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Abstract Studies using isolated sea urchin cortical vesicles
have proven invaluable in dissecting mechanisms of Ca2+-
triggered membrane fusion. However, only acute molecular
manipulations are possible in vitro. Here, using selective
pharmacological manipulations of sea urchin eggs ex vivo,
we test the hypothesis that specific lipidic components of
the membrane matrix selectively affect defined late stages
of exocytosis, particularly the Ca2+-triggered steps of fast
membrane fusion. Egg treatments with cholesterol-lowering
drugs resulted in the inhibition of vesicle fusion. Exoge-
nous cholesterol recovered fusion extent and efficiency in
cholesterol-depleted membranes; α-tocopherol, a structur-
ally dissimilar curvature analogue, selectively restored
fusion extent. Inhibition of phospholipase C reduced vesicle
phosphatidylethanolamine and suppressed both the extent
and kinetics of fusion. Although phosphatidylinositol-3-
kinase inhibition altered levels of polyphosphoinositide
species and reduced all fusion parameters, sequestering
polyphosphoinositides selectively inhibited fusion kinetics.
Thus, cholesterol and phosphatidylethanolamine play direct

roles in the fusion pathway, contributing negative curvature.
Cholesterol also organizes the physiological fusion site,
defining fusion efficiency. A selective influence of phos-
phatidylethanolamine on fusion kinetics sheds light on the
local microdomain structure at the site of docking/fusion.
Polyphosphoinositides have modulatory upstream roles in
priming: alterations in specific polyphosphoinositides likely
represent the terminal priming steps defining fully docked,
release-ready vesicles. Thus, this pharmacological approach
has the potential to be a robust high-throughput platform to
identify molecular components of the physiological fusion
machine critical to docking, priming, and triggered fusion.
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Wrt Wortmannin
CHOL Cholesterol
αT α-Tocopherol
PC Phosphatidylcholine
PE Phosphatidylethanolamine
PIP Polyphosphoinositides
PI Phosphatidylinositol

Introduction

For decades, sea urchin (Strongylocentrotus purpuratus)
eggs have been a convenient eukaryotic system for
fundamental research in the fields of molecular, cellular,
and reproductive biology. This ‘cell’ type plays a central
role in studies of membrane-associated events, including
regulated exocytosis. Shearing yields cell surface com-
plexes (CSC)—plasma membrane (PM) sheets with
docked, fusion-ready cortical vesicles (CV), from which
high purity CV are isolated [29, 31, 85, 96]. Unlike
mammalian secretory vesicles, CV retain Ca2+ sensitivity
and fusion competence in vitro hours after isolation—
washed free of soluble components, CV are ‘locked’ in the
docked, fusion-ready state, requiring only an increase in
[Ca2+]free to trigger fusion [30, 57, 75, 80, 90]. Being
amenable to biochemical manipulations, CSC and CV have
proven invaluable in dissecting molecular mechanisms
underlying docking, Ca2+-triggering, and membrane fusion;
comparable quantitative manipulations are unfeasible in
other secretory systems [30, 76, 97].

Although unfertilized eggs are considered ‘metabolically
sluggish’, maintenance of cell integrity and readiness of
molecular mechanisms, including triggered fusion, dictate that
critical metabolic activities are on-going. Here we establish
that selective pharmacological manipulations of sea urchin
eggs ex vivo effect molecular changes critical to defined late
stages of exocytosis. We use this system to test the
hypothesis that specific lipidic components of the membrane
matrix selectively affect the mechanisms underlying vesicle
docking, priming, and particularly fast, Ca2+-triggered
membrane fusion. We used (a) simvastatin (Smst) and
atorvastatin (Atst), inhibiting 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) conversion to mevalonate in
cholesterol (CHOL) biosynthesis [11, 45, 48]; (b) zaragozic
acid (Zara), suppressing squalene synthase activity and thus
farnesyl pyrophosphate conversion to squalene [6, 77]; (c)
D609, inhibiting phosphatidylcholine (PC) hydrolysis to
diacylglycerol by phospholipase C (PLC) [60]; and (d)
wortmannin (Wrt) and LY294002 (LY29), inhibiting
phosphatidylinositol-3-kinase (PI-3K) activity and hence
phosphorylation of polyphosphoinositides (PIP) at the third
hydroxyl group, altering production of phosphatidylinositol-

3-phosphate (PI(3)P), phosphatidylinositol-(3,4)-bisphos-
phate (PI(3,4)P2), and phosphatidylinositol-(3,4,5)-trisphos-
phate (PI(3,4,5)P3) [91, 94]. Isolated CSC and/or CV were
then quantitatively assessed for molecular alterations and
effects on Ca2+-triggered fusion. To assess PIP, we devel-
oped separation and detection protocols for automated, high
performance thin layer chromatography (HPTLC) [24, 26,
72]. Cinnamycin and neomycin, having high affinity for
phosphatidylethanolamine (PE) and PIP, respectively, were
also used to block these species in order to further define
lipid functions.

This integrated approach capitalizes on the metabolic
activity of unfertilized sea urchin eggs to effect endogenous
alterations of molecular components involved in docking,
priming, and Ca2+-triggered fusion; CHOL, PE, and PIP
levels were altered via inhibition of synthesis rather than by
physically disrupting membrane structure with reagents that
remove these lipids from the membrane [26, 27]. This
approach thus firmly establishes critical but also differing
roles for CHOL and PE in membrane fusion and indicates
modulatory roles for PIP—these are unlikely to act directly in
membrane merger but specific species likely underlie the final
priming steps in the docked state; depriming from this release-
ready state does not, however, result in undocking of vesicles.

Materials and methods

Materials

S. purpuratus were purchased from Westwind Sea Laborato-
ries (Victoria, BC, Canada). CHOL, phospholipid, neutral
lipid, and PIP standards were from Avanti Polar Lipids
(Alabaster, AL, USA). LY29, Smst, Zara, D609,
hydroxypropyl-β-cyclodextrin (hpβcd), α-tocopherol (αT),
A23187, molybdenum blue reagent, and neomycin were from
Sigma-Aldrich (St. Louis, MO, USA). Atst was from
Research Chemicals (Toronto, ON, Canada), Wrt from
BIOMOL International (Plymouth Meeting, PA, USA), and
LY 303511 (LY30) from Calbiochem (Darmstadt, Germany).
Cinnamycin was a gift from Roche Pharmaceuticals
(Switzerland). IPG strips and Sypro-Ruby stain were
from Bio-Rad (Hercules, CA, USA). All other chemicals
were of at least analytical grade.

Egg manipulations

Fresh sea urchin eggs were obtained by 0.5 M KCl
intracoelomic injection and collected in artificial sea water
[34]. The jelly coat was removed by passages through
nylon mesh (100 μM pore size), followed by centrifugation
(700×g). Pelleted eggs (5 ml) were suspended in 20 ml of
Ca2+-free artificial sea water (CFASW) [34] and incubated
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at 7 °C for 20 h with continuous gentle mixing; Smst, Atst,
Zara, D609, Wrt, LY29, and LY30 were added to
suspensions at the start of the incubation. Atst, Smst,
LY29, LY30, Wrt, and A23187 were delivered from
dimethyl sulfoxide (DMSO) stocks (≤1% DMSO, final);
Zara and D609 were delivered as high concentration
aqueous solutions. To confirm preservation of native
CV fusion following incubations (i.e., capacity to raise
fertilization envelopes), intact eggs were transferred to
room temperature for 60–120 s in CFASW, containing
added Ca2+ (50 μM) and the ionophore A23187
(100 μM). Bright field images were acquired with a Zeiss
microscope (Carl Zeiss Inc, Oberkochen, Germany) (neo-
flurar ×6.3/0.20 objective) equipped with an AxioCam
camera and AxioVision software.

