NanoCellBiology of Secretion

Abstract Cells synthesize, store, and secrete, on demand, products such as hormones,
growth factors, neurotransmitters, or digestive enzymes. Cellular cargos destined
for secretion are packaged and stored in membranous sacs or vesicles, which are
transported via microtubule and actin railroad systems, to dock and establish continuity
at the base of specialized cup-shaped plasma membrane structures called porosomes
to release their contents. The fusion of membrane-bound secretory vesicles at the
porosome base, and the molecular mechanism of secretory vesicle swelling required
for content expulsion during cell secretion, is discussed in this Springer Brief. These
new findings in the last 15 years have resulted in a paradigm shift in our under-
standing of the secretory process in cells and has given birth to a new field in
biology—~NanoCellBiology.

Introduction

In the past 50 years, it was believed that during cell secretion, membrane-bound
secretory vesicles completely merge (the complete flattening of the secretory vesicle
membrane at the cell plasma membrane) at the cell plasma membrane resulting in
the diffusion of intravesicular contents to the cell exterior and the compensatory
retrieval of the excess membrane by endocytosis. This explanation of cellular secre-
tion however failed to account for the generation of partially empty vesicles observed
in electron micrographs following secretion and remained a major conundrum in
the field. Furthermore, such “all or none” mechanism of cell secretion by complete
merger of the secretory vesicle membrane at the cell plasma membrane leaves little
regulation and control by the cell on the amount of content release during the secre-
tory process. It made no sense for mammalian cells to possess such “all or none”
mechanism of cell secretion, when, by contrast, even single-cell organisms have
developed specialized and sophisticated secretory machinery, such as the secretion
apparatus of Toxoplasma gondii, the contractile vacuoles in paramecium, or the
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various types of secretory structures in bacteria. Therefore, not surprising in the
1960s, experimental data concerning neurotransmitter release mechanisms by Katz
and Folkow [1, 2] proposed that limitation of the quantal packet may be set by the
nerve membrane, in which case the size of the packet released would correspond to
a fraction of the vesicle content [3, 4]. Again in 1993 in a News and Views article in
the journal Nature [S5], Neher appropriately noted “It seems terribly wasteful that,
during the release of hormones and neurotransmitters from a cell, the membrane of
a vesicle should merge with the plasma membrane to be retrieved for recycling only
seconds or minutes later.” This conundrum regarding the molecular underpinning of
cell secretion was finally resolved in 1996 following discovery of the porosome, the
universal secretory portal in cells [6]. Porosomes are supramolecular cup-shaped
lipoprotein structures at the cell plasma membrane, where membrane-bound secre-
tory vesicles transiently dock and fuse to release intravesicular contents to the
outside during cell secretion. In the past 15 years, the composition of the porosome,
its structure and dynamics at nanometer resolution and in real time, and its functional
reconstitution into artificial lipid membrane have been elucidated [6—43], providing
a molecular understanding of the secretory process in cells. Since porosomes in
exocrine and neuroendocrine cells measure 100—180 nm, and only 20-45% increase
in porosome diameter is demonstrated following the docking and fusion of 0.2—1.2 pm
in diameter secretory vesicles, it is apparent that secretory vesicles “transiently”
dock and establish continuity, as opposed to complete merger at the porosome base
to release intravesicular contents to the outside. In agreement, it is demonstrated
that “secretory granules are recaptured largely intact after stimulated exocytosis in
cultured endocrine cells” [44]; that “single synaptic vesicles fuse transiently and
successively without loss of identity” [45]; and that “zymogen granule (the secre-
tory vesicle in exocrine pancreas) exocytosis is characterized by long fusion pore
openings and preservation of vesicle lipid identity” [46].

Microtubules have been recognized as the railroad for movement of organelles
over long distances within the cell (>1 um), whereas the actin railroad system is
responsible for transport over shorter distances, typically from tens to a few hundred
nanometers. Thus, microtubule-dependent motors such as kinesin and kinesin-
related proteins, and the superfamily of actin-dependent myosin motors, have all
been implicated in intracellular organelle transport [47, 48]. Myosin motors include
the conventional myosin (myosin II) and a large group of unconventional myosins
(myosin I, ITI, V, and VI). In recent years, the prime candidate for secretory vesicle
transport in cells has been reported to be the class V of myosin motors [49-51].
Myosin V is composed of two heavy chains that dimerize via a coiled-coil motif
located in the stalk region of the heavy chain [52]. The heavy chain contains an
amino-terminal actin-binding motor domain [52], followed by a neck region where
up to six regulatory light chains can bind. The carboxy-terminus globular domain of
the heavy chain is thought to mediate organelle-binding specificity [53]. Interaction
between the actin and the microtubule transport system seems to be a requirement
for the correct delivery of intracellular cargos such as secretory vesicles [54-56].
Studies have been undertaken to determine whether secretory vesicles in live cells
remain free floating, only to associate with the transport systems following a secretory
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stimulus, or whether they always remain tethered in the cell. Studies using isolated
live pancreatic acinar cells demonstrate that all secretory vesicles within cells
remain tethered and are not free floating [57]. Nocodazole and cytochalasin B
disrupt much of this tether. Immunoblot analysis of isolated secretory vesicles
further demonstrates the association of actin, myosin V, and kinesin with them [57].
These studies reveal for the first time that secretory vesicles in live pancreatic acinar
cells are tethered and not free floating, suggesting that following vesicle biogenesis,
they are placed on their defined railroad track, ready to be transported to their final
destination when required [57]. This makes sense, since precision and regulation
are the hallmark of all cellular process and therefore would also hold true for the
transport and localization of subcellular organelles within the cell.

Using the cellular railroad system, once secretory vesicles dock at the porosome
base following a secretory stimulus, the fusion of membrane-bound secretory vesi-
cles at the porosome base is mediated by calcium and a specialized set of three
soluble N-ethylmaleimide-sensitive factor (NSF)-attachment protein receptors
called SNARESs [58-62]. In neurons, for example, target membrane proteins SNAP-
25 and syntaxin called t-SNARESs present at the base of neuronal porosomes at the
presynaptic membrane, and a synaptic vesicle-associated membrane protein (VAMP)
or v-SNARE is part of the conserved protein complex involved in membrane fusion
and neurotransmission. In the presence of Ca?*, t-SNARESs and v-SNARE in opposing
membrane bilayers interact and self-assemble in a ring conformation to form a
conducting channel [63]. Such self-assembly of t-/v-SNARE rings occur only when
the respective SNAREs are membrane associated [63]. The size of the SNARE ring
complex is dependent on the curvature of the opposing lipid membrane [64].
Electron density map and 3D topography of the SNARE ring complex suggests the
formation of a leak-proof channel measuring 25 A in ring thickness, and 42 A in
height [65]. These structural studies combined with functional electrophysiological
measurements have greatly advanced our understanding of membrane-directed
SNARE ring complex assembly [63—65]. Additionally, the SNARE ring size can
now also be mathematically predicted [65]. X-ray diffraction measurements and
simulation studies have further advanced that membrane-associated t-SNAREs and
v-SNARE overcome repulsive forces to bring the opposing membranes closer to
within a distance of approximately 2.8 A [58, 66, 67]. Calcium is then able to bridge
the closely opposed bilayers, leading to the release of water from hydrated Ca?* ions
as well as the loosely coordinated water at membrane phospholipid head groups,
resulting in membrane destabilization and fusion [67].

Studies demonstrate that during cell secretion, secretory vesicle swelling is
required for the expulsion of intravesicular contents [68]. Live pancreatic acinar
cells in near physiological buffer when imaged using AFM at high force (200-300
pN) demonstrate the size and shape of secretory vesicles called zymogen granules
(ZGs) lying immediately below the apical plasma membrane of the cell. Within
2.5 min of exposure to a secretory stimulus, a majority of ZGs within the acinar
cells swell, followed by secretion and the concomitant decrease in ZG size. There is
no loss of secretory vesicles during the entire secretory process and following
secretion. These studies reveal for the first time in live cells intracellular swelling of
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secretory vesicles following stimulation of cell secretion and their deflation following
partial discharge of vesicular contents [68]. Since no loss of secretory vesicles is
observed through the entire secretory process, further demonstrates transient fusion,
as opposed to a complete merger of secretory vesicles at the cell plasma membrane.
Measurements of intracellular ZG size reveal that different vesicles swell differ-
ently following a secretory stimulus. This differential swelling among secretory
vesicles within the same cell may explain why following stimulation of cell secre-
tion, some secretory vesicles demonstrate the presence of less vesicular content than
others, reflecting variations between them in content discharged. To determine
precisely the role of swelling in vesicle—plasma membrane fusion and in intrave-
sicular content expulsion, an electrophysiological ZG-reconstituted lipid bilayer
fusion assay has been used [63, 68]. The ZGs used in the bilayer fusion assays are
first characterized for their purity and their ability to respond to a swelling stimulus,
GTP. As reported [69, 70], exposure of isolated ZGs to GTP results in ZG swelling.
Similar to what is observed in live acinar cells, it is demonstrated that every isolated
ZG responds differently to the same swelling stimulus. This differential response of
isolated ZGs to GTP has been further assessed by measuring percent change in
volume of isolated ZGs of different sizes [68]. ZGs in the exocrine pancreas range
in size from 0.2 to 1.3 pm in diameter [69], not all ZGs are found to swell following
a GTP challenge [68]. Volume increases in most ZGs following GTP exposure is
between 5% and 20%; however, larger increases of up to 45% have been reported
in vesicles ranging from 250 to 750 nm in diameter. In the electrophysiological
bilayer fusion assay, immunoisolated porosome complex from the exocrine
pancreas are functionally reconstituted [14] into the lipid membrane of the
bilayer apparatus, where membrane conductance and capacitance are continually
monitored [68]. Reconstitution of the porosome into the lipid membrane results in
a small increase in capacitance, resulting from an increase in membrane surface
area. Addition of isolated ZGs to the cis compartment of the bilayer chamber results
in vesicle docking and fusion at the porosome-reconstituted lipid membrane,
detected as a step increase in membrane capacitance. Even after 15 min of ZG addi-
tion to the cis compartment of the bilayer chamber, little or no release of the intra-
vesicular enzyme a-amylase is detected in the frans compartment of the bilayer
chamber. By contrast, exposure of ZGs to 20 uM GTP induces swelling and results
both in the potentiation of fusion and in a robust expulsion of a-amylase into the
trans compartment of the bilayer chamber determined using immunoanalysis. These
studies demonstrate that during cell secretion, secretory vesicle swelling is required
for the precise and regulated expulsion of intravesicular contents. This mechanism of
vesicular expulsion during cell secretion may explain how partially empty vesicles
are generated in cells following secretion. The presence of empty secretory
vesicles could result from multiple rounds of fusion—swelling—expulsion cycles a vesicle
may undergo during the secretory process, reflecting on the precise and regulated
nature of process.

Discovery of the porosome, its functional reconstitution in artificial lipid
membrane, and an understanding of its morphology, composition, and dynamics;
the molecular underpinnings of SNARE-induced membrane fusion, and secretory
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vesicle swelling involved in content expulsion, have resulted in a paradigm shift in
our understanding of the secretory process in cells. These new findings in the past
15 years are briefly summarized in this Springer Brief.

Materials and Methods

Pancreatic Acini Isolation

Pancreatic acinar cells and hemi-acini were isolated using a published procedure [6].
For each experiment, a male Sprague—Dawley rat weighing 80-100 g was eutha-
nized by ether inhalation. The pancreas was then dissected out and chopped into
0.5-mm? pieces, which were then mildly agitated for 15 min at 37°C in a siliconized
glass tube with 5 ml of oxygenated buffer A (98 mM NaCl, 4.8 mM KCl, 2 mM
CaClz, 1.2mM MgClZ, 0.1% bovine serum albumin, 0.01% soybean trypsin inhibitor,
25 mM HEPES, pH 7.4) containing 1,000 units of collagenase. The suspension of
acini was filtered through a 224-mm Spectra-Mesh (Spectrum Laboratory Products)
polyethylene filter to remove large clumps of acini and undissociated tissue. The
acini were washed six times, 5 ml per wash, with ice-cold buffer A. Isolated rat
pancreatic acini and acinar cells were plated on Cell-Tak-coated glass coverslips.
Two to three hours after plating, cells were imaged using the AFM before and during
stimulation of secretion. Isolated pancreatic acinar cells and small acinar prepara-
tions were used in the study since fusions of regulated secretory vesicles at the
plasma membrane in pancreatic acini are confined to the apical region which faces
the acinus lumen, preventing imaging by the AFM in whole acinar preparations.
Furthermore, in isolated acinar cells or hemi-acinar preparations, the secretagogue
Mas7 has immediate and uniform access to the cells.

Zymogen Granule Isolation

Zymogen granules (ZGs) were isolated according to a minor modification of a
published procedure [69]. The pancreas from male Sprague-Dawley rats was
dissected and diced into 0.5-mm? pieces before being suspended in 15% (w/v)
ice-cold homogenization buffer (0.3 M sucrose, 25 mM HEPES, pH 6.5, 1 mM
benzamidine, 0.01% soybean trypsin inhibitor) and homogenized using three
strokes of a Teflon glass homogenizer. The homogenate was centrifuged for 5 min
at 300x g at 4°C. The supernatant fraction was mixed with 2 vol. of a Percoll-
sucrose—HEPES buffer (0.3 M sucrose, 25 mM HEPES, pH 6.5, 86% Percoll,
0.01% soybean trypsin inhibitor) and centrifuged for 30 min at 16,400 x g at 4°C.
Pure ZGs were obtained as a loose white pellet at the bottom of the centrifuge tube
and used in the study.
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Isolation of Synaptosomes, Synaptosomal
Membrane, and Synaptic Vesicles

Rat brain synaptosomes, synaptosomal membrane, and synaptic vesicles were
prepared from whole brain tissue of Sprague—Dawley rats. Brains from Sprague—
Dawley rats weighing100-150 g were isolated and placed in an ice-cold buffered
sucrose solution (5 mM HEPES pH 7.4, 0.32 M sucrose) supplemented with protease
inhibitor cocktail (Sigma, St. Louis, MO, USA) and homogenized using Teflon—
glass homogenizer (ten strokes). The total homogenate was centrifuged for 3 min at
2,500 x g. The supernatant fraction was further centrifuged for 15 min at 14,500 x g,
and the resultant pellet was resuspended in buffered sucrose solution, which was
loaded onto 3-10-23% Percoll gradients. After centrifugation at 28,000 x g for
6 min, the enriched synaptosomal fraction was collected at the 10-23% Percoll
gradient interface. To isolate synaptic vesicles and synaptosomal membrane, isolated
synaptosomes were diluted with nine volumes of ice-cold H,O (hypotonic lysis
of synaptosomes to release synaptic vesicles) and immediately homogenized with
three strokes in Dounce homogenizer, followed by 30-min incubation on ice. The
homogenate was centrifuged for 20 min at 25,500 x g, and the resultant pellet
(enriched synaptosomal membrane preparation) and supernatant (enriched synaptic
vesicles preparation) were used in our studies.

Porosome Isolation

To isolate the neuronal fusion pore or porosome complex, SNAP-25-specific antibody
conjugated to protein A-sepharose was used. SNAP-25 is present in neurons. One
gram of total rat brain homogenate solubilized in Triton/Lubrol solubilization buffer
(0.5% Lubrol; 1 mM benzamidine; 5 mM Mg-ATP; 5 mM EDTA; 0.5% Triton
X-100, in PBS) supplemented with protease inhibitor mix (Sigma, St. Louis, MO,
USA) was used. SNAP-25 antibody conjugated to the protein A-sepharose was
incubated with the solubilized homogenate for 1 h at room temperature followed by
washing with wash buffer (500 mM NaCl, 10 mM Tris, 2 mM EDTA, pH 7.5). The
immunoprecipitated sample attached to the immunosepharose beads was eluted
using low pH (pH 3) buffer to obtain the porosome complex.

Similarly, porosome from the acinar cells of the exocrine pancreas were immu-
noisolated from plasma membrane preparations, using a SNAP-23-specific antibody
(SNAP-23 is present in pancreatic acinar cells). To isolate the porosome complex
for reconstitution experiments, SNAP-23-specific antibody conjugated to protein
A-sepharose was used. Isolated pancreatic plasma membrane preparations were
solubilized in Triton/Lubrol solubilization buffer, supplemented with protease
inhibitor mix. SNAP-23 antibody conjugated to the protein A-sepharose was incubated
with the solubilized membrane for 1 h at room temperature followed by washing
with wash buffer and eluted using low pH buffer.
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Atomic Force Microscopy

Cells attached to a Cell-Tak-coated glass coverslip were placed in a thermally
controlled fluid chamber that allowed both rapid fluid exchange and the direct
visualization of the living cells by an inverted microscope. The newly designed
BAFM (Digital Instruments, Santa Barbara, CA, USA) was used in conjunction
with an inverted optical microscope (Olympus IX70). Images of the plasma mem-
brane in these cells were obtained by the BAFM, working in the “contact” mode and
using a very low vertical imaging force <1 to 3 nN. Silicon and silicon nitride tips
were used with spring constants of 0.25 and 0.06 N/m, respectively. To determine
the effect of force on the plasma membrane topology, control experiments were
performed, where a scanning force of several nanonewtons over a 60-min period
demonstrated no significant changes at the plasma membrane.

