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Many cells utilize a GTP-dependent pathway to trigger
exocytosis in addition to Ca2+-triggered exocytosis.
However, little is known about the mechanism by
which GTP triggers exocytosis independent of Ca2+.
We used dual-color evanescent field microscopy to
compare the motion and fusion of large dense core
vesicles stimulated by either mastoparan (Mas) in
Ca2+-free conditions or high K+ in the presence of
Ca2+. We demonstrate that Mas is hardly effective in
triggering the fusion of the predocked vesicles but
predominantly mobilizes cytosolic vesicles. In contrast,
Ca2+-dependent exocytosis is largely due to predocked
vesicles. Fusion kinetics analysis and carbon-fiber
amperometry reveal that Mas induces a brief ‘kissand-run’ fusion and releases only a small amount of
the cargo, whereas Ca2+ stimulates a more persistent
opening of the fusion pore and larger release of the
contents. Furthermore, we show that Mas-released
vesicles require a much shorter time to reach fusion
competence once they approach the plasma membrane. Our data suggest the involvement of different
mechanisms not only in triggering and fusion but also
in the docking and priming process for Ca2+- and GTPdependent exocytosis.
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Exocytosis requires the sequential docking, priming,
triggering, and fusion of a single secretory vesicle to
release its contents into the extracellular space. When
an intracellular vesicle is destined to undergo exocytosis, it first needs to recognize the target plasma membrane by physical contact in a specific location. The
tethering or docking of the fusion-prone vesicle to the
a
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target membrane provides specificity to the fusion reaction. It is believed that docked vesicles require a further
priming step before they can fuse with the plasma membrane. It has been suggested that SNARE complex (1)
formation in trans may constitute the molecular priming
event. SNARE complex formation is thought to bring the
vesicle membrane in proximity to the plasma membrane,
which might be essential for subsequent fusion (2,3).
Consistent with this idea, the size of the readily releasable
pool (presumably primed vesicles) is strictly dependent on
the formation of the SNARE complex (4–6).
The molecular basis by which the primed vesicles are
trigged to fuse is not fully understood. Ca2þ plays a pivotal
role in the triggering of fusion by binding to the specific
Ca2þ sensor(s), presumably synaptotagmin via its two
C2-domains (7,8). One hypothesis is that the SNARE
complex assembly creates a metastable fusion intermediate, perhaps a stalk-like state. Ca2þ-triggered insertion
of the synaptotagmin C2-domains thus destabilizes the
intermediate state and triggers membrane fusion (9).
Accumulating evidence suggests the presence of a
Ca2þ-independent exocytosis in addition to the well-characterized Ca2þ-triggered exocytosis. For example, the
degranulation in haematopoietic cells depends on G proteins (10,11). Also, the nonhydrolyzable GTP analogue
GTPgS has been shown to induce exocytosis in the
absence of Ca2þ in secretory cells, including mast cells
(10,12), chromaffin cells (13,14), melanotrophs (15), pituitary gonadotrophs (16), pancreatic b cells (17), and platelets (18). Furthermore, mastoparan (Mas), a toxin from
wasp venom, has been shown to elicit exocytosis under
Ca2þ-free conditions in adrenal chromaffin cells (19), platelets (20), mast cells (21), pancreatic b cells (22,23), and
pulmonary alveolar type 2 cells (24). Mas stimulates the
guanine nucleotide exchange activity of heterotrimeric
G proteins as well as low molecular weight G proteins
(25–27).
The molecular events involved in Ca2þ-independent,
G-protein stimulated exocytosis remain largely elusive.
The elucidation of the mechanism by which Mas triggers
membrane fusion in the absence of Ca2þ will contribute
to our understanding of the biophysical basis of fusion
initiation. Here, by employing Mas and high Kþ to stimulate exocytosis from PC12 cells, we compare singlevesicle exocytosis in response to Ca2þ-dependent and
Ca2þ-independent stimuli and investigate the mechanism
underlying GTP-dependent and Ca2þ-independent triggering of exocytosis.

GTPase and Ca2+ Trigger Different Vesicular Exocytosis

Results
Identification of large dense core granules by colocalization of VAMP2-pHluorin and neutropeptide-YDsRed
Monitoring exocytosis with a sole EGFP reporter protein
can be problematic due to the low detection rate of EGFP
fluorescence (28) and the complex diffusion kinetics of
released and membrane-bound EGFP following fusion
(28,29). Ecliptic pHluorin is brightly fluorescent at pH 7.4
and is essentially nonfluorescent at about pH < 6.0 (30).
Attached to the C terminal of VAMP2, a vesicular membrane protein, it is located in the vesicle lumen where it is
exposed to fusion-related pH changes from between 5.0
and 6.0 before fusion (28,30) to neutral pH thereafter. It is
thus advantageous to employ VAMP2-pHluorin to monitor
the occurrence of vesicle fusion, as the fluorescence of
VAMP2-pHluorin is expected to increase dramatically
upon exposure of the vesicle lumen during fusion.
However, VAMP2-pHluorin is not a specific marker of
one type of vesicles, as it can be sorted to both large
dense core granules (LDCVs) and synaptic-like vesicles.
Also, it is difficult to obtain information about the pre- and
post-exocytotic steps from vesicles labeled with VAMP2pHluorin due to the rapid quenching of fluorescence in the
acidic and re-acidified vesicular lumen. In contrast, neutropeptide-Y (NPY)-EGFP has been used successfully to
specifically label LDCVs in PC12 cells (31). Hence, for
simultaneous imaging of NPY with VAMP2-pHluorin, we
constructed NPY-DsRed. Figure 1A shows the co-localization
of NPY-DsRed with NPY-EGFP. We estimate that 89.6%
of the NPY-DsRed spots are co-localized with NPYEGFP fluorescence. By simultaneous dual-color imaging
of VAMP2-pHluorin and NPY-DsRed fluorescence, we
found that the fusion events of LDCVs can be reliably
detected, and the pre- and post-exocytotic stages can be
monitored via tracking of NPY-DsRed fluorescence,
because DsRed is less sensitive to pH. To verify the
co-localization of the two fluorescent proteins, we cotransfected plasmids containing VAMP2-pHluorin and
NPY-DsRed into PC12 cells. After perfusion of 50 mM
NH4Cl to alkalize the vesicle lumen, VAMP2-pHluorin fluorescence was partially (74.7%, n ¼ 253) co-localized with
the LDCV marker NPY-DsRed (Figure 1B). We also
observed VAMP2-pHluorin-reported fusion events from
fluorescence in the absence of NPY-DsRed labeling.
Apparently, some of the VAMP2-pHluorin may also be
sorted to the synaptic-like microvesicles in PC12 cells.