CSC and CV preparations, treatments, and fusion assays

CSC/CV were isolated from fresh and 20-h incubated eggs
using standard protocols [27, 30, 31]. Acute treatments and
fusion assays were carried out in baseline intracellular media
(BIM—210 mM potassium glutamate, 500 mM glycine,
10 mM NaCl, 10 mM 1,4-piperazinediethanesulfonic acid
(PIPES), 1 mM MgCl2, 0.05 mM CaCl2, 1 mM ethyl-
eneglycoltetraacetic acid (EGTA); pH 6.7) with the addition
of protease inhibitors and 2.5 mM adenosine triphosphate
(ATP) [30]. Cinnamycin was delivered to CV suspensions
(optical density (OD)405 0.4) from DMSO/BIM (1:9) stocks,
while neomycin was delivered from an aqueous solution
(OD405 0.4). CV, isolated from fresh eggs, were treated with
cinnamycin and neomycin for 30 min (25 °C) followed by
fusion assays. For fusion recovery, CV suspensions (OD405

1.0), isolated from Smst-/Atst-incubated eggs, were treated
with 2 mM CHOL-loaded hpβcd or 200 μM αT for 30 min
(25 °C), centrifuged, and suspended in fresh BIM for fusion
assays; CHOL-loaded hpβcd was prepared as described [27,
42, 70]. αT was delivered in hexadecane (<0.1% solvent,
final) [26, 27]. CV/CSC end-point and kinetic fusion assays
and CV ‘settle’ fusion assays to assess inter-membrane
attachment were as described [27, 31, 41, 87, 98]. Briefly,
suspensions of free-floating CV were aliquoted into multi-
well plates and low speed centrifugation was used to bring
the CV gently into contact at the bottom of the wells. For the
‘settle’ fusion assay, aliquoted CV suspensions were simply
allowed to settle into contact for 60 min before Ca2+

addition. OD measurements (initial suspension OD405=0.4
for CVand OD405=0.3 for CSC) were taken before and after
the addition of various Ca2+ stocks, and the final [Ca2+]free
were measured with a Ca2+-sensitive electrode (Nicossen-
sors, Huntington Valley, PA, USA), as described [31]. All
fusion measurements were carried out using a Victor2V
microplate-reader (Perkin Elmer, Boston, MA, USA). The
data were normalized to the control conditions with the low

and high [Ca2+]free plateaus defining 0% and 100% fusion,
respectively. The resulting Ca2+–activity curves were fit
using the sigmoidal cumulative log-normal model to
establish fusion extent and Ca2+ sensitivity; the applicability
of a log-normal cumulative distribution function to exocy-
totic survival and thus Ca2+–activity curves has been clearly
demonstrated [8, 49, 84]—the fraction of CV that fuse at a
given [Ca2+]free is solely a function of the average number of
active fusion complexes (<n>) at a docking site. As CV–CV
fusion proceeds through the same fusion complexes as
exocytosis, it is fully described by the same analysis
developed for CV–PM fusion, yielding comparable fitting
parameters for the sigmoidal relationship between <n> and
[Ca2+]free [8, 27, 31, 84]. Curves for controls were thus fit to
a two-parameter model with 100% fusion extent, and curves
for treated conditions were fit to a three-parameter model
(TableCurve-2D, v.5.0, SYSTAT, Richmond, CA, USA).
Initial kinetics were fit with a linear equation over the first
0.5 s (i.e., injection time) [27]. Each condition was tested in
four to eight replicates per experiment. Each experiment was
repeated as indicated (n). Free-floating CV in suspension
were counted using a hemocytometer [35].

Lipid extraction and HPTLC

CV (OD405 0.4) membranes were isolated as described
[26], and lipids extracted with methanol/chloroform [9]. For
PIP, the extraction procedure was modified [68]; to induce
phase separation, chloroform addition was followed by
1.76% KCl, 100 mM citric acid, 100 mM Na2HPO4, and
5 mM EDTA (pH 3.6). After collecting the organic phase,
0.88% KCl was added to the aqueous phase, followed by
extraction with water-saturated butanol. After 30 min on
ice, this butanol-rich phase was combined with the initial
organic phase. To minimize PIP losses, all glassware was
silanized according to the manufacturer’s instructions
(Sigmacote, Sigma).

Dried lipid extracts were dissolved in 100 μl chloroform/
methanol (2:1, v/v) and loaded (using LINOMAT IV,
CAMAG, Switzerland) onto silica gel 60 HPTLC plates
(EMD Chemicals, Darmstadt, Germany) with a parallel
dilution series of standards. All standards were the oleic
acid (18:1Δ9) esters. For neutral and phospholipid separa-
tions, plates were pre-washed with chloroform/ethyl acetate
(6:4, v/v) and activated (110 °C; 30 min) [26, 27].
Phospholipids and lysophospholipids were resolved using
a two-step separation: 90 mm with dichloromethane/ethyl
acetate/acetone (80:16:4, v/v/v) and then 90 mm with
chloroform/ethylacetate/acetone/isopropanol/ethanol/metha-
nol/water/acetic acid (30:6:6:6:16:28:6:2, v/v/v/v/v/v/v/v)
[24]. Neutral lipids were resolved in five steps: 40 and
55 mm with dichloromethane/ethyl acetate/acetone
(80:16:4, v/v/v), then 68, 80, and 90 mm with hexane/ethyl
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acetate (90:10, 95:5, and 100:0, v/v, respectively) using the
CAMAG AMD2 multi-development HPTLC unit [24, 27].
For αT analysis, samples were separated in four sequential
steps: 30 mm with dichloromethane/ethyl acetate/acetone
(80:16:4, v/v/v), then 50, 70, and 90 mm with 92:8, 95:5,
and 98:2 (v/v) hexane/ethyl acetate, respectively [24]. For
PIP resolution, plates were pre-washed with 1% (w/v)
potassium oxalate (in methanol/water (2:3, v/v), 1 mM
EDTA) for a few seconds and activated (110 °C, 30 min).
PIP were resolved as described [50] but using a two-step
development with the CAMAG AMD2; dichloromethane/
ethyl acetate/acetone (80:16:4, v/v/v) was used to run
neutral lipids to 90 mm, and then chloroform/methanol/
ammonium hydroxide/water (57:50:4:11, v/v/v/v) was ap-
plied to 90 mm. This eliminated undesirable streaking on
plates, yielding high resolution and reproducibility.

Cholesterol assay

CV membranes were isolated [24] and CHOL concentrations
measured using the Amplex-Red CHOL assay kit (Invitrogen)
according to the manufacturer’s instructions.