Measurement of Secretion

Secretions from cells were measured either immunochemically or biochemically. For
example, insulin secretion from B-cells or amylase secretion from pancreatic acinar
cells were measured using western blot analysis. Amylase secreted from acinar cells
was also determined biochemically. Exocytosis from acinar cells was measured by
determining the percentage of total cellular amylase release following exposure of
cells to a secretagogue (Mas7), or cytochalasin B (actin depolymerizing agent).
Amylase, one of the major cargos in ZG of the exocrine pancreas, was measured using
the Bernfeld procedure. In a typical amylase assay, rat pancreatic acini dissociated as
single cells and groups of two to six cells were used. Fifty to seventy-five cells in
200 pl of total reaction mixture (buffer A) in the presence or absence of Mas7
(secretagogue), Mas 17 (control peptide), or cytochalasin B were incubated at room
temperature. Following incubation, the cells were centrifuged at 2,000 x g for 2 min in
an Eppendorf microcentrifuge. The supernatant containing the secreted amylase was
then assayed. Cells in the remaining 100 pl of incubation mixture were sonicated,
and the sonicated mixture was diluted and assayed for amylase. From the above mea-
surements, the total cellular amylase and percent release from cells were calculated.
Five microliters of the supernatant or lysed cell fractions was added to 95 pl of ice-
cold amylase assay buffer (10 mM NaH_PO,, 10 mM Na HPO,, 20 mM NaCl) placed
in 12x75-mm glass tubes in an ice bath. The reaction was initiated by the addition of
100 pl of a 10 mg/ml potato starch in amylase assay buffer solution. The mixture was
vortexed and incubated for 15 min at 37°C. Following the incubation, the mixture was
cooled in an ice bath and 400 pl of a color reagent (44 mM 3,5-dinitrosalicylic acid,
200 mM KOH, and 20 mM sodium potassium tartarate) was added. The mixture in
glass tubes was covered and lowered into a boiling water bath for 25 min followed by
cooling and the addition of 1.4 ml of distilled water. The mixture was then brought to
room temperature and transferred to a plastic cuvette, and absorbance at 530 nm was
measured with a spectrophotometer (Beckman DU-64).
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Transmission Electron Microscopy

Isolated rat pancreatic acini were fixed in 2.5% buffered paraformaldehyde for
30 min and the pellets embedded in Unicryl resin, followed by sectioning at
40-70 nm. Thin sections were transferred to coated specimen TEM grids, dried in
the presence of uranyl acetate and methylcellulose, and examined using a transmission
electron microscope. For negative staining electron microscopy, purified protein
suspensions in PBS were adsorbed to hydrophilic carbon support films that were
mounted onto formvar-coated, metal specimen grids (EMS, Ft. Washington, PA,
USA). The adsorbed protein was washed in double-distilled water and negatively
stained using 1% aqueous uranyl acetate. After the grids were dried in the presence
of the uranyl acetate solution, they were examined by transmission electron micros-
copy. To prevent bleaching by the electron beam, micrographs were obtained on
portions of the grid not previously examined.

Similarly for TEM of neuronal tissue, rat brain was perfused with normal saline
solution, followed by phosphate buffer (pH 7.4) containing 2.5% glutaraldehyde.
After perfusion, the brain was carefully removed and diced into 1-mm? pieces. The
pieces of brain tissue were post-fixed in phosphate buffer containing 1.5% osmium
tetroxide, dehydrated in graded ethanol and acetone, and embedded in araldite.
Tissue blocks were appropriately trimmed and the 40-50-nm sections obtained
were stained with lead citrate and examined under a JEOL JEM-100C transmission
electron microscope.

Dynamic Light Scattering (DLS) to Determine
Vesicle Volume Change

Kinetics of change in ZG and synaptic vesicle volume/size changes were monitored
by 90° light scattering with excitation and emission wavelength set at 400 nm in a
Hitachi F-2000 spectrophotometer. Synaptic vesicles or ZG suspensions were injected
into the thermo-regulated cuvette containing 700 ul of a buffer solution (NaCl 140 mM;
KCI 2.5 mM; NaH,PO, 0.25 mM; KH,PO, 0.25 mM; pH 7.4) at 37°C. For example,
light scattering was monitored for 1 min following addition of vesicles to either buffer
alone (control) or buffer containing the heterotrimeric G.-protein stimulant mas-
toparan (experimental) or its nonstimulatory control peptide, Mast-17 (control), and
GTP. Values are expressed as percent increase in light scattered over control values.

Photon Correlation Spectroscopy

The size of neuronal porosome was also determined using photon correlation spec-
troscopy (PCS). PCS measurements were performed using a Zetasizer Nano ZS
(Malvern Instruments, UK). In a typical experiment, the size distribution of isolated
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porosomes was determined using built-in software provided by Malvern Instruments.
Prior to determination of porosome size, calibration of instrument was performed
using latex spheres of known size. In PCS, subtle fluctuations in the sample scattering
intensity are correlated across microsecond time scales. The correlation function is
calculated, from which the diffusion coefficient is determined by the instrument.
Using Stokes—Einstein equation, hydrodynamics radius can be calculated from diffu-
sion coefficient. The intensity size distribution, which is obtained as a plot of the rela-
tive intensity of light scattered by particles in various size classes, is calculated from
correlation function using the built-in software. The particle scattering intensity is
proportional to the molecular weight squared. Volume distribution, which assigns
more realistic weights to both small and big particles, is calculated from the intensity
distribution using Mie theory. The transforms of the PCS intensity distribution to vol-
ume distributions are obtained using the provided software by Malvern Instruments.

Porosome Functional Reconstitution Assay

Lipid bilayers were prepared using brain phosphatidylethanolamine (PE) and
phosphatidylcholine (PC), and dioleoylphosphatidylcholine (DOPC), and dioley-
Iphosphatidyl-serine (DOPS), obtained from Avanti Lipids (Alabaster, AL, USA).
A suspension of PE:PC in a ratio of 7:3 and at a concentration of 10 mg/ml was
prepared. Lipid suspension (100 pl) was dried under nitrogen gas and resuspended
in 50 pl of decane. To prepare membranes reconstituted with the immunoisolated
porosome complex, the immunoisolate was added to the lipid suspension and
brushed onto a 200-pum hole in the bilayer preparation cup until a stable bilayer with
a capacitance between 100 and 250 pF was established. Alternately, the immunoi-
solated porosome complex was brushed onto a stable membrane formed at the
200-um-diameter hole in the bilayer preparation cup. Electrical measurements of
the porosome-reconstituted lipid membrane were performed using the EPC9 setup.
Current versus time traces were recorded using pulse software, an EPC9 amplifier
and probe from HEKA (Lambrecht, Germany). Briefly, membranes were formed
while holding at 0 mV. Once a bilayer was formed and demonstrated to be in the
capacitance limits for a stable bilayer membrane according to the opening diameter,
the voltage was switched to —60 mV. A baseline current was established before the
addition of isolated ZGs in case of pancreatic porosomes or synaptic vesicles for
reconstituted porosomes from neurons.

Preparation of Liposomes and SNARE Reconstitutions

Purified recombinant SNAREs were reconstituted into lipid vesicles using mild
sonication. Three hundred microliters of PC:PS, 100 ul ergosterol, and 15 pl of
nystatin (Sigma Chemical Company, St. Louis, MO, USA) were dried under
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nitrogen gas. The lipids were resuspended in 543 ul of 140 mM NaCl, 10 mM
HEPES, and 1 mM CaCl2. The suspension was vortexed for 5 min, sonicated for
30 s, and aliquoted into 100 ul samples (AVs). Twenty-five microliters of syntaxin
1A-1 and SNAP-25 (t-SNARES) at a concentration of 25 pg/ml was added to
100 pl of AVs. The t-SNARE vesicles were frozen and thawed three times and
sonicated for 5 s before use. Bilayer bath solutions contained 140 mM NaCl and
10 mM HEPES. KCI at a concentration of 300 mM was used as a control for
testing vesicle fusion.

Circular Dichroism Spectroscopy

Overall secondary structural content of SNAREs and their complexes, both in
suspension and in association with membrane, were determined by CD spectros-
copy using an Olis DSM 17 spectrometer. Data were acquired at 25°C with a
0.01-cm path length quartz cuvette (Helma). Spectra were collected over a wave-
length range of 185-260 nm using 1-nm step spacing. In each experiment, 30
scans were averaged per sample for enhanced signal to noise, and data were
acquired on duplicate independent samples to ensure reproducibility. SNAREs
and their complexes, both in suspension and in association with membrane, were
analyzed for the following samples: v-SNARE, t-SNARESs, v-SNARE + t-SNARE:s,
v-SNARE +t- SNAREs + N-ethylmaleimide sensitive factor (NSF), and v-SNAR
E+t-SNAREs+NSF+2.5 mM ATP. All samples had final protein concentrations
of 10 uM in 5 mM sodium phosphate buffer at pH 7.5 and were baseline sub-
tracted to eliminate buffer (or liposome in buffer) signal. Data were analyzed
using the GLOBALWORKS software (Olis), which incorporates a smoothing
function and fit using the CONTINLL algorithm.

Wide-Angle X-ray Diffraction

Ten microliters of a 10-mM lipid vesicle suspension was placed at the center of an
X-ray polycarbonate film mounted on an aluminum sample holder and placed in a
Rigaku RU2000 rotating anode X-ray diffractometer equipped with automatic data
collection unit (DATASCAN) and processing software (JADE). Similarly, X-ray
diffraction studies were also performed using t- and v-SNARE-reconstituted lipo-
somes, both in the presence and in the absence of Ca’*. Samples were scanned with
a rotating anode, using the nickel-filtered Cu Ko line (A=1.5418 A) operating at
40 kV and 150 mA. Diffraction patterns were recorded digitally with a scan rate of
3°/min using a scintillation counter detector. The scattered X-ray intensities were
evaluated as a function of scattering angle 26 and converted into A units, using the
formula d(A)=A/2sin 6.
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Porosome Discovery

The resolving power of the light microscope is dependent on the wavelength of used
light and hence 250-300 nm in lateral and much less in depth resolution can at best
be achieved using light for imaging. The porosomes in exocrine and neuroendocrine
cells are cup-shaped supramolecular structures, measuring 100180 nm at the opening
and 25-45 nm in relative depth. At the nerve terminal or in astrocytes, the porosomes
are an order of magnitude smaller, cup-shaped structures measuring just 10-17 nm
at the opening to the outside. Due to the nanometer size of the porosome complex,
it had evaded visual detection until its discovery using ultrahigh-resolution atomic
force microscopy (AFM) [33, 71, 72]. The development of the AFM [71] has
enabled the imaging of live cell structure and dynamics in physiological buffer solu-
tions, at nanometer to near angstrom resolution, in real time. In AFM, a probe tip
microfabricated from silicon or silicon nitride and mounted on a cantilever spring is
used to scan the surface of the sample at a constant force. Either the probe or the
sample can be precisely moved in a raster pattern using a xyz piezo to scan the
surface of the sample. The deflection of the cantilever measured optically is used
to generate an isoforce relief of the sample [72]. Force is thus used by the AFM to
image surface profiles of objects such as live cells [6—11], subcellular organelles
[68—70], and biomolecules [63—65], submerged in physiological buffer solutions, at
ultra high resolution and in real time.

Porosomes were first discovered in acinar cells of the exocrine pancreas [6].
Exocrine pancreatic acinar cells are polarized secretory cells possessing an apical
and a basolateral end. This well-characterized cell of the exocrine pancreas synthe-
sizes digestive enzymes, which are stored within 0.2—1.2 um in diameter apically
located membranous sacs or secretory vesicles, called zymogen granules (ZGs).
Following a secretory stimulus, ZGs dock and fuse with the apical plasma membrane
to release their contents to the outside. In contrast to neurons, where secretion of
neurotransmitters occurs within millisecond of a secretory stimulus, the pancreatic
acinar cells secrete digestive enzymes at the apical plasma membrane over several
minutes following stimulation and therefore were chosen to determine the molecu-
lar steps involved in cell secretion. In the mid-1990s, AFM studies were undertaken
on live pancreatic acinar cells to evaluate at high resolution the structure and dynam-
ics of the apical region of the plasma membrane in both resting and stimulated cells.
Isolated live pancreatic acinar cells in physiological buffer, when imaged using the
AFM, reveal new cellular structures at the apical pole of the cell where secretion is
known to occur. A group of circular “pits” measuring 0.4—1.2 pm in diameter which
contain smaller 100—-180 nm in diameter “depressions” were identified (Fig. 1a—d)
at the apical plasma membrane. These “depression structures” were subsequently
named “porosome” or the secretory portal in cells. Typically three to four depres-
sions are found within each pit structure at that apical plasma membrane. Not sur-
prisingly, the basolateral membrane of pancreatic acinar cells is devoid of such pit
and depression structures [6]. High-resolution AFM images of depressions in live
acinar cells further reveal a cone-shaped basket-like morphology, each cone
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PM

Fig. 1 Porosomes, previously referred to as “depressions” at the plasma membrane in pancreatic
acinar cells and at the nerve terminal. (a) AFM micrograph depicting “pits” and “porosomes’ within
at the apical plasma membrane in a live pancreatic acinar cell. (b) To the right is a schematic draw-
ing depicting porosomes at the cell plasma membrane (PM), where membrane-bound secretory
vesicles called zymogen granules (ZGs) dock and fuse to release intravesicular contents. (¢) A high-
resolution AFM micrograph showing a single pit with four 100-180-nm porosomes within. (d) An
electron micrograph depicting a porosome (red arrowhead) close to microvilli (MV) at the apical
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measuring 15-35 nm in depth. Subsequent studies over the years demonstrate
the presence of depressions in all secretory cells examined, including neurons
(Figs. le, f and 2). Analogous to pancreatic acinar cells, examination of resting GH
secreting cells of the pituitary [9] and chromaffin cells of the adrenal medulla [8]
also reveals the presence of pits and depressions at the cell plasma membrane. The
presence of depressions or porosomes in neurons, astrocytes, B-cells of the endo-
crine pancreas and in mast cells has also been determined, demonstrating their uni-
versal presence in secretory cells [18, 19, 24].