Monitor fusion of LDCVs induced by Mas
Mas has been previously shown to cause Ca2þ elevation
(22). We have verified that Mas induces significant [Ca2þ]i
elevation in the presence of extracellular Ca2þ (2.6 mM)
but not in the external solution lacking Ca2þ (data not
shown), suggesting the source of [Ca2þ]i elevation is
mainly due to Ca2þ influx. Hence, all of our experiments
were carried out in a Ca2þ- and Mg2þ-free external
Traffic 2006; 7: 416–428
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Figure 1: Fluorescent labeling of large dense core granules in
PC12 cells. Upper images: Co-localization of neutropeptide-Y
(NPY)-DsRed and NPY-EGFP revealed by dual-color imaging
under total internal reflection fluorescence microscopy (TIRFM).
Bottom images: Co-localization of VAMP2-pHluorin and NPYDsRed revealed using dual-color imaging under TIRFM. Yellow
circles indicate co-localized vesicles. Cells were treated with
50 mM NH4Cl to brighten the VAMP2-pHluorin fluorescence by
alkalization of the vesicle lumen. The scale bar indicates 5 mm.

solution containing 1 mM EGTA, where Mas (10 mM)
induces vigorous exocytosis. Figure 2A shows an
example exocytotic event observed under dual-color total
internal reflection fluorescence microscopy (TIRFM). We
observed a sudden and brief brightening of a fluorescence
spot in the green channel (pHluorin fluorescence). At the
corresponding position in the red channel (DsRed fluorescence), there was a concurrent appearance of a fluorescence spot. Figure 2A shows the evolution over time of
both the green and red images in the upper traces of
Figure 2B. We interpret the sudden increase in the
pHluorin fluorescence as a fusion event, because lumenal
pHluorin only increases in brightness when encountering
the neutral pH of the external medium during fusion pore
opening. Two other fusion events are also displayed in
Figure 2B. It is of interest to note that the DsRed fluorescence continues to increase even after the increase in the
pHluorin fluorescence. This increase can only partially be
explained by the shift of pH in the vesicle, because DsRed
is virtually insensitive to pH (pKa ¼ 4.7) (32). It is possible
that there is a further approaching of the dense core inside
the vesicle toward the cell surface after the initial fusion
pore dilation, or the alkalinization of the inside of secretory
vesicles can occur right before exocytosis, as previously
suggested (33).
After fusion, the pHluorin fluorescence was usually maintained at the peak value for only 1–2 frames and then fell
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Figure 2: Monitoring exocytosis of large dense core granules
(LCDVs) triggered by mastoparan. (A) Sequential images of a
single LDCV labeled with both VAMP2-pHluorin and NPY-DsRed
undergoing exocytosis. The time indicated is relative to the onset
of fusion. The scale bar represents 1 mm. (B) Time courses of
three example fusion events. Upper traces correspond to the
vesicle in A. Fluorescence intensities were averaged from 1-mm
diameter circles enclosing the vesicles after background subtraction and expressed as the percentage of the peak fluorescence.
Vertical dashed lines indicate the time of fusion inferred from the
VAMP2-pHluorin fluorescence. (C) Distribution of the dwelling
time of LDCVs at the plasma membrane after fusion. The dwelling time (Dt) was measured between the peak of the pHluorin
fluorescence and the point where the DsRed fluorescence fell to
50% of its peak.
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rapidly, suggesting a transient opening of the fusion pore
for <0.4 seconds followed by its rapid closure. The dimming of the pHluorin fluorescence could possibly be due
to the re-acidification of the vesicle lumen after exocytosis. In contrast, the DsRed fluorescence remained for a
certain time even after the closure of the fusion pore.
Eventually, the punctuate DsRed fluorescence declined
as it moved out of the evanescent field. We measured
the time difference (Dt) between the peak of the pHluorin
fluorescence and the point where the DsRed fluorescence
declined to its half-maximal value, which should reflect the
dwell time that the vesicle spends in the fusion state. The
distribution of Dt follows a monoexponential function with
a time constant of 3.12 seconds (Figure 2C). We conclude
that, on average, LDCVs dwelled for some 3 seconds at
the plasma membrane after transient fusion before being
retrieved to deeper cytoplasmic regions not illuminated by
the evanescent field.
Figure 3A shows a latency histogram of exocytotic events
triggered by Mas. Mas-induced fusion was less synchronized than Ca2þ-dependent exocytosis. Unlike Ca2þtriggered exocytosis that showed a biphasic rapid onset
and sustained rate of exocytosis (see Figures 4 and 5),
the rate of Mas-triggered exocytosis reached a peak after
approximately 20 seconds and fell slowly after the application of Mas was stopped. Mas-induced exocytosis was
not inhibited by emptying the Ca2þ store with thapsigargin
pretreatment (2 mM for 15 min, supplementary Figure 1),
suggesting that intracellular Ca2þ release is not involved.
Fusion events rarely occurred before Mas stimulation
(Figure 3A), so we conclude that the exocytosis observed
here is a triggered event independent of Ca2þ. Mas is an
amphiphilic tetradecapeptide that inserts into the phospholipid bilayer of the plasma membrane. To exclude the
possibility that Mas triggers exocytosis simply by physical
perturbation of the plasma membrane, and to better
understand the nature of Mas-induced exocytosis, we
used Mas-17, an inactive analog of Mas that does not
activate G proteins. As shown in Figure 3B, 50 mM
Mas-17 fails to trigger significant exocytosis. In addition,
to confirm that Mas-induced exocytosis requires SNARE
proteins, we transfected a plasmid encoding the light
chain of botulinum neurotoxin type E (BoNT/E). Indeed,
cleaving SNAP-25 and impairing SNARE complex assembly (34) significantly reduced Mas-induced exocytosis
(Figure 3B). The incomplete inhibition of exocytosis by
BoNT/E might be due to the low expression levels or
incomplete proteolysis by BoNT/E.
Whereas Ca2þ preferentially releases the docked vesicles
first, we were surprised to find the majority of visible
vesicles did not undergo exocytosis in response to Mas
stimulation. We define vesicles that are present during the
entire 10 seconds before stimulation as ‘visible’ and those
that are absent 10 seconds before stimulation and only
enter the evanescent field during stimulation as ‘newcomers’. We observed that most Mas-related fusion
Traffic 2006; 7: 416–428
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Figure 3: Mastoparan (Mas) fails to trigger the fusion of predocked vesicles. (A) The number of fusion events is plotted against time
relative to Mas (10 mM) application. (B) Cumulative numbers of total fusion events plotted against time from cells treated with Mas (open
circle) or Mas17 (50 mM). Also compared are Mas-induced fusion events from cells transfected with botulinum neurotoxin type E (BoNT/E)
(BoNT/E þ Mas). VAMP2-pHluorin was cotransfected with BoNT/E light chain 3 days prior to the experiments. (C) Comparison of the
footprint of a live PC12 cell under evanescent-field illumination 10 seconds before (left) and after (right) the application of Mas. The right
image was averaged from three images taken at 51, 60.3, and 71.7 seconds after Mas application. The visible vesicles are outlined by
circles. One newcomer is indicated by the square box. Scale bar represents 2 mm. (D) Cumulative number of fusion events plotted against
time after perfusion of Mas. Vesicles that were visible for 10 seconds before the application of Mas were defined as visible vesicles. The
remaining vesicles were considered as newcomer vesicles.