Chromatogram visualization

For neutral lipids, phospholipids, and PI(4)P visualization,
developed plates were exposed to 10% CuSO4 in 8% H3PO4

aqueous solution, then charred as described [24, 72] and
imaged (Ex 540 nm/Em 590 nm) with the PROXPRESS
multi-wavelength fluorescent imager (Perkin Elmer). Inte-
grated signal was compared to a parallel dilution series of
standards on the same plate. All images were analyzed using
ImageQuant5.2 (GE Healthcare, Piscataway, NJ, USA).

To quantify PIP in CV membrane extracts, a dilution series
of PI, PI(4)P, PI(4,5)P2, PI(3,4)P2, PI(3,5)P2, and PI(3,4,5)P3
standards (Fig. 1a) were resolved in parallel with experimental
samples. The PIP on-plate detection limit was defined as the

minimal integrated fluorescence intensity of the lowest loaded
quantity of standards detected after CuSO4 staining; this
fluorescence method showed limitations in detecting some
PIP. The on-plate detection limit was ≥250 ng for PI(4,5)P2
and PI(3,4,5)P3 (corresponding to ≥1.71 and ≥1.57 amol/CV,
respectively), and ≥500 ng for PI(3,4)P2 and PI(3,5)P2
(≥3.42 amol/CV) (Tables 1 and 2). In contrast, PI(4)P had a
low on-plate detection limit of ≥50 ng (1.55 amol/CV),
enabling routine, sensitive detection of this lipid. Levels of all
CV PIP other than PI(4)P were thus well below detectable
levels when using CuSO4-based fluorescence detection. As an
alternative, we tested molybdenum blue; using scanning
densitometry (Fig. 1b), this reagent enabled routine detection
of PI(3,4)P2 and PI(3,4,5)P3 in CV membranes. Briefly,
plates were dipped into the reagent and then charred at 145 °C
for 15 min; absorbance at 425 nm was then assessed using the
CAMAG TLC2 scanner (CAMAG); this scanner was also
used to quantify αT (characteristic absorbance of 288 nm)
[26]. On-plate detection limits for PI(3,4)P2, PI(3,5)P2, and PI
(3,4,5)P3 corresponded to ≥1.03, ≥1.03, and ≥0.94 amol/CV,
respectively (Table 2, Fig. 10b), using standardized CV
membrane extracts. On-plate detection limits for PI(4)P and
PI(4,5)P2 standards corresponded to ≥1.84 and ≥1.71 amol/
CV, respectively; thus, CuSO4 charring was used for PI(4)P
detection due to its higher sensitivity. Staining intensity with
CuSO4 and molybdenum blue did not correlate with the
numbers of phosphate groups in PIP, but a phosphate at the
third position of the inositol ring supported better molybde-
num blue detection (Tables 1 and 2).

Membrane protein isolation and 2D gel electrophoresis

For protein extraction, CV were lysed with ice-cold PIPES
buffer (20 mM PIPES, pH 7.0) supplemented with protease
and phosphatase inhibitors [43]. Membranes were isolated
by centrifugation (125,000×g, 4 °C, 3 h) and pellets
incubated in chaotropic PKME buffer (425 mM KCl,

10 20 30 40 50 60

Fig. 1 Detection of phosphoi-
nositides. a PIP standards
assayed by HPTLC and CuSO4

visualization method. b PIP
detection by HPTLC and
molybdenum blue method
coupled with scanning densi-
tometry. The trace shown is
from a scanned TLC plate
and representative of 11 such
analyses
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10 mM MgCl2, 5 mM EGTA, 50 mM PIPES, pH 6.7; with
protease inhibitors), diluted with equivalent volumes of 2×
BIM and centrifuged (125,000×g, 4 °C, 3 h). Pellets were
solubilized in 2D sample buffer 4% CHAPS, 8 M urea, 2 M
thiourea, protease, and phosphatase inhibitors; [12, 13] and
protein concentrations were assayed using the EZ-Q protein
quantification kit (Invitrogen). Sample reduction, alkyl-
ation, rehydration, isoelectric focusing, equilibration, and
SDS-PAGE were carried out as described [12]. Linear 7-cm
pH 3–10 IPG strips (Bio-Rad) were used for first dimension
separations, and 20-cm second dimension separations were
by 10–15% gradient PAGE.

Gel staining and image analysis

Gels were stained with Sypro-Ruby and imaged with the
PROXPRESS system as described [12, 13]. Delta2D
software (Decodon, Greifswald, Germany) was used for
quantitative image analysis; average gel images were
created using embedded automated analysis protocols. To
ensure quantitative image analyses, we (1) consistently
loaded the same amount of total proteins (100 μg) prior to
first dimension separation, (2) integrated the Sypro-Ruby
fluorescence for all samples to the same total intensity, and
(3) normalized images to the total fluorescence volume
[13]. Each sample was analyzed using three independent
preparations and 2D gel separations.

Informatics

Sequence analyses of human and sea urchin enzymes were
performed with BlastProtein (National Center for Biotech-
nology Information, USA) and sequence analyses of
functional domains with ExPASy:ScanProsite (Swiss Institute
of Bioinformatics, Switzerland).

Statistical analysis

All data are presented as mean ± SEM. Two-sample two-
tailed t tests were used to assess differences between

controls and experimental conditions. P<0.05 or P<0.01
was used to indicate statistical significance.

Results

To assess egg functional status after 20-h incubations at 7 °C,
fresh and incubated eggs were compared. The following
parameters were analyzed: (1) ability to raise fertilization
envelopes upon Ca2+ influx (native exocytosis); (2) triggered
CV–PM fusion in CSC preparations (exocytosis in vitro); (3)
triggered CV–CV fusion in vitro; and (4) the CV membrane
proteome and (5) lipidome. Fresh and incubated eggs formed
fertilization envelopes equally well when challenged with
Ca2+ and Ca2+-ionophore (Fig. 2d, e). Thus, CV remained
fully docked and fusion competent in intact eggs during
incubations. CV–CV and CSC fusion reactions (Fig. 2a–c)
showed no evidence that incubations had any effect on
fusion, consistent with exocytosis assessments in intact eggs
(Fig. 2d, e). CV–CV fusion had an EC50 of 20.6±1.0 μM
[Ca2+]free (Fig. 2a), and initial fusion rate was 73.8±2.6%/s,
comparable to freshly isolated CV [26, 27, 38, 72]. Settle
CV–CV fusion assays revealed no differences between fresh
and incubated eggs, indicating that CV were able to form
critical inter-membrane attachments necessary for a robust
fusion response (Fig. 2b). The Ca2+ concentration required to
trigger half maximal fusion in the ‘settle’ CV–CV fusion
assay (EC50 of 30.8±0.7 μM [Ca2+]free, Fig. 2b) was only
slightly higher than the Ca2+ sensitivity of homotypic CV–
CV fusion (EC50 of 20.6±1.0 μM [Ca2+]free), but quite
similar to the Ca2+ sensitivity of exocytosis in intact planar
cortices (CV–PM fusion, EC50 of 30.4±0.7 μM [Ca2+]free;
Fig. 2c), consistent with other studies [8, 26, 27, 31, 38, 39,
72, 84, 97]. Overlapping activity curves and kinetic
responses found for both CV–CV and CV–PM fusion
(Fig. 2) again suggested that the molecular machinery
involved in the overall fusion process performed the same
work in overcoming the fusion energy barrier [8, 31, 84].
Robust consistency of these curve-shaped parameters and
thus translational invariance of the classic sigmoidal Ca2+–