Exposure of pancreatic acinar cells to a secretagogue results in a time-dependent
increase (20-45%) in both the diameter and relative depth of depressions (Fig. 3).
Studies demonstrate that depressions return to resting size on completion of cell
secretion [6, 7]. However, no demonstrable change in pit size is detected following
stimulation of secretion [6]. Enlargement of depression diameter and an increase in
itsrelative depth after exposure to secretagogue correlate with secretion. Additionally,
exposure of pancreatic acinar cells to cytochalasin B, a fungal toxin that inhibits
actin polymerization and secretion, results in a 15-20% decrease in depression size
and a consequent 50-60% loss in secretion [6]. Results from these studies were the
first to suggest depressions to be the secretory portals in pancreatic acinar cells.
Furthermore, these studies demonstrated the involvement of actin in regulation of
both the structure and function of depressions. Similar to pancreatic acinar cells,
depression in resting GH cells measure 154+4.5 nm (mean+SE) in diameter, and
following exposure to a secretagogue results in a 40% increase in depression diam-
eter (215+4.6 nm; p<0.01), with no appreciable change in pit size [9]. The enlarge-
ment of depression diameter during cell secretion and its subsequent decrease,
accompanied by the loss in secretion following exposure to actin depolymerizing
agents [9], also suggested them to be the secretory portal in GH cells. A direct deter-
mination that depressions are the secretory portals in cells, via which secretory
products are expelled, was unequivocally demonstrated using immuno-AFM
studies first in the exocrine pancreas [7] (Fig. 4), followed by studies in the GH cells
of pituitary [9]. Localization at depressions, gold-conjugated antibody to secretory
proteins, finally provided direct evidence that secretion occur through depressions.
ZGs contain the starch-digesting enzyme amylase. AFM micrographs of the specific
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Fig. 1 (continued) plasma membrane (PM) of a pancreatic acinar cell. Note the association of the
porosome membrane (yellow arrowhead), and the zymogen granule membrane (ZGM) (red arrow-
head) of a docked ZG (inset). Cross section of a circular complex at the mouth of the porosome is
seen. (e) The bottom left panel shows an electron micrograph of a porosome at the nerve terminal,
in association with a synaptic vesicle (SV) at the presynaptic membrane (Pre-SM). Notice a central
plug at the neuronal porosome opening. (f) The bottom right panel is an AFM micrograph of a
neuronal porosome in physiological buffer, also showing the central plug at its opening. It is believed
that the central plug in neuronal porosomes may regulate its rapid close—open conformation during
neurotransmitter release. The neuronal porosome is an order of magnitude smaller (10-15 nm) in
comparison with porosomes in the exocrine pancreas. (Figure represents a collage of images from
our earlier publications: Proc Natl Acad Sci 1997, 94:316-321; Biophys J 2003, 85:2035-2043; Cell
Biol Int 2004, 28:699-708). ®Bhanu Jena
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Fig. 2 Structure and organization of the neuronal porosome complex at the nerve terminal.
(a) Low-resolution AFM amplitude image (bar=1 pm) and (b) high-resolution AFM amplitude
image (bar=100 nm) of isolated rat brain synaptosomes in buffered solution. (¢) Electron micro-
graph of a synaptosome (bar=100 nm). (d) Structure and arrangement of the neuronal porosome
complex facing the outside (fop left), and the arrangement of the reconstituted complex in PC:PS
membrane (top right). Lower panels depict two transmission electron micrographs demonstrating
synaptic vesicles (SV) docked at the base of a cup-shaped porosome, having a central plug (red
arrowhead). (e) EM, electron density, and 3D contour mapping demonstrate at the nanoscale the
structure and assembly of proteins within the complex. (f) AFM micrograph of inside-out mem-
brane preparations of isolated synaptosome. Note the porosomes (red arrowheads) to which syn-
aptic vesicles are found docked (blue arrowhead). (g) High-resolution AFM micrograph of a
synaptic vesicle docked to a porosome at the cytoplasmic compartment of the presynaptic mem-
brane. (h) AFM measurements (n=15) of porosomes (P, 13.05+0.91) and synaptic vesicles (SV,
40.15+3.14) at the cytoplasmic compartment of the presynaptic membrane. (i) Photon correlation
spectroscopy (PCS) of immunoisolated neuronal porosome complex demonstrating a size of 12—16 nm.
(j) Schematic illustration of a neuronal porosome at the presynaptic membrane, showing the eight
ridges connected to the central plug. (Figure represents a collage of images from our previous
publications: Cell Biol Int 2004, 28:699-708; Cell Biol Int 2010, 34:1129-1132; J Microsc.
2008, 232:106-111). °®Bhanu Jena
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Fig. 3 Porosome dynamics in pancreatic acinar cells following stimulation of cell secretion.
(a) Several porosomes within a pit are shown at zero time, 5, and 30 min following stimulation of
secretion. (b) Section analysis across three porosomes in the top panel is represented graphically
in the second panel and defines the diameter and relative depth of each of the three porosomes. The
porosome at the center is represented by red arrowheads. (¢) The third panel is a 3D rendition of
the porosome complex at different times following stimulation of secretion. Note the porosome as
a blue cup-shaped structure with black opening to the outside, and part of a secretory vesicle
(violet) docked at its base via t-/v-SNARE:s. (d) The bottom panel represents % total cellular amy-
lase release in the presence and absence of the secretagogue Mas7 (blue bars). Note an increase in
porosome diameter and relative depth, correlating with an increase in total cellular amylase release
at 5 min following stimulation of secretion. At 30 min following a secretory stimulus, there is a
decrease in diameter and relative depth of porosomes and no further increase in amylase release
beyond the 5-min time point. No significant changes in amylase secretion (green bars) or porosome
diameter were observed in control cells in either the presence or absence of the nonstimulatory
mastoparan analog (Mas17). High-resolution images of porosomes were obtained before and after
stimulation with Mas7, for up to 30 min. [Modified figure from our earlier publication: Proc Natl
Acad Sci 1997, 94:316-321]. °“Bhanu Jena
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Fig. 4 Intravesicular contents are expelled to the outside through the porosome during cell secre-
tion. (a, b) AFM micrograph and section analysis of a pit and two of the four depressions or
porosomes, demonstrating enlargement of porosomes following stimulation of cell secretion in the
acinar cell of the exocrine pancreas. (¢) Exposure of live cells to gold-conjugated amylase antibody
(Ab) results in specific localization of gold particles to these secretory sites. Note the localization
of amylase-specific immunogold particles at the edge of porosomes. (d) AFM micrograph of pits
and porosomes with immunogold localization demonstrated in cells immunolabeled and then
fixed. Blue arrowheads point to immunogold clusters and the yellow arrowhead points to a depres-
sion or porosome opening. (Figure from our earlier publication: Cell Biol Int 2002, 26:35-42).
“Bhanu Jena

localization of gold-tagged amylase-specific antibodies at depressions following
stimulation of cell secretion [7, 13] conclusively demonstrated depressions to be the
secretory portal in cells. Similarly in somatotrophs of the pituitary gland, gold-
tagged growth hormone-specific antibody found to selectively localize at the depres-
sion openings following stimulation of secretion [9], which established these sites
to represent the secretory portals in GH cells. Porosomes have also been identified
and dynamics of their structure and function examined in insulin-secreting -cells
of the endocrine pancreas (Fig. 5, Jena, personal observation). In pancreatic -cells,
porosomes range in size from 100 to 130 nm. Similar to GH and pancreatic acinar
cells, exposure of B-cells to a secretagogue (25 mM glucose) results in dilation of
the porosome and insulin secretion (Fig. 5). Exposure of B-cells to 20 uM cytocha-
lasin B results in the decrease in porosome opening and a concomitant loss in
insulin secretion (Fig. 5). Over the years, the term “fusion pore” has been loosely
referred to plasma membrane dimples that originate following a secretory stimulus,
or to the continuity or channel established between opposing lipid membrane during
membrane fusion. Therefore, for clarity, the term “porosome” was assigned to these
depression structures at the cell plasma membrane where secretion occurs.

The porosome structure, at the cytosolic compartment of the plasma membrane
in the exocrine pancreas ([15], Fig. 6), and in neurons ([10], Fig. 7), has also been
determined at near nanometer resolution in live cells. To determine the morphology
of porosomes at the cytosolic compartment of pancreatic acinar cells, isolated
plasma membrane preparations in near physiological buffered solution have
been imaged at ultrahigh resolution using the AFM. These studies reveal scattered



o 3 O A
I o=

Fig. 5 Porosome dynamics in live rat pancreatic f3 cells. (a) AFM micrographs of porosomes (red
arrowheads) measuring 100-130 nm, at the surface of the apical plasma membrane in a live
rat pancreatic 3 cell. (b) Section analysis of a porosome (right red arrowhead) in a resting live rat
pancreatic 3 cell (yellow line), dilated (green line) following stimulation of secretion using 25 mM
glucose, and decrease in porosome size (white line) following exposure to the actin cytochalasin B.
(¢) Insulin-immunoblot analysis of medium containing live rat pancreatic f3 cells in low glucose
(5 mM or control), stimulated using 25 mM glucose, and cells exposed to cytochalasin B prior
to glucose stimulation. Note the loss of 25 mM glucose-stimulated insulin secretion in cells
pre-exposed to cytochalasin B. ©Bhanu Jena

Fig. 6 AFM micrographs of porosomes within “pits” at the surface of the apical plasma membrane
in live pancreatic acinar cells, and at the cytosolic compartment of an isolated pancreatic plasma
membrane preparation. (a) Several circular “pits” (yellow arrowheads) with porosomes within
(red arrowheads) are seen in this AFM micrograph of the apical plasma membrane in a live
pancreatic acinar cell. (b) AFM micrograph of the cytosolic compartment of an isolated pancreatic
plasma membrane preparation depicting a “pit” (yellow arrowheads) containing several inverted
cup-shaped porosome structures (red arrowhead) within, associated with a ZG (blue arrowhead).
(c) The “pit” and inverted porosomes in B are shown at higher magnification. (d) AFM micrograph
of another “pit” with inverted porosomes within and associated ZG (bar=200 nm). (Figure from
our earlier publication: Biophys J 2003, 85:2035-2043). ®°Bhanu Jena
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Fig. 7 Neuronal fusion pore distribution, size, and structure. (a) Figure shows the structure and
distribution of fusion pores at the cytosolic compartment of a synaptosome. Inside-out synapto-
some preparations when imaged in buffer using AFM demonstrate inverted 12—-16 nm cup-shaped
fusion pores, some with docked vesicles. Note one inverted cup-shaped fusion pore (green arrow-
heads), with a docked synaptic vesicle (red arrowheads), shown at higher magnification in “b.”
(b) AFM micrograph shows a 37-nm synaptic vesicle docked to a 14-nm fusion pore at the cytoplasmic
compartment in the isolated synaptosomal membrane. (¢) AFM measurement of the fusion pores
(13.05+0.91) and attached synaptic vesicles (40.15+3.14) in the cytosolic compartment of the
synaptosome membrane (n=15). (d) Schematic illustration of a neuronal fusion pore showing
the eight vertical ridges and a central plug. (e) Photon correlation spectroscopy further demon-
strates fusion pores measuring 12—16 nm. (Figure from our earlier publication: Cell Biol. Int. 2007,
31:1301-1308). ®Bhanu Jena

circular disks measuring 0.5—-1 pm in diameter, with inverted cup-shaped structures
within [14]. The inverted cups at the cytosolic compartment of isolated pancreatic
plasma membrane preparations measure approximately 15 nm in height. On a
number of occasions, ZGs ranging in size from 0.4 to 1 pm in diameter are observed
in association with one or more of the inverted cups, suggesting the circular disks to
represent pits, and inverted cups porosomes, in inside-out pancreatic plasma mem-
brane preparations. To further confirm that the cup-shaped structures are porosomes
where secretory vesicles dock and fuse, immuno-AFM studies have been carried
out. Target membrane proteins SNAP-23 [61, 73] and syntaxin [62] (t-SNARE),
and secretory vesicle-associated membrane protein v-SNARE or VAMP [60], are
part of the conserved protein complex involved in fusion of opposing bilayers in
cells [58, 66, 67]. Since ZGs dock and fuse at the plasma membrane to release
vesicular contents, it was hypothesized that if the inverted cups or porosomes are
the secretory portals, then plasma membrane-associated t-SNAREs should
localize at the base of the cup-shaped structure. The t-SNARE protein SNAP-23
had previously been reported in pancreatic acinar cells [73]. A polyclonal monospe-
cific SNAP-23 antibody recognizing a single 23-kDa protein in western blots of
pancreatic plasma membrane fraction, when used in immuno-AFM studies, demon-
strated selective localization to the base of the cup-shaped structures ([14], Fig. 8).
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Fig. 8 Morphology of the cytosolic compartment of the porosome complex revealed in AFM
studies on isolated pancreatic plasma membrane preparations. (a) This AFM micrograph of
isolated plasma membrane preparation reveals the cytosolic compartment of a pit with inverted
cup-shaped porosomes. Note the 600 nm in diameter ZG at the left-hand corner of the pit.
(b) Higher magnification of the same pit demonstrates the presence of four to five porosomes within.
(¢) The cytosolic side of a single porosome is depicted in this AFM micrograph. (d) Immunoblot
analysis of 10 and 20 pg of pancreatic plasma membrane preparations, using SNAP-23 antibody,
demonstrates a single 23-kDa immunoreactive band. (e, f) The cytosolic side of the plasma membrane
demonstrates the presence of a pit with a number of porosomes within, shown before (e) and after
(f) addition of the SNAP-23 antibody. Note the increase in height of the porosome base revealed
by section analysis (bottom panel), demonstrating localization of SNAP-23 antibody to the base of
the porosome. (Figure from our earlier publication: Biophys J 2003, 84:1-7). ®Bhanu Jena

These results confirm that the inverted cup-shaped structures in inside-out pancreatic
plasma membrane preparations are indeed porosomes where secretory vesicles
transiently dock and fuse to release their contents during cell secretion. The size,
shape, and 3D contour map of immunoisolated porosome complex has also been
determined using both negative staining EM and AFM studies in exocrine pancreas
([14], Fig. 9), neurons ([10-12], Fig. 2), and astrocytes [74]. The immunoisolated
porosome complex has further been structurally and functionally reconstituted into
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Fig. 9 Electron micrograph from negatively stained preparation and AFM micrographs of immu-
noisolated porosome complex from the exocrine pancreas. (a) Negatively stained electron micrograph
of an immunoisolated porosome from solubilized pancreatic plasma membrane preparations, using
a SNAP-23-specific antibody. Note the three rings and the ten spokes that originate from the inner-
most small ring. This structure represents the protein backbone of the porosome complex. The
three rings and the vertical spikes are also observed in electron micrographs of intact cells and in
porosomes co-isolated with ZGs (bar=30 nm). (b) Electron micrograph of the porosome complex
depicted in “a,” and (c) an outline of the structure presented for clarity. (d—f) AFM micrograph of
isolated porosome complex in near physiological buffer (bar=30 nm). Note the structural similarity
of the complex, imaged both by TEM (g) and AFM (h). The TEM and AFM micrographs are super-
imposable (i). (Figure from our earlier publication: Biophys J 2003, 85:2035-2043). ®Bhanu Jena

artificial liposomes and lipid bilayer membrane ([10-12, 14], Fig. 10). Transmission
electron micrographs of pancreatic porosomes reconstituted into liposomes exhibit
a 150-200-nm cup-shaped basket-like morphology, similar to its native structure
observed in cells and when co-isolated with ZG preparations [14]. To test the func-
tionality of isolated porosomes, purified porosome preparations obtained from
exocrine pancreas or neurons have been reconstituted in lipid membrane of the
electrophysiological bilayer setup (EPC9) and exposed to isolated ZGs (Fig. 10) or
synaptic vesicle preparations. Electrical activity of the porosome-reconstituted
membrane, as well as the transport of vesicular contents from the cis to the trans
compartments of the bilayer chambers when monitored, demonstrates that the lipid
membrane-reconstituted porosomes are indeed functional [10, 14], since in the
presence of calcium, isolated secretory vesicles dock and transiently fuse at the
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Fig. 10 Lipid bilayer-reconstituted porosome complex is functional. (a) Schematic drawing of the
bilayer setup for electrophysiological measurements. (b) Zymogen granules (ZGs) added to the cis
compartment of the bilayer fuse with the reconstituted porosomes, as demonstrated by an increase
in capacitance and current activities, and a concomitant time-dependent release of amylase
(a major ZG content) to the trans compartment of the membrane. The movement of amylase from
the cis to the trans compartment of the chamber was determined by immunoblot analysis of the
contents in the cis and the trans chamber over time. (¢) As demonstrated by immunoblot analysis
of the immunoisolated complex, electrical measurements in the presence and absence of the chloride
ion channel blocker DIDS indicate the presence of chloride channels in association with the complex.
(Figure from our earlier publication: Biophys J 2003, 85:2035-2043). ®Bhanu Jena
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porosome to transfer intravesicular contents from the cis to the frans compartment
of the bilayer chamber. A time-dependent transport of the ZG enzyme amylase from
cis to the trans compartment of the bilayer chamber is demonstrated using immuno-
blot analysis of the buffer in the cis and trans compartments of the bilayer cham-
bers. In pancreas, chloride channel activity present at the reconstituted porosome
complex is critical to its activity, since the chloride channel blocker DIDS was
found to inhibit function of the reconstituted porosome (Fig. 10).

Similarly, the structure and biochemical composition of the neuronal porosome
and the docking and fusion of synaptic vesicles at the neuronal porosome complex
have been demonstrated. AFM, EM, and electron density measurements followed by
contour mapping, and 3D topography of the neuronal porosome, further provided an
understanding of the arrangement of proteins at nanometer resolution within the
complex ([12], Fig. 10). Results from these studies demonstrate that proteins at the
central plug of the porosome interact with proteins at the periphery of the complex,
conforming to its eightfold symmetry (Fig. 2d, e). Furthermore, at the center of the
porosome complex representing the porosome base, where synaptic vesicles dock
and transiently fuse, SNARE proteins are assembled in a ring conformation. In neu-
rons, this SNARE ring at the porosome base is composed of merely three SNARE
pairs [75, 76] having a 1-1.5 nm in diameter channel, for the express release of
neurotransmitters from fused synaptic vesicles via the porosome to the synaptic cleft.
These studies demonstrate that porosomes are permanent structures at the presynap-
tic membrane of nerve terminals, where synaptic vesicles transiently dock and fuse
to release neurotransmitters. Photon correlation spectroscopy (PCS) of isolated
porosome complexes further confirms that neuronal porosomes measure on average
12-15 nm (Fig. 2i). In PCS measurements, the size distribution of isolated porosome
complexes is obtained from plots of the relative intensity of light scattered by parti-
cles of known sizes and a calculation of their correlation function. Negative staining
EM performed using low electron dose, in a Tacnai 20 electron microscope operating
at 200 kV, further confirms the porosome size and demonstrates that proteins at the
central plug of the porosome complex interact with proteins at the periphery of the
structure [12]. Similar to AFM micrographs, approximately eight interconnected
protein densities are observed at the lip of the porosome complex in EM micrographs
(Fig. 2). The eight interconnected protein densities are also connected to the central
plug, via spoke-like elements. Electron density and contour maps, and the resultant
3D topology profiles of the porosome complex, provide further details of the circular
arrangement of proteins, and their connection to the central plug via distinct spoke-
like structures (Fig. 2e). The contour map of proteins within the neuronal porosome
complex has been determined using published approaches and procedures [77-80].
Results from these studies provide the arrangement of proteins at the nanometer
scale within the neuronal porosome complex. The next level of understanding of this
supramolecular structure requires electron crystallography on the isolated complex,
which are currently under way.