events were supported by ‘newcomers’. Figure 3C shows
the images taken before (left) and after (right) Mas application. Most vesicles visible before stimulation (circles in
Figure 3C) are still observed 1 min after Mas application.
In Figure 3D, we compared the cumulative fusion events
from visible and newcomer vesicles, respectively, showing that Mas-induced exocytosis is largely due to newcomers. We estimated that 17% of the Mas-induced
exocytosis was from visible vesicles and the remaining
83% was from newcomers. This is in stark contrast to
Ca2þ-evoked exocytosis where the majority (92%) of
release comes from visible vesicles, as shown in
Figure 5 (see also 35,36). To quantify the mobility of vesicles, we calculated their 3-D diffusion coefficients (D(3))
based on the least-square fits to the mean square displacement (MSD) as a function of time (37,38). We found that
most of the visible vesicles have a D(3) < 5  104 mm2/s,
which is comparable with the ‘docked’ vesicles defined in
previously studies (39,40), suggesting that the majority of
visible vesicles are composed of docked vesicles. The
average 3-D diffusion coefficient of the visible vesicles
that are released upon Ca2þ elevation is (1.2  0.1)  104
mm2/s, much smaller than that of the newcomers
released upon Mas (9.0  2.5)  104 mm2/s. It should
Traffic 2006; 7: 416–428

be noted that the release rate of predocked vesicles in
the presence of Mas is similar to that of spontaneously
occurring fusion events with no stimulation (see
Figure 3A). Thus, Mas appears to preferentially target
undocked vesicles.
Mas spares the burst component of exocytosis
triggered by flash photolysis
To further confirm the observation that Mas does not
release predocked vesicles, we investigated the effects
of Mas on exocytosis triggered by flash photolysis of
caged Ca2þ [DM-nitrophen (DMN)]. Exocytosis was
assayed using high time-resolution membrane capacitance measurements. The homogenous step-like elevation of [Ca2þ]i in response to the UV flash elicited a rapid
burst-like membrane capacitance (Cm) increase followed
by a slow sustained component (Figure 4A). The burst
component is generally interpreted as the fusion of
docked and primed vesicles, whereas the sustained component represents the release of vesicles that were in
earlier maturation stages at the onset of stimulation (41).
It has been suggested that the sustained component
involves recruitment from a docked but unprimed pool
(41). Employing live cell TIRFM imaging, it has been
419
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shown that the sustained release also requires capture
of undocked vesicles (40,42). We verified that the burst
component of Cm increase was due to exocytosis from
catecholamine-containing granules from simultaneous
measurements using amperometry (Figure 4A) and was
sensitive to BoNT/E blockade (Figure 4B). The experiments were performed in Ca2þ- and Mg2þ-free bath solution with 1 mM EGTA to avoid any Ca2þ influx that may
be caused by Mas (22). Flashes were triggered after perfusion of 10 mM Mas for 2–3 min. As shown in
Figure 4B,C, Mas treatment does not markedly affect
the size of the burst component (n ¼ 13) as compared
with the control condition (n ¼ 10). In addition, the
time constants of the fast burst and slow burst are
not significantly different between control cells
(tfast ¼ 58  7 ms, tslow ¼ 250  24 ms) and Mas-treated
cells (tfast ¼ 55  5 ms, tslow ¼ 336  48 ms), respectively. These results suggest that the docked and primed
vesicles are not preferentially targeted by Mas.
Interestingly, we also observed a significant reduction
in the sustained component. The averaged slope of the
sustained component is 45  3 fF/s in control cells and
12  2 fF/s in the presence of Mas (Figure 4C). It is
unclear why Mas reduces the sustained component of
exocytosis. One possible explanation might be that prolonged stimulation of Mas depletes the reserve pool and
hence causes a reduced sustained component. However,
an increased endocytosis rate by G-protein activation
could equally explain the phenomenon.
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Figure 4: Mastoparan (Mas) suppresses the sustained component of
exocytosis. (A) Example Cm response
to flash photolysis and the accompanying amperometric signal from the same
cell. Arrow indicates the flash time. (B)
Shown are averaged [Ca2þ]i (upper
panel; error bars represent SEM) and
Cm responses (lower panel) to flash
photolysis of caged Ca2þ from control
cells (black, n ¼ 10), Mas (10 mM) treated cells (light gray, n ¼ 13), and cells
transfected with botulinum neurotoxin
type E (BoNT/E) (dark gray, n ¼ 14). (C)
Summary of the effect of Mas on different components of exocytosis. The
basal [Ca2þ]i levels prior to the flashes
were estimated to be around 300 nM
using fura-2. No significant differences
were observed between burst components of control cells and Mas-treated
cells. The Mas-treated cells, however,
display a significantly reduced release
rate of sustained component compared
with the control group. *p < 0.001
(Student’s t-test).
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Comparison between Ca2+- and GTP-dependent
exocytosis
Ca2þ-triggered LDCV fusion from PC12 cells has been
assayed by monitoring the diffusion and loss of NPY-EGFP
or ANF-EGFP fluorescence (29,31,35). However, the
detected number of events may underestimate the multiple
forms of fusion events, because vesicles that only transiently expose their lumen to the extracellular space do not
necessarily lose their entire fluorescent cargo. For example,
it has been reported that the fusion events detected using
NPY tagged with a yellow fluorescent protein, venus,
occurred much less frequently than those detected using
VAMP2-pHluorin in pancreatic MIN6 cells (28). Using dualcolor detection of VAMP2-pHluorin and NPY-DsRed, we
thus studied the Ca2þ-dependent fusion induced by highKþ depolarization. Figure 5A illustrates a typical fusion event
in response to application of 105 mM Kþ. The vesicle was
visible in the NPY-DsRed channel before stimulation and
underwent fusion with the plasma membrane at 23.8 seconds after application of high Kþ, as indicated by the concurrent increase in both pHluorin and DsRed fluorescence.
While the pHluorin fluorescence rapidly decayed after
fusion, the DsRed fluorescence declined much more slowly.
In panel 5B, we plot the cumulative number of fusion events
for visible and newcomer vesicles. In contrast to the Masinduced exocytosis, the majority of high-Kþ triggered exocytosis was due to fusion of visible vesicles. This observation
is in agreement with previous studies (35,36) and indicates that Ca2þ triggered the fusion of docked vesicles.
Traffic 2006; 7: 416–428
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Figure 5: High K+ preferentially triggers the exocytosis of visible vesicles. (A) Sequential images of a visible large dense core
granule (LDCV) labeled with both VAMP2-pHluorin and NPY-DsRed
undergoing exocytosis. The scale bar indicates 1 mm. The time
indicated is relative to the onset of fusion. Fluorescence intensities
(expressed as percentage change) in 1-mm diameter circles (drawn
in the graph) are plotted against time below. (B) Cumulative numbers of fusion events plotted against time after elevating Kþ. Visible
and newcomer vesicles are defined as in Figure 3D.