Table 1 On-plate detection of PIP standards

PIP species On-plate detection limit

CuSO4 charring (ng) Molybdenum blue
staining (ng)

PI(4)P ≥50 ≥250
PI(4,5)P2 ≥250 ≥250
PI(3,4,5)P3 ≥250 ≥150
PI(3,4)P2 ≥500 ≥150
PI(3,5)P2 ≥500 ≥150

Table 2 On-plate detection of CV PIP species

PIP species Amount detected per untreated CV (amol/CV)

CuSO4 charring Molybdenum blue staining

PI(4)P 1.55±0.08 ≪1.84a

PI(4,5)P2 ≪1.71a ≪1.71a

PI(3,4,5)P3 ≪1.57a 1.22±0.08

PI(3,4)P2 ≪3.42a 2.86±0.25

PI(3,5)P2 ≪3.42a ≪1.03a

a CV samples below on-plate detection limit
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Fig. 2 Comparison of fresh and 20-h incubated preparations. a Ca2+–
activity curves for CV–CV fusion, including kinetics (inset) (n=5)
(for CV isolated from fresh and incubated eggs). b Ca2+–activity
curves for ‘settle’ CV–CV fusion (n=5). c Ca2+–activity curves for
CSC fusion, including kinetics (inset) (n=4–5). d Fresh and incubated
(7 °C) sea urchin eggs. e Fresh and incubated eggs after treatment with
50 μM Ca2+ and 100 μM A23187. Detection of f neutral and g
phospholipids and lysolipids (representative of four separate experi-
ments). Locations of lipid names correspond to co-resolved standards.

CHOL cholesterol, TOG trioleoylglycerol, CE cholesterol esters, PC
phosphatidylcholine, LPA lysophosphatidic acid, PS phosphatidylser-
ine, LPE lysophosphatidylethanolamine, PA phosphatidic acid, PI
phosphatidylinositol, PE phosphatidylethanolamine, PG phosphati-
dylglycerol. h 2D gel maps of CV membrane proteins isolated from
fresh and incubated eggs. Protein relative abundance differences
of >5-fold are indicated: average gel images are from three
independent 2D gel separations; green and red arrows represent,
respectively, increases and decreases in protein amounts

122 J Chem Biol (2011) 4:117–136



activity curves for both CV–CV and CV–PM fusion (Fig. 2)
strongly indicates a common fusion mechanism, as might be
anticipated of a vesicle that natively undergoes both hetero-
and homotypic fusion [16].

Quantitative analyses revealed no significant differences in
CV membrane lipid profiles (Fig. 2f, g), but alteration in the
CV membrane proteins was observed. Proteome maps were
compared by automated differential image analysis: 946±23
and 931±34 proteins were detected for CV from fresh and
incubated eggs, respectively (Fig. 2h). We applied specific
criteria to assess changes: (1) >5-fold differences in relative
abundance were considered significant, and (2) alterations
had to be 100% reproducible across a gel set [13]. Thirty-
four proteins met these criteria, changing in relative
abundance for incubated eggs. As these membrane proteome
changes did not correlate with any alterations in fusion
parameters and lipid profiles (Fig. 2), we were confident

concerning the stability of critical molecular components;
incubated eggs remained healthy and competent and could
therefore be controls for pharmacological treatments.

Well-characterized acute CV manipulations identified
multiple roles for CHOL in triggered fusion [25–27]. The
correlation between decreased CV membrane CHOL and
fusion inhibition was tested here by suppressing CHOL
biosynthesis. Atst and Smst incubations resulted in a dose-
dependent inhibition of fusion extent, Ca2+ sensitivity, and
kinetics (Fig. 3a, b), correlating with reduced CHOL
(Fig. 3d). CV from untreated eggs had 46.6±1.3 amol/CV
of membrane CHOL, whereas CV from eggs treated with
200 μM Atst or Smst had significantly less CHOL—30.8±
1.6 and 36.1±0.8 amol/CV, respectively—correlating with
reductions in fusion extent (31.7±4.0% and 20.3±2.7%,
respectively). For all Atst and Smst concentrations, the
EC50 for fusion right-shifted maximally to 31.6±1.7 μM

a b

c d

Fig. 3 CHOL-lowering agents inhibit CV–CV fusion. Ca2+–activity
curves of CV isolated from eggs incubated with a Atst (n=4–7), b
Smst (n=5–7), and c Zara (n=3–4), including kinetics (inset). Vertical

dotted lines indicate EC50 of each curve. d Quantification of CV
membrane CHOL following incubations (n=4); *P<0.01 indicates
significant difference from control
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[Ca2+]free from control EC50 (20.6±1.0 μM [Ca2+]free)
(Fig. 3a, b). Initial fusion rate (73.8±2.6%/s) decreased to
51.5±1.4%/s and 46.9±1.9%/s following 200 μM Atst or
Smst, respectively. Atst caused potent inhibition of all
fusion parameters, while inhibition of fusion extent by Smst
saturated at lower concentrations; 100 μM Zara reduced the
CHOL level from 46.6±1.3 to 34.1±2.7 amol/CV, comparable

to Atst and Smst treatments (200 μM; Fig. 3d). This correlated
with a decrease in fusion extent (by 23.3±6.6%), rightward
shift in Ca2+ sensitivity (to EC50 30.8±1.9 μM [Ca2+]free vs.
20.6±1.0 μM [Ca2+]free for controls), and potent inhibition of
kinetics (28.4±1.1%/s vs. 73.8±2.6%/s for controls)
(Fig. 3c). Atst, Smst, or Zara treatments did not affect other
lipids (not shown). Notably, 200 μM Zara also caused a

Fig. 4 CHOL-lowering agents inhibit CV–PM and settle CV–CV fusion. Ca2+–activity curves of CV and CSC isolated from eggs incubated with
a Atst (n=3–5), b Smst (n=3–4), and c Zara (n=3–5), including kinetics (inset). Vertical dotted lines indicate EC50 of each curve
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progressive rightward shift in Ca2+ sensitivity (to EC50 42.5±
1.7 μM [Ca2+]free). CSC and settle CV–CV fusion assays
confirmed these inhibitory effects on Ca2+-triggered fusion
and the correlation with decreased CHOL (Fig. 4); as there
was no effect on settle assays, docking was unaffected.

CV from Atst- and Smst-treated eggs fully recovered
native CHOL levels (Fig. 5c, d) and all fusion parameters
when supplemented with exogenous CHOL (Fig. 5a, b). In
contrast, CV from treated eggs showed selective recovery
of fusion extent when rescued with 200 μM αT—neither
Ca2+ sensitivity nor kinetics recovered (Fig. 5a, b, e).
Fusion extent was recovered by the addition of 0.97±
0.08 amol of αT per CV for Atst-treated eggs (n=4) and
1.17±0.13 amol per CV for Smst-treated eggs (n=4). Initial
fusion rate following Smst treatments was also partially
recovered (~10%/s) by αT.