Biochemical analysis of the isolated porosome demonstrates the complex to be
composed of SNAP, syntaxin, cytoskeletal proteins actin, o.-fodrin, and vimentin, cal-
cium channels 33 and a1c, together with the SNARE regulatory protein NSF [13, 14].
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Chloride ion channels CIC2 and CIC3 have also been identified as part of the
porosome complex, critical to its function. Isoforms of the various proteins identi-
fied within the porosome complex have also been determined using 2D-BAC gels
electrophoresis. For example, three isoforms each of the calcium ion channel and
vimentin are found in porosomes. Using yeast two-hybrid analysis and immunoiso-
lation studies, the presence and direct interaction between some of these proteins
with t-SNAREs within the porosome complex have been established [81]. Besides
proteins, studies report that the neuronal porosome assembly requires membrane
cholesterol [11]. Results from studies [11] demonstrate a significant inhibition in
interactions between porosome-associated t-SNAREs and calcium channels follow-
ing depletion of membrane cholesterol. Since calcium is critical to SNARE-induced
membrane fusion, the loss of interaction between SNAP-25, Syntaxin-1, and cal-
cium channel at the neuronal porosome complex would seriously compromise or
even abrogate neurotransmission at the nerve terminal.

In summary, these studies demonstrate porosomes to be permanent supramo-
lecular lipoprotein structures at the cell plasma membrane where membrane-
bound secretory vesicles transiently dock and fuse to release intravesicular
contents to the outside. Porosomes, therefore, are the universal secretory portals
in cells [15-42].

Calcium and SNARE-Induced Membrane Fusion

In the past two decades, much progress has been made in our understanding of
membrane fusion in cells, beginning with the discovery of an N-ethylmaleimide-
sensitive factor (NSF) [59] and SNARE proteins [60—62], and the determination
of their participation in membrane fusion [58, 63, 64, 66, 82-84]. VAMP and
syntaxin are both integral membrane proteins, with the soluble SNAP-25 associat-
ing with syntaxin. Therefore, the understanding of SNARE-induced membrane
fusion requires determining the atomic arrangement and interactions between
membrane-associated v- and t-SNARE proteins. Ideally, the atomic coordinates
of membrane-associated SNARE complex using X-ray crystallography would
help to elucidate the chemistry of SNARE-induced membrane fusion in cells. So
far such structural details at the atomic level of membrane-associated t-/v-SNARE
complex have not been possible, primarily due to solubility problems of membrane-
associated SNAREs, compounded with the fact that v-SNARE and t-SNAREs need
to reside in opposing membranes when they meet, to assemble in a physiologically
relevant SNARE complex. The remaining option is the use of nuclear magnetic
resonance spectroscopy (NMR), which has been of little help, since the size of t-/v-
SNARE ring complex is beyond the optimal limit for NMR studies. Regardless,
high-resolution AFM force spectroscopy, and EM electron density map and 3D
topography of the SNARE ring complex have enabled an understanding of the
structure, assembly, and disassembly of membrane-associated t-/v-SNARE com-
plexes in physiological buffer solution [58, 63—66, 82, 83].
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The structure and arrangement of SNARESs associated with lipid bilayer were
first determined using AFM almost a decade ago [63]. Electrophysiological
measurements of membrane conductance and capacitance enabled the determina-
tion of fusion of v-SNARE-reconstituted liposomes with t-SNARE-reconstituted
membrane. Results from these studies demonstrated that t-SNAREs and v-SNARE
when present in opposing membrane interact and assemble in a circular array,
and in the presence of calcium, form conducting channels [63]. The interaction of
t-/v-SNARE proteins to form such conducting channels is strictly dependent on the
presence of t-SNAREs and v-SNARE in opposing membranes. Simple addition of
purified recombinant v-SNARE to a t-SNARE-reconstituted lipid membrane fails
to form the SNARE ring complex and is without influence on the electrical proper-
ties of the membrane [63], i.e., fails to form conducting channels. However, when
v-SNARE is reconstituted into liposomes, and these v-SNARE vesicles are added
to t-SNARE-reconstituted membrane, SNAREs assemble in a ring conformation,
and in the presence of calcium, establish continuity between the opposing mem-
brane bilayers. The establishment of continuity between the opposing t-SNARE-
and v-SNARE-reconstituted bilayers is reflected in the increase in membrane
capacitance and conductance. These results confirm that t- and v-SNAREs are
required to reside in opposing membrane, similar to their presence and function in
cells, to allow appropriate t-/v-SNARE interactions leading to the establishment of
continuity between opposing membranes [63, 64].

Calcium is critical to SNARE-induced membrane fusion. Studies using SNARE-
reconstituted liposomes and bilayers [58] further demonstrate a low fusion rate
(t=16 min) between t-SNARE-reconstituted and v-SNARE-reconstituted lipo-
somes in the absence of Ca?*. Exposure of t-/v-SNARE liposomes to Ca** drives
vesicle fusion on a near physiological relevant time scale (7~ 10 s), demonstrating
Ca?* and SNARESs in combination to be the universal fusion machinery in cells [58].
Native and synthetic vesicles exhibit a significant negative surface charge primarily
due to the polar phosphate head groups, generating a repulsive force that prevents
the aggregation and fusion of opposing vesicles. In cells, SNAREs provide direction
and specificity and bring opposing bilayers closer to within a distance of 2-3 A [58],
enabling Ca?* bridging and membrane fusion. The bound Ca* then leads to the
expulsion of water between the bilayers at the bridging site, leading to lipid mixing
and membrane fusion. Hence, SNAREs, besides bringing opposing bilayers
closer, dictate the site and size of the fusion area during cell secretion. The size of the
t-/v-SNARE complex is dictated by the curvature of the opposing membranes [64],
and hence smaller the vesicle, the smaller the t-/v-SNARE ring channel formed.

A unique set of chemical and physical properties of the Ca** ion make it ideal for
participating in the membrane fusion reaction. Calcium ion exists in its hydrated
state within cells. The properties of hydrated calcium have been extensively studied
using X-ray diffraction, neutron scattering, in combination with molecular dynam-
ics simulations [82, 85-87]. The molecular dynamic simulations include three-body
corrections compared with ab initio quantum mechanics/molecular mechanics
molecular dynamics simulations. First principle molecular dynamics has also been used
to investigate the structural, vibrational, and energetic properties of [Ca(H,0) **
clusters, and the hydration shell of the calcium ion. These studies demonstrate that



Calcium and SNARE-Induced Membrane Fusion 25

hydrated calcium [Ca(H,0) ]** has more than one shell around the Ca*, with the
first hydration shell having six water molecules in an octahedral arrangement [85].
In studies using light scattering and X-ray diffraction of SNARE-reconstituted
liposomes, it has been demonstrated that fusion proceeds only when Ca?* ions are
available between the t- and v-SNARE-apposed proteoliposomes [58, 66]. Mixing
of t- and v-SNARE proteoliposomes in the absence of Ca** leads to a diffuse and
asymmetric diffractogram in X-ray diffraction studies, a typical characteristic of
short range ordering in a liquid system [86]. By contrast, when t-SNARE and
v-SNARE proteoliposomes in the presence of Ca** are mixed, it leads to a more
structured diffractogram, with approximately a 12% increase in X-ray scattering
intensity, suggesting an increase in the number of contacts between opposing
bilayers, established presumably through calcium-phosphate bridges, as previously
suggested [58, 66, 87]. The ordering effect of Ca?* on inter-bilayer contacts observed
in X-ray studies [58] is in good agreement with light, AFM, and spectroscopic
studies, suggesting close apposition of PO-lipid head groups in the presence of Ca**,
followed by formation of Ca>*~PQ bridges between the adjacent bilayers [58, 66, 88].
X-ray diffraction studies show that the effect of Ca** on bilayer orientation and
inter-bilayer contacts is most prominent in the area of 3 A, with additional appear-
ance of a new peak at position 2.8 A, both of which are within the ionic radius of
Ca?* [58]. These studies further suggest that the ionic radius of Ca?* may make it an
ideal player in the membrane fusion reaction. Hydrated calcium [Ca(HZO)nJZ+, how-
ever, with a hydration shell having six water molecules and measuring ~6 A, would
be excluded from the t-/v-SNARE-apposed inter-bilayer space; hence, calcium has
to be present in the buffer solution when t-SNARE vesicles and v-SNARE vesicles
meet. Indeed, studies demonstrate that if t- and v-SNARE vesicles are allowed to
mix in a calcium-free buffer, there is no fusion following post-addition of calcium
[66]. How does calcium work? Calcium bridging of apposing bilayers may lead to
the release of water from the hydrated Ca** ion, leading to bilayer destabilization
and membrane fusion. Additionally, the binding of calcium to the phosphate head
groups of the apposing bilayers may also displace the loosely coordinated water at
the PO-lipid head groups, resulting in further dehydration, leading to destabilization
of the lipid bilayer and membrane fusion. Recent studies in the laboratory [67],
using molecular dynamics simulations in the isobaric—isothermal ensemble to deter-
mine whether Ca?* was capable of bridging opposing phospholipid head groups in
the early stages of the membrane fusion process, demonstrate indeed this to be the
case. Furthermore, the distance between the oxygen atoms of the opposing PO-lipid
head groups bridged by calcium is in agreement with the 2.8 A distance previously
determined using X-ray diffraction measurements. The hypothesis that there is loss
of coordinated water both from the hydrated calcium ion and from the oxygen of the
phospholipid head groups in opposing bilayers, following calcium bridging, is further
demonstrated from the study.

In the presence of ATP, the highly stable, membrane-directed, and self-assembled
t-/v-SNARE complex canbedisassembledbyasoluble ATPase, the N-ethylmaleimide-
sensitive factor (NSF) [82, 83, 89]. Careful examination of the partially disassembled
t-/v-SNARE bundles within the complex using AFM demonstrates a left-handed
super coiling of SNAREs. These results demonstrate that t-/v-SNARE disassembly
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Table 1 Secondary structural fit parameters of SNARE complex formation and dissociation [89]

Suspension (100 % f?) Membrane associated (100 xf)
Protein® a B O U Fit o B (0] U Fit
v-SNARE 4 36 18 43  0.19 0 30 32 38 0.21
t-SNAREs 66 34 0 0 0.02 20 15 21 44 0.84
v-/t-SNAREs 48 52 0 0 0.02 20 19 56 5 0.38
v-/t-SNAREs + NSF 20 25 0 55 0.07 18 6 8 68 0.2

v-/t-SNAREs + NSF + ATP 3 39 18 40 022 1 27 34 38 0.23

“Protein constructs: v-SNARE, VAMP2; t-SNARE's, SNAP-25 + syntaxin 1 A; NSF, N-ethylmaleimide
sensitive factor. ATP, adenosine triphosphate

°f fraction of residues is a given conformational class; ¢, o-helix; 8, B-sheet; O, other (sum of
turns, distorted helix, distorted sheet); U, unordered

°Fit, goodness of fit parameter expressed as normalized spectral fit standard deviation (nm)

requires the right-handed uncoiling of each SNARE bundle within the ring complex,
demonstrating NSF to behave as a right-handed molecular motor [82]. Furthermore,
studies using circular dichroism (CD) spectroscopy [89] report for the first time that
both t-SNAREs and v-SNARE and their complexes in buffered suspension exhibit
defined peaks at CD signals of 208 and 222 nm wavelengths, consistent with a
higher degree of helical secondary structure. Surprisingly, when incorporated in
lipid membrane, both SNARESs and their complexes exhibit reduced folding [89].
In conformation with AFM studies, NSF in the presence of ATP disassembles the
SNARE complex as reflected from the CD signals, demonstrating elimination of
a-helices within the structure ([89], Table 1). These results further demonstrate that
NSF-ATP is sufficient for the disassembly of the t-/v-SNARE complex. These studies
provide a molecular understanding of SNARE-induced membrane fusion in cells.

v- and t-SNAREs Need to Reside in Opposing Membrane
Jfor Appropriate Interactions and the Establishment
of Continuity Between Opposing Membranes

Purified recombinant t- and v-SNARE proteins, when applied to a lipid membrane,
form globular complexes (Fig. 11a—d) ranging in size from 30 to 100 nm in diame-
ter and 3 to 15 nm in height when examined using AFM. Section analysis of

Fig. 11 (continued) Three-dimensional AFM micrographs of neuronal t-SNARESs deposited on the
lipid membrane (b), and following the addition of v-SNARE (c). Section analysis of the SNARE
complex in (b) and (c) is depicted in (d). Note the smaller curve belonging to the t-SNARE complex
in (b) is markedly enlarged following addition of v-SNARE. Artificial bilayer lipid membranes are
nonconducting either in the presence or in the absence of SNARE:s (e, f). Current verses time traces
of bilayer membranes containing proteins involved in docking and fusion of synaptic vesicles while
the membranes are held at —.60 mV (current/reference voltage). (¢) When t-SNAREs are added to
the planar lipid bilayer containing the synaptic vesicle protein, VAMP-2, no occurrence of current
spike for fusion event at the bilayer membrane is observed (n="7). (f) Similarly, no current spike is
observed when t-SNARESs (syntaxin 1A-1 and SNAP25) are added to the cis side of a bilayer cham-
ber following with VAMP-2. Increasing the concentration of t-SNAREs and VAMP-2 protein
(Figure from our earlier publication: Biophys J 2002, 83:2522-2527). ®Bhanu Jena




Calcium and SNARE-Induced Membrane Fusion 27

E
c
o
e

E
= o
0's 0 06

tSNAREs

e

T

tSNAREs
RN

Crl

2 MIN

|

vd 01

Fig. 11 AFM micrographs and force plots of mica and lipid surface and of SNAREs on lipid mem-
brane. AFM performed on freshly cleaved mica (a, left), and on lipid membrane formed on the same
mica surface (a, right), demonstrating differences in the force versus distant curves. Note the curvi-
linear shape exhibited in the force versus distant curves of the lipid surface in contrast to mica.

(0] (<]