To determine whether any difference exists in the final
fusion reaction between Ca2þ- and Mas-induced exocytosis, we compared the averaged time–course of fusion.
Figure 6A displays the averaged fusion events stimulated
by high Kþ from LDCVs containing both VAMP2-pHluorin
and NPY-DsRed. VAMP2-pHluorin fluorescence increased
for <1 second and then declined exponentially with a time
constant of 4.48  0.21 seconds. Often, we observed
VAMP2-pHluorin brightening and rapidly spreading into a
cloud as it diffused away into the plasma membrane, as
previously shown in chromaffin cells (43) and b cells (28).
The diffusion of VAMP2-pHluorin is also seen by the fluorescence increase in the concentric annulus around the
central circle (see Figure 6A). Whereas the pHluorin signal
increased about sixfold from a very low level [(Fpeak-F0)/F0]
and vanished rapidly after fusion, the NPY-DsRed signal
increased only slightly from a much higher level of prefusion fluorescence and diminished slowly with a time
constant of 25.38  0.49 seconds. Measurable punctuate
NPY-DsRed fluorescence remained at the vesicle sites
after fusion, indicating that LDCVs fail to release all of
their NPY-DsRed and remain intact after fusion, as
Traffic 2006; 7: 416–428

previously suggested (29). The tetramerization properties
of DsRed may account for the slow diffusion of the protein
from the vesicle lumen. The persistence of NPY-DsRed
makes it a useful indicator for monitoring vesicles before
and after exocytosis. The high prefusion fluorescence of
NPY-DsRed is consistent with the conclusion that high Kþ
triggers the fusion of docked vesicles underneath the
plasma membrane.
In contrast to high Kþ-stimulated exocytosis, the kinetics
of fusion events triggered by Mas (Figure 6B) reveals
striking differences. Firstly, the fluorescence decay is a
double exponential, with fast time constants of
0.55  0.03 and 0.28  0.004 seconds and slow time
constants of 5.08  0.08 and 6.71  0.16 seconds for
pHluorin and DsRed fluorescence, respectively. The fast
decay could be due to the rapid closure of the fusion pore
and/or re-acidification of the vesicles. The time constants
of the slow decay correlate well with the mean dwelling
time of vesicles at the plasma membrane (Figure 2C),
suggesting that the slow decay might be due to the
retreat of vesicles after fusion from the plasma membrane, as we show in Figure 2. Secondly, the fluorescence
level of NPY-DsRed before fusion is close to the background fluorescence and much lower than that of high
Kþ-induced fusion events. Thirdly, no increase in the annulus fluorescence could be observed. These differences
further support our above hypothesis that Mas triggers
fusion of newly arrived vesicles from the cytosol and
that the fusion process seems to be a transient ‘kissand-run’ type with no appreciable diffusion of vesicular
membrane protein.
We have shown above that Mas spares the visible vesicles and preferentially triggers the fusion of newcomers.
However, it is not known whether newcomer vesicles
induced by Mas still need to go through a similar docking
and priming step prior to fusion as those triggered by
Ca2þ. For fusion from newcomers induced by high Kþ,
we frequently observed a stage at which the DsRed fluorescence stabilized at an intermediate level prior to fusion
(Figure 6C). This stage is interpreted as a docking and
priming step required for subsequent fusion (36). For
Mas-triggered exocytosis, however, a discernable docking
and priming stage is hardly visible. Rather, most vesicles
fused with the plasma membrane immediately after they
appeared (within 1–2 frames) in the red channel (see also
Figure 2B). In Figure 6D, we plot the latency histogram of
the delay between the first appearance of the vesicle and
the fusion event. It is evident that high Kþ-induced fusion
events have a longer delay time with an exponential decay
time constant of 3.95 seconds. In contrast, Mas-induced
exocytosis has a much shorter delay. The averaged delay
time, which should be equal to the time constant of the
exponential fit, is only 0.52 second. This result suggests
the existence of different mechanisms not only in fusion
triggering but also in the docking process for Mas- and
Ca2þ-stimulated exocytosis.
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Figure 6: Comparison of the fusion kinetics between high K+- and mastoparan (Mas)-stimulated exocytosis. Averaged fluorescence traces of large dense core granules (LDCVs) containing both VAMP2-pHluorin and neutropeptide-Y (NPY)-DsRed stimulated by high
Kþ (A; 51 events, seven cells) and Mas (B; 27 events, six cells) are displayed. Both the fluorescence intensity from the central circles
(1 mm in diameter) enclosing the vesicles and the concentric annuli around the circles (1.5 mm outer diameter) were temporally aligned to
the moment of fusion (indicated by the vertical dotted line) as reported using VAMP2-pHluorin. The fluorescence intensity of the central
circles was normalized to its peak value. For the concentric annuli, the fluorescence was normalized to the prefusion intensity and
expressed as percentage increase. Best exponential fits to the fluorescence decay are superimposed as dashed lines with time constants
indicated. Please note the different scale in the lower trace of panel B. (C) Sequential images of a newcomer LDCV labeled with both
VAMP2-pHluorin and NPY-DsRed undergoing Ca2þ-induced exocytosis. The time indicated is relative to the onset of fusion. Scale bar
indicates 1 mm. The fluorescence intensities of the green and red channel were averaged from 1-mm diameter circles enclosing the
vesicle and displayed in the bottom. Vertical dotted lines indicate the time of fusion inferred from the VAMP2-pHluorin fluorescence.
Please note the apparent docking/priming stage prior to fusion (indicated by broken line). (D) Latency histograms of the delay between the
first appearance of vesicles and the fusion time for Mas and Ca2þ-induced exocytosis. Superimposed are exponential fits with time
constants indicated. Please note the different time scales for the histograms.

