less potent 
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Figure 4.7: The effects of supplementing native, untreated CV with cholesterol using 

hpβcd. 

A)  Ca2+-activity  curves  of  CV treated  with  0  mM  (closed  circles)  or  5  mM hpβcd

cholesterol (yellow circles, n = 3).  Inset: total CV cholesterol of samples. 1) untreated 

CV; 2) treated with 5 mM hpβcd-cholesterol.  Results are presented as percent of control 

cholesterol; * indicates significant differences from control (P < 0.001).  B) Kinetics of 

CV-CV fusion in response to 96 ± 11 µM [Ca2+]free (n = 3). 
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Figure 4.8: The effects of cholesterol oxidase activity on CV-CV fusion. 

A) Ca2+-activity curves of CV treated with 0 U/ml (closed circles, n = 3), 0.01 U/ml (blue 

circles, n = 3), 0.1 U/ml (red triangles, n = 3), or 1.0 U/ml cholesterol oxidase (green 

triangles, n = 3).  Vertical dashed lines indicate the respective EC50 values.  B)  Total 

cholesterol of CV treated as indicated.  Results are expressed as percent of untreated CV; 

*, ** indicates significant difference from control and all other samples (P < 0.005). 
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Figure 4.9: The effects of sterol binding antibiotics on CV-CV fusion. 

A) Ca2+-activity curves of CV treated with 0-76 μM filipin III as indicated (n = 4).  B) 

Ca2+-activity curves of CV treated with 0-50 μM  amphotericin B as indicated.  C) Ca2+

activity curves of CV treated with 0-20 μM pimaricin as indicated.  Vertical dashed lines 

(A-C) indicate the EC50 of each curve.  D) Fusion kinetics of CV treated as in (A-B), or 

CV treated with 50 μM or 100 μM pimaricin in response to 104 ± 10 μM [Ca2+]free (n = 2

3). 
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inhibitor of the extent of fusion (Figure 4.9c).  The more potent antibiotics, filipin and 

ampB, also had inhibitory effects on the kinetics of Ca2+-triggered fusion (Figure 4.9d). 

In response to 108 ± 17 μM [Ca2+]free, the initial rate of fusion decreased from 79.4 ± 1.1 

%/s to 34.4 ± 1.6 %/s and 5.7 %/s with 76 μM filipin and 50 μM ampB, respectively (n = 

2-3).  PIM did not inhibit  kinetics, even at a concentration of 100 μM (Figure 4.9d). 

These inhibitory effects were selective in that all the polyene antibiotics tested inhibited 

the extent of fusion, had no effect on Ca2+-sensitivity, and affected kinetics only at higher 

concentrations, if at all. 

4.6.5 Cholesterol as a critical negative curvature membrane component 

Since  cholesterol  acts  in  the  membrane  as  a  molecule  supporting  negative 

curvature,  but  also through interactions with membrane proteins and other membrane 

constituents, we investigated the effects of alternate curvature analogues in cholesterol 

depleted membranes.  In a direct physical role, cholesterol could act focally at the fusion 

site  to  promote/support  the  formation  of  highly  curved  fusion  intermediates.  If  this 

hypothesis  concerning  the  negative  curvature  of  cholesterol  facilitating  the  native 

triggered  fusion  mechanism  is  correct,  then  introduction  of  other  negatively  curved 

molecules should rescue the ability to fuse whereas the introduction of positive curvature 

components  would  be  expected  to  further  inhibit  fusion  in  cholesterol-depleted  CV. 

Lysophosphatidylcholine  (LPC)  is  a  native  membrane  component  of  high  positive 

curvature that has been previously shown to cause potent, concentration-dependent, fully 

reversible inhibition of Ca2+-triggered membrane fusion [174, 175, 397-399].  Addition of 

a low concentration of LPC caused reversible inhibition of the extent of fusion, without 

significant  effect  on  Ca2+-sensitivity  (Figure  4.10a,  yellow  circles);  the  same 

concentration of LPC added to cholesterol-depleted CV further inhibited the extent of 

fusion (Figure 4.10a, red squares). Inhibition by LPC was fully reversed by adding 1 mM 

hpβcd (Figure 4.10b, purple triangles).  Hpβcd was found to act as a molecular sink, 

apparently binding excess LPC in solution, and thus shifting the intercalation equilibrium 

of LPC with the membrane.  The addition of 1 mM hpβcd to mβcd- and LPC-treated CV 

again reversed the inhibition, back to that originally observed following mβcd-treatment 
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Figure 4.10: Effects of a positive curvature agent, LPC, on CV-CV fusion. 

Ca2+-activity curves of untreated CV (closed circles, n = 3) and CV treated with A) 10 

µM LPC, 2 mM mβcd, or treated first with 2 mM mβcd followed by treatment with 10 

µM LPC as indicated (n = 3).  Vertical dashed lines indicate the EC50 of each curve.  B) 

Samples parallel to (A) treated sequentially with 2 mM mβcd, 10 µM LPC, 1 mM hpβcd, 

or 1 mM hpβcd-cholesterol as indicated (n = 3). 
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alone (Figure 4.10b, green squares).  Addition of exogenous cholesterol to mβcd-treated, 

LPC-inhibited CV resulted in the full recovery of both the extent and Ca2+-sensitivity of 

fusion (Figure 4.10b, orange diamonds). 

Two  other  membrane  components  of  high  intrinsic  negative  curvature, α

tocopherol (α-toc) and dioleoylphosphatidylethanolamine (DOPE) [171, 182, 400-402], 

were tested for their ability to substitute for cholesterol in selectively rescuing the ability 

to  fuse.  Incorporation  of α-toc  or  DOPE  into  cholesterol-depleted  CV  produced  a 

selective recovery of fusion extent, without rescuing either Ca2+-sensitivity or kinetics 

(Figure  4.11a-b); the  resulting  Ca2+ activity  curves  remained  translationally  invariant 

relative to parallel  controls.  In response to 111 ± 14 μM [Ca2+]free,  the initial rate of 

fusion was 68.1 ± 5.5 %/s before treatment and 9.0 ± 2.5 %/s after 2 mM mβcd treatment; 

following recovery with α-toc and DOPE the initial fusion rates were 14.9 ± 2.2 %/s and 

18.2 ± 1.7 %/s, respectively (n = 3).  Initial fusion rates following delivery of DOPE and 

α-toc to the CV membrane were not significantly different from that following treatment 

with 2 mM mβcd.  Membrane incorporation of both α-toc and DOPE was verified by 

HPTLC (data not shown).  Since both α-toc and DOPE are native membrane components 

of  high negative  curvature,  but  without  the ability  to  promote  the  formation of  rafts 

comparable to those containing cholesterol, their selective rescue of the extent of fusion 

(but not Ca2+-sensitivity or kinetics) is consistent with the idea that negative curvature 

agents promote or support transient fusion intermediates, whereas the full, physiological 

Ca2+-sensitivity  of  fusion  involves  the  interaction  of  additional  factors  through 

cholesterol-rich microdomains. 

4.7 Discussion 

Using a well-established model system specific for the Ca2+-triggered fusion steps 

of regulated exocytosis, that is also highly amenable to direct molecular manipulations 

and to rigorous molecular analyses, we have shown for the first time that a native lipid 

membrane component, cholesterol, facilitates the minimal molecular machinery of native 

membrane  merger  for  fast,  Ca2+-triggered  fusion.  The  role  of  cholesterol  in  the 
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Figure 4.11: Addition of negative curvature lipids to cholesterol depleted CV. 

A) Ca2+-activity curves of untreated CV, CV treated with 2 mM mβcd, or CV treated 

sequentially with 2 mM mβcd and then with 10 μM α-tocopherol or DOPE as indicated 

(n = 3). Vertical dashed lines indicate the EC50 of each curve.  B) Fusion kinetics of CV 

treated as in (A), in response to 111 ± 14 μM [Ca2+]free (n = 3). 
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membrane  is  two-fold.   First,  acting  as  a  membrane  organizer,  cholesterol  aids  in 

spatially orienting critical molecular components at the fusion site (via microdomains) to 

ensure the efficiency of triggered membrane merger.  Second, the results are consistent 

with  a  direct  link  between  curvature  stress  and  the  native  fusion  pathway.  As  an 

abundant native membrane component of intrinsic negative curvature, cholesterol lowers 

energy barriers to the formation of transient fusion intermediates, promoting rapid fusion 

pore formation and/or expansion. 

4.7.1 CV Functional characteristics and membrane composition 

CV are reasonably well characterized, both functionally and physically.  Here, we 

confirm the robust consistency of previously established curve shape parameters and the 

translational invariance of the classic sigmoidal Ca2+ activity curves for both CV-PM and 

CV-CV fusion, and the rapid kinetics of fusion [40, 54, 57, 290, 292, 293, 295].  The 

slight rightward shift in Ca2+-sensitivity (EC50) reported here, relative to previous work, 

is the result of the 3-4 ºC lower holding temperature we now use to better maintain the 

gravid adult urchins in captivity. 

Cholesterol is a major component of the CV membrane [287], and of many other 

types of secretory vesicles (Table 4.2).  Here we report a cholesterol : phospholipid ratio 

of 0.602 ± 0.034 for the CV of S. purpuratus.  An earlier study reported a ratio of 1.33 ± 

0.12  for Lytechinus  variegatus [287].  Such  differences  are  not  unexpected  between 

species,  particularly  considering the  different  native  environments; L.  variegatus is 

collected in the warmer waters off the coast of Florida, and S. purpuratus in the cold 

waters  off  the  coast  of  British Columbia.  It  is  known that  organisms vary the lipid 

composition  of  cellular  membranes  in response  to  temperature [403-405],  and  as 

increasing  total  concentrations  of  cholesterol  tend  to  increase  order  and  generally 

decrease the fluidity of bilayer membranes, animals inhabiting warmer waters would be 

expected to  have  a  higher  proportion of membrane  cholesterol  .  The  importance  of 

cholesterol in exocytosis is suggested by the substantial difference in cholesterol content 

between  the  CV  and  plasma  membranes.  Decker  and  Kinsey [287] reported  CV 
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membrane cholesterol to be fully 2.3-fold higher than the plasma membrane.  Secretory 

vesicles  from  various  tissues  and  across  numerous  species  are  likewise  enriched  in 

cholesterol (summarized in Table 4.2).  Reported cholesterol : phospholipid ratios vary 

from 0.34 to 1.04, with most vesicle types being significantly enriched in cholesterol 

relative to the plasma membrane, as with CV. 

4.7.2 Cholesterol depletion correlates with loss of fusion capacity 

Inhibition  of  exocytosis  and  the  depletion  of  cholesterol  from  CV-PM 

preparations are strongly correlated, and independent of indirect effects of mβcd.  As we 

have rigorously characterized the lytic properties of mβcd in our preparations, we can 

clearly and consistently differentiate between fusion, lysis, or undocking.  Inhibition of 

fusion by mβcd does not result from lysis, which occurs on a substantially faster time 

scale.  Furthermore, despite the known microdomain destabilizing effects of mβcd , and 

the noted dispersal of SNARE proteins [249], there was no evidence of CV undocking 

from  the  PM  (Figure  4.2a),  consistent  with  previous  findings  that  inter-membrane 

SNARE protein interactions do not specifically define the docked state [40, 54].  This 

stably docked state of CV in mature oocytes perhaps explains why we find no evidence 

for undocking, in contrast to the observed effects on insulin secretory granules following 

treatment of intact cells with mβcd [394]; perhaps these latter vesicles were tethered but 

not yet fully docked.  Disruption of rafts may thus interfere with the docking process but 

not effectively reverse docking once established.  Resolution of this question will require 

better molecular and physical understanding of the tethered and docked states.  

Like CV-PM fusion,  CV-CV fusion was also significantly inhibited by mβcd, 

independent of its earlier lytic effects (Figure 4.2c).  Since lysis by mβcd is quite rapid 

(<<  1  min)  compared  to  the  slower  timecourse  for  inhibition  of  the  extent,  Ca2+

sensitivity, and kinetics of fusion (≥ 10 min) these effects are well separated and thus 

unlikely to be related.  Additionally, inhibition of fusion by removal of cholesterol is not 

a result of vesicle de-priming.  As the CV are by definition docked, primed, and release 

ready, Ca2+-triggered CV-PM and CV-CV fusion are ATP-independent [40, 54, 55, 58, 
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Table 4.2: Cholesterol : phospholipid ratios of different secretory vesicles. 

Species & Tissue Type a Vesicle b PM c 

Bovine adrenal medulla [184] CG 0.53 ± 0.08 ― 
Bovine adrenal medulla [423] CG 0.40 ± 0.03 ― 
Bovine adrenal medulla [424] CG 0.53 ± 0.05 ― 
Bovine adrenal medulla [185] CG 1.04 0.64 
Ox pancreas [186] ZG 0.56 ― 
Guinea Pig pancreas [425] ZG 0.55 ± 0.06 0.51 ± 0.03 
Bovine mammary gland [426] SecV 0.34 ± 0.01 ― 
Bovine splenic nerve trunk [187] DCG 0.50 ± 0.08 ― 
Rat brain (adult) [427] SV 0.58 ± 0.09 ― 
Guinea Pig cereberal cortex [378] SV 0.50 ± 0.04 ― 
Guinea Pig cerebellar cortex [188] SV 0.51 ± 0.06 ― 
Ray electric organ, Narcine brasiliensis [189] SV 0.500 ± 0.043 ― 
Ray electric organ, Torpedo marmorata [378] SV 0.42 ± 0.04 ― 
Ray electric organ, Torpedo marmorata [188] SV 0.42 ± 0.04 ― 
Ray electric organ, Torpedo ocellata [428] SV 0.63 ― 
Urchin oocyte, Lytechinus variegatus [287] CV 1.33 ± 0.12 0.55 ± 0.14 
Urchin oocyte, Strongylocentrotus purpuratus CV 0.602 ± 0.034 ― 
a type of  vesicle:  chromaffin  granule  (CG),  zymogen granule  (ZG),  secretory vesicle 

(SecV), dense core granule (DCG), synaptic vesicle (SV), cortical vesicle (CV) 

b molar cholesterol : phospholipid ratio of secretory vesicles 

c molar cholesterol : phospholipid ratio of plasma membrane 
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272, 274, 290, 292, 295, 321, 379]. Likewise, the effects of mβcd were also independent 

of ATP; exclusion of ATP from buffers both during mβcd treatments and during Ca2+ 

activity (fusion) assays had no effect on the parameters of triggered fusion, precluding 

effects  such  as  de-priming  and  subsequent  ATP-dependent  re-priming  upon 

supplementation  with  exogenous  cholesterol.  Thus,  despite  a suggested  role  for 

cholesterol in priming [395, 396], this stage is clearly not as labile in CV. 

One possible  interpretation of  the  rightward shift  in  Ca2+-sensitivity  following 

cholesterol depletion is a change in the local [Ca2+]free due to alteration of the local lipid 

composition  at  the  fusion  site.  The  measurement  of  local,  near-membrane  Ca2+ 

concentrations remains problematic, and as a result, all work in the field is limited to 

measures  of  bulk  [Ca2+]free.  The  relationship  between  bulk  and  local  [Ca2+]free thus 

remains  an  unknown  variable,  particularly  in terms  of  routine,  direct  measurements. 

However, in these experiments, such an alteration in the local [Ca2+]free at fusion sites, due 

to local compositional changes of lipids, appears unlikely.  Considering the very rapid 

transbilayer movement of cholesterol (t1/2 ~ 1 s) [406, 407], its removal from the outer 

leaflet of the CV membrane would be expected to cause a redistribution of lipids from the 

inner leaflet, resulting in an increased density of charged lipids on the outer monolayer. 

This  would  only  serve  to  increase  the  local  [Ca2+]free at  membrane  interfaces,  and 

potentiate  fusion  via  the  inter-bilayer  binding  of  Ca2+ between  the  anionic  lipid 

headgroups [408, 409]. Such potentiation of fusion was never seen. 

Since cyclodextrins are generally able to bind numerous hydrophobic or lipophilic 

molecules, we must ask if we have correctly identified cholesterol as the primary target 

of mβcd,  and thus as the critical membrane component  correlating with the observed 

inhibitory effects.  The first indication that inhibitory effects of mβcd correlated with the 

selective removal of CV cholesterol came from coupled molecular-functional analyses of 

the effects of related cyclodextrins.  At concentrations comparable to mβcd, αcd, βcd, and 

hpβcd neither  inhibited fusion,  nor  affected CV membrane  cholesterol  concentrations 

(Figure 4.5), but did extract a similar complement of other lipids from the membrane 

(Figure 4.5d).  However, at higher concentrations each cyclodextrin tended to show some 
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inhibitory  effects  on  fusion  parameters, correlating  with  trends  showing  removal  of 

cholesterol  from  the  CV  membrane,  comparable  to  that  seen  with  mβcd. Higher 

concentrations of αcd showed inhibitory effects on fusion kinetics (Figure 4.5c) whereas 

βcd showed slight inhibitory effects on Ca2+-sensitivity (Figure 4.5a).  In both cases the 

extent of inhibition and cholesterol removal was approximately equivalent to that seen 

following the treatment of CV with 1 mM mβcd.  Thus, mβcd is ~5-fold more potent than 

either αcd or βcd for removing CV membrane cholesterol.  As hpβcd does not tend to 

show inhibitory effects at concentrations of < 20 mM, mβcd is ~10-fold more potent than 

this analogue.  The somewhat selective effects of the different cyclodextrins, αcd for 

kinetics and βcd or hpβcd for Ca2+-sensitivity, are most likely explained by somewhat 

differential targeting of membrane microdomains and /or the selective solubilization of 

other components within these rafts [410-414]. 

The concentration dependent inhibition of fusion by mβcd can most simply be 

described in terms of two parameters, the extent and Ca2+-sensitivity of fusion as it is 

known that the latter is directly related to the kinetics (rate) of fusion via Ca2+-activation 

of fusion complexes [295].  The effect of mβcd on membranes is likewise twofold and 

inter-related,  causing  the concentration-dependent  removal  of  cholesterol  from 

membranes, and the subsequent disruption of cholesterol-rich microdomains resulting in 

the dispersal of raft constituents.  Here we show for the first time that the two fusion 

parameters are separable, and related to the two molecular effects of mβcd treatment. 