Egg incubations with D609 yielded significant increases
in levels of endogenous PC (41.3±1.9 amol/CV) and

lysoPE (20.9±1.5 amol/CV) and a decrease in PE (18.6±
0.9 amol/CV) relative to controls (31.6±1.1, 11.9±1.5, and
27.4±2.5 amol/CV, respectively) (Fig. 6c); no other
changes in CV lipids were evident. These lipid changes
correlated with a loss of Ca2+ sensitivity (EC50 right-shifted
from 17.4±1.8 to 30.3±2.1 μM [Ca2+]free), 23.1±1.4%
inhibition of fusion extent (already saturated at the lowest
D609 concentration), and 18.4±1.1%/s inhibition of initial
fusion rate (Fig. 6a). Comparable effects were seen in CSC
and settle CV–CV assays (Fig. 7a).

To test whether the inhibition seen might be due to
decreased endogenous PE, CV and CSC were treated acutely
with cinnamycin, which has a high affinity for PE (binding
ratio of 1:1; binding constant Ko of ~10

7–108 M−1), but three
orders less affinity for lysoPE (Ko of ~104–105 M−1) [55].
Cinnamycin caused 19.1±1.5% inhibition of fusion extent at
all concentrations tested (Figs. 6b and 7b). This inhibition
was similar to that observed after incubations with D609.

a

b

c

d

e

Fig. 5 Rescuing fusion
in CHOL-depleted CV with
exogenous CHOL (CHOL-
loaded hpβcd) or αT. Ca2+–
activity curves for CV from eggs
incubated with a Atst and b Smst
and after subsequent supplemen-
tation with CHOL or αT, in-
cluding kinetics (inset) (n=4).
Vertical dotted lines indicate
EC50 of each curve. Quantifica-
tion of CV membrane CHOL
following incubations with c Atst
and d Smst and subsequent
CHOL loading (n=4). e Quanti-
fication of CV membrane αT
after Atst or Smst treatments
and subsequent αT loading
(n=4); *P<0.01, **P<0.01 in-
dicate significant difference from
control and other conditions,
respectively
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Cinnamycin also caused a dose-dependent inhibition of
fusion kinetics (Fig. 6b). In response to 108.2±7.8 μM
[Ca2+]free initial fusion rate decreased by 23.2±1.5%/s and
44.6±0.6%/s with 1–600 nM and 3 μM cinnamycin,
respectively. Notably, Ca2+ sensitivity was not affected.
Lipid analyses showed no significant changes, confirming
that cinnamycin binds to PE headgroups rather than
extracting the lipid (not shown).

Considering the suggested roles of PIP species in
exocytosis [5, 36, 59, 63], we studied their possible
functions in Ca2+-triggered fusion. Eggs were treated with
Wrt and LY29 to down-regulate PI-3K activity. All fusion
parameters were affected (Fig. 8a, b): 1 μM Wrt or 400 μM

LY29 caused 29.6±3.0% and 23.1±3.4% inhibition of
fusion extent, respectively; the EC50 right-shifted from
16.4±0.7 to 22.4±0.5 μM [Ca2+]free, and the initial fusion
rate was inhibited by 38.2±3.3%/s and 41.7±2.5%/s,
respectively (Fig. 8a, b). Comparable effects were seen in
CV–PM fusion as well as in settle assays, confirming that
inhibition was not associated with alterations in CV
docking (Fig. 9a, b). However, LY29 has been reported to
inactivate other kinases [64]. To test this, eggs were
incubated with LY30, an ‘inactive’ analogue. One hundred
and 200 μM LY30 had no effect on fusion parameters
(Fig. 8c); LY29 was already inhibitory at these concen-
trations (Fig. 8a). At 400 μM, LY30 caused 15.0±2.9%

Fig. 6 PE depletion or
sequestration inhibits CV–CV
fusion. a Ca2+–activity curves
of CV from D609-treated
eggs, including kinetics (inset)
(n=3–6). Vertical dotted lines
indicate EC50 of each curve.
b Ca2+–activity curves of
cinnamycin-treated CV, includ-
ing kinetics (inset) (n=3–5).
Vertical dotted lines indicate
EC50 of each curve. c Detection
and quantification of CV
membrane PC, PE and lysoPE
following D609 treatments
(n=4–5; representative image).
*P<0.05 indicates significant
difference from control
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inhibition of fusion extent and 24.0±3.4%/s inhibition of
initial rate. However, 400 μM LY30 had no effect on Ca2+

sensitivity, while 400 μM LY29 inhibited all fusion
parameters, indicating that the effects of 100–200 μM
LY29 (and partly 400 μM) are selective for PI-3K.

Molecular analyses of CV membranes indicated decreases
in PI levels following egg incubations with Wrt and LY29
(Fig. 10a). CV membranes from Wrt-treated eggs (500 nM
and 1 μM) had 15.2±1.2 and 14.9±0.9 amol/CV of PI,
respectively, and from LY29-treated eggs (200 and 400 μM),
CV membranes had 14.9±0.5 and 11.9±1.0 amol/CV of PI,
respectively (vs. 19.8±1.0 amol/CV in controls), indicating
that LY29 and Wrt have a similar capacity to decrease PI
levels (Fig. 10a). Wrt and LY29 consistently enhanced PI(4)
P levels relative to controls (1.55±0.08 amol/CV, Table 2).
Following egg incubations with 500 nM and 1 μM Wrt, PI
(4)P levels increased by 16.1% and 23.2%, respectively;
LY29 treatments (200 and 400 μM) caused a 34.8% and
42.6% increase in PI(4)P, respectively (Fig. 10a). Controls

had 2.86±0.25 and 1.22±0.08 amol/CV of PI(3,4)P2 and PI
(3,4,5)P3, respectively (Table 2). PI(3,4,5)P3 decreased
significantly following egg treatments with 1 μM Wrt
(0.99±0.06 amol/CV), while LY29 had no effect
(Fig. 10b). In contrast, CV from LY29-treated eggs had
significantly lower PI(3,4)P2 levels (1.19±0.06 amol/CV),
whereas Wrt had no significant effect (Fig. 10b). Despite
the sensitivity of our detection protocols and lipid isolation
from substantial amounts of CV membranes, concentra-
tions of PI(3,5)P2 and PI(4,5)P2 could not be determined;
detection limits indicated <1.03 and <1.71 amol/CV,
respectively.

To block PIP, we treated CV and CSC with neomycin
which has high affinity for PI/PIP, in particular PI(4,5)P2
[17, 40]. One hundred and 500 μM neomycin selectively
inhibited fusion kinetics (by 30.4%/s, Figs. 8c and 9c).
There were no changes in membrane lipids of neomycin-
treated CV relative to controls (not shown), confirming that
neomycin binds to PIP without extracting them.

Fig. 7 PE depletion or sequestration inhibits CV–PM and settle CV–
CV fusion. Ca2+–activity curves of CV and CSC from D609-treated
eggs (a), including kinetics (inset) (n=3–4) and cinnamycin-treated

CV and CSC (b), including kinetics (inset) (n=3). Vertical dotted lines
indicate EC50 of each curve
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Discussion

Here we document a new analytical approach based on ex
vivo egg manipulations with well-characterized pharmaco-
logical reagents that effect selective changes in the
molecular composition of fully docked, primed, and
release-ready CV, resulting in functional changes in fusion
parameters. Using this approach that does not require direct
physical manipulations of vesicle components, we demon-
strate that:

– PIP play upstream roles in priming rather than directly
in fusion; modulatory effects on kinetics are physio-
logically important, revealing more details concerning
membrane domains defining the fusion site.