If Mas triggers transient ‘kiss-and-run’ fusion, we would
expect to observe a substantial difference in the content
release at the single vesicle level between high Kþ- and
Mas-stimulated exocytosis. We tested this hypothesis by
422

amperometrically detecting the amount of catecholamine
release using carbon-fiber electrodes. We challenged
PC12 cells with either Mas or high Kþ and examined the
characteristics of single fusion spikes. In general,
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Mas-induced fusion spikes are much smaller than those
induced by high Kþ. One example is shown in Figure 7A.
Spikes stimulated by high Kþ tend to have larger peak
amplitudes (Figure 7B) and longer half times (data not
shown), which result in larger content release as judged
by the integrated charge of spikes (Figure 7C). The smaller
peak amplitudes of Mas-induced spikes could result from
partial release due to the brief opening of the fusion pore,
as proposed above. Alternatively, it is possible that Mas
has limited access to the cleft between carbon fiber and
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cell, and thus, only spikes from the periphery are measured. However, such distant spikes might have a slower
rise time. We have verified that the rise time (10–90%) is
not significantly different between high Kþ and Masinduced spikes (data not shown).

Discussion
A central role for Ca2þ in stimulus-secretion coupling was
first proposed more than 30 years ago, particularly through
the work of Douglas and Katz (44,45). While we now know
how Ca2þ interacts with specific Ca2þ-binding proteins,
we still ignore how these Ca2þ-binding proteins initiate
membrane fusion. On the contrary, it has become apparent that parallel pathways exist to stimulate exocytosis in
the absence of Ca2þ, although little is known about the
mechanism that mediates Ca2þ-independent exocytosis.
In the present study, we have taken advantage of the
TIRFM technique to monitor single secretory vesicles in
live PC12 cells. We employed a slow diffusable marker
(NPY-DsRed) to label LDCV and a pH-dependent EGFP
conjugated to a vesicular membrane protein (VAMP2pHluorin) to report fusion. By simultaneous dual-color
imaging of single vesicles in live PC12 cells under TIRFM,
we studied the mobility of LDCVs in the subplasmalemmal
area and their fusion with the plasma membrane stimulated
by either Mas or depolarization-evoked Ca2þ entry.
Mas is an amphiphilic tetradecapeptide that inserts itself
into the phospholipid bilayer of the plasma membrane and
displays four positive charges near the inner surface of the
membrane. By acting as a structural analogue of the regulatory domain of G-protein-coupled receptors, Mas can
mimic the action of these receptors and activate signaling
pathways through triggering the guanine nucleotide
exchange activity of heterotrimeric G proteins (26), as
well as of a low molecular weight G protein (25,27,46).
Mas has been widely employed for studying GTPdependent and Ca2þ-independent exocytosis. We have
verified in our study that Mas-induced exocytosis is not
due to non-specific membrane perturbation via the amphiphilic nature of the peptide but rather is a GTP-dependent
membrane fusion process involving the SNARE complex.

0
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Charge (pC)
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Figure 7: Mastoparan (Mas) induces less release quanta. (A)
Amperometric current in a PC12 cell. The cell was first stimulated
with 10 mM Mas for 60 seconds followed by 15-second wash with
normal external solution, then it is challenged with 120 mM Kþ.
Example spikes marked with * and † were expanded in the
insets, please notice the difference in the scaling. (B) and (C):
Distribution of the peak amplitude (B) and charge (C) of amperometric spikes stimulated with high Kþ (empty bar) or Mas (filled
bar). Cumulative histograms are compared in the insets. The
difference is significant (p < 0.04, Kolmogorov–Smirnov test) in
both cases.