4.7.3 Membrane domains and the recovery of fusion efficiency 

The addition of exogenous cholesterol to cholesterol-depleted membranes results 

in a concentration-dependent recovery of the ability of vesicles to fuse (e.g. the extent of 

fusion), but full rescue of the Ca2+-sensitivity and kinetics of fusion only occurs upon 

recovery of membrane cholesterol to native levels (Figure 4.6).  The separation of the two 

inhibited fusion parameters, ability to fuse and efficiency of fusion, allows us to speculate 

as  to  the  mechanism of  inhibition  by  mβcd.   First,  mβcd  removes  cholesterol  from 

membranes in a concentration-dependent manner.  This is recovered through the addition 
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of exogenous cholesterol to the CV, but results in a graded recovery of only the extent of 

fusion (Figure 4.6a).  Second, mβcd is disruptive to cholesterol-rich microdomains, and 

causes the dispersal of raft constituents (e.g. proteins and other lipid components).  In 

order to fully recover both the ability of CV to fuse and the efficiency of fusion, both 

recovery  of  native  cholesterol  levels  and reformation  of  appropriate  cholesterol-rich 

microdomains appear to be necessary.  The spontaneous recovery of the Ca2+-sensitivity 

and kinetics of fusion after full recovery of the native CV membrane cholesterol level is 

consistent with a critical total cholesterol concentration required to support formation of 

rafts [415].  Additionally,  model  membrane studies  show that  increasing  cholesterol 

concentration in lipid bilayers results in a decreased transition temperature to the liquid 

ordered  phase [415,  416].  Thus,  at  a  fixed  temperature,  varying  the  cholesterol 

concentration  in  membranes  would  result in  a  critical  transition  concentration  of 

cholesterol to ‘spontaneously’ induce the transition to the liquid ordered phase.  Certainly 

the  presence  of  other  specific  membrane  components  will  also  promote  the  local 

formation of domains, as will the rapid rate of transbilayer redistribution (e.g. flip-flop) 

that is characteristic of cholesterol in biological membranes [406, 407]. 

4.7.4 Microdomain disruption affects Ca2+-sensitivity of fusion 

To further understand the apparent dual effect of mβcd on Ca2+-triggered fusion in 

that it inhibits both the extent and the Ca2+-sensitivity of fusion, we carried out treatments 

having  alternate  effects  on  membrane  cholesterol.  Enzymatic  manipulation  of  CV 

membrane cholesterol with cholesterol oxidase resulted first in potent inhibition of the 

extent  of  fusion,  followed  by  inhibition  of  the  Ca2+-sensitivity  only  following  more 

aggressive enzyme treatments (Figure 4.8), comparable to the effects of mβcd (Figure 

4.3).  The ketone  end product  of  cholesterol  oxidation,  cholesten-3-one,  is  known to 

inhibit  domain  formation  in  model  membranes [388] and  to  cause  dispersal  of 

microdomain  constituents [389].  Thus,  cholesterol  oxidase  functionally  removes 

cholesterol  from  the  membrane  by  conversion  to  a  dissimilar  end  product,  while  it 

physically  eliminates  functional  microdomains  through  the  disruptive  effects  of  high 

local cholesten-3-one concentrations. 
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Contrary to the effects of both mβcd and cholesterol oxidase treatments, it has 

previously  been  shown  that polyene  antibiotics  do  not  effectively  disrupt  rafts  in  a 

manner consistent with the effects of mβcd [259]; the mode of action of filipin [385, 386, 

417], the best studied of the polyene antibiotics, suggests a cholesterol clustering action 

rather  than a broadly disruptive action.  Likewise,  the widespread use of  filipin as a 

fluorescent and ultrastructural probe for membrane sterol clustering also argues against 

effective or  extensive domain disruption [396,  418-421].  In  this  study,  we carefully 

selected concentrations of polyene antibiotics to approximate stoichiometric ratios with 

total CV cholesterol.  The highest concentration of filipin (76 μM) corresponds to an 

approximate  1:2  ratio  of  filipin  to  outer  leaflet  cholesterol  (mol/mol);  lower 

concentrations correspond to 1:4, 1:10, and 1:100 filipin : cholesterol.  As estimates of 

the stoichiometry of cholesterol : filipin binding ratio are approximately 1.5-2:1 [386], 

the  treatment  with  76 μM  filipin  correlates  to  approximately  50%  total  cholesterol 

binding.  Comparable removal of cholesterol from CV by 4 mM mβcd treatment results 

in approximately 60% inhibition of fusion extent (Figure 4.3a, orange squares), consistent 

with the inhibition by filipin (Figure 4.9a, yellow squares).  Since all polyene antibiotics 

tested concentration-dependently affected the extent of fusion, with no significant effects 

on the Ca2+-sensitivity of fusion, we interpret the latter as indicating that raft constituents 

are not effectively or generally dispersed [385].  Rather, it would appear that inhibited, 

functional aggregates of critical domain components are locally retained.  In all other 

examples (Figure 4.1, 4.3, 4.8), the treatments known to consistently disrupt cholesterol-

rich  microdomains  correlate  directly  with  rightward  shifts  in  the  Ca2+-sensitivity  of 

fusion. 

Supplementation of native CV membranes with exogenous cholesterol results in a 

statistically insignificant leftward shift in the Ca2+-sensitivity of fusion, and a likewise 

insignificant promotion of the kinetics of fusion (Figure 4.7), despite an increase in CV 

cholesterol to 152 ± 9 % (n = 3).  This implies that the lipid components of the CV 

membrane are carefully ‘tuned’ to a critical cholesterol concentration that supports the 

formation and maintenance of  functional  microdomains [415].  Clearly the effects  of 
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supplementing cholesterol above native densities does not yield more efficient domains 

that further promote the Ca2+-sensitivity or kinetics of fusion. 

4.7.5 Cholesterol contributes negative curvature to the fusion process 

As we have  identified  correlations  between changes  in  the  Ca2+-sensitivity  of 

fusion and treatments that disrupt rafts, we also sought to test for correlations between the 

observed changes in extent of fusion with the second proposed role of cholesterol in the 

CV membrane.  In addition to the organizational role cholesterol plays in the formation 

and maintenance of microdomains, it also contributes negative curvature stress to lipid 

bilayers [182,  183,  400].  Thus,  with  its intrinsic  negative  curvature  and  high  focal 

density  in  certain  membrane  microdomains,  this  abundant  native  sterol  (and  perhaps 

related  molecules)  could  well  serve  to  reduce  local  energy  constraints  and  thereby 

promote the progression of energetically favourable fusion intermediates. 

The concentration-dependent  recovery  of  the  extent  of  fusion with  exogenous 

cholesterol delivery, without parallel rescue of the Ca2+-sensitivity (Figure 4.6a), suggests 

that the curvature role of cholesterol in the CV membrane is selectively associated with 

the  ability  to  fuse.  Exogenous  cholesterol  can  also  overcome  the  inhibitory  effects 

associated  with  the  incorporation  of  LPC  (high  positive  curvature)  in  the  vesicle 

membrane (Figure 4.10a).  The fully effective and selective recovery of the ability of CV 

to fuse (extent of fusion), following incorporation of the native ‘curvature analogues’ α 

toc and DOPE [401, 402], is also fully consistent with this hypothesis (Figure 4.11). 

Since  neither α-toc  nor  DOPE are  capable  of  supporting the formation of  functional 

microdomains comparable to those involving cholesterol, the contribution of α-toc and 

DOPE to the process of Ca2+-triggered membrane merger is most simply interpreted in 

terms of a direct physical contribution of local curvature stress, promoting or supporting 

the formation of highly curved, transient fusion pore intermediates.  Additionally, since 

all recovered fusion curves, including those for each cholesterol delivery method, as well 

as  the  recoveries  with  DOPE and α-toc,  are  translationally  invariant  to  Ca2+-activity 
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curves for untreated control CV, recovered membrane fusion still proceeds through the 

same molecular mechanism [292, 293].  

Changes  in  fusion parameters  in  response  to  inhibitory  reagents  has  been the 

subject  of  elegant  mathematical  analysis  and  modelling [55,  292,  293,  295].  Such 

analyses have been used here to reveal characteristics of the inhibitory effects of mβcd. 

As the Ca2+-activity curves of both CSC and CV treated with various concentrations of 

mβcd are translationally invariant with respect to untreated controls and each other, it is 

not  that  fusion  is  proceeding  via  an  alternate  pathway,  but  rather  that  native  fusion 

machines are progressively inactivated as increasing amounts of cholesterol are lost from 

the membrane.  Thus, we can extrapolate back from the progressive decline in the extent 

of fusion in order to estimate the total number of functional fusion machines (<n>Max) on 

a native vesicle (Figure 4.4) [292, 293].  Since these values are both internally consistent, 

and consistent with previously reported values of <n>Max [40, 54], we conclude that the 

inhibition of fusion by mβcd is a direct result of a decrease in the number of intact, active 

fusion machines per vesicle.  This implies that cholesterol is itself a component of the 

fusion machinery, or is at the very least intimately associated with and influencing critical 

components.  Thus, through cholesterol removal and subsequent replacement, we have 

effectively ‘switched’ fusion machines on and off.  

Although perhaps most consistent with the stalk-pore hypothesis of fusion pore 

formation [42, 156, 159, 180, 371, 397], alternate local effects of cholesterol including 

the  direct  facilitation of  protein-based pores  cannot  be  excluded.  Nonetheless,  these 

studies clearly differentiate the dual role of cholesterol in the process of Ca2+-triggered 

membrane fusion: as a prefusion organizer contributing to the efficiency of fusion (e.g. 

Ca2+-sensitivity  and  kinetics)  and  as  a  native  membrane  component  critical  to  fast, 

functional fusion machinery, contributing negative curvature to facilitate the formation 

and/or  expansion  of  fusion  intermediates,  thereby  supporting  the  intrinsic  ability  of 

vesicles to fuse. 
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4.7.6 Cholesterol as a component of the fusion machine 

The  direct  role  of  cholesterol  in  Ca2+-triggered  membrane  fusion  can  be 

interpreted with two models.  The simplest interpretation is that cholesterol contributes 

negative curvature to the membrane, promoting the formation of transient lipidic fusion 

intermediates [42, 156, 159, 180, 371, 397].  Of increasing complexity, in a proteinaceous 

fusion pore model, cholesterol could contribute to the mixing and coalescence of apposed 

membranes via expansion of a proteinaceous fusion pore [122, 125, 376].  In this model, 

lipids with negative curvature could be seen as essential to pore invasion, expansion, and 

subsequent mixing of two bilayers following the initial opening of a protein pore.  The 

well characterized disruption of rafts by mβcd, in many different biological membranes, 

also results in the irreversible destabilization of protein interactions and the dispersal of 

protein components.  In secretory cells, such microdomains are critical to a range of pre-

fusion states, and domain disruption has been shown to result in the dispersal of proteins 

that  function  in  the  exocytotic  pathway [248,  249,  394,  395].  This  generalized 

deterioration  of  regulatory  interactions and  the  resulting  dispersal  of  proteinaceous 

components seems more difficult to reconcile with a channel-like pore model of fusion. 

It is unclear how protein subunits would effectively oligomerize within a single bilayer 

following extensive domain disruption, or how such hypothetical semi-pores would then 

identify and link with their counterparts in an apposed bilayer (also having disrupted 

domains) to form a complete fusion pore. Alternatively, if  the existing pores do not 

disperse upon treatment with mβcd, but are locally retained, intact, but in an inactive 

state, only an increase in the effective local cholesterol concentrations might be required 

to support their functional state.  Such pre-formed, activation-ready fusion pores might 

explain the recovery of the ability to fuse with cholesterol supplementation, but not the 

depressed kinetics or Ca2+-sensitivity, that are only recovered at full native levels of CV 

cholesterol  (Figure  4.6a).  Thus,  although  cholesterol  add-back  might  result  in  the 

specific  recruitment  of  protein  subunits  to form a pore  in  the  plane  of  a  membrane, 

considering the protein subunits of known channels this will require substantial further 

investigation particularly in light of (i) the characteristic dispersal of integral membrane 
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proteins  following  mβcd  treatment [249];  (ii)  the  direct,  concentration-dependent 

recovery  of  native  fusion  by  cholesterol itself  (Figure  4.6);  and  (iii)  the  ability  of 

curvature analogues (α-toc and DOPE) to fully support the ability of cholesterol depleted 

membranes to fuse (Figure 4.11). 

The  observed  effects  on  the  Ca2+-sensitivity  of  fusion  also  raise  interesting 

questions.  In particular, the selective recovery effects of cholesterol and other curvature 

analogues raise the issue of why Ca2+-sensitivity remains fixed while extent of fusion is 

fully recovered (as with DOPE and α-toc).  One interpretation is that the conventional 

model of a fusion machine as a single defined complex of protein and lipid components is 

an oversimplification.  Here we confirm that  vesicles contain a distribution of fusion 

machines with varied sensitivity to Ca2+ [293], but show also that fusion sites are able to 

recover with alternate lipidic components, resulting in functional fusion sites with Ca2+

sensitivities that are right-shifted relative to the native sites.  Effectively, fusion machines 

are re-activated but Ca2+-sensitivities remain low.  Clearly the recovered fusion sites are 

equally potent in terms of the ability to effect fusion in response to an effective increase 

in [Ca2+]free, yet they possess either fewer Ca2+-sensors than in native membranes or the 

existing  sensors  are  significantly  reduced  in sensitivity  with  lower  local  cholesterol 

concentrations. This is consistent with previous studies that suggest a fundamental fusion 

machine  of  low  calcium  sensitivity,  with  associated  factors  that  effectively  bring 

triggering into the  ‘physiological  range’  of  Ca2+-sensitivities [40,  54].  Some sensors 

appear to be directly associated with the minimal fusion machinery and not lost during 

raft disruption, whereas other Ca2+ sensors are modulatory, acting to enhance the efficacy 

of the fusion reaction or post-fusion expansion of the pore [422].  Thus, the concept of a 

single Ca2+ sensing protein regulating the triggering of membrane merger should perhaps 

be considered as a number of Ca2+ sensors or binding sites, either protein or lipid, which 

each contribute to the probability of triggering fusion at a given site. 

The critical role of cholesterol in the process of Ca2+-triggered membrane merger 

neither unequivocally supports nor rules-out a role for proteins in triggered fusion steps. 

It seems likely that the membrane components of all secretory vesicles have been highly 
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‘tuned’ through evolution to allow variations in the extent, Ca2+-sensitivity, and rate of 

fusion while preserving the same underlying molecular framework (Table 4.2).  Evidence 

suggests that the energetic contributions of proteins alone may generally be insufficient to 

fully and effectively breach the hydration layer [369] or to effect complete bilayer merger 

[40, 56, 57].  The differential optimization of the vesicle lipidic matrix to facilitate the 

functions of the protein components of the fusion machine might well explain differences 

in  the  rate  and Ca2+-sensitivity  of  exocytotic  release  processes  between different  cell 

types  and  across  species.  Given  the  energetic  complexity  of  the  fusion  process, 

necessitating  inherent  protein  –  lipid  interactions  in  native  membranes,  we  think  it 

appropriate to consider cholesterol as a critical component of the minimal essential fusion 

machine.  Cholesterol  is  responsible  for the  pre-fusion  organization  of  components 

critical for Ca2+-sensing and contributing to the efficiency of fusion; a possible role for 

annular cholesterol in regulating the functions of specific proteins (such as the affinity of 

the Ca2+-sensors)  must also be considered.  Subsequently, cholesterol  also contributes 

directly to the triggered fusion step, promoting fast fusion pore formation by virtue of its 

high focal native density and intrinsic negative curvature. 
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Chapter 5: Membrane Curvature 

5.1 Preface 

Having demonstrated the importance of cholesterol in Ca2+-triggered membrane 

merger  (Chapter  4),  and  the  high  abundance  of  cholesterol  and other  lipids  of  high 

intrinsic  negative curvature in the CV membrane (Chapter 2),  this chapter presents  a 

detailed quantitative analysis of the role of cholesterol as a negative curvature lipid in the 

fusion process.  In this chapter the correlation between membrane negative curvature and 

fusion capacity (the fundamental ability of vesicles to fuse) is discussed. 

5.1.1 Contributions 

This  chapter has been previously published as Specific  Lipids  Supply Critical 

Negative  Curvature  –  An  Essential  Component  of  Native  Ca2+-triggered  Membrane 

Fusion by Churchward MA, Rogasevskaia T, Brandman DM, Khosravani H, Nava P, 

Atkinson JK, and Coorssen JR (2008). Biophysical Journal 94; 3476-3486 

HK provided invaluable assistance with confocal microscopy (Figure 5.2). TR 

was  responsible  for  the  initial  observations  with α-tocopherol  and 

dioleoylphosphatidylethanolamine and contributed replicates of  these experiments  and 

treatments with filipin and NBD-tocopherol (Figures 5.3 and 5.4).  DMB was responsible 

for  treatments  with  phospholipase  D  (Figure  5.5B),  PN  and  JKA  synthesized  NBD 

tocopherol  (Figure  5.4).  MAC  was  responsible  for  all  other  experiments  and  all 

quantitative molecular analyses, including replicates of experiments carried out by TR 

and DMB (Figures 5.2, 5.3, and 5.5), experimental design and data analysis.  MAC wrote 

the manuscript with input and revisions from TR and JRC.  JRC conceived and planned 

the study, and contributed to experimental design and analysis. 

5.2 Summary 

The Ca2+-triggered merger  of  two apposed membranes  is  the  defining step  of 

regulated  exocytosis.  Cholesterol  is  required  at  critical levels  in  secretory  vesicle 
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membranes  to  enable  efficient,  native membrane  fusion:  cholesterol-sphingomyelin 

enriched microdomains organize the site and regulate fusion efficiency, and cholesterol 

directly supports the capacity for membrane merger by virtue of its negative spontaneous 

curvature.  Specific, structurally dissimilar lipids substitute for cholesterol in supporting 

the  ability  of  vesicles  to  fuse:  diacylglycerol, α-tocopherol,  and 

phosphatidylethanolamine support triggered fusion in cholesterol-depleted vesicles and 

this correlates quantitatively with the amount of curvature each imparts to the membrane. 