– Fully docked vesicles are subject to different priming
states; PI-3K-dependent priming is likely the last
necessary step to establish the fusion readiness of

docked vesicles. Vesicles undergo priming/depriming
steps without altering the fully docked state.

– PE has an essential role in membrane merger and a
selective influence on fusion kinetics, likely contribut-
ing (with CHOL) to the composition of the necessary
membrane domains.

– CHOL has a central role in the fusion mechanism,
contributing a critical local negative curvature to
promote native fusion and organizing microdomains
to support fusion efficiency.

Ex vivo incubations target enzymatic pathways

To further promote analyses of the fusion mechanism, specific
enzymatic pathways in unfertilized eggs were targeted with
selective pharmacological reagents. We started by comparing
freshly isolated and incubated eggs (Fig. 2). Proteomic analysis

Fig. 8 PIP changes affect CV fusion. Ca2+–activity curves of CV
from eggs incubated with a LY29 (n=4), b Wrt (n=3–4), and c LY30
(n=3) including kinetics (inset). Vertical dotted lines indicate EC50 of

each curve. d Ca2+–activity curves of neomycin-treated CV (n=3–4)
including kinetics (inset)
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identified some protein changes arising during incubations;
nonetheless, these proteins cannot be key players in the fusion
pathway as no detectable alterations in fusion parameters
occurred. Similarly, incubations did not affect CV lipids.

To characterize essential and modulatory components
involved in native membrane fusion, we targeted HMG-
CoA reductase, squalene synthase, PLC, and PI-3K; for
each, sequence analysis of sea urchin and human isoforms

Fig. 9 Inhibition of PI-3K pathway or blockage of PI/PIP affects
settle CV–CV and/or CV–PM fusion. Ca2+–activity curves of CV and
CSC from eggs incubated with a LY29 (n=3–4) and b Wrt (n=3),

including kinetics (inset). Vertical dotted lines indicate EC50 of each
curve. c Ca2+–activity curves of neomycin-treated CV and CSC (n=2–
3) including kinetics (inset)

J Chem Biol (2011) 4:117–136 129



revealed extensive homology, including catalytic domains
(Table 3). DNA sequence analysis of HMG-CoA reductase
cross-hybridizing regions indicated homology of the sea
urchin protein (72%) with the carboxyl-terminal sequence
of hamster HMG-CoA reductase [93]; human HMG-CoA
reductase DNA also shares homology with this hamster
reductase domain [54]. A conserved structure of all
squalene synthases is an α-helical core surrounding an
active site, containing signature ‘aspartate-rich’ sequences
[2]; sea urchin squalene synthase has homology to known
protein sequences, particularly in regions interacting with
prenyl substrates [71]. Domains critical for PLC activity are
found in urchin PLC: sea urchin PLC-δ contains Ser522,
Lys438, Lys440, and Arg549 that are important for human
PLC activity [19, 33]. Based on structural/functional studies
of human and sea urchin PI-3K, domains involved in
catalysis (phox homology (PX) and C2 domains) are quite
similar and likely mediate similar protein–protein interac-
tions and/or binding to membrane lipids [22, 73]. All
targeted enzymes thus contain critical domains that have
been conserved throughout subsequent evolution, implicat-
ing similar catalytic functions in echinoderms and verte-

brates. This is not surprising considering the general high
degree of genetic conservation between urchins and
humans [67]. Thus, we were confident that the tested drugs
would have selective effects [6, 44, 61, 94].

Critical roles for CHOL in triggered membrane fusion

Here we demonstrate the quality of enzymatic interventions
by using CHOL-lowering agents to target HMG-CoA
reductase and squalene synthase. Decreased CV membrane
CHOL correlated with inhibition of fusion (Figs. 3 and 4);
exogenous CHOL recovered fusion in CHOL-depleted CV
(Fig. 5a–d). Considering differences in effects of Atst and
Smst on fusion, they likely differentially affect CHOL
biosynthesis. Upon administration, Atst is an active
compound and yields metabolites that are as potent as the
parent drug [52], whereas Smst must be hydrolyzed to an
active form. Atst has a longer half-life (14 h) compared to
Smst (1.9 h), suggesting that Atst blocks the enzyme active
site longer [28], accounting for the potency of Atst and
differences in the effects on fusion. As Atst and Smst
suppress the supply of CHOL and other nonsterol products,
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Fig. 10 LY29 and Wrt affect PIP levels in CV membranes. a
Quantification of CV membrane PI and PI(4)P (n=5–8); *P<0.05,
**P<0.05 indicate significant difference from control and other
conditions, respectively. b Detection and quantification of CV
membrane PI, PI(3,4)P2 and PI(3,4,5)P3 following treatments with

LY29 (blue line, n=4–6) or Wrt (green line, n=6–8, representative
image). *P<0.001 indicates significant difference from control for PI
(3,4)P2 detected after LY29 treatments; *P<0.05 indicates significant
difference from control for PI(3,4,5)P3 detected after Wrt treatments
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there may be other molecular alterations caused by statins,
including inhibition of protein prenylation (i.e., G proteins)
[1]. Isoprenoid pathways diverge from CHOL biosynthesis
at the farnesyl-disphosphate branch-point. A squalene
synthase inhibitor, Zara, blocks the first committed step in
CHOL synthesis and should not adversely affect isoprenoid
pathways. As CHOL reduction correlated with fusion
inhibition, including pronounced inhibition of fusion
efficiency, this suggests a more potent effect of Zara on
the stability of CHOL-rich microdomains [25, 27, 72].
Overall, these data highlight critical roles for CHOL in
membrane fusion rather than a more central role of
isoprenoids. Moreover, such localized CHOL may be
critical to multiple steps of the fusion pathway [82, 88].

The fundamental fusion mechanism (FFM) and the
larger, integrated physiological fusion machine (PFM) are
affected by membrane lipids [25]. The addition of exoge-
nous high positive curvature lipids to interacting mono-
layers or removing endogenous high negative curvature
lipids effectively inhibits formation of high curvature
intermediates [20, 26, 27, 86]. The delivery of exogenous
CHOL to CHOL-depleted CV (CHOL reduced to ~36 amol/
CV) recovered CHOL to native levels (~46 amol/CV;
Fig. 5c, d); thus, ~10 amol/CV of CHOL was necessary to
rescue fusion. To confirm the critical negative curvature-
promoting role of CHOL in the formation of fusion
intermediates [18, 26, 27], we used a structurally dissimilar
curvature analogue αT, which selectively recovered fusion
extent in CHOL-depleted CV (Fig. 5a, b, e). Compared to
recovery of all fusion parameters with exogenous CHOL, the
lack of recovery of Ca2+ sensitivity and fusion kinetics with
αT linked rescue of fusion efficiency to integrity/organiza-
tion of CHOL-rich microdomains [27, 72]. As Smst is less
disruptive (vs. Atst) to microdomain organization and
components supporting physiological Ca2+ sensitivity, αT
also supported a slight recovery of initial kinetics after Smst
treatments. These results (Figs. 3, 4, and 5) are consistent

with a dual role for CHOL in the fusion mechanism: (1) a
physiological fusion site/PFM organizer, defining fusion
efficiency; and (2) a negative curvature-promoting FFM
component, defining the ability to fuse [21, 25–27, 72].