Traffic 2006; 7: 416–428

We have identified three major differences between Masand Ca2þ-stimulated exocytosis. Firstly, Mas and Ca2þ
trigger the fusion from different populations of vesicles.
Surprisingly, Mas is inefficient in triggering the exocytosis
of predocked vesicles. Instead, we have shown that Mas
mainly stimulates the translocation of cytosolic vesicles to
the plasma membrane and triggers the subsequent transient fusion of these newcomers. In contrast, Ca2þ primarily triggers the exocytosis of predocked vesicles (this
study; 35,36). It has been proposed that the docked,
primed vesicles undergo inhibition from fusion at resting
conditions. This ‘fusion clamp’ will be relieved only by
binding of Ca2þ ions to the Ca2þ sensor(s). The Ca2þ
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sensor(s) itself could potentially act as the clamp for fusion
(47,48). We now show that this blockade is insensitive to
G-protein activation by Mas. Apparently, the fusogenic
mechanisms of Mas and Ca2þ are different. Although
unexpected, our results are consistent with a recent
study in which the docked vesicles are triggered to fuse
by Ca2þ but not by Ba2þ, whereas Ba2þ preferentially
stimulates the fusion of cytoplasmic undocked vesicles
(35). By employing a fluorescent timer protein that
changes color with maturation, the study proposed that
the docked vesicles are newly synthesized and the older
vesicles are located deeper in the cytosol. Thus, it is quite
likely that vesicles of distinct ages respond differently to
Mas. The differential effects of Ca2þ and Mas may reflect
differences in release mechanisms for vesicles of distinct
ages or at different locations.
Secondly, we provide the first evidence to suggest that
the Mas-initiated fusion process is different from that
triggered by Ca2þ. The classical model of exocytosis
holds that vesicles flatten into the cell surface and allow
their components to mix with the plasma membrane. The
possibility that synaptic vesicles release neurotransmitters
through incomplete exocytosis, also referred to as ‘kissand-run’, has garnered much attention in recent years
(reviewed in 49). The physiological relevance of this type
of exocytosis has been attributed to faster vesicle recycling/
resupply (50) and to modulation of the amount and type of
molecules released (29,51). Despite the importance of
regulation of the fusion process (complete versus partial),
the mechanistic determination of fusion pore dilation
remains unclear. Surprisingly, we have found that the
fusion process induced by Ca2þ is substantially different
from that of GTP-dependent exocytosis in the absence of
Ca2þ. In Ca2þ-induced exocytosis, we observed a single
exponential decay (t ¼ 4.5 seconds) of VAMP2-pHluorin
fluorescence after fusion, which could be due to either
retreat (38) or re-acidification (52) of vesicles after fusion,
or else may be due to lateral diffusion of the fluorescent
protein into the plasma membrane (29). We have verified
that VAMP2-pHluorin readily diffused into the concentric
annuli around the vesicle with similar kinetics after fusion
(Figure 6A). Simultaneous monitoring of NPY-DsRed fluorescence (pH-insensitive) of the same vesicle suggests no
retreat of the vesicle (Figures 5A and 6A). Thus, the dimming of pHluorin fluorescence is most probably due to
loss of the protein into the plasma membrane through
lipid mixing after fusion. The diffusion of vesicular membrane proteins and the largely intact nature of the vesicle
after fusion are reminiscent of the recently described
‘cavicapture’ fusion in PC12 cells (29). In contrast, GTPdependent fusion had a double exponential decay in
pHluorin fluorescence as well as in the accompanying
NPY-DsRed fluorescence (Figure 6B). Because no diffusion of the fluorescence was observed, the decay in fluorescence is predominantly caused by withdrawal of the
vesicle from the plasma membrane and/or rapid reacidification after fission. The Mas-induced fusion thus
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resembles the ‘kiss-and-run’ type of fusion that has been
demonstrated from several laboratories using a variety of
techniques (52–55). The rapid closure of the fusion pore
from Mas-induced fusion will result in a lower catecholamine release, which is consistent with our amperometric
data (Figure 7). However, the reduction in quantum size
can equally be explained by reduced catecholamine content. It has been reported previously that activation of
trimeric G proteins leads to blockade of the vesicular
monoamine transporter and thus a reduced loading of
vesicles with catecholamines (56).
Thirdly, it appears that not only is the fusion reaction
different, but the docking and priming process might also
be different for Mas- and Ca2þ-triggered exocytosis. Our
results indicate that vesicles immediately fuse with the
plasma membrane once they attach to the plasma membrane in the presence of Mas. From our imaging data, we
estimate that the time required for docking and priming is
of the order of 500 ms. In contrast, Ca2þ-stimulated exocytosis requires a much longer time (see Figure 6C,D) to
reach fusion competence once the vesicle approaches the
plasma membrane, which is consistent with previous studies (36,40). Ca2þ has been shown to facilitate the priming
and docking of vesicles (57,58). The finding that Mas
stimulates a much faster docking and priming process
than that of Ca2þ-evoked exocytosis is hence surprising.
The explanation for this apparent difference will rely on
further elucidation of the molecular mechanisms of docking and priming and their differential regulation by Ca2þ
and GTP.
Both monomeric and trimeric GTPases have been suggested to be activated by Mas. The Rho families of low
molecular monomeric GTP-binding proteins have been
suggested as candidates for Mas action (25,27). The Rho
family, which consists of CDC42, Rho, Rac, TC10, and
others, are involved in diverse signaling pathways including the regulation of actin cytoskeleton, protein sorting,
membrane trafficking, and cell growth control. There is a
growing body of evidence to support the possible involvement of the Rho family (Rho, CDC42, Rac) in multiple
steps such as vesicle mobilization, docking, and/or membrane fusion (59,60). In addition, Rab GTPases have also
been proposed as key regulators for different steps of
vesicular transport along the exocytic and endocytic pathways. An emerging role of Rab GTPases has also been
recognized in the regulation of vesicle movement on actin
tracks (61). Interestingly, we found that latrunculin B, an
inhibitor of actin polymerization, blocked Mas-triggered
incoming, and fusion of LDCVs (see supplementary
Figure 1). Thus, it is quite likely that Mas triggers the
translocation and attachment of cytoplasmic vesicles to
the plasma membrane via actin tracks, presumably by
activation of certain GTPases.
The molecular mechanism by which Mas triggers fusion is
also unclear. In particular, the sensor(s) and effector(s) of
Traffic 2006; 7: 416–428
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GTPase to initiate fusion remain to be identified. Early
investigations have implied that heterotrimetric G-protein
function in the stimulation of exocytosis (16,62,63). This
model was attractive because a direct interaction between
bg subunit and the exocytotic machinery has also been
suggested to inhibit presynaptic release downstream of
Ca2þ entry (64). However, it was subsequently found that
the heterotrimetric G proteins are unable to induce exocytosis by themselves (21). It follows that they operate in
conjunction with other monomeric GTPases. A recent
study has suggested that interaction between RalA and
the exocyst complex is essential for GTP-dependent exocytosis (65,66). However, due to the lack of any direct
assays of the fusion reaction, it remains to be determined
which monomeric GTPase and its effector(s) function in
the final fusion step.
The question whether the basic fusion machinery is
involved in the GTP-dependent exocytosis remains controversial. The fact that Mas stimulates exocytosis in the
effective absence of Ca2þ (19,22) and spares the predocked vesicles (this study) appears to suggest that the
Ca2þ sensor(s) (i.e. synaptotagmin-1) may not be involved.
As for the involvement of SNAREs, it has been suggested
that VAMP-2 and cellubrevin are essential for Ca2þinduced but not for GTPgS-induced insulin secretion in
pancreatic b cells (67). In contrast, a recent study demonstrated that botulinum neurotoxin blocked both GTP- and
Ca2þ-dependent exocytosis, suggesting their final fusion
steps both require SNARE complexes (66). Here, we have
demonstrated that Mas-induced exocytosis does require
intact SNAP-25. The result not only confirms the universal
requirement for SNARE proteins in vesicular fusion but
also poses an intriguing question: How could a particular
GTP-binding protein convey the signal to the SNARE complexes and initiate fusion? Or alternatively, one could imagine a two-step priming for Ca2þ-stimulated exocytosis:
the formation of the SNARE complex and the subsequent
interaction with synaptotagmin. The interaction with
synaptotagmin holds the vesicle from spontaneous fusion,
and the blockade can only be released by Ca2þ. Mas
initiates the SNARE complex formation but prevents
further interaction with synaptotagmin (hence the shorter
priming time, see Figure 6D). The assembly of the SNARE
complex in the absence of synaptotagmin will lead to
subsequent fusion in the absence of Ca2þ.
We thus propose a tentative model as presented in the
supplementary Figure 2 to reconcile the current results.
Application of Mas stimulates the translocation and docking of the cytoplasmic vesicles to the plasma membrane.
Once the vesicle has docked at the plasma membrane, it
immediately undergoes transient fusion (kiss-and-run)
with the plasma membrane without entering into a primed
(or clamped) state. The transient fusion leads to a small
amount of cargo release, and the vesicle returns to the
cytoplasmic depot pool soon after the fusion event. The
preformed primed vesicles (which are also in a clamped
Traffic 2006; 7: 416–428

