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Atomic force microscopy: unraveling the fundamental principles
governing secretion and membrane fusion in cells
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Abstract

The story of cell secretion and membrane fusion is as old as life itself. Without these fundamental
cellular processes known to occur in yeast to humans, life would cease to exist. In the last 15
years, primarily using the atomic force microscope, a detailed understanding of the molecular
process and of the molecular machinery and mechanism of secretion and membrane fusion in cells
has come to light. This has led to a paradigm shift in our understanding of the underlying
mechanism of cell secretion. The journey leading to the discovery of a new cellular structure the
‘porosome’, -the universal secretory machinery in cells, and the contributions of the AFM in our
understanding of the general molecular machinery and mechanism of cell secretion and membrane
fusion, is briefly discussed in this article.
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Introduction

Secretion is a fundamental cellular process responsible for numerous physiological functions
in living organisms, such as neurotransmission and the secretion of hormones and digestive
enzymes. Secretory defects in cells are responsible for a host of debilitating diseases, and
hence this field has been the subject of intense research for over half a century. Only in the
past decade with the discovery of the ‘porosome’ using AFM, and its determination as the
universal secretory machinery in cells, finally provides a molecular understanding of cell
secretion. In cells, secretory products packaged and stored in membranous sacs or vesicles,
dock and establish continuity with the base of the plasma membrane-associated porosome
complexes, to release their contents. The discovery of the porosome as the universal
secretory machinery, its isolation, its structure and dynamics at nm resolution and in real
time, its biochemical composition and functional reconstitution into artificial lipid
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membrane, have all been determined [1-7], greatly advancing our understanding of the
secretory process in cells. During cell secretion, swelling of secretory vesicles result in a
build-up of intravesicular pressure allowing expulsion of vesicular contents to the outside. It
has been demonstrated that the extent of vesicle swelling dictates the amount of
intravesicular contents expelled [8-10]. The molecular mechanism of secretory vesicle
swelling, and the fusion of opposing bilayers [11-16] i.e., the fusion of secretory vesicle
membrane at the base of the porosome membrane, have also been greatly advanced. These
findings have unravelled for the first time, the universal molecular machinery and
mechanism of cell secretion [17,18].

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. Porosomes or fusion pores in live secretory cells are cup-shaped
supramolecular structures, measuring 100-180 nm at the opening and 25-45 nm in relative
depth in the exocrine pancreas and in neuroendocrine cells. At the nerve terminal or in
astrocytes however, porosomes are an order of magnitude smaller, measuring just 10-12 nm
at the opening to the outside. Due to the nm size of the porosome complex, it had evaded
visual detection until its discovery using ultrahigh resolution AFM [19-21], first almost 12—
13 years ago (Fig. 1A-C). The development of the AFM [20] has enabled the imaging of
live cells in physiological buffer solutions, at nm to near angstrom resolution. 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 xXyz 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 [21]. Force is thus used by the AFM to image surface profiles of objects
such as live cells [1-7], subcellular structures [8-10], and biomolecules [11,13,14,16],
submerged in physiological buffer solutions, at ultra high resolution and in real time.

Discovery of the ‘porosome’ complex: the universal secretory machinery in cells

Acinar cells of the exocrine pancreas are polarized secretory cells possessing an apical and a
basolateral end. The well characterized acinar cell of the exocrine pancreas, synthesize
digestive enzymes, storing them within 0.2-1.2 pum in diameter membranous sacs or
secretory vesicles, called zymogen granules (ZG). Following a secretory stimulus, ZG’s,
which are primarily located at the apical compartment of the cell, dock and fuse with the
apical plasma membrane to release their contents to the outside. Contrary to neurons, where
secretion of neurotransmitters occurs in the millisecond time scale, the pancreatic acinar
cells secrete digestive enzymes over minutes following a secretory stimulus. Being a slow
secretory cell, pancreatic acinar cells are ideal for determining the molecular steps involved
in cell secretion. Therefore in the mid 1990°s, AFM studies on live pancreatic acinar cells
were undertaken with the sole intent of evaluating at high resolution, the structure and
dynamics of the apical plasma membrane in resting and following stimulation of cell
secretion. To our great surprise and amazement, isolated live pancreatic acinar cells in
physiological buffer solution, when imaged with the AFM [1], reveal cellular structures
never seen before (Fig. 1A—C). At the apical plasma membrane, a group of circular ‘pits’
measuring 0.4-1.2 um in diameter, contain smaller ‘depressions’ were seen. Each depression
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measured between 100-180 nm in diameter, and typically 3—4 depressions were found
within a pit. In contrast, the basolateral membrane in acinar cells, were devoid of either pits
or depressions. High-resolution AFM images of depressions in live acinar cells further
reveal a cone-shaped morphology, and the depth of each cone measur 15-35 nm.
Subsequently, depressions were found in growth hormone (GH) secreting cells of the
pituitary gland, chromaffin cells, —cells of the exocrine pancreas, mast cells, the astroglia,
and neurons, suggesting their universal presence in secretory cells (Fig. 1-3).