Lipids  of  lesser  negative  curvature  than  cholesterol  do  not  support  fusion.  The 

fundamental mechanism of regulated bilayer merger requires not only a defined amount 

of  membrane  negative  curvature,  but  this curvature  must  be  provided  by  molecules 

having  a  specific,  critical spontaneous  curvature.  Such a  local  lipid  composition  is 

energetically favourable, ensuring the necessary ‘spontaneous’ lipid rearrangements that 

must occur during native membrane fusion ― Ca2+-triggered fusion pore formation and 

expansion.  Thus, different fusion sites or vesicle types can use specific alternate lipidic 

components, or combinations thereof, to facilitate and modulate the fusion pore. 

5.3 Abbreviations used 

DOPE - dioleoylphosphatidylethanolamine Me2-DOPE - N,N-dimethyl 

αT - α-tocopherol dioleoylphosphatidylethanolamine 

DOG - dioleoylglycerol CV - cortical vesicles 

DOPC - dioleoylphosphatidylcholine CHOL-B - cholesteryl BODIPY FL-C12 

DOPA - dioleoylphosphatidic acid DiI - 1,1′-Dioctadecyl-3,3,3′,3′ 

tetramethylindocarbocyanine perchlorate 
Me-DOPE - N-methyl 

dioleoylphosphatidylethanolamine PLD - phospholipase D 
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5.4 Introduction 

The  involvement  of  specific  membrane  components  in  the  native  membrane 

merger mechanism, including pre-fusion protein functions [59, 146], and lipidic functions 

during bilayer coalescence [156, 161], has been widely discussed.  The contribution of 

lipidic membrane components specifically to the fusion process is addressed by the stalk-

pore hypothesis [42-45, 157, 157, 158, 160-162, 322, 370, 397, 429], which defines the 

underlying energetics of bilayer merger via a lipidic fusion pore.  Different lipids affect 

the energy required to overcome the hydration layer, and affect bilayer merger in terms 

that include membrane curvature.  Lipids with small hydrophilic headgroups relative to 

larger  hydrophobic  domains  (e.g.’average  molecular  conformation’)  are  said  to  have 

negative spontaneous curvature and tend to pack in concave structures at the lipid-water 

interface; lipids of an opposite average molecular conformation are said to have positive 

curvature  and  form  convex,  micelle-like structures.  The  spontaneous  curvature  of 

various lipids in hydrated assemblies has been measured [169, 171, 182, 400-402, 430]. 

Investigations into the role of lipids in the fusion process have shown that  the initial 

formation of high energy, transient, high curvature lipidic intermediates (hemifusion) can 

be inhibited by addition of exogenous lipids of high positive curvature to the interacting 

monolayers [175, 176] or by removing endogenous lipidic components of high negative 

curvature,  such  as  cholesterol [176].  In  both  cases,  the  net  negative  curvature  is 

decreased, and the positive curvature increased.  Thus, a local concentration of negative 

curvature in the initially contacting monolayers promotes hemifusion, the necessary first 

transition  to  the  fusion  of  two  apposed bilayers;  a  focal  enhancement  of  positive 

curvature in the distal monolayers then promotes transition to full fusion. 

Liposome and viral fusion studies have highlighted the contribution of molecules 

with negative spontaneous curvature to the formation of the hemifusion intermediates 

predicted  by  the  stalk-pore  hypothesis;  however,  this  has  not  previously  been 

demonstrated  in  a  native  system  capable  of  fast,  Ca2+-triggered  membrane  fusion. 

Isolated sea urchin egg cortical vesicles (CV) offer a robust, stage specific, high purity 

preparation for the study of native, Ca2+-triggered membrane merger;  by all  available 
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criteria, CV-CV fusion proceeds through the same molecular pathway as exocytotic CV-

plasma membrane (PM) fusion [54, 321].  Most notably, these vesicles are amenable to 

rigorous biochemical  manipulation and molecular quantification not possible in intact 

cellular systems.  Here we show that Ca2+-triggered fusion of cholesterol-depleted CV 

can be selectively rescued by the addition of structurally dissimilar lipids having negative 

curvature comparable to cholesterol.  We highlight for the first time a direct, quantitative 

molar  correlation  between  the  focal  curvature  contributions  of  specific,  structurally 

unrelated  membrane  components,  cholesterol,  dioleoylglycerol  (DOG), 

dioleoylphosphatidylethanolamine (DOPE), and α-tocopherol (αT), and the fundamental 

role of these specific negative curvature components in the native  mechanism of Ca2+

triggered membrane fusion (Table 5.1, Figure 5.1). 

5.5 Materials and Methods 

5.5.1 Materials 

1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine  perchlorate  (DiI),  mβcd, 

hpβcd, α-tocopherol, and hexadecane were from Sigma (St.  Louis, MO).  Cholesteryl 

BODIPY  FL-C12  was  from  Invitrogen  (Carlsbad,  CA).  Cholesterol,  DOPE,  DOG, 

DOPC, Me-DOPE, Me2-DOPE, DOPA and all  lipid standards for HPTLC were from 

Avanti  Polar  Lipids  (Alabaster,  AL).  All  other  chemicals  were  minimally  analytical 

grade. 

5.5.2 Preparations, CV treatments, and fusion assays 

Cortical  vesicles  (CV)  were  isolated  from Strongylocentrotus  purpuratus 

(Westwind Sea Labs, Victoria, BC) as previously described [40, 54].  All experiments 

were carried out in baseline intracellular media (BIM, 210 mM potassium glutamate, 500 

mM glycine, 10 mM NaCl, 10 mM PIPES, 50 μM CaCl2, 1 mM MgCl2, 1 mM EGTA, 

pH 6.7) supplemented with 2.5 mM ATP and protease inhibitors [40, 176].  Standard 

end-point and kinetic fusion assays were carried out as previously described [54, 176, 

212].  CV were treated with 2 mM mβcd, in BIM, for 30 minutes (25 °C).  Cholesterol 
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Figure 5.1: Chemical structures of specific negative curvature lipids, as in Table 5.1. 
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Table 5.1: The measured spontaneous curvatures of specific lipids 

Membrane Component 
Spontaneous Curvature 

(1/R0p, Å-1) 
Reference 

Dioleoylphosphatidylcholine (DOPC) -0.0061 ± 0.0011 [169] 

Dioleoylphosphatidic acid (DOPA) 
-0.022 * 
-0.0077 † 

[430] 

Dioleoyl-N,N`-dimethyl 
phosphatidylethanolamine (Me2-DOPE) 

-0.0187 ‡ 

Dioleoyl-N-methyl phosphatidylethanolamine 
(Me-DOPE) 

-0.0313 ‡ 

-0.044 ± 0.001 * [430] 

Dioleoylphosphatidylethanolamine (DOPE) 
-0.0348 ± 0.0009 † 

[171, 182, 
400, 401, 

430] 
Cholesterol (CHOL) -0.0404 ± 0.0036 [182] 
α-tocopherol (αT) -0.073 [402] 
Dioleoylglycerol (DOG) -0.093 ± 0.006 [169, 452] 
* measured in 150 mM KCl, pH 7 

† measured in water 

‡ extrapolated [437] 
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-loaded hpβcd was prepared as previously described [176], and treatments were carried 

out as with mβcd.  DOPC, DOPA, DOPE, Me-DOPE, Me2-DOPE, αT, and DOG were 

delivered  from  50  mM  (DOPC,  DOPA,  DOPE)  or  200  mM  (αT,  DOG)  stocks  in 

hexadecane to a final solvent concentration of 0.1%.  Cholesteryl-BODIPY FL-C12 was 

delivered from a DMSO stock to a final solvent concentration of 0.75%, while C9 NBD-

tocopherol was delivered from ethanol to a final solvent concentration of 0.1%.  Lipids in 

organic solvents were either (i) delivered directly to a suspension of CV (OD 1.0) and the 

suspension gently  mixed by inversion;  or (ii)  diluted 10-fold into BIM and vortexed 

thoroughly before delivery to CV suspensions (final  OD 1.0);  both delivery methods 

were of comparable efficacy.  In each experiment parallel solvent controls were carried 

out  to  determine  the  effects  of  organic solvent  alone  on  CV-CV  fusion.  At  the 

concentrations used, none of the organic solvents had a significant effect on any of the 

parameters of fusion (P ≥ 0.5).  Incubation of CV with exogenous PLD (prepared as a 

concentrated stock in BIM) were carried out in BIM at 25 °C as with previous enzyme 

treatments [176,  212].  To ensure  removal  of  any unincorporated reagents,  CV were 

centrifuged after all treatments and then suspended in fresh BIM.  CV were then counted 

using  a  hemacytometer [176].  Ca2+-activity  curves  were fit  using  the  sigmoidal 

cumulative log-normal model [176, 292, 293]; control conditions were fit with a two-

parameter model (plateau at 100%, by definition) while experimental conditions were fit 

with a three-parameter model (TableCurve 2D) to determine upper plateau extent, Ca2+ 

sensitivity (EC50), and sigmoidal curve-shape parameters.  Kinetic data were fit with an 

established model [295].  The spontaneous curvature (1/R0p) for Me-DOPE and Me2

DOPE  were  estimated  from  a  linear  extrapolation  of  1/R0p  versus  degree  of  N-

methylation for DOPC (3 methyl groups) and DOPE (0 methyl groups) [169, 171, 430]. 

5.5.3 Confocal Microscopy 

Eggs  from S.  purpuratus were  isolated,  washed,  and  dejellied  as  previously 

described [54]. A dilute suspension of eggs in artificial sea water (435 mM NaCl, 40 mM 

MgCl, 15 mM MgSO4, 11 mM CaCl2, 10 mM KCl, 1 mM EDTA, 10 mM HEPES, pH 

8.0) was incubated with 20 µM DiI (delivered from DMSO stock diluted into artificial 
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sea water to a 1% final concentration of DMSO) for 20 minutes at 25 °C.  Labelled eggs 

were washed 3 times with sea water and stored suspended on ice until required.  Cortices 

were isolated on glass coverslips as previously described [293].  Briefly,  DiI labelled 

eggs were allowed to settle onto poly-L-lysine treated (1.0 mg/ml) glass bottomed culture 

dishes  (MatTek Corp,  Ashland,  MA) for  10 minutes,  then eggs were  sheared with a  

stream of BIM delivered from an 18 gauge syringe; shearing was forceful in order to 

produce regions of PM denuded of CV.  Cortices were washed with several volumes of 

BIM, and subsequently incubated with 15 µM cholesteryl-BODIPY FL-C12 (delivered 

from DMSO diluted into BIM to a 1% final concentration) in BIM (20 minutes, room 

temperature).  Images were acquired using a Zeiss LSM-510 Meta confocal microscope 

(Carl Zeiss Inc, Oberkochen, Germany) using a 40x 1.2 NA water immersion objective in 

the  inverted  configuration. Cortices  were  imaged  using  a  series  of  Z-plane  optical 

sections to produce an image stack. Cholesteryl-BODIPY signal was obtained using laser 

excitation at 488 nm and imaged using a bandpass filter at 505-530 nm; DiI was excited 

at 543 nm and imaged using a 560-615 nm bandpass filter. Images were visualized and 

processed using ImageJ [431]. 

5.5.4 Molecular analyses 

CV  membranes  were  isolated  by  ultracentrifugation  (90  minutes,  200,000×g) 

following lysis (34).  Total cholesterol concentrations were measured using the Amplex 

Red  Cholesterol  Assay  kit  (Molecular Probes,  Eugene,  OR)  according  to  the 

manufacturer's  instructions.  Fluorescent  lipid  analogues  were  determined  by 

fluorescence  measurements  on  intact  CV following  removal  of  excess  reagent  and 

washing with BIM in parallel with a dilution series of the fluorescent molecule (Wallac 

Victor  II  Microplate  Reader,  Perkin Elmer,  Boston,  MA).  CV membrane lipids  were 

extracted according to Bligh and Dyer [325] with some modifications.  Methanol and 

chloroform  were  added  sequentially  to  an  intermediate  ratio  of  0.8:2:1 

(H2O:CH3OH:CHCl3, v/v/v) and subsequently brought to a final ratio of 1.8:2:2 with the 

sequential addition of aqueous solution (0.1 M HCl, 1 M NaCl) and chloroform.  The 

chloroform phase was recovered, and the remaining aqueous phase was rinsed with an 
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additional 2 volumes of chloroform.  The organic phases were combined, dried under 

vacuum, and stored under N2 (-30 °C) prior to analysis.  For DOPA, DOPE, and DOG 

analysis, dried films were resuspended in 2:1 chloroform/methanol and loaded onto silica 

gel 60 HPTLC plates (EMD Chemicals, Darmstadt, Germany) previously washed with 

chloroform:ethyl  acetate  (6:4)  and activated at  110 °C for  30 minutes.  HPTLC was 

carried out essentially as previously described [176].  For αT analysis, dried films were 

loaded as above onto silica gel 60 preparative TLC plates (EMD Chemicals, Darmstadt, 

Germany) and separated in four sequential steps using the CAMAG AMD2 (CAMAG, 

Wilmington, NC).  Plates were developed to 30 mm with CH2Cl2:ethyl acetate:acetone 

(80:16:4 v/v/v), then to 50, 70, and 90 mm with 92:8, 95:5, and 98:2 v/v hexane:ethyl 

acetate, respectively.  DOPA, DOPE and DOG were stained on-plate with Nile Red [318] 

or  were  charred  with  CuSO4 [212] and the integrated fluorescence  intensity  was 

compared to a parallel dilution series of lipid standards [176].  Quantification of αT was 

carried out on-plate using the characteristic absorbance at 288 nm, with the CAMAG 

TLC2 scanner (CAMAG, Wilmington, NC).  Integrated signal was compared to a parallel 

dilution series of standards on the same TLC plate.  Thus, all values reported in the text 

are the result of direct quantification of the amount of exogenous lipid incorporated into 

CV membranes. 

5.5.5 Statistical Analyses 

To  define  the  minimal  quantity  of  each  lipidic  species  required  to  elicit  full 

recovery  of  fusion,  a  linear  regression was  fit  to  the  scatter  data  (Figure  5.3C) 

sequentially increasing the number of data points from the origin until such a time that 

increasing the number of points included significantly altered the slope and coefficient of 

determination of the line.  Data points below the break point were defined as the rising 

phase, and those above the break as the plateau phase of the saturation curve.  The X 

value at the point of intersection between the linear fit of the rising phase and the plateau 

was defined as the minimal quantity required for full recovery of fusion (Figure 5.3D). 

As it was experimentally difficult to incorporate either very small or very large amounts 

of exogenous DOPE into the CV membrane, the minimal quantity required for recovery 
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of fusion was calculated as the average amount of exogenous DOPE which elicited full 

fusion recovery in six experiments. 

Two-sample two-tailed t-tests were used to determine differences (P<0.05, unless 

stated  otherwise)  of  fusion  parameters  between experimental  conditions  and  parallel, 

internal  controls.  In  all  calculations,  statistical  error  was  propagated  using  standard 

methods.  All data are reported as mean ± S.E.M. 

5.6 Results 

We first asked the question whether cholesterol is generally enriched in areas of 

the membrane in which it  would contribute to the exocytotic fusion mechanism (e.g. 

areas of CV-PM contact).  Cholesteryl-BODIPY FL C12 (CHOL-B), a probe selective 

for  membrane  regions  enriched  in  cholesterol [432,  433],  was  used  to  label  cortex 

preparations made from oocytes in which the PM had been pre-labelled with the general 

membrane  stain  DiI  (Figure  5.2A).  Confocal  fluorescence  microscopy of  these  dual-

labelled cortices consistently revealed that, in the absence of vesicles, only the PM is 

labelled and there is no correlation between the DiI and the CHOL-B (Figure 5.2A and C, 

see region in upper left  of cortex vs CV-rich region in lower right region of cortex). 

However,  PM regions containing CV show a  consistent  correlation between DiI  and 

CHOL-B; this correspondence in labelling is neither homogeneous nor uniform but is 

clearly localized to regions of the PM with docked CV (Figure 5.2B-E).  The apparent 

heterogeneity may be a reflection of the labelling mechanism, although previous analyses 

do associate cholesterol with the fusion machinery, which would be consistent with its 

non-uniform distribution across the population of CV [176].  Line scans suggest that the 

cholesterol-enriched regions labelled by CHOL-B are  localized within and above the 

plane  of  the  PM  (Figure  5.2F).  Together,  these  results  indicate  that  the  bulk  of 

cholesterol  is  associated  with  CV and/or the  sites  of  vesicle  attachment  to  the  PM. 

Additionally, upon Ca2+-triggering, the CHOL-B label underwent rapid dispersion into 

the  PM,  consistent  with  exocytotic  fusion  and  the  subsequent  appearance  of  fusion 

http:(P<0.05
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Figure 5.2: Confocal analysis of the relative CHOL distribution between the PM 

and CV of S. purpuratus egg cortices. 

A. DiI labelling was carried out on intact  oocytes prior to preparation of cortices,  to 

specifically label the plasma membrane.  B.  CV-PM cortex subsequent to labelling with 

cholesteryl-BODIPY to indicate regions enriched in CHOL.  C.  Brightfield image of the 

cortex preparation shown in A and B.  D.  Overlay of A and B indicates only partial 

correlation of the DiI label in the PM with the heterogeneous cholesteryl-BODIPY label. 

E.  Overlay  of  A,  B,  and  C  indicates  that  cholesteryl-BODIPY  labelling  correlates 

primarily  with CV-rich regions;  areas  of  the  PM denuded of  CV have no detectable 

cholesteryl-BODIPY label.  F.  Line traces as indicated in E, reconstructed from a Z-

stack of A, B indicate that cholesteryl-BODIPY enriched regions are localized within and 

above the plane of the PM, consistent with the position of docked CV.  Scale bar in A is 

20 µm.  Representative of 10 cortices from 4 separate preparations. 
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‘domes’ (that verify vectorial discharge of CV content across the PM [276]) as seen in 

the parallel brightfield images (Figure C.1). 