state) will not be triggered to fuse by GTP in the absence
of Ca2þ. They are, however, triggered to fuse by Ca2þ. The
fusion pore in the presence of Ca2þ remains open for a
longer time and has a larger size, which results in larger
content release and dispersion of certain membrane proteins. The exocytosed LDCVs are recaptured largely intact
after Ca2þ-stimulated fusion.

Materials and Methods
Plasmid construction
For the construction of the chimeric protein NPY-DsRed, the NPY-EGFP
plasmid was digested with EcoRI and BamHI. The resulting fragment of
NPY was then inserted into the EcoRI and BamHI sites of N1-DsRed
(Clontech, Palo Alto, CA, USA). BoNT/E light-chain cDNA was subcloned
into the pIRES- monomer red fluorescence protein (mRFP) plasmid to
express BoNT/E light chain and mRFP (68), separately. The mRFP fluorescence method was used as an indicator of successful transfection.

Cell culture and transfection
PC12 cells were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and were cultured in DMEM (Gibco, Carlsbad, CA, USA)
supplemented with 10% horse serum (Gibco) and 5% fetal bovine serum
(Gibco) at 37  C and 5% CO2. One day after plating, cells were cotransfected
with NPY-DsRed and VAMP2-pHluorin using LipofectamineTM 2000
Transfection Reagent (Invitrogen, Carlsbad, CA, USA). Transfected cells
were replated onto coverslips coated with poly L-lysine 1 day after transfection. Experiments were performed 48 h after transfection at room temperature in a standard extracellular saline solution containing 140 mM NaCl,
2.5 mM KCl, 1.3 mM CaCl2, 1 mM MgCl2, and 10 mM Hepes (pH 7.4). The
external high Kþ solution used to stimulate the PC12 cells contained (in mM)
37 NaCl, 105 KCl, 5 CaCl2, 2 MgCl2, and 10 HEPES (pH 7.4). Mas was
prepared as 1 mM stock solution and diluted to 10 mM in Ca2þ- and Mg2þfree external solution containing 140 mM NaCl, 2.8 mM KCl, 10 mM HEPES,
1 mM EGTA, and 10 mM glucose (pH ¼ 7.4). To examine the co-localization
of VAMP2-pHluorin with NPY-DsRed, we perfused transfected cells with
NH4Cl solution prepared by substituting 50 mM NaCl with 50 mM NH4Cl in
the standard bath solution. Unless otherwise stated, all compounds were
purchased from Sigma.

Imaging collection and analysis
The TIRFM setup was constructed based on the prismless and throughthe-lens configuration as previously described (69). Briefly, a condenser
coupling multiple lasers was attached to the back port of an IX81-inverted
automatic microscope (Olympus, Tokyo, Japan) equipped with a 100
objective lens (NA ¼ 1.45, Zeiss, Germany). The 488-nm laser line was
selected using AOTF for simultaneous illumination of EGFP and DsRed. An
appropriate dichroic mirror (DC488nm) and emission filter (LP505nm) were
placed in the light path. Images were collected at 3–5 Hz using Cascade
650 (Roper Scientific, Tucson, AZ, USA) at the right lateral port of the
microscope after a GFP/DsRed dual-view microimager (Optical Insights,
Tucson, AZ, USA). We calculated the penetration depth of the evanescent
field (d ¼ 138 nm) by measuring the incidence angle with a prism
(n ¼ 1.5218) with a 488-nm laser beam. Imaging was controlled using
Metamorph (Universal Imaging, Downingtown, PA, USA) and analyzed in
MatLab (Math Works, Natick, MA, USA) or Igor Pro (WaveMetrics, Lake
Oswego, OR, USA).