Exposure of pancreatic acinar cells to a secretagogue (mastoparan) results in a time-
dependent increase (25-45%) in depression diameter and relative depth, followed by a
return to resting size on completion of cell secretion [1,2]. No demonstrable change in pit
size is however detected during this period following stimulation of secretion [1].
Enlargement of depression diameter and an increase in its relative depth after exposure to a
secretagogue, correlated with secretion. Conversely, 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 [1]. Results
from these studies suggested depressions to be the fusion pores in pancreatic acinar cells.
Furthermore, these studies demonstrate the involvement of actin in regulation of both the
structure and function of depressions. Analogous to pancreatic acinar cells, examination of
resting GH secreting cells of the pituitary gland [3] and chromaffin cells of the adrenal
medulla [22] also reveal the presence of pits and depressions at the cell plasma membrane.
The presence of porosomes in neurons, p-cells of the endocrine pancreas, and in mast cells
[4,7, 23], collectively demonstrate their universal presence in secretory cells. Similar to
pancreatic acinar cells, depressions 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 diameter (215 + 4.6 nm; p <0.01), and no appreciable change in pit size. Hence,
the enlargement of depression diameter during cell secretion and its decrease accompanied
by loss in secretion following exposure to actin depolymerizing agents [3], suggested
depressions to be secretory sites. However, a more direct determination of depressions as the
long sought after fusion pores, was finally established using immuno-AFM studies [5].
Localization of gold-conjugated antibody to secretory proteins at depressions, demonstrate
secretion to occur through the depression opening [2,3] to the outside of the cell. Zymogen
granules contain the starch digesting enzyme amylase. AFM micrographs demonstrated
localization of amylase-specific antibodies tagged with colloidal gold at depressions
following stimulation of cell secretion [2,5]. These studies confirm depressions to be the
fusion pores or porosomes in pancreatic acinar cells where membrane-bound secretory
vesicles dock and fuse to release their contents. Similarly, in somatotrophs of the pituitary
gland, gold-tagged growth hormone-specific antibody was found to selectively localize at
depression openings following stimulation of secretion [3], again identifying depressions in
GH cells as fusion pores or porosomes. 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. Hence for clarity, the term “porosome” has been assigned to this newly
discovered structure at the cell plasma membrane, where secretory vesicles transiently dock
and fuse to release their contents. The porosome at the cytosolic compartment of the plasma
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membrane in the exocrine pancreas [5], and in neurons [4], has also been imaged at near nm
resolution in live tissue utilizing the AFM.

To determine the morphology of the porosome at the cytosolic compartment of the cell,
pancreatic plasma membrane preparations were used. Isolated plasma membrane in near
physiological buffered solution, when placed on freshly cleaved mica, tightly adhere to the
mica surface to allow high resolution imaging by the AFM. The plasma membrane
preparations reveal scattered circular disks measuring 0.5-1 pm in diameter, with inverted
cup-shaped structures within [5]. These inverted cups range in height from 10-15 nm, and
on several occasions, ZG’s ranging in size from 0.4-1 ym in diameter, were observed in
association with one or more of the inverted cups, suggesting the circular disks to be pits,
and the inverted cups to be porosomes. To further confirm whether the inverted cup-shaped
structures were indeed porosomes, immuno-AFM studies were carried out. Target
membrane proteins, SNAP-25/-23 [24] and syntaxin [25] (t-SNARE) and secretory vesicle-
associated membrane protein v-SNARE or VAMP [26], are part of the conserved protein
complex involved in fusion of opposing bilayers in the presence of calcium [27, 28,11-16].
Since ZGs dock and fuse at the plasma membrane to release vesicular contents, it was
hypothesized that if porosomes are the secretory sites, then plasma membrane-associated t-
SNARES should localize there. The t-SNARE protein SNAP-23 had previously been
reported in pancreatic acinar cells [29]. A polyclonal monospecific SNAP-23 antibody
recognizing a single 23kDa protein in immunoblots of pancreatic plasma membrane
fraction, when used in immuno-AFM studies, demonstrated selective localization to the base
of the depression structures. These results demonstrate the inverted cup-shaped structures in
inside-out isolated pancreatic plasma membrane preparations, to be porosomes, the secretory
machinery at the cell plasma membrane [5].