In  order  to  couple  quantitative  functional  and  molecular  assays  as  tightly  as 

possible, as required to effectively dissect molecular mechanisms, the role of cholesterol 

and negative curvature was further  probed using isolated CV that  retain  the minimal 

molecular machinery for inter-membrane attachment, Ca2+ sensing, and fusion [40, 54, 

57, 176, 212].  Isolated, free floating CV were treated with 2 mM methyl-β-cyclodextrin 

(mβcd)  to  selectively  remove  membrane  cholesterol [176,  212].  Relative  to  native, 

untreated CV, mβcd treatment  resulted in a  31.4 ± 5.9% reduction in CV membrane 

cholesterol.  Cholesterol depletion correlated with a 26.0 ± 5.0% (n = 5) reduction in 

fusion extent (Figure 5.3E) and a rightward shift in Ca2+-sensitivity of 65.9 ± 15.0 μM 

[Ca2+]free (n = 5; Figure 5.3A), consistent with previous observations [176, 212].  Similar 

inhibitory  effects  were  also observed for  fusion  kinetics  (Figure  5.3B).  Delivery  of 

exogenous  cholesterol  with  hydroxypropyl-β-cyclodextrin  (hpβcd)  restored  membrane 

cholesterol to that of untreated CV, and the extent, Ca2+-sensitivity, and kinetics of fusion 

were recovered to that of control (Figure 5.3A,B,D).  In contrast, incorporation of the 

negative curvature analogues DOG, DOPE, or αT to cholesterol-depleted CV selectively 

recovered the ability to fuse, but not the Ca2+-sensitivity or kinetics of fusion (Figure 

5.3A,B).  Similar  to  cholesterol [176],  supplementation of  exogenous  DOG, αT, and 

DOPE into native CV did not  affect  any fusion parameters  (data  not  shown).  As a 

structural  analogue of cholesterol,  CHOL-B was also delivered to  the CV membrane 

following cholesterol depletion.  While the spontaneous curvature of cholesteryl esters 

has  not  been  determined  experimentally, esterification  of  the  3' hydroxyl  group  is 

structurally  consistent  with  substantially  decreased  negative  curvature  (e.g.  more 

characteristic of a neutral or even positive curvature molecule),  particularly when the 

conjugate  includes  a heterocyclic  fluorophore.  Neither  cholesterol-esters  (data  not 

shown) nor CHOL-B (Figure 5.3A) were able to rescue any parameters of fusion, despite 

quite effective incorporation into the CV membrane (verified by fluorometry). 
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Figure 5.3: Treatment of CHOL depleted CV with negative curvature analogues 

rescues the extent but not the Ca2+-sensitivity or kinetics of CV-CV fusion. 

A. Ca2+ activity curve of CV treated with 2 mM mβcd or sequentially with mβcd and 100 

μM DOPE, 2 mM CHOL-loaded hpβcd, or 200 μM DOG or αT (n = 3-7).  B. Kinetics of 

CV-CV  fusion  in  response  to  157  ±  17 μM  [Ca2+]free (n  =  3);  labels  as  in  A.  C. 

Relationship  between  total  exogenous  lipid  incorporated  into  CV  membranes,  as 
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determined by quantitative analysis of isolated CV membranes, and the extent of fusion 

following standard mβcd treatment (red triangle).  Labels as in A, except open diamond 

(Me-DOPE), open square (Me2-DOPE), and open circle (DOPC).  D. The amount of a 

given reagent incorporated into CV membranes required to fully recover fusion extent 

correlates  linearly  with  the  amount  of negative  curvature  each species  contributes. 

Labels  as  in  A except  crosses,  which indicate  half  the  minimal  quantities  of  CHOL, 

DOPE, and DOG required for fusion recovery, to represent the quantity localized to the 

vesicle outer leaflet (blue fit y = 99.2x + 12.2, R2 = 0.92, red fit y = 195x + 25.5, R2 = 

0.90).  E. Summary of CV fusion recovery following mβcd treatment and subsequent 

delivery of CHOL or curvature analogues in the quantities shown in D; DOPE, αT, and 

DOG fully support the ability to fuse whereas DOPC, Me-DOPE, and Me2-DOPE do not, 

and DOPA further  inhibits  the  extent  of fusion.  *  (P<0.01),  **  (P<0.001)  indicates 

difference from control and other conditions (n = 3-7). 
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In a single native CV, an average of 54.5 ± 5.2 amol cholesterol provide -2.20 ± 

0.30 units of specific curvature (defined herein as the spontaneous curvature, 1/R0p, Å-1 × 

amol lipid per CV).  Following cholesterol depletion using a standardized treatment with 

2 mM mβcd [176, 212], the specific curvature contributed by cholesterol was -1.51 ± 

0.29 amol•Å-1 per  CV,  leaving a  negative  curvature  deficit  of  0.69 ± 0.24 amol•Å-1. 

Rescue of fusion by enrichment of cholesterol-depleted vesicles with DOPE and DOG 

correlated  quantitatively with  the  respective negative  curvature  contributions  of  these 

lipids rather than the actual  molar  incorporation (Table 5.1, Figure 5.3D,E),  and was 

equivalent to the specific curvature introduced by cholesterol itself for the full rescue of 

fusion, -0.79 ± 0.15 amol•Å-1 (P>0.5).   With DOG having the highest measured negative 

curvature [169], more than 2-fold higher than cholesterol, proportionally less DOG than 

cholesterol was required to effectively recover the extent of fusion (Figure 5.3C-E).  A 

strong  linear  correlation  exists  between  the  minimal  quantity  of each  of  cholesterol, 

DOPE, and DOG required to fully rescue fusion extent,  and the respective measured 

spontaneous  curvature  of  these  molecules  (Figure  5.3D,  R2 =  0.90).  Relative  to 

cholesterol, DOG, and DOPE, the required curvature contributed by αT to fully recover 

fusion extent is ~2-fold less (Figure 5.3D).  This is consistent with observations that αT 

has effectively no transbilayer mobility over the time scale of several hours [434]; thus 

while cholesterol, DOG, and DOPE can rapidly equilibrate between the inner and outer 

leaflets of the vesicle membrane [406, 433, 435, 436], αT remains almost exclusively in 

the  outer  leaflet.  Since  cholesterol, DOG,  and  DOPE  will  effectively  reach  an 

equilibrium distribution  within  the  time course  of  a  single  experiment  (~1  hour)  the 

resulting curvature contribution in the outer monolayer will be approximately half of the 

total  curvature  contribution  (approximately  -0.40  ±  0.08  amol•Å-1 for cholesterol). 

Taking trans-bilayer equilibration into account,  there exists a strong linear correlation 

(coefficient of determination R2 = 0.92) between the spontaneous negative curvature of 

cholesterol, DOPE, αT , DOG (Table 5.1) and the minimal quantity of each molecule 

incorporated into the outer monolayer of the vesicle to effect full recovery of the ability 

to fuse (e.g. extent, Figure 5.3C, D).  Additionally, rescue of fusion with cholesterol, αT 

and  DOG was  concentration-dependent,  and  resulted  in  a  graded  recovery  of  fusion 
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extent  (Figure  5.3C),  confirming  a  relationship  between  the  negative  curvature 

contribution and the extent of fusion.  As indicated (Table 5.1) the spontaneous curvature 

measurements of DOPE were available in both water [171, 182, 400, 401, 430] and high 

salt  buffer  (150  mM  KCl,  pH 7) [430],  while  the  remaining  lipids  (DOG, αT,  and 

cholesterol) were each measured in water only [169, 171, 182, 402].  As DOPE is the 

only  selected  lipid  of  zwitterionic  character  (with  DOG, αT,  and  cholesterol  being 

neutral) it is likely the only lipid that would show significant variation in the presence of 

aqueous  ions.  The  measurements  made  in  high  salt  buffer  more  appropriately 

approximate the aqueous environment surrounding the CV in these experiments, and as 

such we have used these measurements in all subsequent calculations; however, if we 

assume the  curvature  to  be  that measured in  water  (-0.035 ±  0.001 Å-1)  the  specific 

curvature contribution following DOPE recovery was still -0.51 ± 0.06 amol•Å-1. 

Treatment  of  CV with  25.3  µM of  the cholesterol  binding polyene  antibiotic 

filipin, to sequester cholesterol in the membrane rather than remove it [176], resulted in a 

selective 30.4 ± 1.8 % inhibition of the extent (n = 4, P<1×10-5), but not Ca2+-sensitivity 

of fusion (Figure 5.4A-C).  This inhibition was fully reversed following delivery of 1.22 

± 0.23 amol/CV of αT.  Subsequent quantitative analysis showed that the graded recovery 

of fusion extent correlated linearly with the amount of αT delivered to the membrane in a 

manner consistent with the previous results (Figure 5.3C, Figure 5.4C).  The total amount 

of αT required to fully recover the extent of fusion was approximately 3.6-fold less than 

was required to rescue inhibition following a comparable mβcd treatment (Figure 5.3).  In 

order to examine the specificity of the recovery, an identical experiment was carried out 

using C9-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-tocopherol (C9NBD-T); this molecule is 

structurally related to αT but with a  fluorophore incorporated such that  the structural 

conformation is consistent with a substantially reduced negative curvature.  C9NBD-T 

was unable to recover the extent of fusion, despite extensive incorporation (13.4 ± 0.5 

amol/CV) in the membrane, as confirmed by washing away of excess reagent followed 

by fluorometric assessment (Figure 5.4A, inset). 
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Figure 5.4: Inhibition of CV-CV fusion extent by filipin treatment was reversed by 

the addition of molecules of high negative curvature. 

A. Ca2+ activity curve of CV treated with 25.3 µM filipin, or sequentially with filipin and 

50,  100,  or  200  µM αT,  or  C9NBD-T (n  =  4).  Fluorescence  measurements  (inset) 

determined incorporation of 13.4 ± 0.5 amol/CV of C9NBD-T.  B.  Kinetics of CV-CV 

fusion in response to 144 ± 16 µM Ca2+free (n = 4).  C.  Delivery of αT to filipin treated 

CV restores fusion capacity in a concentration-dependent manner, correlating with the 

amount of αT incorporated into the membrane (P<0.01, n = 4). 
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Previous studies have detailed the potent inhibitory effects on fusion of adding 

high positive curvature molecules, such as lysophosphatidylcholine (LPC), to secretory 

vesicles [174,  175],  including addition of LPC to cholesterol-depleted CV [176].  At 

molar quantities comparable to cholesterol, delivery of DOPC (20.8 ± 7.1 amol/CV), a 

lipid with effectively neutral  curvature [169],  to cholesterol-depleted vesicles,  had no 

effect on any of the fusion parameters (n = 4, Figure 5.3C).  Similarly, additions of 24.5 ± 

3.6 and 22.3 ± 4.0 amol/CV of N-methyl- and N,N-dimethyl-DOPE (Me-DOPE, Me2

DOPE), respectively, two derivatives of DOPE with spontaneous curvature predicted to 

be intermediate to DOPE and DOPC [437], also failed to recover the extent of fusion (n = 

4, Figure 5.3C).  Based on an estimated spontaneous curvature of –0.0313 Å-1, Me-DOPE 

incorporation amounts to -0.767 ± 0.113 amol·Å-1,  equivalent  to the curvature deficit 

following cholesterol-depletion (Figure 5.3). This suggests that total negative curvature 

alone is insufficient to enable fusion, but rather that only molecules of a specific negative 

spontaneous  curvature  can  support  the  molecular  rearrangements  leading  to  pore 

formation. 

Similarly,  and in  contrast  to the  effects  of  DOG, DOPE, and αT, addition of 

another negative curvature analogue, dioleoylphosphatidic acid (DOPA), was also unable 

to recover the ability of cholesterol-depleted CV to undergo Ca2+-triggered fusion (Figure 

5.5A).  Treatment of native CV with DOPA also resulted in a potent inhibition of the 

extent and Ca2+-sensitivity of fusion, with a corresponding decrease in kinetics (Figure 

5.5A).  The  measured  spontaneous  curvature  of  DOPA  is  –0.022  Å-1 [430]. Thus 

delivery  of  6.4  ±  0.9  amol of  DOPA  per  CV  correlates  to  a  specific  curvature 

contribution of –0.145 ± 0.020 amol•Å-1, which, although less net curvature than required 

for complete recovery of fusion extent after cholesterol depletion, is comparable to the 

amounts of cholesterol, αT, and DOG delivered to CV to effect partial recovery (Figure 

5.3C).  As with DOPE, the spontaneous curvature of DOPA becomes more negative in 

the presence of aqueous salts (Table 5.1).  The spontaneous curvature of DOPA in water 

is -0.0077 Å-1 [430], similar to that of DOPC.  Additionally, enzymatic generation of 

endogenous  phosphatidic  acid  (PA)  in CV  membranes  via  phospholipase  D  (PLD) 
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Figure 5.5: Phosphatidic acid inhibits fusion. 

Treatment of CHOL-depleted CV with the curvature analogue DOPA did not recover but 

rather further inhibited the extent of CV-CV fusion (purple).  Similarly, supplementing 

native CV with DOPA (green) inhibited fusion to approximately the same extent as did 

depletion of CHOL.  A. Ca2+ activity curve of CV treated with 200 μM DOPA, 2 mM 

mβcd or sequentially with mβcd and DOPA (n = 4).  Inset, kinetics of CV-CV fusion in 

response to 236 ± 34 μM [Ca2+]free (n = 4).  In a comparable fashion, the generation of 

endogenous PA in native CV also inhibits the extent, Ca2+-sensitivity, and kinetics of CV

CV fusion.  B.  Ca2+ activity  curve  of  CV  treated  with  increasing  concentrations  of 

exogenous PLD as indicated.  Inset kinetics of CV-CV fusion in response to 91 ± 15 µM 

[Ca2+]free (n = 5). 



140 
activity showed comparable inhibitory effects on fusion extent (Figure 5.5B); however, 

effects on Ca2+-sensitivity and kinetics were less substantial than with exogenous DOPA 

(Figure 5.5B inset).  Quantitative analysis of PLD treated CV membranes indicated that 

endogenously generated PA was required at levels substantially less than the exogenous 

DOPA in order to yield comparable inhibitory effects.  This likely reflects the localized 

production of a particular range of PA species, as opposed to exogenous supplementation 

with only DOPA. 

5.7 Discussion 

The  ability  of  vesicles  to  undergo  Ca2+-triggered  fusion  is  dependent  on  the 

localized presence of cholesterol as a molecule of high negative spontaneous curvature 

that supports the formation and transition of transient fusion intermediates [77, 176, 183]. 

Imaging confirms that cholesterol is predominantly localized to CV-enriched regions of 

the PM.  The fundamental ability of cholesterol-depleted CV to fuse, as assessed by the 

total  extent  of  fusion,  is  rescued  by the quantitative  recovery  of  membrane  negative 

curvature using specific, structurally dissimilar lipidic curvature analogues, each with a 

spontaneous negative curvature (1/R0p) equivalent to or more negative than cholesterol.  

5.7.1 Specific effects of negative curvature lipids 

All Ca2+-activity curves, including the fusion of cholesterol-depleted and lipid-

recovered samples, were translationally invariant. Thus, despite the different treatments 

used, such conservation of the underlying curve-shape parameters of each of these Ca2+

activity curves is minimally consistent with a single common fusion mechanism [54, 176, 

212, 293].  Nonetheless, rescue of fusion capacity with DOPE, αT, and DOG does not 

correlate  with  rescue  of  Ca2+-sensitivity  or  kinetics  of  fusion,  indicating  that  these 

parameters can be effectively separated experimentally [176, 212].  While the ability of 

vesicles to undergo fusion is dependent in part on the focal curvature of the membrane, 

the  efficiency  (Ca2+-sensitivity  and  kinetics)  of fusion  is  defined  by  membrane 

components associated with critical cholesterol levels, most probably via organization of 

proteins and lipids within cholesterol- and sphingomyelin-enriched microdomains [176, 
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212].  The activity or interactions of various protein components of the fusion machinery 

may  be  differentially  modulated  by  cholesterol  levels  in  CV,  either  through  direct 

interaction with cholesterol or through general changes in the lipid environment.  Such 

effects  of  cholesterol  on  the activities  of  different  membrane  proteins  are  quite  well 

documented [438-442]. Thus it is not inconceivable that the localization or sensitivity of 

Ca2+-sensing molecules  may be  differently  affected by local  alterations  in  cholesterol 

density relative to the effects of these alterations on the protein machinery that promotes 

rapid fusion kinetics. 

Lipidic curvature analogues, while likely able to associate with cholesterol-rich 

microdomains,  do  not  actively  contribute to  the  formation  or  stability  of  such 

microdomains [389, 443].  As DOPE-, αT-, and DOG-recovered CV are able to undergo 

the  native  Ca2+ triggered  fusion  reaction  without  stabilizing  microdomains  or 

reorganizing efficiency factors at  the fusion site,  these results  are consistent  with the 

concept of a conserved minimal fusion machine of lower inherent Ca2+-sensitivity, with 

associated protein and lipid components  modulating the efficiency of triggering,  pore 

formation,  and pore  expansion [40,  57,  176,  212].  This  selective  ability  of  specific 

negative curvature molecules to recover the inherent ability to fuse demonstrates that 

negative curvature itself is one necessary component of the fast native Ca2+ triggered 

fusion mechanism.  This quantitative finding appears most consistent with the stalk-pore 

model as a mechanism for native membrane fusion, with negative curvature components 

contributing to initial membrane dimpling or formation of point-like protrusion [162] and 

the formation and expansion of the hemifusion diaphragm [42, 157, 159, 180, 371, 397]. 

5.7.2 Negative curvature acts only in the contacting monolayers 

The  formation  of  a  stalk  intermediate occurs  exclusively  between  the  outer 

monolayer of a single CV and the cytoplasmic leaflet of the PM (in CV-PM fusion) or 

between the outer monolayers of two adjacent CV (in homotypic CV-CV fusion).  As αT 

has effectively no transbilayer mobility [434] within the timescale of a single experiment 

(~1 hour),  the finding that  the curvature contributed by αT to fully recover fusion is 



142 
approximately half that required of cholesterol, DOG, or DOPE demonstrates that the 

negative curvature contribution is via the outer monolayer of the CV, again consistent 

with the stalk-pore hypothesis.  Thus negative curvature is required specifically for the 

formation of a stalk intermediate between the contacting monolayers of two adjacent CV. 

This is consistent with observations that high positive curvature molecules such as LPC 

reversibly  arrest  fusion  at  a  stage  that  follows  Ca2+-triggering  but  before  monolayer 

merger  [174, 175]. Following sequestration of cholesterol by filipin treatment, αT is 

required  at  concentrations  even  lower  than  those  for  recovery  of  fusion  following 

cholesterol  depletion  with  mβcd.  Clearly  while  both  mβcd  and  filipin  functionally 

‘remove’ cholesterol  from the membrane,  the filipin treatment  requires less  curvature 

contribution for recovery, since this has only to effect rescue of the ability to fuse; this is 

consistent with sub-optimal concentrations of cholesterol effecting only partial rescue of 

the ability to fuse, with the full native complement of cholesterol required to completely 

rescue both fusion and efficiency [176].  In effect, this is most likely due to differences in 

the modes of action of mβcd and filipin, in particular the fact that only mβcd is highly 

disruptive to cholesterol enriched microdomains [176, 259]. 