A critical role for PE in triggered membrane fusion

The data establish a selective role for endogenous PE in the
FFM and identify a unique correlation between PE and
fusion kinetics, suggesting a modulatory role in the PFM.
Parallel changes in CV membrane PE, PC, and lysoPE
correlated with saturation of fusion inhibition at the lowest
D609 concentration tested (Fig. 6a, c), suggesting a critical
albeit limited PLC activity in unfertilized eggs. Notably,
although too low to measure directly, any reductions in
diacylglycerol levels would also contribute to a lower
overall (local) negative curvature and thus a reduced
potential to fuse. Focusing here on the data at hand, we
undertook two separate analyses to better assess the role of
PE in fusion. First, we compared the ability of PE- and
CHOL-depleted CV to fuse (Figs. 3, 4, 5, and 6). Following
egg incubations with D609, fusion extent of PE-depleted
CV was inhibited by 23.1±1.4%, comparable to 20.3±
2.7% in CHOL-depleted CV (for 100 μM Atst- or 200 μM
Smst-treated eggs). Based on CHOL and PE spontaneous
negative curvatures (−0.037/−0.044Å−1 and −0.035Å−1,
respectively) [18, 26], quantitative analyses of CV mem-
brane CHOL and PE after statin and D609 treatments
indicated negative curvature deficits of −0.46±0.05 amol
Å−1/CV (for CHOL) and −0.40±0.04 amolÅ−1/CV (for
PE), consistent with the quantitative relationship between
fusion extent and the negative curvature each lipid imparts
to membranes [26, 27]. This is also consistent with the need
for substantially less αT (~1.2 amol/CV) to selectively
rescue fusion extent. As αT has ~2-fold higher negative
curvature (−0.073Å−1) [10] than does CHOL and has
limited transbilayer mobility [78], and thus remains almost

Enzyme name Percent identities Percent similarity

HMG-CoA reductase 58.0% (530/903) 72.0% (657/903)
Sterol-sensing domain (SSD) 68.4%

HMG-CoA reductases family domain 68.6%

Squalene synthase (urchin hypothetical protein LOC586013) 60.0% (246/404) 78.0% (319/404)
Squalene and phytoene synthases signature 1 93.8%

Squalene and phytoene synthases signature 2 84.6%

PLC 61.0% (736/1191) 76.0% (915/1191)
PH domain 38.0%

C2 domain 44.4%

PI-3 kinase (urchin hypothetical protein XP_001193595.1) 41.0% (460/1101) 60.0% (664/1101)
PI-3 and 4 kinases family domain 70.4%

PX domain 42.7%

C2 domain 57.8%

Table 3 Conservation of
critical enzymes from
S. purpuratus to Homo sapiens
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exclusively in the outer membrane leaflet, proportionally
less αT was required to effectively rescue the extent of
fusion; certainly the correlation is not exact [26] but this
likely reflects that CHOL is also complexed with/bound to
certain proteins and lipids, so that the amount effectively
capable of contributing negative curvature may be a bit
lower than the total we measured. Thus, fusion recovery by
enrichment of CHOL-depleted CV with CHOL and αT
correlated well with the respective negative curvature
contributions of these lipids. Considering this evidence for
a direct role of PE, we carried out a second test to
determine if the inhibition following D609 treatments is
due to reduced PE. We treated CV with cinnamycin to
block PE as a critical curvature component; this inhibited fusion
extent and kinetics without affecting Ca2+ sensitivity (Figs. 6b
and 7b). Based on 1:1 cinnamycin–PE binding ratio [55],
1 nM cinnamycin correlated to ~100% PE binding. The
minimal cinnamycin concentration that nonetheless caused
maximal inhibition corresponded to ~33 amol/CV of PE;
analyses of untreated CV indicated 27.4+2.5 amol/CV of PE
(Fig. 6c). Considering rapid PE flip-flop between inner/outer
membrane leaflets [26, 56], ~50% of PE (~13.5 amol/CV)
would be in the contacting monolayer; saturation of binding
and inhibition of function was thus expected at 1 nM
cinnamycin if PE is a critical fusion component. Similarly,
D609 decreased PE by ~9 amol/CV, causing ~23% inhibition
of fusion extent. Thus, PE plays a critical role in membrane
merger by contributing local curvature stress comparable to
CHOL [26].

Removing/blocking membrane PE also inhibited initial
fusion kinetics. As efficiency parameters are linked to
integrity of CHOL-rich microdomains [26, 27, 38, 72], yet
PE does not actively support domain formation/stability, our
data provide clues as to the physical nature of microdomains
and the localized, functional domain composition at fusion
sites [25]. Simply, (1) different negative curvature lipids may
contribute to a given fusion site, and (2) highly localized and
somewhat more fluid PE regions within the broader micro-
domain matrix may be critical to PFM/FFM (see [25],
Fig. 3)—these areas (and thus global domain structure)
would be stabilized by cinnamycin, preserving Ca2+ sensi-
tivity, but PE molecules could no longer contribute their
negative curvature to promote fusion.

The decline in Ca2+ sensitivity after D609 treatments
likely results from increases in vesicle PC and lysoPE
rather than in reduced PE levels. It seems that a decrease in
lysoPE acylation is responsible for reduced PE levels
(likely linked to PLC inhibition and thus reductions in
available diacylglycerol species from PC; this seems
reasonable as the PC increase is approximately equivalent
to the lysoPE increase). Thus, in addition to a decrease in
negative curvature species, neutral (PC) and positive
curvature (lysoPE) species increase. Considering pro-

nounced inhibition occurring when lysolipids are added to
contacting monolayers of CHOL-depleted CV [27], it
seems unlikely that endogenous lysoPE contributes to
fusion inhibition. Furthermore, as cinnamycin (Figs. 6b
and 7b) binds preferentially to PE rather than to lysoPE
[55], fusion inhibition correlates closely with loss or
blockade of PE. As D609 inhibited fusion, lysoPE is also
unlikely to strongly promote fusion even if present in distal
monolayers. If lysoPE is equally distributed between
membrane monolayers, increased PC may contribute to
the energy barrier of membrane merger. This explains
reduced Ca2+ sensitivity after D609 treatments; stronger
Ca2+ triggering can overcome this energy barrier. While this
explanation does not consider potential lipid–protein
interactions, it is fundamentally consistent with physical/
chemical characteristics of the identified molecules and of
the resulting functional alterations.