The morphology of the pancreatic porosome complex has been further determined using
transmission electron microscopy (TEM) (Fig. 1D) [6]. TEM studies confirm the porosome
to possess a cup-shaped structure, with similar dimensions as determined from AFM
measurement. Additionally, TEM micrographs demonstrate pancreatic porosomes to exhibit
a basket-like morphology, with three lateral and a number of vertically arranged ridges, and
a ring at the base of the complex [6]. Subcellular fractionation of ZG’s following stimulation
of secretion, is able to co-isolates ZG-associated porosomes complex [5]. Similar to the
observations made in electron micrographs of the porosome in intact cells, vertical structures
originate from within the porosome complex in the co-isolated ZG-associated porosomes.
As discussed later in this article, studies using full length recombinant SNARE proteins and
artificial lipid membranes demonstrated that t- and v-SNARES located in opposing bilayers
interact in a circular array to form conducting channels [11]. Since similar circular structures
are observed at the base of the pancreatic porosome complex, and SNAP-23
immunoreactivity localized to the same site within the structure, suggests the circular
arrangement of proteins at the porosome base to be composed of t-SNAREs. In the past
decade, a number of studies demonstrate the involvement of cytoskeletal proteins in cell
secretion, some implicating a direct interaction of cytoskeleton protein with SNAREs [30-
35]. Furthermore, actin and microtubule-based cytoskeleton has been implicated in
intracellular vesicle traffic. Fodrin, which was previously implicated in exocytosis, has also
been shown to directly interact with SNAREs [33]. Studies demonstrate a-fodrin to regulate
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exocytosis via its interaction with t-SNARE syntaxin family of proteins. The c-terminal
region of syntaxin is known to interact with a-fodrin, a major component of the
submembranous cytoskeleton. Similarly, vimentin filaments interact with SNAP23/25 and
hence are able to control the availability of free SNAP23/25 for assembly of the t-/v-
SNARE complex [31]. All these findings suggested that vimentin, a-fodrin, actin, and
SNAREs may be part of the porosome complex. Additional proteins such as v-SNARE
(VAMP or synaptobrevin), synaptophysin and myosin, may associate when the porosome
establishes continuity with the secretory vesicle membrane. The globular tail domain of
myosin V contains a binding site for VAMP, which is bound in a calcium independent
manner [34]. Further interaction of myosin V with syntaxin had been shown to require both
calcium and calmodulin. It had also been suggested that VAMP may act as a myosin V
receptor on secretory vesicles, and regulate the formation of the SNARE complex [33].
Interaction of VAMP with synaptophysin and myosin V had also been reported [34]. In
agreement with these earlier findings, our studies [4,5] demonstrate the association of
SNAP-23, syntaxin 2, cytoskeletal proteins actin, a-fodrin, and vimentin, and calcium
channels B3 and alc, together with the SNARE regulatory protein NSF, in the porosome
complex [4-6]. Additionally, chloride ion channels CIC2 and CIC3 were also identified as
part of the porosome complex, and found to regulate secretory vesicle fusion [4-6]. Isoforms
of the various proteins identified in the porosome complex, have also been demonstrated
using 2D-BAC gels electrophoresis [6]. Three isoforms each of the calcium ion channel and
vimentin were found in porosomes [6]. Using yeast two-hybrid analysis, studies further
confirm the presence and interaction of some of these proteins with t-SNARESs within the
porosome complex [35].