5.7.3 PA is unlikely to act directly in the fusion step of exocytosis 

The role of PA in fusion via PLD activity has been discussed both indirectly in 

vesicle trafficking and exocytosis [444] and directly in the aggregation and fusion of 

liposomes [445].  As the incorporation of exogenous DOPA into CV membranes, or the 

formation of endogenous PA did not enhance the Ca2+-sensitivity, and potently inhibited 

fusion kinetics (Figure 5.5), it appears unlikely that inter-membrane Ca2+ binding to PA 

headgroups plays any significant role in the native fusion mechanism.  Indeed our results 

suggest that the positive role PA may play in the native exocytotic pathway is not through 

a  direct  role  in  Ca2+ triggered  membrane  merger,  but  likely  upstream  in  vesicle 

attachment and kinase-related modulatory functions [446]; in terms of fusion, PA may 

thus actually function as a local negative regulator.  It  is not  clear if the transbilayer 

distribution of PA might have differential effects; given the relatively slow transbilayer 

mobility of PA the treatments used in this study (e.g. exogenous PLD or DOPA) are 
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likely only to affect PA levels in the outer leaflet of the CV membrane.  Previous studies 

implicating  PA  in  the  fusion  process  have  typically  involved  manipulations  of 

endogenous PLD, and as such may have a more symmetric effect on the distribution of 

PA [447, 448].  As with Me-DOPE, Me2-DOPE, and DOPC, the spontaneous negative 

curvature  of  DOPA  is  substantially  less  than  that  of  cholesterol,  consistent  with  the 

finding  that  lipids  with  spontaneous  curvature  equivalent  to  or  more  negative  than 

cholesterol are able to substitute for cholesterol in the fusion process, whereas lipids of 

lesser negative curvature cannot.  PA may also associate with different regions of the CV 

membrane due to its inherent charge, while cholesterol, DOPE, αT, and DOG are able to 

spatially and/or functionally associate with the docking and calcium-sensing machinery. 

The observation that exogenous PLD potently inhibits fusion extent at lower membrane 

concentrations  of  PA,  relative  to  the delivery  of  exogenous  DOPA,  implies  that 

endogenous PA may be generated at specific sites, or from specific molecular species that 

associate with different regions of the CV membrane than does DOPA.  Additionally, as 

PLD treatments less potently inhibit the Ca2+-sensitivity and kinetics of fusion, relative to 

exogenous DOPA, PA may directly and potently inhibit the formation of high curvature 

fusion intermediates,  while the inhibitory effects on efficiency may be related to less 

specific charge effects.  As an anionic lipid, PA can create defects in lipid packing due to 

lateral phase separation driven by the binding of divalent ions; this would also result in 

the aggregation of proteins with a high affinity for PA [449].  

5.7.4 Membrane lipids define the initial stalk formation 

Of the lipids examined in this study, three have measured spontaneous curvature 

that is equivalent to or more negative than cholesterol (DOPE, αT, and DOG) while six 

have measured or predicted spontaneous curvature that is less negative than cholesterol 

(DOPC,  Me-DOPE,  Me2-DOPE,  DOPA,  CHOL-B,  and  C9NBD-T).   The  functional  

response  of  cholesterol-depleted  CV  to  the delivery  of  each  of  these  lipid  species 

parallels this division: whereas a lesser quantity of a lipid having greater spontaneous 

negative curvature than cholesterol (αT or DOG), or a similar amount of an equivalent 

curvature molecule (DOPE), both rescue fusion (Figure 5.3), a lipid of less spontaneous 
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negative curvature is unable to substitute for cholesterol in the fusion process despite 

providing the same net negative curvature contribution (Figure 5.3C, Figure 5.5).  This 

implies not only that a total defined quantity of membrane negative curvature is required 

to enable fusion, but also that the components that contribute the curvature must have a 

specific, critical spontaneous curvature value in order to effectively support fusion pore 

formation. 

Extending these observations, including the enrichment of cholesterol in CV and 

at docking/fusion sites on the PM (Figure 5.2), we can predict that the curvature provided 

by cholesterol  is  required to support the energetically favourable formation of a high 

curvature stalk intermediate.  As the monolayer spontaneous curvature is the weighted 

average of the spontaneous curvature of all of the membrane components forming the 

stalk, the local lipid composition will define the specific size of the initial stalk.  If, in 

addition to cholesterol, the local membrane is also enriched in other negative curvature 

molecules such as αT or DOG, the total curvature of the stalk intermediate would be less 

still, and thus more favourable for rapid pore formation [45, 160]. 

5.7.5 Cholesterol at the site of fusion 

The data  presented here  quantitatively extend our  understanding of  the  fusion 

process.  Our previous studies indicate that the fusion site is organized by microdomains 

enriched in cholesterol and sphingomyelin [176, 212], enabling spatial coordination of 

protein and lipid components essential to membrane deformation/bending, Ca2+-sensing, 

triggering, and modulation.  In light of these findings, we hypothesize that the lipidic 

fusion site (the site of initial formation of point-like protrusion [162] and subsequent stalk 

formation) is enriched in cholesterol and other specific negative curvature components 

(e.g. PE, DAG, αT).  We further suggest that this lipidic fusion site may exist in one of 

three possible states.  First, the fusion site may exist in a liquid disordered state capable 

of rapidly forming high curvature structures [450] as a region of varied fluidity within a 

single intact microdomain.  Second, the fusion site may be organized as a discrete (liquid 

disordered) lipid phase bounded by multiple liquid ordered microdomains [219].  Finally, 
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the fusion site may exist as a cholesterol-rich, liquid ordered domain in resting CV, that 

rapidly transitions to a liquid disordered phase as a result of the physiological triggering 

event,  likely mediated by protein conformational  changes upon Ca2+-activation  [219]. 

The challenge is now to experimentally test these possibilities. 

Although the necessary negative curvature is largely contributed by cholesterol in 

CV membranes, these findings imply that different fusion sites, vesicles, or secretory cell 

types could use other lipidic components, in addition to cholesterol or similar endogenous 

sterols, to provide optimal local negative curvature to initiate and modulate the fusion 

process.  Cholesterol  is  also  known to promote the  membrane active effects  of  such 

negative curvature lipids [183].  An optimized lipid composition may serve to further 

reduce energy constraints arising from the molecular reorganization required for stalk 

formation and subsequent pore opening and expansion [146, 151, 451].  As an essential 

component of the native fusion mechanism, effects on membrane negative curvature must 

be assessed in any manipulations used to probe the native fusion mechanism [135]. 



146 
Chapter 6: General Discussion 

6.1 Preface 

Section 6.5 has been previously published in Cholesterol, Regulated Exocytosis, 

and  the  Physiological  Fusion  Machine  by  Churchward  MA and Coorssen  JR (2009) 

Biochemical Journal 423; 1-14. 

MAC was responsible for writing all drafts of this article, with input and revisions 

from JRC. 

6.2 Synopsis 

Cholesterol and related sterols are multifunctional native membrane components 

playing a number of critical roles in the various cellular and organellar membranes of all 

eukaryotes.  In  the  membranes  of  cortical  secretory  vesicles cholesterol  makes  two 

essential contributions to the mechanism of fast, Ca2+-triggered membrane fusion.  First, 

as an abundant lipid having an intrinsic negative curvature, cholesterol defines the ability 

of native secretory vesicles to fuse, lowering energy barriers to the formation of stalk-

pore intermediates.  Second, as a critical component of cholesterol- and sphingomyelin-

enriched microdomains cholesterol defines the fusion site, providing organization within 

the plane of the membrane and coordinating the functions of additional protein and lipid 

components of the native membrane fusion machinery. 

6.3 Abbreviations used 

CV - cortical vesicle FPALM  –  fluorescence  photoactivation 

PM - plasma membrane localization microscopy 

FFM - fundamental fusion machine lo - liquid ordered 

PFM - physiological fusion machine ld - liquid disordered 
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6.4 Cholesterol in Regulated Exocytosis 

Cholesterol  is  a  versatile  membrane  component  that  has  been  identified  as  a 

contributor to a number of exocytotic processes, as well as facilitating a number of model 

and viral fusion systems (reviewed in Chapter 1).  Sea urchin CV, a robust and amenable 

model system for fast,  Ca2+-triggered membrane fusion, were found to be enriched in 

cholesterol (Chapter 2).  Using a range of biochemical manipulations it was determined 

that cholesterol is an essential contributor to the mechanism of Ca2+-triggered membrane 

fusion (Chapter 4).  Two experimentally separable effects of cholesterol manipulation 

were observed.  Treatments disruptive to cholesterol-enriched microdomains inhibited 

both the efficiency (Ca2+-sensitivity and kinetics) and extent of fusion while treatments 

that were not disruptive inhibited only the ability of vesicles to fuse (extent of fusion). 

The ability of vesicles to undergo fusion correlates with the negative curvature 

contributed  by  cholesterol  to  fusion  intermediates  consistent  with  the  stalk-pore 

hypothesis (Chapter 1, Figure 1.3, [42, 157, 161, 322, 370, 429, 453]).  In this context 

cholesterol contributes directly to the process of membrane fusion, contributing a critical 

negative curvature to lower energy barriers to the formation of the high curvature stalk 

intermediate.  Cholesterol is thus the first identified component of the fundamental fusion 

machine (FFM) directly enabling the formation of lipidic fusion intermediates.  As the 

curvature contribution by cholesterol is specific and cannot be replaced by lipids having a 

lesser negative curvature than cholesterol, it appears likely that cholesterol itself defines 

the size and shape of the initial stalk structure.  In model membranes cholesterol is able to 

form  highly  curved  (inverted bicontinuous  cubic  phase)  structures  consistent  with  a 

fusogenic role in native membranes [450]. 

Cholesterol contributes to the efficiency (Ca2+-sensitivity and kinetics) of fusion 

in a manner that correlates with the integrity of cholesterol- and sphingomyelin-enriched 

microdomains  in  the  CV  membrane  (Chapter 4,  [212],  Appendix A).  These 

microdomains collectively define the physiological fusion machine (PFM) that includes 

all  protein  and  lipid  components  which  function  in  the  steps  leading  to  (tethering, 
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docking and priming), initiating (Ca2+-sensing), and perhaps facilitating (pore formation 

and expansion) fusion.  The PFM thus includes all modulatory elements which define the 

characteristics of an individual fusion event, and differences in the physiological response 

of secretory events between cell types can be explained by differences in the composition 

of the PFM.  

6.5 Structural Aspects of Exocytosis 

6.5.1 Modulation of Exocytosis 

Conceptually, the absolute minimal FFM of all biological fusion events may be a 

strictly  defined,  pure  lipid  site,  enriched in  cholesterol  and  other  negative  curvature 

lipids.  The PFM, responsible for the regulation, timing, efficiency, and frequency of 

fusion includes numerous protein and lipid components and can vary greatly between 

different vesicle and cell types.  At the synapse the PFM includes numerous identified 

proteins  upstream  (e.g.  S/M  proteins,  complexin,  the  SNAREs,  Ca2+-channels, 

synaptotagmin, and SNARE interacting proteins such as snapin [454] to name but a few) 

and downstream (e.g. NSF, α/β and γ-SNAP) of the fusion event.  The defined role for 

cholesterol  in  organizing  the  fusion site [176,  248,  249,  261,  395] suggests  that 

cholesterol- or more generally sterol-enriched microdomains are a key lipidic component 

of  the  PFM.  In  neuroendocrine  cells  phospholipase  D1  (PLD1)  may  also  play  a 

regulatory  role  in  the  fusion  process  (reviewed  in [455]);  in  this  system  enzymatic 

generation of phosphatidic acid (PA) has been suggested to contribute to the requisite 

negative curvature for fusion.  In light of the modulatory role of PLD in human platelets 

[446],  PA might  also contribute upstream, possibly as a  charged protein binding site 

and/or activator of modulatory kinases [449].  Regulation of PA levels expands the PFM 

in this exocytotic event to include not only PLD1 [447, 448] but its interacting partners 

the GTPases ARF6 [456] and RalA [457] and the GTPase activating protein GIT1 [458]. 

In this regard, a G-protein more directly involved in the triggered fusion process in some 

cells (i.e. the so-called 'GE') would also be a component of the PFM (reviewed in [459]). 

Cytoskeletal components can also be considered components of the PFM.  In addition to 
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trafficking vesicles to sites of fusion, specific cytoskeletal components have been shown 

to regulate fusion kinetics by promoting the dilation and stability of the fusion pore in 

neuroendocrine, exocrine, and epithelial cells.  Filamentous-actin (F-actin) and myosin II 

contribute  to  the  duration of  fusion pore opening [460-464]  possibly  by contributing 

tension to increase pore dilation [460, 462] or by assembly of a supporting scaffold to 

maintain  the  open  fusion  pore [461,  463]. The  latter  case  would  result  in  a  state 

intermediate to a kiss-and-run event and full fusion in which an F-actin scaffold prevents 

the vesicle from collapsing into the plasma membrane, possibly as a means to facilitate 

efficient  endocytosis [465].  Experiments  that  rule  out  a  role  for  actin  in  the  fusion 

process itself confirm the assignment of cytoskeletal elements to the PFM [133]. 

6.5.2 The Structure of a Cholesterol-Enriched Fusion Site 

Given the evidence in favour of multiple roles for cholesterol  not  only in the 

process of exocytosis, but directly in the molecular mechanism of native, Ca2+-triggered 

membrane fusion, we can speculate as to the nature and organization of the fusion site. 

As an organizer of proteins critical to exocytosis, we expect that the fusion site is defined 

by cholesterol- and sphingomyelin-enriched microdomains.  As cholesterol acts directly 

in  the  fusion  process  by  contributing  negative  curvature  to  the  formation  of  high-

curvature fusion intermediates (as well as to pore formation and expansion [89, 200]), we 

expect  that  the  lipidic  fusion  site  will be  enriched  in  cholesterol.  Additionally, 

considering the enrichment of cholesterol in the vesicle membrane relative to the PM, and 

the ability of isolated native vesicles to fuse with pure lipid membranes, we note that the 

two apposed fusogenic membrane domains need not be of identical composition (but will 

be cartooned here as such for simplicity) [77, 176, 261]. Based on these considerations 

we can explore three possible models for the fusion site (Figure 6.1). 

The  fusion  site  could  exist  as  a ld phase  constrained  or  bordered  by lo 

microdomains (Figure 6.1A), effectively corralling the cholesterol-enriched fusion site 

with the appropriate modulatory proteins.  In this model,  proteins associated with the 

fusion  mechanism,  including  the  putative  Ca2+ sensor  synaptotagmin  and  upstream 
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Figure 6.1: Models for a cholesterol-enriched fusion site. 

A – Cholesterol-enriched microdomains (green) surround and define the ld fusion site 

(blue): after triggering microdomains remain intact.  B – A fusion site composed of a 

contiguous cholesterol-enriched microdomain which disperses into a highly fusogenic ld 

phase upon triggering.  C – A fusion site composed of a contiguous cholesterol-enriched 

microdomain as in B, but with regions of varied fluidity such that the lipidic fusion site 

has  a  fusogenic  composition:  upon  triggering  the  microdomain  remains  intact 

surrounding the fusion site. 
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effectors such as the SNARE proteins would be carefully positioned around the site of 

fusion  as  per  their  demonstrated  association  with  cholesterol-enriched  microdomains. 

Triggering  of  fusion  with  Ca2+ would  result  in  the  formation  of  initial  lipid  fusion 

structures such as the point-like protrusion and initial stalk within the ld membrane region 

corralled at the centre of the surrounding cholesterol-rich microdomains.   This fusogenic 

lipid region may have a highly tuned lipid composition, enriched in negative curvature 

lipids  (such  as  cholesterol,  diacylglycerol,  phosphatidylethanolamine,  or  even  a 

tocopherol) in the proximal membrane leaflets, with positive curvature contributing lipids 

(such as  lysophosphatidylcholine  and fatty  acids)  in  the  distal  leaflets.  Such a  lipid 

composition would reduce the energy barriers required to form the high curvature stalk-

pore  fusion  intermediates.  The  maintained  presence  of  cholesterol-enriched 

microdomains at the periphery of the fusion site could contribute line tension to promote 

the formation and expansion of the fusion pore [305]. 

An alternative model would have the entire fusion site consist of a lo cholesterol-

enriched  microdomain  (Figure  6.1B).  Exocytotic  proteins,  including  the  SNARE 

proteins, would most likely be associated directly with the microdomain, possibly at the 

peripheral lo-ld interface.  In this model the entire microdomain may have a carefully 

tuned lipid composition such that  upon triggering with Ca2+, proteins induce a phase 

transition from a stable lo domain to a highly fusogenic ld state.  This microdomain may 

similarly be enriched in negative curvature lipids (especially cholesterol) in the proximal 

leaflets;  however,  due  to  the  reported  trans-bilayer  symmetry  of  most  cholesterol-

enriched microdomains it seems less likely that the distal leaflets could be selectively 

enriched in positive curvature lipids to support the transition from hemifusion to fusion 

pore. 

Finally,  the  fusion  site  may  exist as  a  contiguous  cholesterol-enriched 

microdomain with regions of varied fluidity (Figure 6.1C).  As with the previous models 

this  allows  for  the  close  association  of  exocytotic  proteins  with  the  optimized  lipid 

mixture of the fusion site; however, this model would not require a triggered transition 

from lo to ld.   As  with  the  first  model,  the  persistence  of  the lo sub-domains could 
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contribute line tension to drive the expansion of the fusion pore, while the lipidic fusion 

site would be enriched in fusogenic, negative curvature lipids.  As one of the earliest and 

best  studied  cholesterol-rich, lo membrane  structures  (i.e.  caveolae)  is  defined 

functionally by its membrane curvature, it is reasonable to expect that a lipid composition 

similar  to  that  of  cholesterol-enriched microdomains  could  be potentially  fusogenic, 

forming highly curved membrane structures (see also [466]).  As the inherent size of 

lipidic  fusion  intermediates  is  much  smaller  than  the  curved  structures  formed  by 

caveolae such a model would likely require additional lipid optimization at the fusion site 

to reduce the structured nature of the domain and possibly increase the local membrane 

fluidity. 