28 NanoCellBiology of Secretion

t-SNARE complexes (Fig. 11d) in lipid membrane, prior to (Fig. 11b), and following
addition of v-SNARE (Fig. 11c), demonstrates changes only in the size of the com-
plex. A 5% increase in diameter and 40% increase in height were observed follow-
ing addition of v-SNARE in suspension to t-SNARE-reconstituted lipid membrane.
Concomitant electrophysiological studies using the bilayer EPC9 setup demon-
strated no chance in membrane conductance, supporting the AFM observations.
Addition of t-SNAREs to v-SNARE-reconstituted lipid membranes did not alter
membrane current (Fig. 11e). Similarly, when t-SNAREs were added to the lipid
membrane prior to addition of v-SNARE, no change in the baseline current of the
bilayer membrane was demonstrated (Fig. 11f). By contrast, when t-SNAREs and
v-SNARE in opposing bilayers were exposed to each other, they interact and arrange
in circular pattern, forming channel-like structures (Fig. 12a—d). These channels are
conducting, since some vesicles are seen to have discharged their contents and are
therefore flattened (Fig. 12b), measuring only 10-15 nm in height as compared with
the 40-60-nm size of filled vesicles (Fig. 12a). Since the t-/v-SNARE complex lies
between the opposing bilayers, the discharged vesicles clearly reveal the t-/v-
SNARE ring complexes with a channel at the center (Fig. 12b—d). On the contrary,
unfused v-SNARE vesicles associated with the t-SNARE-reconstituted lipid
membrane exhibit only the vesicle profile (Fig. 12a). These high-resolution
morphological studies using AFM demonstrate that the t-/v-SNARE arrangement
is in a circular array, having a channel-like opening at the center of the complex.
To further determine if the t-/v-SNARE channels were capable of establishing
continuity between the opposing bilayers, changes in current across the bilayer were
examined using the EPC9 electrophysiological setup. T-SNARE vesicles containing
the antifungal agent nystatin and the cholesterol homologue ergosterol were added
to the cis compartment of the bilayer chamber containing v-SNARE in the bilayer
membrane. Nystatin in the presence of ergosterol forms a cation-conducting
channel in lipid membranes [84, 88, 90, 91]. When vesicles containing nystatin and
ergosterol incorporate into an ergosterol-free membrane, a current spike can be
observed since the nystatin channel collapses as ergosterol diffuses into the lipid
membrane [88, 91, 92]. As a positive control, a KCl gradient was established to test
the ability of vesicles to establish continuity at the lipid membrane (410 mM
cis:150 mM trans). The KC1 gradient provided a driving force for vesicle fusion that
is independent of the presence of SNARE proteins [88]. When t-SNARE vesicles
were exposed to v-SNARE-reconstituted bilayers, vesicles established continuity
with the membrane (Fig. 12e). Fusions of t-SNARE containing vesicles with the
membrane were observed as current spikes. To verify if the channel-like structures
were continuous across the membrane, capacitance and conductance measurements
of the membrane were carried out (Fig. 13a). Phospholipid vesicles that come in
contact with the bilayer membrane do not readily fuse with the membrane. When
v-SNARE-reconstituted phospholipid vesicles were added to the cis compartment
of the bilayer chamber, a small increase in capacitance and a simultaneous increase
in conductance was observed with little or no further increase over a 5 min period.
This initial increase, with no further change in conductance or capacitance, is
consistent with vesicles making contact with the membrane but not fusing (Fig. 12b).
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Fig. 12 Pore-like structures are formed when t-SNARESs and v-SNARE in opposing bilayers interact.
(a) Unfused v-SNARE vesicles on t-SNARE-reconstituted lipid membrane. (b) Dislodgement and/
or fusion of v-SNARE-reconstituted vesicles with a t-SNARE-reconstituted lipid membrane
exhibit formation of channel-like structures due to the interaction of v- and t-SNARE: in a circular
array. The size of these channels range between 50 and 150 nm (b—d). Several 3D AFM amplitude
images of SNARESs arranged in a circular array (c) and some at higher resolution (d), illustrating a
channel-like structure at the center is depicted. Scale bar is 100 nm. Recombinant t-SNAREs and
v-SNARE in opposing bilayers drive membrane fusion. (¢) When t-SNARE vesicles were exposed
to v-SNARE-reconstituted bilayers, vesicles fused. Vesicles containing nystatin/ergosterol and
t-SNAREs were added to the cis side of the bilayer chamber. Fusion of t-SNARE containing vesi-
cles with the membrane observed as current spikes that collapse as the nystatin spreads into the
bilayer membrane. To determine membrane stability, the transmembrane gradient of KCI was
increased, allowing gradient-driven fusion of nystatin-associated vesicles (Figure from our earlier
publication: Biophys J 2002, 83:2522-2527). ®Bhanu Jena
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Fig. 13 Opposing bilayers containing t- and v-SNAREs interact in a circular array to form
conducting pores. (a) Schematic diagram of the bilayer-electrophysiology setup. (b) Lipid vesicle
containing nystatin channels (in red) and both vesicles and membrane bilayer without SNAREs
demonstrate no significant changes in capacitance and conductance. Initial increase in conductance
and capacitance are due to vesicle-membrane attachment. To demonstrate membrane stability
(both bilayer membrane and vesicles), the transmembrane gradient of KCI was increased to allow
gradient-driven fusion and a concomitance increase in conductance and capacitance. (¢) When
t-SNARE vesicles were added to a v-SNARE membrane support, the SNARESs in opposing bilay-
ers arranged in a ring pattern, forming pores (as seen in the AFM micrograph on the extreme right)
and there were seen stepwise increases in capacitance and conductance (=60 mV holding poten-
tial). Docking and fusion of the vesicle at the bilayer membrane open vesicle-associated nystatin
channels and SNARE-induced pore formation, allowing conductance of ions from the cis to the
trans side of the bilayer membrane. Then further addition of KCl to induce gradient-driven fusion
resulted in little or no further increase in conductance and capacitance, demonstrating docked
vesicles have already fused (Figure from our earlier publication: Biophys J 2002, 83:2522-2527).
“Bhanu Jena
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These vesicles were fusogenic, since a salt (KCl) gradient across the bilayer mem-
brane, inducing fusion of vesicles with the lipid membrane. When t-SNARE
vesicles containing nystatin and ergosterol were added to the cis compartment of
the bilayer chamber, an initial increase in capacitance and conductance occurred
followed by a stepwise increase in both membrane capacitance and conductance
(Fig. 13c), along with several fusion events observed as current spikes in separate
recordings (Fig. 12e). The stepwise increase in capacitance demonstrates that the
docked t-SNARE vesicles are continuous with the bilayer membrane. The simultaneous
increase in membrane conductance is a reflection of the vesicle-associated nystatin
channels that are conducting through SNARE-induced channels formed, allowing
conductance of ions from the cis to the trans compartment of the bilayer chamber.
SNARE-induced fusion occurs at an average rate of four t-SNARE vesicle incorpo-
rations every 5 min into the v-SNARE-reconstituted bilayer without osmotic
pressure, compared with six vesicles using a KCI gradient (n=7). These studies
demonstrate that when opposing bilayers meet, t-SNARES in one membrane inter-
act with v-SNARE:s in the opposing membrane to form a conducting t-/v-SNARE
ring complex in the presence of calcium [63].

Membrane Curvature Dictates the Size
of the SNARE Ring Complex

SNARE ring complexes ranging in size from approximately 15 to 300 nm in diam-
eter are formed when t-SNARE-reconstituted and v-SNARE-reconstituted artificial
lipid vesicles meet. Since vesicle curvature would dictate the contact area between
opposing vesicles, this broad spectrum of SNARE complexes observed may be due
to the interaction between SNARE-reconstituted vesicles of different sizes. To test
this hypothesis, t-SNARE- and v-SNARE-reconstituted proteoliposomes of distinct
diameters were used [64]. Lipid vesicles of different sizes used in the study were
isolated using published extrusion method [58]. The size of each vesicle population
was further assessed using the AFM (Fig. 14). AFM section analysis demonstrates
the presence of small 40-50 nm in diameter vesicles isolated using a 50-nm extruder
filter (Fig. 14a, b). Similarly, representative samples of large vesicles measuring
150-200 and 800-1,000 nm were obtained using different size filters in the extruder.
Such large vesicles are shown in the AFM micrograph (Fig. 14c, d). Analysis of
vesicle size using photon correlation spectroscopy further confirmed the uniformity
in the size of vesicles within each vesicle population. The morphology and size of the
SNARE complex formed by the interaction of t-SNARE- and v-SNARE-reconstituted
vesicles of different diameters were examined using the AFM (Fig. 15). In each
case, the t-SNARE and v-SNARE proteins in opposing proteoliposomes interact
and self-assemble in a circular pattern, forming channel-like structures. The interaction
and arrangement of SNARESs in a characteristic ring pattern were observed for all
populations of proteoliposomes examined (Fig. 15a—d). However, the size of the SNARE
complex was demonstrated to be dictated by the diameter of the proteoliposomes
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Fig. 14 AFM micrograph of t-SNARE- and v-SNARE-reconstituted liposomes of different sizes.
Note the ~40-50-nm vesicles (a, b), the ~150-nm (¢), and ~800-nm vesicle (d) (Figure from our
earlier publication: J Am Chem Soc 2005, 127:10156-10157). °®Bhanu Jena

used (Fig. 15, [64]). When small (~50 nm) t-SNARE- or v-SNARE-reconstituted
vesicles were allowed to interact with t-SNARE- or v-SNARE-reconstituted
membrane, small SNARE-ring complexes were generated (Fig. 15a, b, [64]). With
increase in the diameter of proteoliposomes, larger t-/v-SNARE complexes were
formed (Fig. 15c¢, d). A strong linear relationship between size of the SNARE com-
plex and vesicle diameter is further demonstrated from these studies (Fig. 16, [64]).
The experimental data fit well with the high correlation coefficient, R?=0.9725
between vesicle diameter and SNARE complex size (Fig. 16).

Disassembly of the t-/v-SNARE Complex

Studies demonstrate that the soluble N-ethylmaleimide-sensitive factor (NSF), an
ATPase, disassembles the t-/v-SNARE complex in the presence of ATP [83]. This
study was also the first conformation by direct physical observation that NSF-ATP is
sufficient for SNARE complex disassembly. In this study, using purified recombi-
nant NSF, and t- and v-SNARE-reconstituted liposomes, the disassembly of the
t-/v-SNARE complex was examined. Lipid vesicles ranging in size from 0.2 to 2 pm
were reconstituted with either t-SNAREs or v-SNARE. Kinetics of association and
dissociation of t-SNARE- and v-SNARE-reconstituted liposomes in solution, in the
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Fig. 15 Representative AFM micrograph of t-/v-SNARE complexes formed when small (a, b) or
large (¢, d) t-SNARE- and v-SNARE-reconstituted vesicles interact with each other. Note the
formation of different size¢ SNARE complexes, which are arranged in a ring pattern. Bar=20 nm.
AFM section analysis (d) shows the size of a large SNARE complex (Figure from our earlier
publication: J Am Chem Soc 2005, 127:10156-10157). ®°Bhanu Jena

presence or absence of NSF, ATP, and AMP-PNP (the nonhydrolyzable ATP analog),
were monitored by right angle light scattering (Fig. 17a, b). Addition of NSF and
ATP to the t/v-SNARE-vesicle mixture led to a rapid and significant increase in
intensity of light scattering (Fig. 17a, b), suggesting rapid disassembly of the SNARE
complex and dissociation of vesicles. Dissociation of t-/v-SNARE vesicles occurs on
a logarithmic scale that can be expressed by first-order equation, with rate constant
k=1.1 s7' (Fig. 17b). To determine whether NSF-induced dissociation of t- and
v-SNARE vesicles is energy driven, experiments were performed in the presence
and absence of ATP and AMP-PNP. No significant change with NSF alone, or in the
presence of NSF-AMP-PNP, was observed (Fig. 17c). These results demonstrate
that t-/v-SNARE disassembly is an enzymatic and energy-driven process.

To further confirm the ability of NSF-ATP in the disassembly of the t-/v-SNARE
complex, immunochemical studies were performed. It has been demonstrated that



34 NanoCellBiology of Secretion

v-SNARE t-SNARE t-lv-SNARE
Vesicle Vesicle Complex

p oo oN

w - R =0.9725
e 8
*
=z E £
w '-; o
! =]
20 N
X ‘_é' =
b
=] (=]
=]

go <
(7]

(=]

0 200 400 600 800 1000

Size of Vesicle (nm)

Fig. 16 SNARE complex is directly proportional to vesicle diameter. Schematic diagram depict-
ing the interaction of t-SNARE- and v-SNARE-reconstituted vesicles. At the extreme right, is a
single t-/v-SNARE complex imaged by AFM (a). AFM images of vesicles before and after their
removal by the AFM cantilever tip, exposing the t-/v-SNARE complex (b). Interacting t-SNARE-
and v-SNARE vesicles imaged by AFM at low (<200 pN) and high forces (300-500 pN). Note, at
low imaging forces, only the vesicle profile is imaged (left ¢). However at higher forces, the soft
vesicle is flattened, allowing the SNARE complex to be imaged (right ¢). Plot of vesicle diameter
vs. size of the SNARE complex. Note the high correlation coefficient (R*=0.9725) between vesicle
diameter and the size of the SNARE complex (d) (Figure from our earlier publication: J Am Chem
Soc 2005, 127:10156-10157). ®Bhanu Jena
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Fig. 17 NSF-ATP-induced dissociation of t-SNARE- and v-SNARE-associated liposomes. (a) Real-
time light scattering profiles of interacting t-SNARE and v-SNARE vesicles in solution in the
presence and absence of NSF (depicted by arrow). In the presence of ATP, NSF rapidly disas-
sembles the SNARE complex and dissociates SNARE vesicles represented as a rapid increase in
light scattering. No change in light scattering is observed when ATP is replaced with the nonhy-
drolyzable analog AMP-PNP. (b) Kinetics of NSF-induced dissociation. The graph depicts first-
order kinetics of vesicles dissociation elicited by NSF-ATP. (¢) NSF requires ATP to dissociate
vesicles. NSF in the presence of ATP dissociates vesicles (p<0.05, n=4, Student’s f test). However,
NSF alone or NSF in the presence of AMP-PNP had no effect on the light scattering properties of
SNARE-associated vesicle (p>0.05, n=4, Student’s test). (d) When t- and v-SNARE vesicles are
mixed in the presence or absence of ATP, NSF, NSF+ ATP, or NSF+ AMP-PNP, and resolved by
SDS-PAGE followed by immunoblots using syntaxin-1-specific antibody, t-/v-SNARE disassem-
bly was found to be complete only in the presence of NSF-ATP (e). Densitometric scan of the
bands reveals significant changes in SNARE complex and syntaxin-1 reactivity only when NSF
and ATP were included in reaction mixture (p<0.05, n=3; and p<0.01, n=3, Student’st test)
(Figure from our earlier publication: J Am Chem Soc 2006, 128:26-27). ®Bhanu Jena
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Fig. 18 AFM micrographs of NSF-ATP-induced disassembly of the t-/v-SNARE ring complex.
Representative AFM micrograph of t-/v-SNARE complexes formed when large (fop panel a) or
small (bottom panel a) t-/v-SNARE ring complexes are formed due to the interaction of large and
small v-SNARE-reconstituted vesicles interact with a t-SNARE-reconstituted lipid membrane.
Bar=250 nm. (b) Disassembly of large t-/v-SNARE complex. Bar=250 nm. (¢) High resolution
of a t-/v-SNARE ring complex, and a disassembled one (d) (Figure from our earlier publication:
J Am Chem Soc 2006, 128:26-27). ®Bhanu Jena

v-SNARE and t-SNAREs form an SDS-resistant complex [10]. NSF binds to
SNARESs and forms a stable complex when locked in the ATP-bound state (ATP—
NSF). Thus, in the presence of ATP+EDTA, VAMP antibody has been demon-
strated to be able to co-immunoprecipitate this stable NSF-SNARE complex [93].
Therefore, when t- and v-SNARE vesicles were mixed in the presence or absence
of ATP, NSF, NSF+ ATP, or NSF+ AMP-PNP, and resolved using SDS-PAGE fol-
lowed by immunoblot analysis using syntaxin-1-specific antibody, t-/v-SNARE dis-
assembly was found to be complete only in the presence of NSF-ATP (Fig. 17d, e).
To further confirm these findings (Fig. 17), direct observation of the t-/'v-SNARE
complex disassembly was assessed using AFM. When purified recombinant
t-SNARESs and v-SNARE in opposing bilayers interact and self-assemble to form
supramolecular ring complexes, they disassembled when exposed to recombinant
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Fig. 19 AFM micrographs of NSF-ATP-induced disassembly of the t-/v-SNARE complex formed
when v-SNARE is added to a t-SNARE-reconstituted lipid membrane. The left panel (a—d) shows
at low resolution, the sequential AFM micrographs of one of the ten representative experiments,
where v-SNARE is added to a t-SNARE-reconstituted lipid membrane, followed by NSF and then
ATP. Note the dramatic disassembly of the SNARE complexes in (d). The right panel shows at
higher resolution, the disassembly of one of such SNARE complexes (Figure from our earlier
publication: J Am Chem Soc 2006, 128:26-27). ®Bhanu Jena
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NSF and ATP, as observed at nanometer resolution using AFM (Fig. 18). Since
SNARE ring complex requires v-SNARE and t-SNAREs to be membrane associ-
ated, suggested that NSF may require the t-/v-SNARE complex to be arranged in a
specific configuration or pattern, for it to bind and disassemble the complex in the
presence of ATP. To test this hypothesis, t-SNARESs followed by v-SNARE, NSF,
and ATP were added to a lipid membrane and continuously imaged in buffer by
AFM (Fig. 19). Results from this study demonstrate that both SNARE complexes
either in the presence or in the absence of membrane disassemble [83]. Furthermore,
close examination using AFM, the NSF-ATP-induced disassembly of SNARE
complex, demonstrates NSF to function as a right-handed molecular motor [82].