The size and shape of the immunoisolated porosome complex was further determined in
greater detail using both negative staining EM and high resolution AFM studies [6]. The
morphology of immunoisolated porosomes obtained using EM and AFM, were found to be
superimposable [6]. The immunoisolated supramolecular porosome complex has also been
reconstituted into liposomes and lipid bilayers [4,6]. Transmission electron micrographs of
pancreatic porosomes reconstituted into liposomes, reveal a 150-200 nm cup-shaped basket-
like structure, similar to what is observed of the complex when co-isolated with ZGs. To test
the functionality of the reconstituted porosome complex, purified porosomes obtained from
the exocrine pancreas or neurons were reconstituted into the lipid membranes of an
electrophysiological bilayer setup (EPC9) and exposed to isolated ZGs or synaptic vesicles.
The electrical activity of the reconstituted membrane as well as the transport of vesicular
contents from the cisto the trans compartments of the bilayer chambers was monitored.
Results from these experiments demonstrated that the lipid membrane-reconstituted
porosomes are functional supramolecular complexes [4,6]. ZGs fused with the porosome-
reconstituted bilayer as demonstrated by an increase in capacitance and conductance, and a
time-dependent transport of the ZG enzyme amylase from cisto the trans compartment of
the bilayer chamber [6,8]. Amylase is detected using immunoblot analysis of the buffer in
both the cisand trans compartments of the bilayer chambers [6,8]. As observed in
immunoblot assays of isolated porosomes, chloride channel activity is also present in the
reconstituted porosome complex. Furthermore, the chloride channel inhibitor DIDS, was
found to inhibit current activity in the porosome-reconstituted bilayer, demonstrating its
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requirement in intravesicular release via the porosome complex. Similarly, the structure and
biochemical composition of the neuronal porosome complex has also been determined (Fig.
1-3) [4,7]. In summary, these studies demonstrate porosomes to be permanent
supramolecular lipoprotein structures at the cell plasma membrane, where membrane-bound
secretory vesicles dock and fuse to release intravesicular contents to the outside. Porosomes
are therefore the universal secretory machinery in cells [17,18,23].

SNARE assembly-disassembly and membrane fusion

The first step in our understanding of membrane fusion in cells was made possible following
discovery of an N-ethylmaleimide-sensitive factor (NSF) [27] and SNARE proteins [24-26],
and the determination of their participation in the membrane fusion reaction [36,11-16].
VAMP and syntaxin are both integral membrane proteins, with the soluble SNAP-25
associating with syntaxin. Hence, the key to our understanding of SNARE-induced
membrane fusion requires determination of the atomic arrangement of the interaction
between membrane-associated v- and t-SNAREs. Ideally, the atomic coordinates of
membrane-associated SNARE complex using x-ray crystallography would help 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 has not been realized. This has
been 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 configuration. The remaining option has
been the use of nuclear magnetic resonance spectroscopy (NMR), however NMR too has
been of little help, since the size of t-/v-SNARE ring complexes are beyond the maximum
limit for NMR studies. Regardless of these set backs, AFM force spectroscopy has provided
for the first time at nm to sub nm resolution, an understanding of the structure, assembly,
and disassembly of membrane-associated t-/v-SNARE complexes in physiological buffer
solution [11-16].

The structure and arrangement of SNAREs associated with lipid bilayers were first
determined using AFM [11], more than half a decade ago. A bilayer electrophysiological
setup allowed measurements of membrane conductance and capacitance during fusion of v-
SNARE-reconstituted liposomes with t-SNARE-reconstituted membrane, and vice-versa.
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 presence of calcium,
form conducting channels [11] (Fig. 4-6). 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 bilayers. Addition of purified recombinant v-SNARE to a t-SNARE-
reconstituted lipid membrane, results in non-physiological interactions and without
influence on the electrical properties of the membrane [11]. However in presence of
calcium, when v-SNARE vesicles are added to t-SNARE reconstituted membrane or vice-
versa, SNAREs assemble in a ring conformation. The resultant increase in membrane
capacitance and conductance demonstrate the establishment of continuity between the
opposing t-SNARE and v-SNARE reconstituted bilayers. These results confirm that t- and
v-SNAREs are required to reside in opposing membrane (as they are in the physiological
state in cells) to allow appropriate t-/v-SNARE interactions leading to membrane fusion in
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the presence of calcium [11,13]. Studies using SNARE-reconstituted liposomes and bilayers
[12] further demonstrate: (i) a low fusion rate (t=16 min) between t- and v-SNARE-
reconstituted liposomes in the absence of Ca2*; and (ii) exposure of t-/v-SNARE liposomes
to Ca?* drives vesicle fusion on a near physiological relevant time-scale (t ~10s),
demonstrating Ca2* and SNARESs in combination to be the minimal fusion machinery in
cells [12]. Native and synthetic vesicles exhibit a significant negative surface charge
primarily due to the polar phosphate head groups, generating a repulsive force that prevent
the aggregation and fusion of opposing vesicles. In cells, SNARESs provide direction and
specificity, bring opposing bilayers closer to within a distance of 2-3 A, [12] enabling Ca%*
bridging leading to membrane fusion. The bound Ca2* 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 [13], hence smaller the vesicle, larger its curvature,
and smaller the channel formed.