Novel physiological observations may allow us to predict which of these models 

will be more likely.  Notably, electrophysiological and imaging analyses of 'kiss-and-run' 

phenomena suggest that the two membranes do not lose their identity following a series 

of transient fusion events.  The simplest biophysical interpretation of these observations 

is  that  during  a  kiss-and-run  event  lipid  mixing  between  the  vesicle  and  plasma 

membrane is minimized, which suggests that some barrier exists to limit the intermixing 

of lipids and the diffusion of proteins.  In both the first and third models described above 

(Figure  6.1A,  C)  cholesterol-enriched microdomains  may  remain  intact  following the 

initial  fusion  stalk  formation,  and  if  these  domains  are  in  fact  retained  through  the 

formation of  the  fusion pore they may act as  a  physical  barrier  to further  mixing of 

membrane  contents;  however,  in  the  case of  full  fusion,  microdomains  may  largely 

dissipate.  Thus,  based on interpretation of these limited data we can predict that the 

second model described (Figure 6.1B) above is less likely as may be the third (Figure 

6.1C); if the latter does describe the prefusion state, then triggering may also yield either 

of the outcomes shown in Figure 6.1A and B.  Substantially more experimental evidence 

and the integration of a  number of different  technical  approaches will  be required to 

provide further insight into the nature of the fusion site and the integration of the FFM 

and PFM in native, Ca2+-triggered exocytosis. 
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6.6 Cholesterol Enriched Microdomains 

Cholesterol  plays  a  key  organizational  role  in  membrane  fusion,  defining  the 

fusion site and organizing efficiency factors (protein and lipid components of the fusion 

machinery)  by  virtue  of  its  ability  to  self-organize  into  cholesterol-enriched 

microdomains.  This organization is highly specific: delivery of sterol analogues after 

cholesterol depletion was largely ineffective at recovering the efficiency of membrane 

fusion,  with  the  exception  of ent-cholesterol,  6-azi-photocholesterol,  and,  in  part, 

lanosterol (Appendix A).  Protein analysis of putative microdomain fractions, isolated by 

sucrose density gradient ultracentrifugation, provided additional support to the specific 

role  of  cholesterol  as  a  membrane  organizer,  and  quantitatively  highlighted  the 

correlation between functional manipulation of CV cholesterol and the integrity of native 

cholesterol-enriched microdomains. 

6.6.1 Specificity of cholesterol in membrane fusion 

The  inability  of  most  structurally  similar  sterols  to  effectively  support  the 

efficiency of membrane fusion provides insight into the physiology of native cholesterol-

enriched microdomains.  The apparent effectiveness of ent-cholesterol in supporting the 

efficiency of membrane fusion suggests that it acts in a comparable role to cholesterol, 

effectively  contributing  to  the  stability and  organization  of  (chole)sterol-enriched 

microdomains.  Cholesterol is capable of a range of interactions in the membrane, and 

ent-cholesterol  has been used to distinguish the bulk membrane effects of cholesterol 

from specific protein-ligand interactions. ent-Cholesterol has been shown to effectively 

mimic cholesterol as a bulk membrane sterol, including support for cholesterol-enriched 

microdomains and the resulting functional effects on proteins [467-471]; however, some 

cholesterol binding proteins, such as cholesterol oxidase, are enantioselective [468, 469]. 

Indeed,  this  provides  some  additional  evidence  against  the  alternate  hypothesis  that 

cholesterol  may act  on the efficiency of  fusion through a  specific  protein interaction 

(Chapter 1.6.2).  Perhaps  most  intriguing,  in  an analysis  of  the  enantio-selectivity  of 

peptide-domain  interactions,  Epand and  colleagues  demonstrated  that  peptide-induced 
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domain formation in model membranes was highly sensitive to the chirality of cholesterol 

[471].  When  these  data  are considered in  relation to  the  structure  of  a  cholesterol-

enriched fusion site  (section 6.5.2, Figure  6.1)  we can potentially  further  reduce  our 

model  complexity.  If  the  ability  of  peptides/proteins  to  induce  changes  in  domain 

structure are stereoselective then our second model may be excluded (Figure 1.4b).  This 

model presumes the Ca2+-sensor to be a protein, which on Ca2+ binding triggers a phase 

transition of the fusion site from a single intact cholesterol-rich microdomain (in the lo 

phase) to a highly fusogenic and cholesterol rich ld phase.  This would occur through an 

analogous interaction to the ones described [471] and as such would be less likely to 

occur in the presence of ent-cholesterol. 

Further to this, each class of sterol analogue (Figure A.1) contributes additional 

understanding.  The  observation  that  cholesteryl-sulfate  inhibits  membrane  fusion  is 

consistent with the demonstrated disruptive effects in model membranes (Figure A.9) 

[388].  The  end  product  of cholesterol  oxidase,  4-cholesten-3-one,  is  comparably 

disruptive  to  membrane  microdomains  in  model  systems  [388,  472],  and  it  has 

comparable inhibitory effects on the extent and efficiency of membrane fusion (Figure 

4.8).  One key difference in the functional effects of cholesteryl sulfate and 4-cholesten

3-one  is  the  apparent  recovery  of  the  Ca2+-sensitivity  of  fusion  after  recovery  with 

cholesteryl sulfate.  Similarly, delivery of cholesteryl sulfate to untreated CV results in an 

inhibition of fusion extent, but not Ca2+-sensitivity or the initial rate of fusion, yet results 

in  a  71±7  %  reduction  in  protein  in  cholesterol-enriched  membrane  fractions. 

Cholesteryl sulfate carries a negative charge, and may coordinate membrane proximal 

binding of cations, particularly Ca2+. This would effectively increase the local [Ca2+]free at 

the membrane and for any membrane associated Ca2+-binding proteins.  The observed 

effects on kinetics are consistent with such an effect: cholesteryl-sulfate treatment alone 

does  not  accelerate  the  initial  rate  of  kinetics  despite  a  slight  right-shift  in  Ca2+

sensitivity,  and  cholesteryl-sulfate  recovery  after  mβcd  treatment is  unable  to  fully 

recover fusion kinetics to the levels of control, despite recovery to the same EC50.  This 

suggests that the fusion mechanism has not fully recovered as with cholesterol recovery 
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treatments.  Indeed,  assuming  the  observed 'recovery'  (i.e.  leftward  shift)  of  Ca2+

sensitivity  (Δ  EC50)  of  fusion  after  cholesterol  depletion  is  due  to  charge  effects, 

cholesteryl sulfate would be contributing a ~2.5-fold increase in [Ca2+]free at the location 

of the Ca2+-sensor. 

The  failure  of  microdomain  stabilizing sterols  to  effectively  rescue  fusion 

efficiency is somewhat less expected.  Based on model membrane experiments [388, 472] 

and observations in biological membranes [473-475] we might expect ergosterol, 7-DHC, 

stigmasterol,  and  dehydroergosterol  to  support  the  re-formation  of  cholesterol/sterol 

enriched microdomains and thus the recovery of fusion efficiency.  Indeed, ergosterol is 

the primary sterol  in fungal  membranes,  and has been demonstrated to function as a 

component of the fusion site in yeast [46, 395, 396].  However, the observed lack of both 

functional recovery (Figures A.4, A.5, A.6, and A.7) and recovery of cholesterol-rich 

membrane fractions (Figure A.14) suggests  that  cholesterol  is  very highly specific  in 

forming the functional native membrane microdomains involved in fast, Ca2+-triggered 

membrane  fusion.  As  we  were  unable  to  effectively  quantify these  sterols  in  CV 

membranes we cannot exclude the possibility that  they failed to incorporate into CV 

membranes at levels equivalent to comparable cholesterol-recovery treatments; however, 

as  treatment  with  2  mM hpβcd  had  no  effect  on  fusion  (Figure  4.5b),  the  observed 

recoveries of fusion extent with ergosterol, 7-DHC, stigmasterol, and lanosterol (Figures 

A.4, A.6, A.7, and A.8) strongly indicate that these sterols were incorporated to some 

meaningful extent.  In addition, the observed inhibition of fusion efficiency upon delivery 

of  7-DHC to untreated CV suggests  further complicating effects,  as  does  the loss of 

fusion extent with cholesteryl sulfate. One key departure from model membrane studies 

is the mixed sterol composition that exists here under the conditions of sterol recovery. 

As  our  standard  cholesterol  depleting  treatments  remove  only  approximately  25% of 

membrane cholesterol (Figures  4.3,  4.6, and  5.3) even full  recovery with an alternate 

sterol analogue will yield only a ~3:1 mixture of cholesterol:sterol.  In model membranes 

the effects of sterols on phase separation of lipids is typically carried out on a single 

sterol species [388, 472, 476], at experimentally fixed ratios of sterol:total lipid.  Thus, 
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any given sterol may exhibit properties in cholesterol/lipid mixtures in native membranes 

which are quite different from the effects seen in model membranes.  It is possible that 

packing differences between cholesterol and most sterol analogues prevent the recovery 

of  functional  sterol-enriched  microdomains, thus  preventing  the  recovery  of  fusion 

efficiency.  Alternately, these sterols may in fact remain immiscible with cholesterol, 

forming distinct cholesterol-independent microdomains that nonetheless can retain the 

same  protein  and  lipid  components  as  native  cholesterol-enriched  microdomains. 

Accordingly, as 7-DHC was reported to be a very strong promoter of phase separation in 

model membranes, the observed inhibition of fusion efficiency may be a result of such 

competitive formation of 7-DHC-enriched microdomains.  Such parallel microdomains 

may indirectly disrupt cholesterol-enriched microdomains by depleting additional protein 

and lipid microdomain components (i.e. sphingomyelin and unsaturated phospholipids), 

resulting in the observed inhibition of fusion efficiency.  Lanosterol may be an exception 

to this, as in model membranes it has negligible effects on domain structure [388]. 

The inability  of  lanosterol  to  recover  the  Ca2+-sensitivity  of  membrane  fusion 

(Figure  A.8)  is  not  unexpected,  as  in  model  membranes  it  does  not  promote  phase 

separation comparable to cholesterol [388, 477, 478].  The full recovery of fusion extent 

with lanosterol is consistent with a possible negative curvature contribution of this sterol; 

however, in addition to recovering fusion extent, we observed a partial recovery of the 

initial rate of fusion not observed with other sterols.  In our studies, kinetics tends to 

correlate best with the efficiency (Ca2+-sensitivity) of fusion (Chapter 4, 5 [260,  288, 

289]); however, we have previously observed experimental separation of the initial rate 

from the Ca2+-sensitivity of fusion in treatments affecting the stability of cholesterol- and 

sphingomyelin-enriched  microdomains  [212].  This  leaves  us  with  two  possible 

interpretations of the role of lanosterol in supporting fusion kinetics.  First, as the kinetics 

of fusion tend to be somewhat more sensitive than data derived from the Ca2+-activity 

curves, lanosterol may be providing a modicum of stability to microdomains insufficient 

to be seen in the less  sensitive assay.  This  may be through a direct  contribution to 

microdomain stability, or lanosterol may be displacing cholesterol from other membrane 
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roles,  effectively  freeing  it  up  to  participate  in  microdomain  formation  and  stability. 

Second, lanosterol may be contributing to a third, unexplored possible role of cholesterol 

in  membrane  fusion.  Contrary  to  the  results  of ent-cholesterol,  this  may  suggest  a 

regulatory role for cholesterol in fusion kinetics via a direct protein interaction. 

The observed specificity for  cholesterol  in the recovery of the Ca2+-sensitivity 

(and in most cases kinetics) of fusion gives us insight into the structural requirements for 

a fusion functional sterol.  From the analogues tested it is clear that even small structural 

changes may reduce the efficacy of a cholesterol analogue in supporting fusion efficiency 

(Figure A.1).  The closest analogue to cholesterol tested, 7-dehydrocholesterol, differs 

from cholesterol in only one degree of unsaturation at the 7th position. The apparent 

efficacy of 6-azi-photocholesterol, however, suggests the presence of unsaturation at the 

5 position is not an absolute requirement.  Stigmasterol, having the same steroid ring 

structure as cholesterol, differs only in the unsaturation of the acyl tail and an additional 

ethane branch at the 24th position. Ergosterol, lanosterol, and dehydroergosterol all differ 

from cholesterol in both the number or position of unsaturation in the steroid rings and 

the substitutions on or unsaturation of the acyl tail.  Cholesteryl sulfate and 4-cholesten

3-one both demonstrate the requirement of an alcohol at the 3 position; however, the 

results with ent-cholesterol may cast some doubt on the requirement for it to be in the β

position.  Substitutions on the steroid ring may be tolerated to an extent, as the azide 

substitution of 6-azi-photocholesterol demonstrates, yet it is also possible that either the 

larger  size  or  the position of  the dimethyl substitution of  lanosterol  detracts  from its 

efficacy in supporting the Ca2+-sensitivity of fusion. 

6.6.2 On the composition of cholesterol-enriched microdomains 

Much  as  different  functional  effects  were  observed  with  different  cholesterol 

altering treatments and various recoveries, different effects on the recovery of protein 

from cholesterol-rich membrane  fractions  were observed.  While  isolation techniques 

such  as  detergent  insolubility  and  density  gradient  centrifugation  may  not  yield 

biologically  intact  microdomains,  they  remain  a  valuable  research  tool  for  defining 
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cholesterol-dependent membrane organization when the limitations of the technique are 

considered  (see  section 1.5.3 for  detailed discussion).  As  these  isolations  do  not 

explicitly  represent  functional  native  cholesterol-enriched  microdomains,  they  are 

referred to  in  the  text  instead as  cholesterol-rich membrane  fractions  to  maintain the 

distinction. 

The  effects  of  cholesterol  disruption on  cholesterol-rich  membrane  fraction 

integrity correlated exceedingly well with the functional effects on CV fusion.  The lack 

of  effect  of  amphotericin  B  on  both  the  protein  recovery  and  2D  spot  pattern  of 

cholesterol-rich membrane fractions (Figure A.15) is consistent with the observations that 

polyene antibiotics do not inhibit the efficiency of fusion (i.e Ca2+-sensitivity, sections 

4.6.4 and 4.7.4).  Furthermore,  physical  removal  of  CV membrane  cholesterol  using 

mβcd caused a marked decrease in the content of cholesterol-rich membrane fractions 

that was completely recovered by subsequent delivery of exogenous cholesterol.  Indeed, 

the effects of cholesterol removal appear to be amplified in cholesterol-rich membrane 

fractions: a ~25% decrease in total  membrane cholesterol resulted in a corresponding 

~65%  decrease  in  protein  recovery  from  cholesterol-rich  membrane  fractions.  The 

observation that α-tocopherol was unable to effect recovery of cholesterol-rich membrane 

fractions (Figure A.18) further supports both the experimental separation of the ability of 

vesicles to fuse and the efficiency of fusion, and the correlation between microdomain 

integrity  and  fusion  efficiency. The  specificity  of  cholesterol  in  this  recovery 

(particularly the inability of ergosterol to recover both fusion efficiency and cholesterol-

rich membrane fractions) supports the suggestion that mixed sterol microdomains are not 

functional in CV fusion.  Indeed it goes a step further to demonstrate that mixed sterol 

domains are likely not formed during these treatments. 

The  resemblance  in  spot  pattern  between cholesterol  depleted,  recovered,  and 

untreated  control  conditions  also  gives  insight  into  the  structure  of  the  fusion  site. 

Inhibition and recovery of the efficiency of fusion correlate with gross changes in the 

relative amount of cholesterol-rich membrane fractions rather than selective changes in 

the  association of  specific proteins  with  cholesterol  (Figures A.14, A.16).  The Ca2+ 
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concentration-response  of CV  fusion  has  been  thoroughly  modelled  and  elegantly 

described by Steven Vogel, Paul Blank, and colleagues [292-294].  These studies show 

that the Ca2+-sensitivity of any given vesicle is a function of the number of resident fusion 

complexes, and these complexes are distributed heterogeneously through a population of 

CV.  Indeed, in CV these hypothetical fusion complexes correlate with the amount of 

cholesterol in the CV membrane (Chapter 4, Figure 4.4).  Consistent with these findings, 

the  effects  of mβcd  treatment  on  the  protein  content  of  cholesterol-rich  membrane 

fractions  suggests  that cholesterol  depletion  is  uniformly  dispersing  complete  fusion 

machines rather than stripping away layers of modulatory components.  Thus, in CV, 

cholesterol-enriched microdomains may define these fusion machines. 

As the combination of preparations and analytical techniques used in these studies 

is only able to assess changes in the composition of a population of CV, no evidence has 

been presented on the distribution of cholesterol throughout the population.  The number 

of fusion machines is distributed heterogeneously throughout the population of CV, and 

we  would  similarly  expect  cholesterol-enriched  microdomains  to  be  distributed  as  a 

Poisson  process  throughout  the  total  population  of  CV.  Thus,  while  the  preceding 

chapters have described a strict molecular composition to the CV, it is fair to assume that 

cholesterol is itself distributed heterogeneously.  In this case it is plausible that a sub

population of CV are disproportionately affected by cholesterol manipulations (e.g. either 

those with the least or most cholesterol) resulting in the observations presented here.  In 

particular,  the  concentration  dependence  of  inhibition  with  mβcd (Figures  4.1,  4.3) 

correlates with the lytic effects of mβcd (Figure 4.2b, c).  If these assumptions are true, it 

is  possible  that  the  progressive  lysis  of  cholesterol-rich  CV  yields  a  residual  sub

population  of  cholesterol-poor  CV  with  correspondingly  low  Ca2+-sensitivities. The 

probability density function of CV fusion effectively describes the distribution of Ca2+

sensitivities through a given population of CV, and can be derived from the Ca2+-activity 

curve  [293].  At  a  concentration  where lysis  was  minimal  (~10%, Figure  4.2c)  the 

characteristic  rightward  shift  in  Ca2+-sensitivity  following  cholesterol-depleting  mβcd 

treatment (Figures  4.3,  5.3, and  6.2) comparably shifts the probability density function 
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Figure 6.2: The distribution of Ca2+-sensitivities of CV populations. 