CD Spectroscopy Confirms Membrane Requirement
Jor Appropriate t-/v-SNARE Assembly and Sufficiency
of NSF-ATP for Its Disassembly

The overall secondary structural content of full-length neuronal v-SNARE and
t-SNARESs, and the t-/v-SNARE complex, both in suspension and in association
with membrane, has been determined by CD spectroscopy using an Olis DSM 17
spectrometer [89]. Circular dichroism spectroscopy reveals that v-SNARE in
buffered suspension (Fig. 20ai), when incorporated into liposomes (Fig. 20bi),
exhibits reduced folding (Table 1). This loss of secondary structure following incor-
poration of full-length v-SNARE in membrane may be a result of self-association
of the hydrophobic regions of the protein in the absence of membrane. When
incorporated into liposomes, v-SNARE may freely unfold without the artifactual
induction of secondary structure, as reflective of the lack in CD signals at 208 and
222 nm, distinct for a-helical content. The t-SNARESs (Fig. 20aii, bii) show clearly
defined peaks at both these wavelengths, consistent with a higher degree of helical
secondary structures formed both in buffered suspension and in membrane, at ca.
66% and 20%, respectively (Table 1). Again, the membrane-associated SNAREs
exhibit less helical content than when in suspension. Similarly, there appears to be
a dramatic difference in the CD signal observed in t-/v-SNARE complexes in
suspension, and those complexes that are formed when membrane-associated
SNARE:s interact (Fig. 20aiii, biii). Interestingly, there is no increase in secondary
structure upon complex formation. Rather, the CD spectra of the complexes are
identical to a combination of individual spectra. Moreover, membrane-associated
t-/v-SNARE:s are less folded than the purified SNARE complex. This data supports
previous AFM results that lipid is required for proper arrangement of the SNARE
proteins in membrane fusion. Addition of NSF to the t-/v-SNARE complex results
in an increase in the unordered fraction (Fig. 20aiv, biv; Table 1), which may be
attributed to an overall disordered secondary structure of the NSF, and not neces-
sarily unfolding of the t-/v-SNARE complex. By contrast, activation of NSF by
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Fig. 20 Circular dichroism data reflecting structural changes to SNAREs, both in suspension and
in association with membrane. Structural changes, following the assembly and disassembly of the
t-/v-SNARE complex is further shown. (a) CD spectra of purified full-length SNARE proteins in
suspension and (b) in association with membrane; their assembly and NSF-ATP-induced disassembly
are demonstrated. (i) v-SNARE; (ii) t-SNARE:s; (iii) t-/v-SNARE complex; (iv) t-/v-SNARE + NSF,
and (v) t-/v-SNARE+NSF+2.5 mM ATP are shown. CD spectra were recorded at 25°C in 5 mM
sodium phosphate buffer (pH 7.5) at a protein concentration of 10 uM. In each experiment, 30
scans were averaged per sample for enhanced signal to noise, and data were acquired on duplicate
independent samples to ensure reproducibility (Figure from our earlier publication: Chem Phys
Lett 2008, 462:6-9). °®Bhanu Jena

the addition of ATP almost completely abolishes all a-helical content within the
multiprotein complex (Fig. 20av, bv). This direct observation of the helical unfold-
ing of the SNARE complex using CD spectroscopy under physiologically relevant
conditions (i.e., in membrane-associated SNAREs) confirms earlier AFM reports on
NSF-ATP-induced t-/v-SNARE complex disassembly [83]. In further agreement
with previously reported studies using the AFM, the consequence of ATP addition
to the t-/v-SNARE-NSF complex is disassembly, regardless of whether the t-/v-
SNARE +NSF complex is membrane associated or in buffered suspension. These
studies further demonstrate that higher SNARE protein concentrations are without
influence on the membrane-directed self-assembly of the SNARE complex [89].
In summary, the CD results demonstrate that v-SNARE in suspension, when incor-
porated into liposomes, exhibits reduced folding. Similarly, t-SNAREs which
exhibit clearly defined peaks at CD signals of 208 and 222 nm wavelengths, consistent
with a higher degree of helical secondary structure in both the soluble and liposome-
associated forms, exhibit reduced folding when membrane associated. ATP-induced
activation of NSF bound to the t-/v-SNARE complex results in disassembly of the
SNARE complex, eliminating all o-helices within the structure. In addition, these
studies are a further confirmation of earlier reports [83] that NSF-ATP is sufficient
for the disassembly of the t-/v-SNARE complex.
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Fig. 21 Wide-angle X-ray diffraction patterns on interacting lipid vesicles. Representative diffrac-
tion profiles from one of the four separate experiments using plain and t- and v-SNARE-reconsti-
tuted lipid vesicles, both in the presence or in the absence of 5 mM Ca?*, are shown. Note the shift
in the major peak to the right, when t-SNARE- and v-SNARE-reconstituted vesicles interact
(Figure from our earlier publication: Cell Biol Int 2004, 28:19-31). ®Bhanu Jena

SNAREs Bring Opposing Bilayers into Close Approximation,
Enabling Calcium Bridging and Membrane Fusion

Diffraction patterns of nonreconstituted vesicles and t- and v-SNARE-reconstituted
vesicles in the absence and presence of 5 mM Ca*" are shown for comparison in
Fig. 21. To our knowledge, these are the first recorded wide-angle diffractograms of
unilamellar vesicles, in the 2-4 A diffraction range [58]. They have broad pattern
spanning 260 which ranges approximately 23—48° or d values of 3.9-1.9 A with
sharp drop off intensity on either side of the range. Relatively, broad feature of
diffractogram indicate multitude of contacts between atoms of one vesicle as well
between different vesicles during collision. However, two broad peaks are visible
on the diffractogram, the stronger one at 3.1 A and a weaker one at 1.9 A. They indicate
that the greatest number of contacts between them have these two distances.
Addition of Ca?* or incorporation of SNAREs at the vesicles membrane or both
influence both peaks within the 2.1-3.3 A intensity range (Fig. 21). However, the
influence of Ca?*, SNARES, or both is more visible on peak positioned at 3.1 A in
form of an increased I _of arbitrary units and 26. This increase in /___at the 3.1 A
can be explained in terms of increased vesicle pairing and/or a decrease in distance
between apposed vesicles. Incorporation of t- and v-SNARE proteins at the vesicle
membrane allows for tight vesicle—vesicle interaction, which is demonstrated again
asan/__shifts to 30.5 or 2.9 A from 3.1 A. Ca?* and SNAREs work in manner that
induces a much higher increase in peak intensity with appearance of shoulders on
both sides of the peak at 2.8 and 3.4 A (Fig. 21). This indicates an increase in number
of vesicle contact points at a constant distance between them. Vesicles containing
either t- or v-SNARESs have little effect on the X-ray scattering patterns. Only as
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Fig. 22 The possible establishment of a leak-proof SNARE ring complex channel is demonstrated
(a). Size of the t-/v-SNARE ring complex is directly proportional to the size of the SNARE-
associated vesicle (b). Different sizes of v-SNARE-associated vesicles, when interact with
t-SNARE-associated membrane (white circle), demonstrate the SNARE ring size to be directly
proportional to the vesicle size. When a 50 nm in diameter v-SNARE-reconstituted vesicle inter-
acts with a t-SNARE-reconstituted membrane, an 11 nm in diameter t-/v-SNARE ring complex is
formed. Similarly, the present study demonstrates that when a 50 nm in diameter v-SNARE-recon-
stituted vesicle interacts with a 50 nm in diameter t-SNARE-reconstituted vesicle, a 8 nm in diam-
eter t-/v-SNARE ring complex is established (black diamond). Analogous to the 11 nm in diameter
t-/v-SNARE ring complexes formed when 50 nm v-SNARE vesicles meet a t-SNARE-reconsti-
tuted planer membrane (b), approximately 11 nm in diameter t-/v-SNARE ring complexes are
formed when 50 nm in diameter synaptic vesicles meet a t-SNARE-reconstituted planer membrane
(¢, d) (Figure from our earlier publication: J Cell Mol Med 2011, 15:31-37). ®Bhanu Jena

discussed above, when t-SNARE- and v-SNARE-reconstituted vesicles were brought
together, did we detect a change in the X-ray diffraction pattern. Since exposure of
t-SNARE vesicle and v-SNARE vesicle mixture to Ca®* results in maximum increase
in a.u. and 26 using X-ray diffraction, the effect of Ca** on fusion and aggregation
of t-/v-SNARE vesicles were examined using light scattering, light microscopy,
AFM, fluorescent dequenching, and electrical measurements of fusion [58].

In recent studies [65], using high-resolution electron microscopy, the electron
density maps and 3D topography of the membrane-directed SNARE ring complex
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were determined at nanometer resolution (Fig. 22). Similar to the t-/v-SNARE ring
complex formed when 50-nm v-SNARE liposomes meet a t-SNARE-reconstituted
planer membrane, SNARE rings are also formed when 50 nm in diameter isolated
synaptic vesicles meet at-SNARE-reconstituted planer lipid membrane. Furthermore,
the mathematical prediction of the SNARE ring complex size with reasonable
accuracy and the possible mechanism of membrane-directed t-/v-SNARE ring com-
plex assembly were determined from the study. Using both liposome-reconstituted
recombinant t-/v-SNARE proteins and native v-SNARE present in isolated synaptic
vesicle membrane, the membrane-directed molecular assembly of the neuronal
SNARE complex was revealed for the first time and its size mathematically pre-
dicted [65]. These results provide a new molecular understanding of the universal
machinery and mechanism of membrane fusion in cells, having fundamental
implications in human health and disease.

Membrane Lipids Influence SNARE Complex
and Assembly-Disassembly

Cholesterol and lysophosphatidylcholine (LPC) are known to contribute to the
negative and positive curvature, respectively, of membranes [94, 95]. Studies
demonstrate [96] that membrane-containing LPC generates larger SNARE ring
complexes (Fig. 23), where the a-helical component of the complex is little affected
by NSF-ATP [96]. By contrast, cholesterol-containing membrane produces smaller
SNARE ring complexes that readily disassemble in the presence of NSF-ATP
(Fig. 23, [96]). Using CD spectroscopy, SNARE ring complexes formed in the
presence of either cholesterol or LPC demonstrate profound differences. As previ-
ously demonstrated [89], high a-helical content in t-SNARE and t-/v-SNARE
complexes are present in both. However, in the presence of NSF and ATP, peaks at
208 and 222 nm, characteristic of a-helical secondary structure, are abolished in
the cholesterol groups. CD spectrographs on membrane-associated v-SNARE
display little signal, as previously demonstrated [89]; however, v-SNARE recon-
stituted in liposomes containing cholesterol displays CD signals for a-helical
content. By contrast, the LPC groups exhibit no signal for a-helical content. This
was the first report that membrane curvature-influencing lipids profoundly influ-
ence SNARE complex size and its disassembly [96]. As previously reported [89]
in membrane containing no cholesterol or LPC, NSF-ATP induces disassembly of
the a-helical contents, not the B-sheet structures in the t-/v-SNARE complex. By
contrast, in the presence of LPC, NSF-ATP induces disassembly of the [3-sheet
structures, and not the a-helical structures within the SNARE complex. Studies
implicate cholesterol’s role in membrane fusion to be indirect, centered on SNARE
formation through cholesterol binding to synaptophysin, a calcium- and cholesterol-
dependent vesicle-associated protein which forms a complex with synaptobrevin
(VAMP), subsequently facilitating v-SNARE interaction with t-SNAREs [97]. In
the in vitro cholesterol/LPC study [96] however, no synaptophysin is present to
influence such interactions of cholesterol with SNARESs, and therefore little or no
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Fig. 23 Representative AFM micrographs of approximately 50 nm in diameter liposomes and the
t-/v-SNARE ring complexes formed when such cholesterol or LPC containing t-SNARE and
v-SNARE proteoliposomes meet [96]. Note the 50-53 nm in diameter cholesterol-containing lipo-
somes (a—c). Similar size LPC-containing vesicles were prepared and observed using the AFM
(data not shown). Note the 6.89+0.61 nm t-/v-SNARE ring complexes formed when approxi-
mately 50 nm in diameter t-SNARE-cholesterol-liposomes interact with 50 nm v-SNARE-
cholesterol vesicles (d, f). Similarly, 7.746+0.646 nm t-/v-SNARE ring complexes are formed
when cholesterol is replaced by LPC (e, f).(*p <0.001). (Figure from our earlier publication: J Am
Chem Soc 2010, 132:5596-5597). ®Bhanu Jena



Fig. 24 Representative AFM micrographs demonstrating LPC containing t-/v-SNARE proteoli-
posome complexes fail to dissociate in the presence of NSF-ATP. Exposure of cholesterol-
associated t-SNARE and v-SNARE liposome mixtures (a, b, low and high magnification) to
NSF-ATP results in liposome dissociation as demonstrated in (c¢) at low magnification and (d) at
higher magnification. By contrast, LPC-associated t-/v-SNARE liposomes (e, f) remain clustered
(g, h) following exposure to NSF-ATP (Figure from our earlier publication: J Cell Mol Med 2011,
doi:10.1111/§.1582-4934.2011.01433.x). ®Bhanu Jena
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effect of cholesterol is demonstrated on the a-helical and B-sheet content of
membrane-associated SNARESs and the SNARE complex. The influence of LPC
on SNARE assembly—disassembly has been further tested using AFM and X-ray
diffraction studies (Fig. 24). Two sets of 50 nm in diameter liposomes, one set
containing cholesterol and the other LPC, were reconstituted with either t-SNAREs
or v-SNARE for use. Exposure of cholesterol-associated t-SNARE and v-SNARE
liposome mixtures resulted in the formation of vesicle clusters due to the interac-
tion of t-SNARE in one vesicle interacting with v-SNARE in the opposing vesicle,
as observed using AFM (Fig. 24a, b). Exposure of the vesicle clusters to NSF-ATP
resulted in dissociation of the clusters due to NSF—ATP-induced t-/v-SNARE
complex disassembly (Fig. 24c¢, d). The presence of vesicles as monomers or dimers
is observed following t-/v-SNARE disassembly (Fig. 24d). By contrast, exposure
of LPC-associated t-SNARE and v-SNARE liposome mixtures to NSF-ATP
resulted in little or no NSF-ATP-induced disassembly, and consequently the accu-
mulation of vesicles in clusters (Fig. 24e—h).

To further determine the influence of LPC and cholesterol on the interaction
between t-SNARE and v-SNARE vesicles, X-ray diffraction studies have been
carried out. Recordings made of vesicles in solution in thel.54-5.9 A diffraction
range exhibit the characteristic broad diffraction pattern, spanning 26 ranges
26.67-42.45° or d values of 2.1-3.3 A. The diffractogram trace exhibits a pattern
typical of short-range ordering in a liquid system, indicating a multitude of contacts
between interacting vesicles, the majority being in the 3 A region. In agreement
with AFM studies, X-ray studies demonstrate larger clusters and consequently
much less diffraction by the LPC vesicles compared with cholesterol. The distance
however between vesicles is determined to be closer in the cholesterol population
(3.05 A) than in the LPC group (3.33 A).

These findings support the existence of direct lipid—protein interactions to
differentially modulate SNARE function within various cellular compartments.
Modulating the concentration and distribution of such nonbilayer lipids at various
membranes could regulate the efficacy and potency of membrane fusion and
membrane-directed SNARE complex assembly—disassembly in cells. Cells with
higher membrane cholesterol levels, would promote membrane fusion, while cells
with increased membrane LPC content would facilitate secretory event longevity by
inhibiting SNARE complex disassembly. This hypothesis has recently been tested
in live cells ([98], Fig. 25).

To determine the role of cholesterol and LPC on t-/v-SNARE complex disassembly
in live cells, studies have been carried out in brain and pancreatic tissue prepara-
tions (Fig. 25). Isolated rat brain slices exposed to cholesterol, LPC, or vehicle
(control) were used in the study. The brain tissue was stimulated using 30 mM KCl,
followed by immunoblot analysis. Since v-SNARE and t-SNAREs form an SDS-
resistant complex, and NSF binds to the complex in the presence of ATP (NSF-
ATP) [93], both control and experimental brains were solubilized in the presence
of ATP-EDTA, and a SNARE antibody used to immunoisolate the stable NSF—t-/
v-SNARE complex [93]. Results from the study demonstrate that in stimulated
brain slices, inhibition of t-/v-SNARE complex disassembly in the presence of LPC
is observed, further confirming AFM, X-ray, and DLS experiments (Fig. 25d).
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Fig. 25 SNARE complexes in the presence of LPC fail to disassemble. (a) Real-time dynamic
light scattering (DLS) profiles on cholesterol-associated (CHOL) and LPC-associated t-/'v-SNARE
liposomes in the presence of NSF—ATP. There is no appreciable dissociation of the LPC vesicles
in contrast to a rapid ATP-dependent dissociation of CHOL vesicles (p<0.001). (b) Note the dis-
sociation of cholesterol-associated t-/v-SNARE vesicles occurs with rate constant k=0.03 s~!, and
(¢) a relatively slow dissociation in LPC vesicles (k=0.01 s7!). (d) Following KCI stimulation,
isolated brain slices preincubated in CHOL, LPC, or vehicle (CON) are solubilized in buffer con-
taining ATP-EDTA, and 10 pg of protein resolved by SDS-PAGE, followed by immunoblot anal-
ysis using SNAP-25-specific antibody; negligible disassembly of the t-/v-SNARE complex is
demonstrated in brain tissue preincubated in LPC, as opposed to the control (CON) or CHOL.
Similarly exocrine pancreas preincubated in LPC demonstrates reduced disassembly of the t-/v-
SNARE complex following stimulation of secretion using 1 uM carbamylcholine (Figure from our
earlier publication: J Cell Mol Med 2011, doi:10.1111/j.1582-4934.2011.01433.x). ®Bhanu Jena

These results suggest that in the presence of LPC, once v-SNARE-associated secre-
tory vesicles interact with t-SNARE membrane to form the t-/v-SNARE ring com-
plex and establish continuity, the complex fails to disassemble, resulting in an
inhibition of subsequent rounds of vesicle docking and fusion. To further test this
hypothesis in live cells, the experiment was repeated using exocrine pancreas.
Following incubation in LPC, cholesterol, or vehicle, when stimulated exocrine
pancreas were examined by immunoblot analysis using SNAP-23-specific antibody
(Fig. 25d), results confirmed the inhibitory effect of LPC on SNARE complex disas-
sembly also in live pancreatic acinar cells. These results are in agreement with ear-
lier findings supporting LPC to be a membrane fusion inhibitor [99].
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0 min

Fig. 26 The swelling dynamics of ZGs in live pancreatic acinar cells. (a) Electron micrograph of
pancreatic acinar cells showing the basolaterally located nucleus (N) and the apically located ZGs.
The apical end of the cell faces the acinar lumen (L). Bar=2.5 um. (b—d) The apical ends of live
pancreatic acinar cells were imaged by AFM, showing ZGs (red and green arrowheads) lying just
below the apical plasma membrane. Exposure of the cell to a secretory stimulus using 1 uM
carbamylcholine resulted in ZG swelling within 2.5 min, followed by a decrease in ZG size after
5 min. The decrease in size of ZGs after 5 min is due to the release of secretory products such as
a-amylase, as demonstrated by the immunoblot assay (e) (Figure from our earlier publication: Cell
Biol Int 2004, 28:709-716). ®©Bhanu Jena

Secretion Involves Vesicle Swelling and Content Expulsion

Secretory Vesicle Swelling Is Required for the Expulsion
of Intravesicular Contents During Cell Secretion

In the past 15 years, the dynamics of intracellular membrane-bound secretory vesi-
cles ranging in size from 200-1,200 nm in pancreatic acinar cells to 35-50 nm in
neurons have been extensively studied, shedding light on the molecular process
involved in vesicular discharge during cell secretion [68-70, 100-104]. Live
pancreatic acinar cells in near physiological buffer, when imaged using the AFM,
reveal at nanometer resolution the size of ZG lying immediately below the surface
of the apical plasma membrane [68]. Within 2.5 min of exposure to a secretory
stimulus, a majority of ZGs within cells swell, followed by a decrease in ZG size,
and a concomitant release of secretory products [68]. These studies directly demon-
strated intracellular swelling of secretory vesicles following stimulation of cell
secretion in live cells, and vesicle deflation following partial discharge of vesicular
contents. Furthermore, a direct estimation of vesicle size dynamics at nanometer
resolution under various experimental conditions has enabled the determination of
the molecular mechanism of secretory vesicle swelling [69, 70, 100-104]. AFM and
PCS have been major players in these studies.