A unique set of chemical and physical properties of the Ca2* ion make it ideal for
participating in the membrane fusion reaction (Fig. 6). 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 dynamics simulations
[37-40]. 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)n]%* clusters, and the hydration shell of the calcium ion
[38]. These studies demonstrate that hydrated calcium [Ca(H,0),]2* has more than one shell
around the Ca?*, with the first hydration shell having six water molecules in an octahedral
arrangement [38]. In studies using light scattering and x-ray diffraction of SNARE-
reconstituted liposomes, it has been demonstrated that fusion proceeds only when Ca2* ions
are available between the t- and v-SNARE-apposed proteoliposomes [12,15]. Mixing of t-
and v-SNARE proteoliposomes in the absence of Ca2* leads to a diffuse and asymmetric
diffractogram in X-ray diffraction studies, a typical characteristic of short range ordering in
a liquid system [39]. In 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 [12, 15, 40]. The ordering effect of Ca* on inter-bilayer
contacts observed in X-ray studies (12) 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 Ca2*-PO bridges between the adjacent bilayers [12, 15, 41].
X-ray diffraction studies show that the effect of Ca2* on bilayers orientation and inter-
bilayer contacts is most prominent in the area of 3 A, with additional appearance of a new
peak at position 2.8 A, both of which are within the ionic radius of Ca?* [12]. These studies
further suggest that the ionic radius of Ca2* may make it an ideal player in the membrane
fusion reaction. Hydrated calcium [Ca(H,0)n]4* however, with a hydration shell having six
water molecules and measuring ~6 A would be excluded from the t-/v-SNARE apposed
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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 [15]. How does calcium work? Calcium bridging of apposing bilayers
may lead to the release of water from the hydrated Ca2* 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 [42], using molecular
dynamics simulations in the isobaric-isothermal ensemble to determine whether Ca2* 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 was 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 oxygen of the phospholipid head groups in opposing bilayers, following
calcium bridging, is further demonstrated from the study.

In presence of ATP, the highly stable, membrane-directed, and self-assembled t-/v-SNARE
complex, can be disassembled by a soluble ATPase, the N-ethylmaleimide-sensitive factor
(NSF) (Fig. 5). Careful examination of the partially disassembled t-/v-SNARE bundles
within the complex using AFM, demonstrates a left-handed super coiling of SNARESs. These
results demonstrate that t-/'v-SNARE disassembly requires the right-handed uncoiling of
each SNARE bundle within the ring complex, demonstrating NSF to behave as a right-
handed molecular motor [16]. Furthermore, recent studies in the laboratory [43] using
circular dichroism (CD) spectroscopy, reveal for the first time the structure, assembly, and
disassembly of both t-SNAREs and v-SNARE and their complexes in buffered suspension.
Both SNAREs, exhibit defined peaks at CD signals of 208 and 222nm wavelengths,
consistent with a higher degree of helical secondary structure. Surprisingly, when
incorporated in lipid membrane, both SNARES and their complexes exhibit reduced folding.
NSF, in presence of ATP, disassembles the SNARE complex as reflected from the CD
signals demonstrating elimination of a-helices within the structure. These results further
demonstrate that NSF-ATP is sufficient for the disassembly of the t-/v-SNARE complex.

Secretory vesicle swelling is required for content expulsion during cell secretion