The probability density function (B) was determined from the first derivative of the Ca2+

activity  curve  (A) [293] of  untreated  CV,  and  CV  treated  with  2  mM  mβcd  or 

sequentially with 2 mM mβcd and 2 mM hpβcd-cholesterol as indicated.  Dashed vertical 

lines indicate approximately 2 standard deviations from the mean of each curve. 
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(Figure 6.2),  but  does not fundamentally alter  the underlying shape.  If  the observed 

effects on Ca2+-sensitivity were the result of an asymmetric loss of highly Ca2+-sensitive 

vesicles, the probability density function would be likewise affected asymmetrically.  The 

conserved  features  of  the  probability  density  function,  as  well  as  the  demonstrated 

translational  invariance  of cholesterol  depleted  CV  (Figure  B.2)  support  the  initial 

assumption  that  the  Ca2+-sensitivity  of  individual  CV  is  being  altered  through  the 

progressive inactivation of fusion complexes (at an average of ~6-9 per vesicle, Figure 

4.4, [54, 292]). These fusion complexes, defined by cholesterol-enriched microdomains 

(Figure  6.1),  cumulatively  define  the  fusion  site(s)  and  contribute  the  necessary 

regulatory elements responsible for Ca2+-sensing and triggering, among other roles. 

6.7 Conclusions and Future Directions 

In the cortical vesicle, a native secretory vesicle capable of undergoing fast, Ca2+

triggered membrane merger,  cholesterol  plays two essential  and discrete roles.  As a 

membrane organizer, cholesterol defines the PFM bringing together the necessary protein 

and lipid components responsible for defining the efficiency (rate and Ca2+-sensitivity) of 

fusion. As a membrane component of high intrinsic negative curvature, cholesterol is the 

first identified component of the FFM in a native secretory vesicle, contributing a critical 

negative curvature to enable the process of membrane fusion.  The separability of these 

two roles highlights  the importance of  cholesterol  in  native membranes and provides 

insight into the fundamental mechanics of the process.  This experimental separability 

correlates with molecular changes: the contribution of cholesterol  to the FFM can be 

manipulated without altering the PFM (Figures 5.3, A.14, A.15, and A.18) and vice versa 

[212].  Structurally this suggests that the PFM and FFM are two independent molecular 

entities within the vesicle membrane, and while the functions of the two are intertwined, 

their molecular composition and membrane localization may not be.  In terms of models 

this is most consistent with a cholesterol-rich fusion site (FFM) bounded by a series (6-9, 

Figure  4.4 [54,  292])  of  cholesterol-rich  microdomains,  each  effectively  being  an 

independently functioning PFM.  The Ca2+-sensitivity of the vesicles is thus defined by 

the number of PFM associated with each FFM. 
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6.7.1 Future directions 

While this thesis has identified and characterized the importance of cholesterol in 

the native mechanism of Ca2+-triggered membrane merger, many questions remain to be 

answered.  As an identified component of the fusion machinery cholesterol is now the 

best available tool for the further identification of additional fusion components.  Perhaps 

the most accessible analysis is the identification of proteins associated with cholesterol-

rich microdomains on secretory vesicles.  As these microdomains effectively define the 

physiology of membrane fusion the protein and lipid components associated within may 

be  additionally  important  contributors  to  the  fusion  process.  A second technique  to 

identify  interactions  with  cholesterol  uses  the  photoactivated  analogue  6-azi

photocholesterol  (Figure  A.10).  Exposure  of  this  analogue  to  UV  light  results  in 

hydrolysis  of  the  diazrine  group  and  crosslinking  with  a  wide  variety  of  functional 

groups. 3H  photocholesterol  has  been  used  as such  to  identify  cholesterol-protein 

interactions in other systems [479-481]. 

Given the relatively large size of urchin cortical vesicles (~1 µm) microscopic 

studies  may provide some additional  insight  into the  structure  of  the  cholesterol-rich 

fusion site.  New techniques in sub-diffraction limit  fluorescence microscopy such as 

fluorescence  photoactivation  and  localization  microscopy  (FPALM)  have  already 

provided new insight into the structure of cholesterol-rich microdomains in fibroblasts 

[246] and may be useful for determining cholesterol-rich structures in secretory vesicles. 

Additional electron microscopy studies of cortical vesicles may be useful in analyzing the 

structure of contact sites between vesicle and target membranes. 

Considering the widely conserved nature of  the  fusion process  (section 1.3.1) 

perhaps the most important future study is the translation of these research findings into 

additional secretory systems (e.g. endocrine or neuronal).  While no other model system 

offers quite the same advantages as the cortical vesicle, analysis of the role of cholesterol 

in intact  secretory cells  would be important  to verify a  conserved fusion mechanism. 

Imaging techniques such as total internal reflection microscopy (TIRFM) have been used 
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to quantitatively study docking and fusion events in intact cells [394, 482-484].  The use 

of intact cells allows the use of metabolic inhibitors of cholesterol biosynthesis, such as 

the  HMG-CoA  reductase  inhibitors  (statins)  and  squalene  synthase  inhibitors.  An 

additional advantage of an intact preparation is the amenability to molecular biology: 

techniques  such  as  RNA interference  could  be  used  to  analyse  the  roles  of  proteins 

(identified as cholesterol-associated by studies outlined above) in the fusion process. 

Ultimately the ideal future study would involve the reconstitution of an efficient 

native fusion reaction in vitro from recombinant proteins and synthetic lipids.  While 

reconstituted fusion systems do currently exist, none have yet demonstrated fast, Ca2+

triggered membrane fusion with comparable efficiency to a native secretory reaction (see 

section 1.4.2 for full review).  A reconstituted fusion reaction would exhibit all the same 

characteristics of the native secretory event,  including the rate and Ca2+-sensitivity of 

fusion, as well as the lack of requirement of any soluble factors or proteins in both vesicle 

and target membranes.  Such a demonstration of a conserved, minimal machinery for 

membrane fusion would provide the best possible platform for the functional analysis of 

mutations associated with human diseases. 
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Appendix A: Cholesterol-Enriched Microdomains 

A.1 Preface 

In light of the importance of cholesterol in Ca2+-triggered fusion (Chapter 4) and 

the specific contributions of cholesterol as a negative curvature molecule (Chapter 5) this 

appendix describes the work undertaken thus far to explore the relationship between the 

efficiency (Ca2+-sensitivity and rate) of fusion and the integrity of cholesterol-enriched 

microdomains.  The specificity of cholesterol in supporting the efficiency of fusion is 

explored using structurally similar sterol analogues having defined effects on the stability 

of cholesterol-rich microdomains in model membranes, while the protein composition of 

cholesterol-rich microdomains is investigated using the optimized techniques of 2-D gel 

electrophoresis described in Chapter 3. 

A.2 Summary 

Cholesterol contributes directly to the fusion process by contributing a specific, 

critical negative curvature to support the formation of fusion intermediates; however, it 

also contributes to the efficiency of fusion.  The efficiency (Ca2+-sensitivity and kinetics) 

of fusion are strongly affected by treatments that are capable of disrupting cholesterol-

and  sphingomyelin-enriched  microdomains.  Using  a  combination  of  treatments  with 

varied effects on microdomain stability and cholesterol analogues with varied ability to 

support  microdomain  formation  we  confirmed that  cholesterol-enriched  microdomain 

integrity is closely correlated with changes in the efficiency of membrane fusion.  These 

data establish that cholesterol plays a very specific role in supporting the efficiency of 

fast, Ca2+-triggered fusion, as it could not be replaced by any but the closest structural 

analogues 

A.3 Abbreviations used 

CV – cortical vesicles mβcd – methyl-β-cyclodextrin 

DHE – dehydroergosterol hpβcd – 2-hydroxypropyl-β-cyclodextrin 
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2DE – two-dimensional electrophoresis 7-DHC - 7-dehydrocholesterol 

AmpB – amphotericin B 

A.4 Introduction 

As a critical  component  of  the native mechanism of  Ca2+-triggered membrane 

merger, cholesterol contributes to both the fundamental ability of vesicles to fuse and to 

the efficiency of fusion, defining the fusion site and coordinating additional components 

within  cholesterol-  and  sphingomyelin-enriched  microdomains  (Chapter  1,  4, [212]). 

While  cholesterol  is  the  dominant  sterol  in  sea  urchin  cortical  vesicles  and  most 

mammalian tissues, a range of endogenous sterols exist with varied structural similarity 

to cholesterol.  Plants and fungi have a range of phytosterols,  such as ergosterol and 

stigmasterol that function in place of cholesterol in a host of cellular processes, while 

animal  tissues  contain  a  number  of  cholesterol  precursors,  such  as  lanosterol  and  7

dehydrocholesterol  (provitamin  D3).  These  sterols  exhibit  subtle  differences  from 

cholesterol in their membrane properties, notably the tendency to support the formation 

of discrete membrane microdomains in pure lipid vesicles (Table A.1, [388, 472]).  The 

measured effects in model membranes can be categorized based on the extent to which 

they promote the phase separation of lipids (relative to cholesterol): sterols having effects 

comparable to cholesterol (such as stigmasterol); sterols more effective than cholesterol 

(such as ergosterol and 7-dehydrocholesterol); sterols which effectively do not promote 

phase  separation  (such  as  lanosterol);  and  analogues  which  effectively  inhibit  phase 

separation (cholesteryl sulfate and 4-cholesten-3-one). 

A.5 Materials and Methods 

A.5.1 Materials 

Cholesterol was from Avanti Polar Lipids (Alabaster, AL), cholesteryl sulfate was 

from Sigma (St. Louis, MO), 6-azi-photocholesterol was from American Radiolabeled 

Chemicals (St. Louis, MO), ent-cholesterol was generously provided by Dr. D. Covey, 
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(University  of  Washington),  ergosterol,  7-dehydrocholesterol,  stigmasterol,  lanosterol, 

and dehydroergosterol were from Steraloids Inc (Newport, RI).  All other reagents were 

of the highest purity available.  

A.5.2 Preparations, treatments, and fusion assays 

CV were isolated as previously described (section 4.5.2, [54, 57, 176, 212, 261]). 

All treatments were carried out in BIM (supplemented with 2.5 mM ATP and protease 

inhibitors, pH 6.7).  All sterols were solubilized into 100 mM hpβcd in BIM as described 

(section 4.5.3, [176, 237, 261, 391, 392]).  Amphotericin B (AmpB) and α-tocopherol 

were delivered from DMSO or hexadecane stock solutions (respectively) to the indicated 

final concentrations in BIM, with a final solvent concentration of ≤ 0.5%. Fusion assays 

were  carried  out  as  described  (sections 4.5.3, 5.5.2, [54,  176,  261]).  In  all  cases 

significance was assessed using Student's t-test (P < 0.05, unless otherwise noted). 

A.5.3 Membrane preparation and microdomain isolation 

Following treatment, CV were isolated by centrifugation (1800 × g, 20 min) and 

immediately lysed in hypotonic buffer [40, 54, 133] for 90 s, and brought to isotonicity 

by addition of an equal volume of 2× BIM.  Lysates were further subjected to one round 

of freeze thaw at -80 °C to ensure complete lysis.  CV membranes were isolated by 

ultracentrifugation (200,000×g, 3 hours), subjected to an additional chaotropic wash with 

PKME buffer (425 mM KCl, 10 mM MgCl2, 5 mM EGTA, 50 mM Pipes; pH 6.7; [485]) 

to  remove  contaminating  vesicle  content  proteins,  and  isolated  again  by 

ultracentrifugation (200,000×g, 3 hours).  Membranes were then dispersed on ice into 

Tris sucrose gradient buffer (25 mM Tris pH 7, 40% sucrose) alone [486-488] or with 

detergent (1% Triton X-100 [224], 1% Brij 35 [231], 0.5% Brij 96 [230], 0.5% Brij 98 

[489],  or 0.5% lubrol [227, 228]) or into carbonate sucrose gradient buffer  (500 mM 

Na2CO3, pH 11, 40% sucrose) without detergent [490].  Samples were then agitated by 

repeated vortexing and shearing through a pipette tip, and were sonicated for 15 min on 

ice.  The 40% sucrose layer was then gently overlaid with 35%, 22.5%, and 10% sucrose 

layers  each in the appropriate  buffer.  Gradients  were resolved by ultracentrifugation 
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(200,000×g, overnight) and the cholesterol-rich fraction was collected from the 10-22.5% 

interface  and  collected  by  dilution  with 25  mM  Tris  (pH  7)  and  ultracentrifugation 

(200,000×g, 3 hours).  Unless otherwise indicated, all results are from non-detergent (25 

mM Tris, pH 7) isolations. For isolation of amphotericin B-treated CV all buffers during 

isolation were supplemented with 108 µM amphotericin B to prevent washout of reagent. 

Pellets  of  all  isolated  cholesterol-rich  fractions  were  suspended  directly  into  sample 

buffer for 2DE and quantified using the EZQ Protein Assay as described (section 3.5.5). 

A.5.4 2 Dimensional SDS-PAGE analyses 

2DE analyses of cholesterol-rich membrane fractions were carried out essentially 

as described (Chapter 4) with slight modifications.  Samples were resolved in the first 

dimension by isoelectric focusing on standard 7 cm pH 3-10 strips, and subsequently 

resolved  in  the  second  dimension  on large  format  20  cm  gels  with  a  10-15% 

polyacrylamide resolving gel  and 5% stack.  For preliminary analyses,  samples  were 

resolved in the  second dimension at  constant  voltage (4 °C,  120 V stacking for  ~20 

minutes, 90 V resolving until completion).  Due to marked improvement in the resolution 

of low molecular weight proteins (see Figure A.12a vs Figure A.15a), later analyses were 

carried out  at  4 °C under constant  current  (16 mA per  gel  for  ~20 minutes  to stack 

proteins,  and 24 mA per gel  to completion) with a  voltage cap of 300 V.  Fixation, 

staining, and visualization were as previously described (section 3.5.8).  Image analysis 

was carried out using Delta2D (Decodon GmbH, Griefswald, Germany).  All gel images 

presented are average images generated using Delta 2D.  Differences in normalized spot 

volume (integrated fluorescence intensity) were reported when 5-fold changes were seen 

reproducibly between conditions.  Significance was assessed using Student's T-test (P < 

0.05, unless otherwise stated). 

A.6 Results 

A.6.1 Effects of sterol analogues on CV-CV fusion 
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Initial experiments were carried out to determine the specificity of cholesterol as a 

membrane organizing component using alternate sterols with high structural similarity to 

cholesterol  (Figure  A.1).  Treatment  with  2  mM  mβcd  resulted  in  a  characteristic 

inhibition of fusion extent and kinetics (Chapters 5 and 6) [176, 261], and a rightward 

shift in the Ca2+-sensitivity of fusion of 39.7 ± 16.3 µM Ca2+ (Figure A.2).  Delivery of 

cholesterol  to  mβcd-treated  CV resulted  in  the  complete  rescue  of  the  extent,  Ca2+

sensitivity, and kinetics of fusion [176, 261].  The enantiomeric form of cholesterol, ent 

cholesterol, was similarly able to support membrane fusion, effectively recovering both 

the extent and efficiency of fusion to that of control (Figure A.3).  Kinetics were not 

assessed due to limited quantities of reagent. 

The phytosterol ergosterol, a demonstrated microdomain stabilizing sterol (Table 

A.1), was unable to recover all parameters of fusion in cholesterol depleted CV (Figure 

A.4).  Delivery of ergosterol to CV previously treated with 2 mM mβcd resulted in an 

increase in fusion extent effectively to control values; however, ergosterol did not elicit a 

recovery of fusion efficiency.  Dehydroergosterol, a fluorescent cholesterol analogue with 

reported membrane effects comparable to cholesterol [473-475, 480, 491], was similarly 

unable to recover fusion efficiency (i.e. Ca2+-sensitivity and kinetics, Figure A.5).  The 

vitamin D precursor and reported microdomain stabilizing 7-dehydrocholesterol (7-DHC, 

[472]) was not only unable to effectively recover the efficiency of fusion, but addition of 

7-DHC to the membranes of untreated CV resulted in a marked decrease in the Ca2+

sensitivity  of  membrane  fusion  (Figure  A.6).  Following  delivery  of  7-DHC  to 

cholesterol-depleted CV we observed a slight further decrease (rightward shift)  in the 

Ca2+-sensitivity  of  fusion  accompanied  by full  recovery  of  the  extent  of  fusion. 

Stigmasterol,  having  a  reported  microdomain  stabilizing  ability  equal  to  that  of 

cholesterol [472], was ineffective at recovering the Ca2+-sensitivity or kinetics of fusion 

in cholesterol-depleted CV (Figure A.7).  Lanosterol, a cholesterol precursor measured to 

have  no  effect  on  microdomain  stability  in  model  membranes  [388],  was  similarly 

ineffective at recovering the Ca2+-sensitivity of fusion (Figure A.8) but did result in some 

recovery of the initial rate of fusion in addition to supporting the full extent of fusion. 
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Interestingly, several sterol analogues were able to effectively recover the extent 

of fusion including ergosterol (Figure A.4), 7-DHC (Figure A.6), stigmasterol (Figure 

A.7), and lanosterol (Figure A.8) indicating that, while unable to promote recovery of 

microdomains, they were able to contribute a negative curvature to enable vesicle fusion. 

While none of the reported sterols have had their negative curvature assessed, the high 

structural similarity with cholesterol would suggest a comparable negative curvature in 

the membrane (Figure A.1).  Incorporation of these analogues could not be accurately 

assessed  due  to  the  insensitivity  of  the  assay  systems  available  to  us:  enzymatic 

cholesterol assays are quite selective for cholesterol, and HPTLC is unable to resolve the 

sterols from cholesterol which confounds quantitative determination.  Analysis of these 

samples using gas or liquid chromatography or mass spectroscopy may overcome these 

limitations.  The functional observations for most analogues are, however, consistent with 

incorporation of the sterol into CV membrane; the recovery of fusion extent observed 

after ergosterol, lanosterol, 7-DHC, and stigmasterol treatment suggests that each sterol 

was effectively incorporated into cholesterol-depleted CV membranes.  The inhibitory 

effects  of  7-DHC  incorporation  (Figure  A.6)  also  strongly  suggest  this  sterol  was 

effectively incorporated into previously untreated CV. 