When live pancreatic acinar cells (Fig. 26) in near physiological buffer are imaged
using the AFM at high force (200-300 pN), ZGs lying immediately beneath the apical
plasma membrane of the cell (Fig. 26b) are observed. Within 2.5 min of exposure to a
physiological secretory stimulus (1 uM carbamylcholine), a majority of ZGs within
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Fig. 27 Swelling of isolated ZGs. (a) Electron micrograph of isolated ZGs demonstrating a homo-
geneous preparation. Bar=2.5 pm. (b, ¢) Isolated ZGs, on exposure to 20 uM GTP, swell rapidly.
Note the enlargement of ZGs as determined by AFM section analysis of two vesicles (red and
green arrowheads). (d) Percent ZG volume increase in response to 20 uM GTP. Note how different
ZGs respond to the GTP-induced swelling differently (Figure from our earlier publication: Cell
Biol Int 2004, 28:709-716). ®©Bhanu Jena

cells swell (Fig. 26c), followed by a decrease in ZG size (Fig. 26d) by which time
most of the release of secretory products from within ZGs have occurred (Fig. 26e).
These studies reveal in live cells intracellular swelling of secretory vesicles following
stimulation of secretion and their deflation following partial discharge of vesicular
contents. Measurement of intracellular ZG size further demonstrates that different
vesicles swell differently following a secretory stimulus. For example in Fig. 26b, c,
the ZG marked by the red arrowhead demonstrated a 23-25% increase in diameter, in
contrast to the ZG labeled green, with only 10—11% increase. This differential swelling
among ZGs within the same cell may explain why following stimulation of cell
secretion, some intracellular ZGs demonstrate the presence of less vesicular content
than others and hence have discharged more of their contents [105]. To determine
precisely the role of secretory vesicle swelling in vesicle—plasma membrane fusion
and in the expulsion of intravesicular contents, an electrophysiological porosome-
reconstituted lipid bilayer fusion assay [14, 68] has been employed. The ZGs used in
the bilayer fusion assays are characterized for their purity and their ability to respond
to a swelling stimulus. ZGs are isolated using a published procedure [69] and their
purity assessed using electron microscopy (Fig. 27a). As previously reported [69, 100,
104], exposure of isolated ZGs (Fig. 27b) to GTP resulted in ZG swelling (Fig. 27¢).
Once again, similar to what is observed in live acinar cells (Fig. 26), each isolated ZG
responds differently to the same swelling stimulus (Fig. 27). For example, the red
arrowhead points to a ZG whose diameter increased by 29% as opposed to the green
arrowhead pointing ZG that increased only by a modest 8% (Fig. 27b). The differential
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response of isolated ZGs to GTP has been further assessed by measuring changes in
the volume of isolated ZGs of different sizes (Fig. 27d). ZGs in the exocrine pancreas
range in size from 0.2 to 1.2 um in diameter [69]. Not all ZGs are found to swell fol-
lowing a GTP challenge. Most ZG volume increases were between 5% and 20%.
However, larger increases of up to 45% are observed in vesicles ranging in size from
250 to 750 nm in diameter (Fig. 27d). These studies demonstrate that following
stimulation of secretion, ZGs within pancreatic acinar cells swell, followed by a
release of intravesicular contents through porosomes [6, 7, 13, 14] at the cell plasma
membrane, and a return to resting size on completion of secretion. On the contrary,
isolated ZGs stay swollen following exposure to GTP/Mas, since there is no release
of the intravesicular contents. In pancreatic acinar cells, little secretion is detected
2.5 min following stimulation of cell secretion, although the ZGs within them are fully
swollen (Fig. 26¢). However, at 5 min following stimulation, ZGs deflated and the
intravesicular a-amylase is released from the acinar cell (Fig. 26e), suggesting the
involvement of ZG swelling in cell secretion.

In the electrophysiological bilayer fusion assay (Fig. 28, [68]), immunoisolated
porosomes from the exocrine pancreas are isolated and functionally reconstituted
[14] into the lipid membrane of the bilayer apparatus where membrane conductance
and capacitance are continually monitored (Fig. 28a). Reconstitution of the
porosome into the lipid membrane results in a small increase in capacitance
(Fig. 28b), due to increase in membrane surface area contributed by the incorpora-
tion of porosomes ranging in size from 100 to 150 nm in diameter [14]. In the presence
of calcium, when isolated ZGs are added to the cis compartment of the bilayer
chamber, they dock and fuse at the porosome-reconstituted lipid membrane
(Fig. 28a), detected as a step increase in membrane capacitance (Fig. 28b). However,
even after 15 min of ZG addition to the cis compartment of the bilayer chamber,
little or no release of the intravesicular enzyme a-amylase is detected in the trans
compartment of the chamber (Fig. 28c, d). On the contrary, exposure of ZGs to
20 uM GTP induced swelling [69, 101, 105] and results both in the potentiation of
fusion and in a robust expulsion of o-amylase into the trans compartment of the
bilayer chamber (Fig. 28c, d). These studies demonstrate that during cell secretion,
secretory vesicle swelling is required for the efficient and precisely regulated expul-
sion of intravesicular contents. Within minutes or even seconds following a secre-
tory stimulus, empty and partially empty secretory vesicles accumulate within cells
[105-108]. There may be two possible explanations for such accumulation of par-
tially empty vesicles. Following fusion at the porosome, secretory vesicles may
either remain fused for a brief period and therefore time would be the limiting factor
for partial expulsion, or inadequately swell and therefore unable to generate the
required intravesicular pressure for complete vesicular discharge. Data in Fig. 28
suggest that it would be highly unlikely that generation of partially empty vesicles
results from brief periods of vesicle fusion at porosomes. Following addition of ZGs
to the cis compartment of the bilayer apparatus, membrane capacitance continues to
increase; however, little or no detectable secretion occurs even after 15 min (Fig. 28),
suggesting that either variable degrees of vesicle swelling or repetitive cycles of
fusion and swelling of the same vesicle or both may operate during secretion. Under
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Fig. 28 Fusion of isolated ZGs at porosome-reconstituted bilayer and GTP-induced expulsion of
a-amylase. (a) Schematic diagram of the EPC9 bilayer apparatus showing the cis and trans
chambers. Isolated ZGs when added to the cis chamber fuse at the bilayer-reconstituted porosome.
Addition of GTP to the cis chamber induces ZG swelling and expulsion of its contents such as
a-amylase to the trans bilayer chamber. (b) Capacitance traces of the lipid bilayer from three sepa-
rate experiments following reconstitution of porosomes (green arrowhead), addition of ZGs to the
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these circumstances, empty and partially empty vesicles could be generated within
cells following secretion. To test this hypothesis, two key parameters have been
examined [68]. One, whether the extent of swelling is same for all ZGs exposed to
a certain concentration of GTP, and two, whether ZG are capable of swelling to dif-
ferent degrees. And if they are capable of differential swelling, whether there is a
correlation between extent of swelling and the quantity of intravesicular contents
expelled. The answer to the first question is: different ZGs respond to the same
stimulus differently (Fig. 26). It is demonstrated [68] that different ZGs within cells
or in isolation undergo different degrees of swelling even though they are exposed
to the same stimulus: carbamylcholine for live pancreatic acinar cells, and GTP for
isolated ZGs (Figs. 26b—d and 27b—d). The requirement of ZG swelling for expul-
sion of vesicular contents has been further confirmed when a GTP dose-dependent
increase in ZG swelling (Fig. 29a—c) is translated to a concomitant increase in secretion
of a-amylase (Fig. 29d). Although higher GTP concentrations elicit increased ZG
swelling, the extent of swelling between ZGs varies.

To determine if a similar or an alternate mechanism is responsible for the release
of secretory products in a fast secretory cell, the neuron, synaptosomes, and synap-
tic vesicles from rat brain have been utilized in studies [68]. Since the synaptic
vesicle membrane is known to possess the heterotrimeric G, protein, we hypothe-
sized GTP and the GTP-binding G-protein agonist mastoparan (Mas) to mediated
vesicle swelling. To test this hypothesis, isolated synaptosomes (Fig. 30a) were
lysed to obtain synaptic vesicles and synaptosomal membrane preparations. Isolated
synaptosomal membrane when placed on mica and imaged by AFM in near physi-
ological buffer reveals on its cytosolic compartment the presence of 35-50 nm in
diameter synaptic vesicles docked to porosomes at the presynaptic membrane
(Fig. 30b—d). Analogous to ZGs, exposure of synaptic vesicles (Fig. 30b) to 20 uM
GTP (Fig. 30c), results in swelling and a concomitant increase in synaptic vesicle
size. Exposure to Ca* results in the transient fusion of synaptic vesicles at the
porosome in the presynaptic membrane, resulting in expulsion of intravesicular
contents, and a consequent decrease in synaptic vesicle size (Fig. 30d, e). In
Fig. 30b—d, the blue arrowhead points to a synaptic vesicle undergoing such a pro-
cess. Additionally, as observed in ZGs of the exocrine pancreas, not all synaptic
vesicles swell, and if they do, they exhibit differential swelling even though they
have been exposed to the same stimulus. This differential response of synaptic ves-

<
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Fig. 28 (continued) cis chamber (blue arrowhead), and the red arrowhead represents the 5-min
time point after ZG addition. Note the small increase in membrane capacitance following porosome
reconstitution, and a greater increase when ZGs fuse at the bilayers. (c) In a separate experiment,
15 min after addition of ZGs to the cis chamber, 20 uM GTP was introduced. Note the increase in
capacitance, demonstrating potentiation of ZG fusion. Flickers in current trace represent current
activity. (d) Immunoblot analysis of a-amylase in the trans chamber fluid at different times
following exposure to ZGs and GTP. Note the undetectable levels of a-amylase even up to 15 min
following ZG fusion at the bilayer. However, following exposure to GTP, significant amounts of
a-amylase from within ZGs were expelled into the trans bilayer chamber (Figure from our earlier
publication: Cell Biol Int 2004, 28:709-716). ®°Bhanu Jena
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Fig. 29 The extent of ZG swelling is directly proportional to the amount of intravesicular contents
released. (a) AFM micrographs showing the GTP dose-dependent increase in swelling of isolated
ZGs. (b) Note the AFM section analysis of a single ZG (red arrowhead), showing the height and
relative width at resting (control, red outline), following exposure to 5 uM GTP (green outline) and
10 uM GTP (white outline). (c) Graph demonstrating the GTP dose-dependent percent increase in
ZG volume. Data are expressed as mean+SEM. (d) Immunoblot analysis of o-amylase in the trans
chamber fluid of the bilayer chamber following exposure to different doses of GTP. Note the GTP
dose-dependent increase in ai-amylase release from within ZGs fused at the cis side of the reconsti-
tuted bilayer (Figure from our earlier publication: Cell Biol Int 2004, 28:709-716). ®Bhanu Jena

icles within the same nerve ending may dictate and regulate the potency and effi-
cacy of neurotransmitter release at the nerve terminal. To further confirm synaptic
vesicle swelling and determine the swelling rate, dynamic light scattering and pho-
ton correlation spectroscopy experiments have been carried out. Light scattering
studies demonstrate a mastoparan dose-dependent increase in synaptic vesicle
swelling (Fig. 30f). Twenty micromolar mastoparan (Mas 7) induces a time-dependent
(s) increase in synaptic vesicle size (Fig. 30g), as opposed to the control peptide
Mast-17. Results from these studies demonstrate that following stimulation of cell
secretion, ZGs, the membrane-bound secretory vesicles in exocrine pancreas swell.
Different ZGs swell differently, and the extent of their swelling dictates the amount
of intravesicular contents expelled. ZG swelling is therefore a requirement for the
precise and regulated expulsion of vesicular contents in the exocrine pancreas.
Similar to ZGs, synaptic vesicles swell to enable the release of neurotransmitters at
the nerve terminal. This mechanism of intravesicular discharge during cell secretion
may explain why partially empty vesicles accumulate in secretory cells [105-108]
following secretion. The presence of empty secretory vesicles could result from
multiple cycles of fusion—swelling—expulsion—dissociation, a vesicle undergoes
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Fig. 30 Synaptic vesicles swell in response to GTP and mastoparan, and vesicle swelling is
required for neurotransmitter release. (a) Electron micrographs of brain synaptosomes, demon-
strating the presence of 40-50-nm synaptic vesicles within. Bar=200 nm. (b) AFM micrographs
of synaptosomal membrane, demonstrating the presence of 40-50-nm synaptic vesicles docked to
the cytosolic face of the presynaptic membrane. (¢) Exposure of the synaptic vesicles to 20 uM
GTP results in vesicle swelling (blue arrowhead). (d, e) Furthermore, addition of calcium results
in the transient fusion of the synaptic vesicles at porosomes in the presynaptic membrane of the
nerve terminal and expulsion of intravesicular contents. Note the decrease in size of the synaptic
vesicle following content expulsion. (f) Light scattering assays on isolated synaptic vesicles dem-
onstrates the mastoparan dose-dependent increase in vesicle swelling (n=>5), and further confirms
the AFM results. (g) Exposure of isolated synaptic vesicles to 20 pM mastoparan demonstrates a
time-dependent (in seconds) increase in their swelling. Note the control peptide mast-17 has little
or no effect on synaptic vesicle swelling (Figure from our earlier publication: Cell Biol Int 2004,
28:709-716). °®Bhanu Jena

during the secretory process. These results reflect the precise and regulated nature
of secretion, both in the exocrine pancreas and in neurons.

Molecular Mechanism of Secretory Vesicle Swelling

Our understanding of the molecular mechanism of secretory vesicle swelling has
greatly advanced in the past 15 years. Isolated secretory vesicles, single vesicle patch,
and reconstituted swelling-competent proteoliposomes have been utilized [69, 70,
100-104, 109] to determine the mechanism and regulation of vesicle swelling.
Isolated ZGs from the exocrine pancreas swell rapidly in response to GTP [69, 70],
suggesting rapid water gating into ZGs. Results from studies demonstrate the
presence of the water channel aquaporin-1 (AQP1) at the ZG membrane [70] and
aquaporin-6 (AQP6) at the synaptic vesicle membrane [100] and their participation
in GTP-mediated water entry and vesicle swelling. Furthermore, the molecular
regulation of AQP1 at the ZG membrane has been studied [101], providing a general
mechanism of secretory vesicle swelling. Detergent-solubilized ZGs immunoiso-
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Fig. 31 One (1D) and two dimensionally (2D) resolved, AQP1-immunoisolated proteins from
solubilized pancreatic ZG preparations (a, b) and red blood cells (c¢), using an AQP1-specific
antibody. The 2D-resolved proteins were coumassie stained and the 1D-resolved proteins transferred
to nitrocellulose membranes for immunoblot analysis. Note the identification in the immunoisolates
of seven spots in the coumassie-stained 2D-resolved gel (a). Immunoblot analysis of the 1D-resolved
immunoisolated proteins demonstrates the presence of PLA,, G ,,, the potassium channel IRK-8,
and chloride channel CIC-2 (b). Similarly, in red blood cells, PLA, and G, immunoreactive bands
are detected (c¢). Lower molecular weight bands may represent proteolytic cleavage products (Figure
from our earlier publication: Cell Biol Int 2004, 28:7-17). ®Bhanu Jena
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Fig. 32 ZG volume changes measured using AFM. AFM micrographs demonstrating swelling of
isolated ZGs in response to 40 uM GTP (a). Histogram showing changes in ZG volume following
exposure of isolated ZGs to GTP, and to the inhibitor of the chloride channel, DIDS, to the inhibi-
tor of the potassium channel, glyburide, or to the inhibitor of PLAZ, ONO-RS-082 (b). Note the
significant inhibition of GTP-induced ZG swelling in the presence of glyburide or ONO-RS-082.
DIDS has little effect on GTP-induced ZG swelling. Values represent mean+SE of mean of the
number of ZGs (in parenthesis), which were randomly selected. A significant (p<0.01) inhibition
(*) in the presence of glyburide or ONO-RS-082 was demonstrated (Figure from our earlier pub-
lication: Cell Biol Int 2004, 28:7-17). °®Bhanu Jena
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Fig. 33 AFM micrographs of liposomes demonstrating functional reconstitution of the immunoi-
solated AQP1 complex. Note swelling of the reconstituted liposomes in response to GTP (a) panel
left is control and panel right is 5 min following GTP exposure. Exposure of the chloride channel
inhibitor DIDS did not inhibit GTP-induced swelling (b); however, the PLA, inhibitor ONO-RS-082
(c), the potassium channel inhibitor glyburide (d), and the inhibitory AQP1-specific antibody
inhibited GTP-induced swelling (f). The G_-stimulable peptide mastoparan demonstrates no addi-
tional effect on swelling over GTP (e); hence, the GTP effect is mediated through the G, protein
(Figure from our earlier publication: Cell Biol Int 2004, 28:7-17). ®Bhanu Jena