Data analysis
Fluorescent spots were considered to be ‘secretory vesicles’ if their intensity
was three times above the background fluctuations, and they had a full width
at half-maximum diameter below 0.5 mm (37). We used two concentric
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circles (13 and 20 pixels with a pixel size of 74 nm, corresponding to approximately 1.0 and 1.5-mm diameter), centered on selected vesicles, to characterize the evolution of fluorescence over time of single vesicles on
background-subtracted images. Fluorescence of individual vesicles was measured as the mean brightness of the inner circle. Abrupt upward deflections in
pHluorin fluorescence exceeding five times the standard deviation of the
fluorescence fluctuation were considered as fusion events. Additionally, we
took the dissipation of the average fluorescence in the concentric annulus as
a reporter of release of vesicular fluorophores. Throughout our dual-color
experiments, same regions defined for VAMP2-pHluorin analysis were transferred to the corresponding positions of the red image, and the above
procedures were carried out for parallel analysis of the co-localized NPYDsRed fluorescence.
To analyze the mobility of single vesicles, we fitted a 2-D Gaussian distribution to the single-vesicle data. This algorithm is proven to be an
effective approach in tracking single fluorescent particles at low signal-tonoise levels (37,38). The lateral co-ordinates of the vesicle were taken from
the peak of the Gaussian fit. The relative movement in the z position (DZn)
from time point (n  1) to (n) can be calculated from the following formula
(38):
DZn ¼ Zn  Zn1 ¼ d ln ( Fn =Fn1 )

ð1Þ

where Fn and Fn  1 are background corrected fluorescence at time point
(n) and (n  1), respectively, and d is the penetration depth. The penetration depth was verified frequently by measuring the incidence angle before
the experiments. The MSD for each vesicle was calculated from NPYDsRed-labeled vesicles as follows:

MSDðtÞ ¼

X
1 Ln1
ðrðs þ nÞ  rðsÞÞ2
L  n s¼0

ð2Þ

where n ¼ t/Dt; Dt is the time interval between two successive TIRFMrecorded images, L is the total number of images in a recorded sequence,
and r(s) is the 3-D position of vesicle in frame s. The data were fit according
to the equation MSD(Dt) ¼ 6D(3)Dt as described previously (37,38), which
yielded the 3-D diffusion coefficient D(3) from the best least-squares fit.

Ca2+-uncaging and [Ca2+]i measurement
Homogenous [Ca2þ]i elevations were generated by the photolysis of caged
Ca2þ (DMN), as previously described (70). Pipette solutions consisted of
110 mM Cs-glutamate, 5 mM DMN, 8 mM NaCl, 3.6 mM CaCl2, 2 mM
MgATP, 0.3 mM GTP, 0.2 mM furaptra, and 35 mM Hepes, adjusted to
pH 7.2 with either HCl or CsOH. We estimated basal [Ca2þ]i levels of the
order of approximately 300 nM by fura-2. [Ca2þ]i levels were calculated
from the 340/380-nm fluorescence ratio according to the following equation
(71): [Ca2þ]i ¼ Keff  (R  Rmin)/(Rmax  R), where Keff, Rmin, and Rmax
are constants obtained from intracellular calibration as previously described
(70).

Cm measurement
We performed whole-cell recordings using sylgard-coated 2–3 MO pipettes. Series resistances of between 4 and 12 MO were included in the
analysis. An EPC-10 patch-clamp amplifier (HEKA, Lambrecht, Germany)
was used with PULSEþLOCK-IN software. For capacitance measurements, a
1042-Hz, 40-mV peak-to-peak sinusoidal voltage stimulus was superimposed onto a holding potential of 70 mV. Currents were filtered at
2.9 kHz and sampled at 25 kHz. The capacitance traces were imported
into IGOR Pro and were fitted with a triple exponential function:

f ðtÞ ¼ A0 þ

3
X
i¼1




t  t0
for t > t0
Ai ð1  exp 
ti

ð3Þ

where A0 is the capacitance of the cell before the flash stimulation at t0.
The amplitudes (Ai) and time constants (ti) of the two faster exponentials
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define the size and release kinetics of the fast- and slow-burst component,
respectively. The third exponential corresponds to the component of sustained release and was quantified by the rate of Cm increase.

Amperometric recordings of catecholamine release
Amperometric recordings were performed with polypropylene insulated
carbon fiber (Thornel T-300, diameter 7 mm, Amoco Performance
Products, Greenville, SC, USA) electrodes held at þ650 mV using an
EPC-9 amplifier (HEKA). Signals were filtered at 500 Hz and sampled at
1 kHz. Amperometric events were viewed and analyzed with Minianalyses
(Synaptosft., Decatur, GA, USA).
The measurement of high Kþ-stimulated catecholamine release was performed in the normal extracellular solution. High Kþ buffer consisted of
25 mM NaCl, 120 mM KCl, 5 mM CaCl2, 0.7 mM MgCl2, 10 mM Hepes, and
10 mM glucose. The Mas-stimulated secretion was recorded in the Ca2þ
and Mg2þ-free external solution. The external solutions were adjusted to
pH 7.4 with either HCl or NaOH.

Statistics
For normally distributed data, population averages were given as mean and
SEM, and statistical significance was tested with Student’s t-test.
Statistical significance between skewed distributions was assessed with
Kolmogorov–Smirnov test.
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Supplementary Material
Figure S1. Cumulative numbers of fusion events stimulated by
mastoparan (Mas) were plotted against time from cells with
(TG þ Mas, open circle) or without (Mas, filled circle) pretreatment of thapsigargin (TG, 2 mM for 15 min). Also compared are
Mas-induced fusion events from cells pretreated with latrunculin
B (5 mM) for 5 min (LB þ Mas).
Figure S2. Tentative model for the Ca2þ- and GTP-dependent
exocytosis. Ca2þ and activated G proteins control exocytosis via
two different mechanisms. G-protein activation triggers translocation and docking of vesicles and subsequent transient fusion.
Through a brief opening of the fusion pore, only a small amount
of content is released. Whereas the primed vesicles are spared by
GTP, they are triggered to fuse by Ca2þ. Fusion of large dense
core granule induced by Ca2þ has a longer and larger opening of
the fusion pore, which results in larger content release and also
partial diffusion of certain vesicular membrane proteins.
These materials are available as part of the online article from
http://www.blackwell-synergy.com
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