Studies demonstrate that vesicle swelling is required for the expulsion of intravesicular
content from cells during secretion (Fig. 6,7) [8]. It has been demonstrated [8] 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, the requirement of secretory vesicle swelling in cell secretion [8,44], also
explains the appearance of empty and partially empty vesicles following cell secretion
[44,45].
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Live pancreatic acinar cells in near physiological buffer, when imaged using the AFM,
reveal the size of ZGs lying immediately beneth the surface of the apical plasma membrane.
Within 2.5 min of exposure to a secretory stimulus, majority of ZGs within cells swell,
followed by a decrease in ZG size, and a concomittant release of secretory products [8,45].
These studies demonstrated for the first time in live cells that there is intracellular swelling
of secretory vesicles following stimulation of secretion, and vesicle deflation following
partial discharge of their contents. Measurements of intracellular ZG size further reveal that
the extent of swelling differs between vesicles following a secretory stimulus. This
differential swelling among ZGs within the same cell, may explain why following
stimulation of secretion, some intracellular ZGs demonstrate the presence of less vesicular
content than others. The precise role of secretory vesicle swelling in the expulsion of
intravesicular contents during cell secretion has further been determined using an
electrophysiological bilayer fusion assay employing porosome-reconstituted lipid membrane
[8]. It has been demonstrated that exposure of isolated secretory vesicles to GTP results in
their swelling, similar to the observations made in live cells. Different secretory vesicles
respond differently to the same swelling stimulus. This differential response to GTP has
been further assessed, by measuring changes in volume of different size vesicles. Addition
of isolated secretory vesicles to the cis compartment of the bilayer electrophysiological
apparatus, demonstrates vesicle fusion at the porosome-reconstituted lipid membrane.
However, even after 15 min of vesicle addition, little or no release of intravesicular content
is detected in the trans compartment of the bilayer chamber. In contrast, addition of GTP to
the cis compartment of the chamber induces vesicle swelling, resulting in a robust expulsion
of intravesicular contents into the trans compartment of the bilayer chamber. This holds true
for both a slow secretory cells like the acinar cells of exocrine pancreas, and in the fast
secreting neuron [8]. These studies demonstrate that during cell secretion, secretory vesicle
swelling is a requirement for the expulsion of intravesicular contents.

Our understanding of the molecular mechanism of secretory vesicle swelling has greatly
advanced in the last decade. Isolated secretory vesicles and reconstituted swelling-competent
proteoliposomes have been utilized [8-10,46,47] to determine the mechanism and regulation
of vesicle swelling. As discussed earlier, isolated ZGs from the exocrine pancreas swell
rapidly in response to GTP [8-10], suggesting rapid water gating into ZGs following
exposure to GTP. Results from studies demonstrate the presence of the water channel
aquaporin-1 (AQP1) at the ZG membrane [9] and its participation in GTP-mediated water
entry and vesicle swelling. Further, the molecular regulation of AQP1 at the ZG membrane
has been studied [9,45], providing a general understanding of the mechanism of secretory
vesicle swelling. Detergent-solubilized ZGs immunoprecipitated with monoclonal AQP-1
antibody, co-isolates AQP-1, PLA2, Gj3, potassium channel IRK-8, and the chloride
channel CIC-2 [47]. Exposure of ZGs to either the potassium channel blocker glyburide, or
the PLAZ inhibitor ONO-RS-082, blocks GTP-induced ZG swelling. Red blood cells known
to possess AQP-1 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 [47].
Artificial liposomes reconstituted with the AQP-1 immunoisolated complex from solubilized
ZGs also swell in response to GTP. Glyburide or ONO-RS-082 also abrogates the GTP
effect in reconstituted liposomes. AQP-1 immunoisolate-reconstituted planar lipid
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membrane demonstrate conductance, which is sensitive to glyburide and an AQP-1 specific
antibody. These results demonstrate a G,j3-PLA2 mediated pathway and potassium channel
involvement in AQP-1 regulation at the ZG membrane [47], contributing to ZG swelling.
Similarly, AQP-6 involvement has been demonstrated in GTP-induced and G,-mediated
synaptic vesicle swelling in neurons [46].

Conclusion

The above findings outlined in this article, provide the current understanding of the
molecular machinery and mechanism of secretion and membrane fusion in cells. Porosomes
are specialized plasma membrane structures universally present in secretory cells, from
exocrine and endocrine cells, to neuroendocrine cells and neurons. Since porosomes in
exocrine and neuroendocrine cells measure 100-180 nm, and only 20-35% increase in
porosome diameter is demonstrated following the docking and fusion of 0.2-1.2 ym 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. If secretory
vesicles were to fully merge at the porosome, it would completely obliterate the complex,
since compared to the porosome, the surface area of the secretory vesicle is overwhelmingly
large. The discovery of the porosome, and an understanding of its structure and dynamics at
nm resolution and in real time, its composition, and its functional reconstitution in lipid
membrane, combined with an understanding of SNARE assembly-disassembly and its role
in membrane fusion, and the requirement of secretory vesicle swelling for expulsion of
intravesicular contents, has greatly advanced our understanding of cell secretion. It is
evident that the secretory process in cells is well coordinated, highly regulated, and a finely
tuned biomolecular orchestra. Clearly, these findings could not have advanced without the
AFM, and therefore this powerful nano tool, has greatly contributed to a new understanding
of the cell. The AFM has enabled the determination of live cellular structure-function at sub
nanometer to angstrom resolution, in real time, contributing to the birth of a new field -
NanoCelIBiology.
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Figure 1.
Porosomes at the plasma membrane in pancreatic acinar cell and the nerve terminal. (A)