Roles for polyphosphoinositides in regulated release

PI-3K products function as ligands for protein targeting
modules (pleckstrin homology (PH) and PX domains) [92].
Signaling proteins with PH domains accumulate at PI-3K
activation sites by directly binding to PI(3,4)P2 and PI
(3,4,5)P3 [14, 36]. PIP can play a role as localized
membrane sites for protein recruitment [15]. Thus, PI-3K
inhibition can dramatically affect protein localization (i.e.,
PFM). Some PIP-binding proteins help regulate the
secretory pathway [46, 59]. A type IV P-type ATPase,
required for flippase activity, is a PI(4)P effector [62],
suggesting that increased PI(4)P levels (Fig. 10a) may
enhance flippase activity resulting in an unfavorable local
lipid environment to support fusion. CAPS, rabphilin, and
Syt1 support exocytosis via interaction with PIP [53, 65,
79]. CAPS, a component of the synaptic vesicle priming
machinery, maintains a fusion-competent vesicle pool for
transmitter release [47]. Syt1 and rabphilin contain C2
domains, interacting with PI(4,5)P2 and PI(3,4,5)P3;
although such interactions are suggested to mediate Ca2+-
triggered merger [23, 53], our data rule out a direct role for
PIP in fusion.

Despite comparable effects on fusion, parallel egg incuba-
tions with LY29 and Wrt differentially affected PI(3,4)P2
and PI(3,4,5)P3 levels (none of these changes were linked to
any effect on inter-membrane attachment, i.e., docking),
emphasizing the importance of using more than one inhibitor
in such studies (Fig. 10a, b). The ‘inactive’ analogue LY30
was tested here in parallel with PI-3K inhibitor LY29. As
400 μM LY30 inhibited fusion extent and kinetics (although
Ca2+ sensitivity was not affected), this indicated that LY29
might have effects independent of PI-3K inhibition; alter-
nately, at high concentrations, LY30 might also inhibit PI-3K
(Fig. 8c). Nonetheless, as inhibition with LY30 was only
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seen at 400 μM, using LY29 and Wrt in parallel provides
valuable information concerning PIP roles in the FFM/PFM.

Considering the multiple roles suggested for PI(4,5)P2 in
exocytotis/endocytotis, it is rather intriguing that its levels
were well below detection limits (despite these limits being
in the 1–2-amol/CV range). As CV are docked and fusion-
ready, these low levels indicate that PI(4,5)P2 is either
highly localized [4, 46, 83] to serve specific functions or
not essential to the Ca2+-triggered fusion step. If PI(4,5)P2
is generally found in PM, then these data suggest that PI
(4,5)P2 is not critical to membrane merger per se (FFM). If
PI(4,5)P2 supports upstream trafficking functions [36, 83],
a role already fulfilled in release-ready CV, then its lower
levels are expected. Similarly, if PI(4,5)P2 is critical in
priming (our data do not support a role in inter-membrane
attachment as docking was not affected), then it would have
already served that function in release-ready CV; perhaps PI
(4,5)P2 hydrolysis is actually the critical late priming step.
In part, this may also link PI(4,5)P2 as an early substrate for
diacylglycerol production [37] that may later function in the
fusion reaction [26]. Thus, reduced PI(4,5)P2 levels are
expected in vesicles at the fully docked, fusion-ready stage.
In contrast, PI(4,5)P2 formation in the PM during or
immediately after triggered release is critical for its
subsequent roles in endocytosis [83, 89]. This suggests
that PI(3,4)P2, PI(3,4,5)P3, and their immediate precursors
PI(4)P and PI(4,5)P2 are not essential to docking/fusion
steps per se and are not directly involved in the mechanism.
An alternate interpretation is that the local ratio of specific
PIP is critical; this ratio may be different for docking,
priming, and maintenance of the primed state.

PI-3K products affect the activation of protein kinase-
dependent pathways and can be associated with vesicle
depriming [74]. It was shown that synapsin1-associated PI-
3K regulates the size of the ready-releasable pool of synaptic
vesicles [32]. Considering the essential role of PI-3K in
ATP-dependent priming [59] and that PI-3K inhibitors can
compete with PIP for the kinase ATP-binding site [81, 95],
inhibition of fusion extent seen here (Figs. 8a, b and 9a, b) is
likely caused by CV depriming in the fully docked state.
Thus, changes are most consistent with isolation of a
reduced pool of fusion-competent CV from LY29- and
Wrt-treated eggs rather than with a direct role of PIP in
triggered fusion. Reversible priming steps exist in the fully
docked state; PI-3K activity seems likely to define the last
necessary priming step in the docked state, consistent with
earlier findings that only ~10% of docked neuroendocrine
vesicles were fully release-ready, the remainder having to
pass rapidly through a final preparatory step to confer fusion
competence [66].

We used an additional test to establish if PIP changes
directly influence fusion steps themselves by blocking CV
membrane PIP with neomycin (Figs. 8d and 9c). At

10 mM, neomycin inhibited exocytosis in CSC preparations
[40, 58]. Here, isolated CV provide direct access to the
entire membrane, thereby enabling more selective concen-
trations of neomycin to be used; selective inhibition of
kinetics (Figs. 8d and 9c) suggests dissociation of PIP from
a direct role in fusion (i.e., FFM). As fusion efficiency is
linked to integrity of CHOL-rich microdomains [27, 39, 72],
comparable inhibition of fusion kinetics with LY29, Wrt, and
neomycin suggests effects on the functional status/stability
of such domains. Thus, changes in PIP may affect
modulatory components, reorganizing and/or activating
efficiency factors in the microdomain-associated PFM.
Additionally, considering differences in PIP phosphorylation
and therefore differences in total CV surface charge
following LY29, Wrt, and neomycin treatments, and the fact
that suppression of fusion was inconsistent with changes in
more or less phosphorylated PIP, it appears unlikely that
inter-membrane Ca2+ binding to negatively charged PIP
headgroups plays any substantial role in fusion.

As a whole, the results tend to support roles for PIP in
trafficking and priming that are already completed in this
system (CV are docked and fusion-ready). Thus, PIP may
potentially mediate a closer apposition of membranes by
regulating the assembly or interactions of protein complexes
as an important prelude to fusion and/or may also interact with
CHOL-rich microdomains, affecting their inherent functions/
stability [51, 83]. Our findings imply that PIP in concert with
CHOL can be used by different fusion sites/PFMs to
modulate the fusion process. In this light, different PIP (or
ratios thereof) may have distinct functions, revealing more
complex levels of regulation in triggering and achieving/
maintaining fusion competence. The results suggest that a
specific balance of these lipids is critical, raising the question
of how PIP interact with CHOL, organizing PFM via
CHOL-rich microdomains [25].

Concluding remarks

Taken together, the results highlight the essential roles
for CHOL and PE in the mechanism of Ca2+-triggered
membrane fusion and provide new insights concerning
possible modulatory roles for PIP. Although the data tend
to rule out a direct role for PIP in membrane merger
(FFM), they identify an important link with efficiency
(PFM), particularly with regard to fusion rate. The
involvement of key phosphoinositide, PE, and CHOL
metabolism reactions in different disease states empha-
sizes the importance of this research [3, 7, 69]. Using
selective pharmacological interventions at specific steps of
metabolic pathways, this new ex vivo approach enables
effective and meaningful molecular alterations that aid
further dissection of fundamental priming, docking, and
membrane fusion mechanisms. Coupled with quantitative
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fusion assays and well-established acute manipulations of
CV membrane composition, this approach is a robust
high-throughput platform to definitively identify specific
molecular components of the Ca2+-triggered steps of
regulated exocytosis.
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