lated using monoclonal AQP-1 antibody co-isolates AQP1, PLA2, GaB, potassium
channel IRK-8, and the chloride channel CIC-2 ([101], Figs. 31-34). Exposure of
ZGs to either the potassium channel blocker glyburide or the PLA2 inhibitor
ONO-RS-082 blocks GTP-induced ZG swelling. Red blood cells known to possess
AQP1 at the plasma membrane also swell on exposure to the G, agonist mastoparan
and responds similarly to ONO-RS-082 and glyburide, as do ZGs [101]. Artificial
liposomes reconstituted with the AQP1 immunoisolated complex from solubilized
ZG preparation also swell in response to GTP. Glyburide or ONO-RS-082 is found
to abrogate the GTP effect in reconstituted liposomes. AQP1 immunoisolate-recon-
stituted planar lipid membrane demonstrates conductance, which is sensitive to
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Fig. 34 Percent volume changes in reconstituted liposomes measured by AFM. Estimation of the
changes in liposome volume demonstrates a 12—15% increase, 5 min following exposure to 40 uM
GTP. No significant change in GTP-induced liposome swelling is observed following exposure to
the chloride channel inhibitor DIDS or to the G -stimulable peptide mastoparan. Similar to the
responses in ZGs, exposure of the reconstituted liposomes to the PLA, inhibitor ONO-RS-082,
the potassium channel inhibitor glyburide, and the AQP1-specific antibody significantly inhibits the
GTP effect. Values represent mean = SE of mean of randomly selected liposomes (in parenthesis).
A significant (p<0.01) inhibition (¥) in the presence of glyburide, ONO-RS-082, and the AQP1-
specific antibody, is demonstrated (Figure from our earlier publication: Cell Biol Int 2004, 28:7-17).
“Bhanu Jena

glyburide and an AQP1-specific antibody. These results demonstrate a Gai3-PLA2
mediated pathway and potassium channel involvement in AQP1 regulation at the
7ZG membrane [101], contributing to ZG swelling. Similarly, AQP-6 involvement has
been demonstrated in GTP-induced and G -mediated synaptic vesicle swelling in
neurons [100].

To further characterize the ion channels present at the secretory vesicle membrane,
for the first time studies were carried out using single ZG patch [109]. These studies
confirm earlier findings of the presence of both potassium and chloride ion channels
at the ZG membrane. In these studies, the electrical activity at the ZG membrane
displays a range of sensitivity both to chloride and to potassium channel blockers.
Whole vesicle conductance was decreased with the addition of the chloride channel
blocker, DIDS, and the ATP K +channel blocker, glyburide, in both vesicles patches
and indirect analysis, supporting the hypothesis for the presence of more than one
channel type [109]. This finding was further confirmed immunochemically using
western blot analysis, and as speculated, the presence of two chloride channels,
CLC-2 and CLC-3, was observed [109]. Also consistent with pharmacological evidence
was the presence of ATP-sensitive potassium channel, Kir6.1, in western blot
analysis of the ZGs. This is surprising since Kir6.2 is the predominant form of
potassium channels in B-cells of the endocrine pancreas [109].
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Fig. 35 Association of 3, adrenergic receptor with synaptic vesicles (SV). Purity of synaptosomes
(a, b) and SV (c) was determined using transmission electron microscopy (a, bar=100 nm), atomic
force microscopy (b, bar=1 pum, and ¢), and immunoblot analysis (d) on total rat brain homoge-
nate (BH), synaptosome (SS), and SV (SV). Note the clean 1-2-um mushroom-shaped synato-
somes (b) and the 35-50-nm SV (c¢) preparations in the atomic force micrographs. Immunoblot
analysis of 10 pg protein each of BH, SS, and SV demonstrates the presence of G protein, and
the enriched presence of SV proteins VAMP-2 and the water channel AQP6. Note the enriched
presence of B,AR in the SV fraction (Figure from our earlier publication: J Cell Mol Med 2010,
15:572-576). ®°Bhanu Jena

Presence of Functional B-Adrenergic Receptors
at the Synaptic Vesicle Membrane

Since mastoparan, an amphiphilic tetradecapeptide from wasp venom, activates G
protein GTPase and stimulates synaptic vesicle swelling, the presence of B-adrener-
gic receptor at the synaptic vesicle membrane was hypothesized. Stimulation of G
proteins is believed to occur via insertion of mastoparan into the phospholipid
membrane to form a highly structured a-helix that resembles the intracellular loops



Secretion Involves Vesicle Swelling and Content Expulsion 59

KDa IP- Bz AR IP' GO:«O
100 -
75-

«f> AR

Fig. 36 Interaction of 3, adrenergic receptor with G __ protein in synaptic vesicles (SV). Detergent-
solubilized SV preparation immunoprecipitated using 3,AR-specific antibody results in co-isolation
of the 45-kDa G _ protein, suggesting their physical association in SV. Similarly, when detergent-
solubilized SV preparation was immunoprecipitated using G_ -specific antibody and the resultant
isolate was then probed with the ,AR-specific antibody, the 68-kDa [3,AR protein is co-isolated.
The dark band represented by (*) is the heavy chain of the antibody used in immunoprecipitation
reaction (Figure from our earlier publication: J Cell Mol Med 2010, 15:572-576). °®Bhanu Jena

of G protein-coupled adrenergic receptors. Consequently, the presence of adreno-
ceptors and of an endogenous -adrenergic agonist at the synaptic vesicle membrane
has been investigated. Immunoblot analysis of synaptic vesicle using [3-adrenergic
receptor antibody (Figs. 34 and 35), and vesicle swelling experiments using
B-adrenergic agonists and antagonists, demonstrate the presence of functional
B-adrenergic receptors at the synaptic vesicle membrane (Figs. 37 and 38, [104]).
Electron microscopy (EM) (Fig. 35a), AFM (Fig. 35b, c¢), and immunoblot analysis
(Fig. 35d) demonstrated a highly enriched synaptosome (SS) and synaptic vesicle
(SV) preparation. Immunoblot analysis demonstrates the SV preparation to be
enriched in VAMP-2 and AQP-6 (Fig. 35d), both SV-specific proteins [100].
Additionally, in conformation with earlier findings [100], the GTP-binding G__ pro-
tein is found to associate with the SV preparation. Collectively, these studies dem-
onstrate the isolation of a highly enriched SV preparation from rat brain tissue, for
SV swelling and B,AR immunolocalization assays. To determine the relative con-
centration of B,AR in SV, immunoblot analysis was performed using 10 ug each of
total brain homogenate (BH), isolated synaptosome (SS), and synaptic vesicle (SV)
fractions (Fig. 34). In conformation with earlier findings [110], B,AR was present
both in the BH and in the SS fraction. However, for the first time, and in confor-
mation with our hypothesis, §,AR was demonstrated to be present and enriched in
the SV fraction (Fig. 35d).
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Fig. 37 P, adrenergic receptors in synaptic vesicles (SV) are functional. Photon correlation
spectroscopy (PCS) used in the determination of SV size. Exposure of SV to 40 uM GTP and
40 uM mastoparan results in a significant increase in SV size (control). However, exposure of SV
to the B,AR antagonist alprenolol (APN) demonstrates inhibition of the GTP-mastoparan-mediated
SV swelling. Note the significant (n=6, **p<0.001) inhibition of GTP-mastoparan-mediated SV
swelling in the presence of 10 nM APN. Exposure of the 10 nM APN-treated SV to the ,AR
agonist isoproterenol (ISO) demonstrated a dose-dependent increase (n=6, *p<0.05) in SV size
(Figure from our earlier publication: J Cell Mol Med 2010, 15:572-576). ©Bhanu Jena

Upon binding to endogenous activators, adrenergic receptors undergo a confor-
mational change that leads to the activation of heterotrimeric GTP-binding proteins
[13]. Different groups of adrenergic receptors couple to and activate only certain G
protein types, thus leading to specific intracellular signals [111]. Our immunoblot
assays demonstrate the enriched presence of 2 adrenergic receptors in the SV
fraction; therefore, the physical interaction of SV-associated G and B2 adrenergic
receptors was investigated. To determine the co-association of G and 3,AR at the SV,
immunopulldown and immunoblot analyses were carried out. Detergent-solubilized
SV preparations were immunoprecipitated using 3,AR-specific antibody and the
resultant isolate was probed with a G_ -specific primary antibody. Results from
the study demonstrate the co-isolation of a 45-kDa G _ -specific protein, suggesting the
physical association of G_  and the 3,AR in SV (Fig. 36). To further confirm this
interaction, the detergent-solubilized SV preparation was once again immunopre-
cipitated, this time using G_ -specific antibody and the resultant isolate probed with
the B,AR-specific antibody. Once again in agreement, our results demonstrate



Secretion Involves Vesicle Swelling and Content Expulsion 61

Cytosol

B-adrenergic
receptor
I'4

Synaptic Vesicle

Fig. 38 Schematic diagram of synaptic vesicle membrane, depicting the presence and participa-
tion of B,AR-G_ , vH*-ATPase, and the water channel AQP®6, is vesicle swelling. The current study
shows that GTP-binding G __ protein is stimulated by the activated 3,AR via its endogenous ligand.
Earlier studies demonstrate the involvement of vH*-ATPase in GTP-G_ -mediated synaptic vesicle
swelling. Bafilomycin (BM)-sensitive (red X) vesicle acidification following the GTP-G_ stimu-
lus has also been demonstrated, and since water channels are bidirectional and the vH*-ATPase
inhibitor BM decreases the volume of both isolated SV- and GTP-mastoparan-stimulated swell-
ing, suggests VH*-ATPase to be upstream of AQP-6. Therefore, the SV swelling pathway involves
occupancy of the B,AR and, as a consequence, the activation of the GTP-binding G, protein fol-
lowed by activation of vH*-ATPase and transport of water via AQP6 into SV (Figure from our
earlier publication: J Cell Mol Med 2010, 15:572-576). “Bhanu Jena

the co-isolation of the 68-kDa B,AR and G_, suggesting the physical association
of G and B,AR in SV (Fig. 36).

The functional state of the B,AR in SV and its role in regulating SV swelling were
determined using photon correlation spectroscopy (PCS) in the presence and absence
of both B,AR agonist (isoproterenol) and antagonist (alprenolol). Conforming with
earlier studies [100], exposure of SV to 40 uM GTP and 40 uM mastoparan resulted
in a significant increase in SV size. When SV preparations were exposed to various
concentrations of the B, adrenergic receptor antagonist alprenolol, GTP- and mas-
toparan-induced swelling was decreased in a dose-dependent manner. Ten nanomolar
alprenolol significantly decreases the GTP/mastoparan-induced SV swelling (Fig. 37).
To determine the effect of 3, adrenergic receptor agonist isoproterenol, increasing
concentrations (100, 200, and 500 nM) of the ligand were used following alprenolol
inhibition. Results from this study demonstrate that all three concentrations of the ago-
nist significantly stimulate GTP/mastoparan-induced SV swelling, with 500 nM iso-
proterenol having the greatest effect (Fig. 37). Pre-exposure of SV to alprenolol
resulted in isoproterenol stimulation of GTP/mastoparan-induced SV swelling
(Fig. 37), suggesting that perhaps 3, adrenergic receptors are already preoccupied by
some endogenous ligand, and the receptor-ligand complex may be present in a desen-
sitized state at the SV membrane. Therefore, following exposure to alprenolol, the
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antagonist is able to dislodge this endogenous ligand from the receptor, enabling the
agonist isoproterenol to then replace the antagonist alprenolol to bind and stimulate
the SV-associated B, adrenergic receptor, causing SV swelling.

These studies demonstrate for the first time that functional B, adrenergic recep-
tors, and endogenous ligands, are associated with SV, regulating vesicle swelling in
neurons. Since vH*-ATPase activity is upstream of AQP-6 in the pathway leading
from G_ -stimulated swelling of SV, binding of the endogenous B-adrenergic agonist
to its receptors at the SV membrane likely initiates the swelling cascade (Fig. 38).

Conclusion

In this chapter, the current understanding of the cellular and molecular physiology of
secretion is presented. Porosomes are specialized plasma membrane structures uni-
versally present in secretory cells, from exocrine and endocrine cells to neuroendo-
crine cells and neurons. Since porosomes in exocrine and neuroendocrine cells
measure 100-180 nm, and only a 20-35% increase in porosome diameter is demon-
strated following the docking and fusion of 0.2—1.2 um in diameter secretory vesicles,
it is concluded that secretory vesicles “transiently” dock and fuse at the base of the
porosome complex to release their contents to the outside. Furthermore, isolated live
cells in near physiological buffer when imaged using AFM demonstrate the size and
shape of the secretory vesicles lying immediately below the apical plasma membrane
of the cell. Following exposure to a secretory stimulus secretory vesicles swell, fol-
lowed by a decrease in vesicle size. No loss of secretory vesicles is observed following
secretion, demonstrating transient fusion and partial discharge of vesicular contents
during cell secretion. In agreement, studies demonstrate that “secretory granules are
recaptured largely intact after stimulated exocytosis in cultured endocrine cells” [44],
“single synaptic vesicles fuse transiently and successively without loss of identity”
[45], “zymogen granule exocytosis is characterized by long fusion pore openings and
preservation of vesicle lipid identity” [46]. This is in contrast to the general belief that
in mammalian cells, secretory vesicles completely merge at the cell plasma mem-
brane, resulting in passive diffusion of vesicular contents to the cell exterior, and the
consequent retrieval of excess membrane by endocytosis at a later time. Additionally,
amajor logistical problem with complete merger of secretory vesicle membrane at the
cell plasma membrane is the generation of partially empty vesicles following cell
secretion. It is fascinating how even single-cell organisms have developed such spe-
cialized secretory machinery as the secretion apparatus of Toxoplasma gondii, the
contractile vacuole in paramecium, and the secretory structures in bacteria. Hence, it
comes as no surprise that mammalian cells have evolved such highly specialized and
sophisticated structures—the porosome complex for cell secretion. The discovery of
the porosome, and an understanding of its structure and dynamics at nanometer reso-
lution and in real time in live cells, its composition, and its functional reconstitution in
lipid membrane, and the molecular mechanism of SNARE-induced membrane fusion,
has greatly advanced our understanding of cell secretion. It is evident that the secre-
tory process in cells is a well coordinated, highly regulated, and a finely tuned biomo-
lecular orchestra.
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Results of studies discussed in this chapter further demonstrate that in the presence
of Ca?*, t-SNAREs and v-SNARE in opposing bilayers interact and self-assemble in
a circular pattern to form conducting channels. Such self-assembly of t-/v-SNAREs
in a ring conformation occurs only when the respective SNARESs are in association
with membrane. X-ray diffraction measurements further demonstrate that t-SNAREs
in the target membrane and v-SNARE in the vesicle membrane overcome repulsive
forces to bring opposing membranes close to within a distance of 2.8 A. Studies
provide evidence that calcium bridging of the opposing bilayers leads to release of
water from hydrated Ca* ions, as well as the loosely coordinated water at PO-lipid
head groups, leading to membrane destabilization and fusion. The t-/v-SNARE is a
tight complex whose disassembly requires an ATPase called NSF, which functions
as a right-handed molecular motor.

Similarly in vivo and in vitro measurements of secretory vesicle dynamics
demonstrate that vesicle swelling is required for the expulsion of intravesicular content
from cells during secretion. It is demonstrated that the amount of intravesicular
contents expelled is directly proportional to the extent of secretory vesicle swelling.
This unique capability provides cells with the ability to precisely regulate the release
of secretory products during cell secretion. The direct observation in live cells using
the AFM, and the requirement of secretory vesicle swelling in cell secretion, further
explains the appearance of empty and partially empty vesicles following cell secre-
tion. In recent years, there has been a flurry of research in the field, and a number of
papers from several laboratories investigating the porosome in different cell types,
both in their native and in disease states [112—117], such as porosome in the sensory
hair cell and in RBL-2H3 and BMMC cells. Clearly, these findings could not have
advanced without the AFM, and therefore this powerful tool has greatly contributed
to a new understanding of the cell. The AFM has enabled the determination of live
cellular structure—function at subnanometer to angstrom resolution, in real time,
contributing to the birth of the new field of NanoCellBiology. Future directions will
involve an understanding of the protein distribution and their arrangement at atomic
resolution in the porosome complex, as well as an understanding of the atomic
structure of SNARESs within the membrane-associated t-/v-SNARE ring complex.
Currently, these goals are being pursued using electron crystallography.
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