AFM micrograph depicting “pits’ (yellow arrow) and ‘porosomes’ within (blue arrow), at
the apical plasma membrane in a live pancreatic acinar cell. (B) To the right is a schematic
drawing depicting porosomes at the cell plasma membrane (PM), where membrane-bound
secretory vesicles called zymogen granules (ZG), dock and fuse to release intravesicular
contents. (C) A high resolution AFM micrograph shows a single pit with four 100-180 nm
porosomes within. (D) An electron micrograph depicting a porosome (red arrowhead) close
to a microvilli (MV) at the apical plasma membrane (PM) of a pancreatic acinar cell. Note
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 (blue arrow head). (E) The bottom left panel
shows an electron micrograph of a porosome (red arrowhead) 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
(red arrowhead) at its opening. It is believed that the central plug in neuronal porosomes
may regulate its rapid close-open conformation during neurotransmitter release. The
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neuronal porosome is an order of magnitude smaller (10-15 nm) in comparison to porosome
in the exocrine pancreas [17].
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Figure 2.
Neuronal fusion pore distribution, size and structure. Figure 2a shows the structure and

distribution of fusion pores at the cytosolic compartment of a synaptosome. Inside-out
synaptosome preparations when imaged in buffer using AFM, demonstrates 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 arrow heads), shown at
higher magnification in Figure 2b. (b) Atomic force micrograph shows a 37 nm synaptic
vesicle docked to a 14 nm fusion pore at the cytoplasmic compartment in the isolated
synaptosomal membrane. (c) AFM measurement of the fusion pores (13.05+0.91) and
attached synaptic vesicles (40.15+3.14) in the cytosolic compartment of synaptosome
membrane is demonstrated in Fig. 2¢c (n=15). (d) Schematic illustration of a neuronal fusion
pore, showing the 8 vertical ridges and a central plug. (¢) Photon correlation spectroscopy,
further demonstrates fusion pores to measure 12—-16 nm [7].
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Figure 3.
Nanoscale, three-dimensional contour map of protein assembly within the neuronal

porosome complex. Top Left: Atomic force micrograph of an immunoisolated neuronal
porosome, reconstituted in lipid membrane. Note the central plug of the porosome complex
and the presence of approximately 8 globular units arranged at the lip of the complex. Top
Right: Negatively stained electron micrographs of isolated neuronal porosome protein
complexes. Note the 10-12 nm complexes exhibiting a circular profile and having a central
plug. Approximately 8-10 interconnected protein densities are observed at the rim of the
structure, which are connected to a central element via spoke-like structures. Bottom Left:
Electron density maps of negatively stained electron micrographs of isolated neuronal
porosome protein complexes. Bottom Right: 3D topography of porosomes obtained from
their corresponding electron density maps. The colors from yellow, through green to blue,
correspond to the protein image density from lowest to the highest. The highest peak in each
image represents 27 A.
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Figure 4.

t-SNAREs and v-SNARE in opposing bilayers interact in a circular array resulting in the
formation of conducting channels in presence of calcium. (A) Docked v-SNARE vesicles at
t-SNARE-reconstituted lipid membrane. (B) Dislodgement of v-SNARE-reconstituted
vesicles from the t-SNARE-reconstituted lipid membrane, exposes the pore-like (C,D) t-/v-
SNARE ring complexes. (C,D) Three dimension AFM micrographs of SNARE-ring
complexes, at low (C) and high resolution (D). A channel at the center of the t-/v-SNARE
ring complex is clearly visible (Scale bar=100nm). In presence of calcium, recombinant t-
SNAREs and v-SNARE in opposing bilayers drive membrane fusion. (E) When t-SNARE
vesicles are exposed to v-SNARE reconstituted bilayers in the presence of calcium, vesicles
fused. Similarly, vesicles containing nystatin/ergosterol and t-SNARESs when added to the
cis compartment of a v-SNARE reconstituted bilayer, fusion of the t-SNARE containing
vesicles with the v-SNARE membrane is demonstrated as current spikes due to conduction
via the nystatin channels. To confirm membrane stability, the transmembrane gradient of
KCIl is increased to 3M, allowing gradient driven fusion of the nystatin-associated vesicles.
(F-H) The size of the t-/'v-SNARE complex is directly proportional to the size of the
SNARE-reconstituted vesicles. (F) Schematic diagramdepicting the interaction of t-SNARE-
and v-SNARE-reconstituted liposomes. (G) AFM images of vesicle before and after their
removal using the AFM cantilever tip, exposing the t-/v-SNARE ring complex at the center.
(H) Note the high correlation coefficient between vesicle diameter and size of the SNARE
complex [17].
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Figure 5.