Cholesteryl  sulfate,  a  native  membrane  component  having  both  a  reported 

microdomain destabilizing effect [388] and a negative charge at physiological pH (Figure 

A.1) had a unique effect on triggered membrane fusion.  When added to untreated CV, 

cholesteryl sulfate potently inhibited the extent of fusion, having little effect on Ca2+

sensitivity or initial  rate of kinetics (Figure A.9).   Added to cholesterol-depleted CV, 

cholesteryl-sulfate elicited an apparent leftward-shift (recovery) of the Ca2+-sensitivity of 

fusion, while having no effect on fusion extent and a partial recovery of the initial rate of 

fusion (Figure A.9).  In contrast  with the other sterol  analogues assessed, cholesteryl 

sulfate has a structure more consistent with a neutral or positive curvature molecule.  The 

inhibitory effects of cholesteryl sulfate were consistent with previous observations of the 

inhibitory effects of 4-cholesten-3-one (Table A.1, Figure A.1, Figure 4.8).  Enzymatic 

generation  of  4-cholesten-3-one  in  CV  membranes  via  cholesterol  oxidase  treatment 
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resulted in the potent  inhibition of the extent  and efficiency of fusion (section 4.6.4) 

consistent with the demonstrated ability of 4-cholesten-3-one to disrupt microdomains in 

model membranes [388]. 

One  final  synthetic  cholesterol  analogue,  6-azi-photocholesterol,  was  able  to 

affect recovery of membrane fusion of cholesterol-depleted CV.  Treatment of CV with 2 

mM mβcd resulted in a  rightward shift  of  EC50 from 23.5±2.5 µM to 52.8±9.4 µM 

(ΔEC50 of  29.3  µM) while  subsequent  delivery of  6-azi-photocholesterol  shifted  the 

EC50 leftward to 31.7±5.6 µM.  This shift  in Ca2+-sensitivity was accompanied by a 

complete  recovery  of  fusion  extent  and  initial  kinetics  (Figure  A.14).  While  6-azi

photocholesterol  has not  been assessed for effects  on microdomain stability literature 

reports  have  demonstrated  effects  in  biological  membranes  comparable  to  that  of 

cholesterol [479-481, 492].  The photoactive reactivity of 6-azi-photocholesterol makes it 

an intriguing probe to identify cholesterol-interacting proteins in future studies. 

A.6.2 Effects of sterol analogues on microdomain integrity 

Using  the  classic  biochemical  method of  sucrose  density  gradient  ultra

centrifugation  cholesterol-rich  membrane fractions  from CV membrane  isolates  were 

identified.  Due to the wide variety of techniques described in the literature [224, 224

227, 227, 228, 228-230, 230, 231, 486-490] an initial screening of a range of detergent 

and non-detergent methods was carried out to identify those best suited to analyze CV 

membrane.  Initial isolations were resolved on a continuous 10-50% sucrose gradient in 

order  to  best  characterize  the  buoyant  fractions  in  different  detergent  conditions. 

Surprisingly,  isolation  of  detergent  resistant  membranes  with  Triton  X-100  yielded 

effectively  no  cholesterol-rich  buoyant membrane  fractions,  while  other  non-ionic 

detergents produced buoyant fractions consistent with literature reports (Figure A.11). 

The Brij family of detergents yielded the most consistent buoyant fractions which peaked 

at ~20% sucrose (Figure A.11a,b), consistent with prior reports [227, 228, 230, 231, 486, 

488, 489].  Isolation of detergent resistant microdomains with Lubrol yielded a layer 

buoyant over 10% sucrose that, while relatively rich in cholesterol, possessed very little 
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protein,  complicating  thorough  analysis  (Figure  A.11c).  Subsequent  isolations  were 

carried out  with a discontinuous sucrose gradient (10 /  22.5 /  35 /  40 % sucrose)  to 

increase reproducibility and decrease handling time: cholesterol-rich membrane fractions 

were collected from the 10-22.5% sucrose interface.  2DE analysis of cholesterol-rich 

membrane fractions isolated by non-detergent, 1% Brij 35, and 0.5% Brij 96 showed the 

non-detergent methods yielded spot patterns highly similar to those produced from Brij 

extractions (Figure A.12).  Lipid analysis of the non-detergent and Brij 35 cholesterol-

rich buoyant  fractions  showed they were enriched in  cholesterol  relative  to  total  CV 

membrane (K.  Hsu,  unpublished observations).  A high pH non-detergent  method of 

isolating cholesterol-rich membrane fractions was also assessed (500 mM Na2CO3, pH 

11, [490]); however, consistent with prior reports [231], spot patterns were found to be 

complicated by non-specific and unresolved protein, and as such this technique was not 

pursued further.  Based on the simplicity of the technique and the congruity of the 2DE 

analysis with the Brij detergents, all subsequent cholesterol-rich membrane analyses were 

carried out with the non-detergent method (25 mM Tris, pH 7 [486-488]). 

Preliminary protein analyses highlighted the correlation between functional and 

molecular observations (Figure A.14).  In parallel determinations, CV treated with 2 mM 

mβcd yielded greatly  reduced cholesterol-rich membrane fractions  having on average 

65.5 ± 7.5 % less protein.  This reduction in protein content necessitated scaling up the 

experiments  appropriately,  and  thus  the  2DE results  presented  are  not  quantitatively 

representative  of  the  total  cholesterol-rich membrane fraction but  of  the  total  protein 

complement  within  the  normalized 100 µg protein  loads  used  in  each 2DE analysis. 

Sequential  treatment  of  CV with  2  mM  mβcd  and  2  mM  hpβcd-cholesterol  yielded 

cholesterol-rich membrane fractions not significantly different from the untreated control 

condition  (Figure  A.14).  This  correlates  with  the  observed  functional  effects  of 

cholesterol  depletion  and  recovery  on  CV  fusion  (Figure  A.2).  Amphotericin  B,  a 

cholesterol-binding  polyene antibiotic  which  does  not  affect  microdomain  stability 

(section 4.6.4, Figure  4.9,  [259]),  had  no  effect  on  the  recovery  of  protein  from 

cholesterol-enriched membrane fractions: after 108 µM amphotericin B treatment protein 
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recovery remained at  the level  of  untreated control  CV (Figure A.14). Additionally, 

cholesterol  analogues were  unable  to  promote  recovery of  cholesterol-rich membrane 

fractions:  sequential  treatment  of  CV with  2  mM mβcd  and  2  mM hpβcd-ergosterol 

yielded protein levels in cholesterol-rich membrane fractions consistent with those from 

parallel 2 mM mβcd treated analyses; ergosterol is functionally unable to recover the 

Ca2+-sensitivity of fusion in cholesterol-depleted CV (Figure A.4). 

2DE analysis of proteins in cholesterol-rich membrane fractions showed minimal 

differences between various CV treatments.  Treatment of CV with 108 µM amphotericin 

B yielded cholesterol-rich membrane fractions of comparable composition to untreated 

CV: only one protein spot was observed to have a significant 5-fold reduction in volume 

relative to the parallel control condition (Figure A.15).  Similarly, parallel analyses of 

cholesterol-rich  membrane  fractions  isolated  from CV treated  with  2  mM mβcd  and 

sequentially with 2 mM mβcd and 2 mM hpβcd-cholesterol yielded highly similar spot 

patterns (Figure A.16).  As with amphotericin B treatment, only one significant 5-fold 

difference was observed between cholesterol-recovered samples  and untreated control 

samples  (Figure  A.16c).  Parallel  analysis  of  CV  treated  with  2  mM  mβcd  and 

sequentially  with  2  mM mβcd  and  2  mM hpβcd-ergosterol  yielded  comparable  spot 

patterns (Figure A.17).  One reproducible 5-fold difference was observed between 2 mM 

mβcd  treatment  and  control  (Figure  A.17b),  while  no  reproducible  differences  were 

observed  after  subsequent  treatment  with  2  mM  hpβcd-ergosterol  (Figure  A.17c). 

Treatment of cholesterol-depleted CV with structurally dissimilar lipids of comparable 

negative curvature resulted in a selective recovery of fusion extent, but not efficiency of 

fusion (Figure 5.3).  Using α-tocopherol as an archetype, the effects of such treatments on 

cholesterol-rich membrane fraction integrity were assessed (Figure A.18).  Delivery of α

tocopherol  to  2  mM  mβcd-treated  CV  did  not  result  in  recovery  of  protein  into  

cholesterol-rich membrane fractions (Figure A.14), and the resulting 2DE data showed no 

reproducible 5-fold changes between the conditions (Figure A.18). 
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Table A.1: Effects of cholesterol analogues on microdomain stability in model 
membranes 

Sterol Effect on Domains Reference 
7-dehydrocholesterol


Ergosterol


Stigmasterol

Cholesterol


Lanosterol

Cholestane


Cholesteryl sulfate

4-cholesten-3-one


Strongly promote formation 
[472] 
[472] 

Promote formation 
[472] 

[388, 472] 

[388]
Negligible effects 

[388] 

Strongly disruptive 
[388] 
[388] 
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Figure A.1: Chemical structures of sterols assessed for support of membrane 

fusion. 

Cholesterol  (A); ent-cholesterol  (B);  cholesterol  precursors  7-dehydrocholesterol  (C) 

and lanosterol (D); phytosterols stigmasterol (E) and ergosterol (F); dehydroergosterol 

(G); cholesteryl sulfate (H); 6-azi-photocholesterol (I); and the product of cholesterol 

oxidase, 4-cholesten-3-one (J). 
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Figure A.2: Cholesterol depletion and recovery using cyclodextrins. 

Ca2+-activity curves of CV treated with 2 mM mβcd or sequentially with 2 mM mβcd and 

2 mM hpβcd-cholesterol as indicated (n = 10).  Inset shows kinetics of fusion as in main 

figure in response to 111 ± 20 μM Ca2+
free (n = 5).  Vertical dashed lines indicate the 

EC50 of each curve. 
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Figure A.3: The dependence of membrane fusion on cholesterol is insensitive to 

sterol chirality. 

Ca2+-activity curves of CV treated with 2 mM mβcd or sequentially with 2 mM mβcd 

and 2 mM hpβcd-ent-cholesterol as indicated (n = 2).  Vertical dashed lines indicate 

the EC50 of each curve. 
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Figure A.4: The yeast sterol ergosterol does not fully support membrane fusion. 

Ca2+-activity curves of CV treated with 2 mM mβcd or sequentially with 2 mM mβcd 

and 2 mM hpβcd-ergosterol as indicated (n = 2). Vertical dashed lines indicate the 

EC50 of each curve. 
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Figure A.5: The fluorescent cholesterol analogue, dehydroergosterol, is unable to 

fully support membrane fusion. 

Ca2+-activity curves of CV treated with 2 mM mβcd or sequentially with 2 mM mβcd 

and  2  mM  hpβcd-dehydroergosterol  as indicated  (n  =  2). Vertical  dashed  lines 

indicate the EC50 of each curve.  Inset shows fusion kinetics in response to 131 µM 

Ca2+. 
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Figure A.6: Membrane fusion is inhibited by the sterol 7-dehydrocholesterol. 

Ca2+-activity  curves  of  CV  treated  with  2  mM  hpβcd-7-DHC,  2  mM  mβcd  or 

sequentially with 2 mM mβcd and 2 mM hpβcd-7-DHC as indicated (n = 1).  Vertical 

dashed lines indicate the EC50 of each curve. 
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Figure A.7: Stigmasterol does not fully support membrane fusion. 

Ca2+-activity curves of CV treated with 2 mM mβcd or sequentially with 2 mM mβcd 

and 2 mM hpβcd-stigmasterol as indicated (n = 2).  Vertical dashed lines indicate the 

EC50 of each curve.  Inset shows fusion kinetics in response to 139 µM Ca2+. 
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Figure A.8: The cholesterol precursor lanosterol does not support the Ca2+

sensitivity of membrane fusion. 

Ca2+-activity curves of CV treated with 2 mM mβcd or sequentially with 2 mM mβcd 

and 2 mM hpβcd-lanosterol as indicated (n = 3).  Vertical dashed lines indicate the 

EC50 of each curve.  Inset shows fusion kinetics in response to 139 ± 10 µM Ca2+. 
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Figure A.9: Cholesteryl sulfate potently inhibits membrane fusion. 

Ca2+-activity curves of CV treated with 2 mM hpβcd-cholesteryl sulfate, 2 mM mβcd, or 

sequentially with 2 mM mβcd and 2 mM hpβcd cholesteryl sulfate as indicated (n = 5). 

Inset shows kinetics in response to 123 ± 16 µM Ca2+. 
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Figure A.10: 6-Azi-photocholesterol can mimic cholesterol in membrane merger. 

Ca2+-activity curves of CV treated with 2 mM mβcd or sequentially with 2 mM mβcd 

and 2 mM hpβcd-6-azi-photocholesterol as indicated (n = 3, kinetics n = 1).  Vertical 

dashed lines indicate the EC50 of each curve.  Inset shows fusion kinetics in response 

to 112 µM Ca2+. 
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Figure A.11: Relative cholesterol content of CV membrane subfractions isolated by 

sucrose density gradient centrifugation. 

12  separate  1  ml  fractions  were  collected  from  continuous  (10-50%,  A-D)  or 

discontinuous (10 / 22.5 / 35 / 40%, E-F) sucrose gradients and the relative cholesterol 

content analysed by enzymatic cholesterol assay.  Samples were solubilized and isolated 

in (A) 1% Brij 35, (B) 0.5% Brij 96, (C) 0.5% Lubrol, (D) 1% Triton X-100, (E) non-

detergent  (25  mM  Tris,  pH  7),  or  non-detergent  (500  mM  Na2CO3,  pH  11). 

Representative of n = 3-6. 
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Figure A.12: 2DE analysis of detergent resistant and non-detergent cholesterol-rich 

membrane fractions. 

Untreated CV membrane sub-fractions isolated using (A) non-detergent, 25 mM Tris pH 

7, (B) 1% Brij 35, or (C) 0.5% Brij 96.  2nd dimension electrophoresis was carried out 

under conditions of constant voltage.  Gels are average images of 4 parallel analyses. 
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Figure A.13: 2DE analysis of buoyant membrane fractions isolated from 

discontinuous sucrose density gradients. 

(A)  Membrane  protein  isolated  from the  10-22.5%  interface  shows  a  markedly 

simplified  protein pattern as  compared to (B)  membrane  protein isolated from the 

22.5-35% interface.  2nd dimension electrophoresis was carried out under conditions of 

constant current.  Gels images are representative of 3 analyses. 
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Figure A.14: Effects of cholesterol depletion on microdomain content. 

Recovery of total protein in the cholesterol-enriched membrane fraction 

after  isolation  by  non-detergent  sucrose  density  gradient 

ultracentrifugation, expressed relative to the control condition.  All values 

were  calculated  from  parallel  treatments  and  isolations  as  indicated. 

Asterisk  indicates  significant  difference  from  control  or  indicated 

conditions (** P < 0.01, *** P < 10-6).  Values are an average of 3-8 

experiments, except hpβcd-ergosterol (n = 2). 
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Figure A.15: 2DE analysis of non-detergent cholesterol-rich membrane fractions 

treated with AmpB. 

(A)  Untreated  CV prepared  in  parallel  with  (B)  CV treated  with  108 µM AmpB. 

Arrows indicate significant 5-fold changes (red - down, green - up, P < 0.05, n = 4). 

2nd dimension electrophoresis  was carried out under  conditions of  constant  current. 

Gels are average images of 4 parallel analyses. 
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Figure A.16: 2DE analysis of non-detergent cholesterol-rich membrane fractions 

treated with mβcd and cholesterol. 

(A) Untreated CV (n = 7) prepared in parallel with (B) CV treated with 2 mM mβcd (n = 

7), and (C) CV treated sequentially with 2 mM mβcd and 2 mM hpβcd-cholesterol (n = 

4).  Arrows indicate significant 5-fold differences between conditions (green - up, red 

down, P < 0.05).  2nd dimension electrophoresis was carried out under conditions of 

constant current.  Gels are average images of 4-7 individual analyses. 
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Figure A.17: 2DE analysis of non-detergent cholesterol-rich membrane fractions 

treated with mβcd and ergosterol. 

(A) Untreated CV prepared in parallel with (B) CV treated with 2 mM mβcd, and (C) CV 

treated sequentially  with 2  mM mβcd and 2 mM hpβcd-ergosterol.  Arrows indicate 

reproducible 5-fold differences between conditions (green - up, red - down, P < 0.05).  2nd 

dimension electrophoresis was carried out under conditions of constant current.  Gels are 

average images of 2 individual analyses. 
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Figure A.18: 2DE analysis of non-detergent cholesterol-rich membrane fractions 

treated with mβcd and α-tocopherol. 

(A) Untreated CV prepared in parallel with (B) CV treated with 2 mM mβcd, and (C) CV 

treated sequentially with 2 mM mβcd and 50 µM α-tocopherol.  No reproducible 5-fold 

differences  between  conditions  were  observed.  2nd  dimension  electrophoresis  was 

carried out under conditions of constant current.  Gels are average images of 2 individual 

analyses. 
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Appendix B: Supplemental to Chapter 4 

This appendix presents figures supplemental to those data presented in Chapter 4. 
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Figure B.1: Lysis of CV by hpβcd or filipin. 

CV lysis, assessed as change in optical density, by (A) 0-40 mM hpβcd or  (B) 0-76 µM 

filipin, as indicated (n = 3). 
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Figure B.2: Translational invariance of CV-CV and CV-PM fusion. 

A) Treatment  of  CV with  mβcd  as  indicated  did  not  significantly  alter  fundamental 

curve-shape parameters.  B) The fundamental curve-shape parameters of CV-CV fusion 

were invariant from CV-PM (CSC) fusion curves over comparable treatments with mβcd. 

Lines indicate control CV data (solid line) and the 99% confidence interval (dashed lines) 

of control CV data. 
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Figure B.3: CV-PM fusion is cholesterol dependent. 

Inhibition of CV-PM fusion with mβcd is recovered following delivery 

of cholesterol with hpβcd. 
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Appendix C: Supplemental to Chapter 5


This appendix presents figures supplemental to those data presented in Chapter 5.   
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Figure C.1: Time lapse microscopy of cholesterol in CV. 

Cholesteryl-BODIPY labelling (green) disperses into the plasma membrane (DiI 

labelling,  red)  after  vesicle  fusion.  Cortices  were  prepared  and labelled  as  in 

Figure  5.2.  Green  arrow  indicates  the point  of  initiation  of  fusion,  and  the 

direction of propagation of the wave of exocytosis.  Time is given relative to the 

first observed fusion event. 