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 disassembles 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 nonhydrolyzable analogue. AMP-PNP. (B) Kinetics of NSF-induced
dissociation. The graph depicts first-order kinetics of vesicle dissociation elicited by NSF-
ATP. (C) NSF requires ATP to dissociate vesicles. NSF in the presence of ATP dissociates
vesicles (*p < 0.05, n) 4). However, NSF alone or NSF in the presence of AMP-PNP had no
effect on the light scattering properties of the SNARE-associated vesicle (p > 0.05, n) 4).
(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 disassembly was found to be complete only
in the presence of NSFATP. (E) Densitometric scan of the bands reveals complete
disassembly of the SNARE complex in the presence of NSF-ATP (**p < 0.01, n=4). (F)
Representative AFM micrograph of t-/v-SNARE ring complexes formed when t-SNARE
and v-SNARE reconstituted vesicles interact with each other, followed by their disassembly
using NSF-ATP. Note the left-handed super coiling of the t-/v-SNARE complex. Hence,
NSF behaves like a right-handed motor to uncoil and disassemble the left-handed
supercoiled t-/'v-SNARE bundles within the SNARE ring complex (G). (H,1) Circular
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dichroism data reflecting structural changes to SNAREs, both in suspension (H) and in
association with membrane (1). Structural changes, following the assembly and disassembly
of the t-/v-SNARE complex is further shown. (H) CD spectra of purified full-length SNARE
proteins in suspension and (1) in membrane-associated; their assembly and (NSF-ATP)-
induced disassembly is demonstrated. (i) v-SNARE; (ii) t-SNAREs; (iii) t-/v-SNARE
complex; (iv) t-/v-SNARE + NSF; and (v) t-/v-SNARE + NSF + 2.5 mM ATP, is 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.
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Figure 6.
(A) Wide-angle X-ray diffraction patterns of interacting t-SNARE and v-SNARE vesicles.

Representative diffraction profiles from one of four separate experiments using t- and v-
SNARE-reconstituted lipid vesicles, both in the presence or absence of 5 mM Ca2+ is
shown. The arrow marks the appearance of a new peaks in the X-ray diffractogram,
following addition of calcium. (B-E) Light scattering profiles of SNARE-associated vesicle
interactions. (B,C) Addition of t-SNARE- and v-SNARE-vesicles in calcium-free buffer,
lead to a significant increase in light scattering. Subsequent addition of 5 mM Ca2* (marked
by the arrowhead) has no significant effect on light scattering. (B,D) In the presence of NSF-
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ATP (1 pg/ml) in the assay buffer containing 5 mM Ca2*, significantly inhibits vesicle
aggregation and fusion. Pi denotes inorganic phosphate. (B,E) When the assay buffer was
supplemented with 5 mM Ca2*, prior to the addition of t- and v-SNARE vesicles, it led to a
4-fold decrease in light scattering intensity due to Ca?*-induced aggregation and fusion of
t-/v-SNARE-apposed vesicles. Light scattering profiles shown are representatives of 4
separate experiments. (F) Ca2*-DMP~ ring complex observed during molecular dynamics
simulations. Atoms are colored as follows: Carbon (cyan), hydrogen (white), oxygen (red),
phosphorous (gold), and Ca2* (green). B1=2.146 A, B2 = 2.145 A, B3 = 2.140 A, B4=2.145
A/ B5=292A B6=292A Al1=85.79°, A2 =85.07°.
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Figure 7.
Zymogen granule swelling 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 M carbamylcholine, resulted in ZG swelling within 2.5 min,
followed by a decrease in ZG size after 5 min. (n=8). 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) [8].
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Figure 8.
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 bilayers-reconstituted
porosome. Addition of GTP to the cis chamber induces ZG swelling and expulsion of its
contents such as a-amylase to the trans bilayers chamber. (B) Capacitance traces of the lipid
bilayer from three separate experiments following reconstitution of porosomes (green
arrowhead), addition of ZGs to the 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
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bilayer. However, following exposure to GTP, significant amounts of a-amylase from
within ZGs were expelled into the trans bilayers chamber. (n=6) [8].
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