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priming to fusion
Maria Borisovska1, Ying Zhao1,2,4, Yaroslav
Tsytsyura1, Nataliya Glyvuk1, Shigeo
Takamori2, Ulf Matti1, Jens Rettig1,
Thomas Südhof3 and Dieter Bruns1,*
1
Department of Physiology, University of Saarland, Homburg/Saar,
Germany, 2Department of Neurobiology, Max-Planck Institute for
Biophysical Chemistry, Göttingen, Germany and 3Center for Basic
Neuroscience, Howard Hughes Medical Institute, University of Texas
Southwestern, Dallas, TX, USA

SNARE proteins (soluble NSF-attachment protein receptors) are thought to be central components of the exocytotic mechanism in neurosecretory cells, but their precise
function remained unclear. Here, we show that each of
the vesicle-associated SNARE proteins (v-SNARE) of a
chromaffin granule, synaptobrevin II or cellubrevin, is
sufficient to support Ca2 þ -dependent exocytosis and to
establish a pool of primed, readily releasable vesicles. In
the absence of both proteins, secretion is abolished, without affecting biogenesis or docking of granules indicating
that v-SNAREs are absolutely required for granule exocytosis. We find that synaptobrevin II and cellubrevin
differentially control the pool of readily releasable vesicles
and show that the v-SNARE’s amino terminus regulates
the vesicle’s primed state. We demonstrate that dynamics
of fusion pore dilation are regulated by v-SNAREs, indicating their action throughout exocytosis from priming to
fusion of vesicles.
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Introduction
Neuronal SNAREs (soluble NSF-attachment protein receptors) include synaptobrevin, which resides on vesicles
and the plasma membrane proteins, syntaxin and SNAP-25
(Chen and Scheller, 2001; Jahn et al, 2003). At synapses, null
mutants of any of the three SNARE proteins exhibit a strong
inhibition of action potential-evoked transmitter release
(Schulze et al, 1995; Deitcher et al, 1998; Schoch et al,
2001; Washbourne et al, 2002), an observation that agrees
well with the finding that these proteins are specifically
targeted by clostridial neurotoxins, which are potent inhibi*Corresponding author. Department of Physiology, University of
Saarland, Kirrbergerstrasse 8, 66424 Homburg/Saar, Germany.
Tel.: þ 49 6841 162 6495; Fax: þ 49 6841 162 6492;
E-mail: dieter.bruns@uniklinik-saarland.de
4
Current address: Department of Molecular Medicine, Veterinary
Medicine School, Cornell University, Ithaca, NY, 14853, USA.
Received: 31 January 2005; accepted: 3 May 2005; published online:
26 May 2005

2114 The EMBO Journal VOL 24 | NO 12 | 2005

tors of neurotransmitter release. Morphological evidence
showed that docking of secretory vesicles at the plasma
membrane is not impaired after genetic ablation or proteolysis of SNARE proteins, implicating a ‘postdocking’ role of
these proteins in the exocytotic pathway (Hunt et al, 1994;
Broadie et al, 1995). Recent studies on SNAP-25 in chromaffin cells using either single amino-acid substitutions, sitespecific antibodies or expression of splice variants in knockout cells suggest that the function of this protein provides the
molecular basis for ‘priming’ of secretory vesicles, a reaction
that transfers morphologically docked vesicles into an exocytosis-competent state (Xu et al, 1999; Wei et al, 2000;
Sorensen et al, 2003; Nagy et al, 2004). Still, neither SNAP25 deficiency nor the lack of synaptobrevin II abolishes
spontaneously occurring vesicle fusion or secretion when a
long-lasting Ca2 þ stimulus is applied, raising the question
of whether remaining exocytosis occurs with the help of
an alternative SNARE complex or by a SNARE-independent
mechanism (Yoshihara et al, 1999; Schoch et al, 2001;
Washbourne et al, 2002; Sorensen et al, 2003). Furthermore, data from other systems have indicated that SNAREs
may act before fusion and are not directly involved in
executing fusion (Tahara et al, 1998; Ungermann et al, 1998).
To gain new insight into the mode of SNARE function in
exocytosis, we examined alternative v-SNAREs in the same
exocytotic pathway. In following this strategy, we analyzed
how structurally homologous v-SNAREs of a chromaffin
granule, synaptobrevin II (sybII) and cellubrevin (ceb, also
referred to as VAMP 2 and VAMP 3, respectively), contribute
to catecholamine secretion from chromaffin cells (Baumert
et al, 1989; Elferink et al, 1989; McMahon et al, 1993). Ceb
shares a high degree of similarity with sybII, is expressed
in a wide variety of tissues and is also a substrate for the
proteolytic action of tetanus toxin (McMahon et al, 1993;
Galli et al, 1994). Previous studies identified ceb on secretory
vesicles of neuroendocrine cells (Chilcote et al, 1995) and glia
cells (Bezzi et al, 2004) but also implicated the protein in the
fusion of endosome-derived, transferrin receptor-containing
vesicles that undergo exocytosis constitutively and in a Ca2 þ independent manner (Galli et al, 1994). To study the functional impact of these v-SNARE proteins in Ca2 þ -triggered
exocytosis, we took advantage of recently developed mouse
strains, being deficient either for sybII (Schoch et al, 2001) or
for ceb (Yang et al, 2001) and, in addition, generated a new
double v-SNARE null mouse.
Our experiments demonstrate that secretion is abolished
only in the absence of both sybII and ceb, without affecting
biogenesis or docking of granules, indicating that one of these
v-SNAREs is absolutely required for Ca2 þ -dependent granule
exocytosis. We provide evidence that sybII is the major, if not
the only, v-SNARE acting in wild-type cells, but is efficiently
substituted by ceb in sybII knockouts (ko), suggesting that
v-SNAREs act promiscuously in genetically deficient but
specifically in wild-type cells. Furthermore, membrane
capacitance measurements and carbon fiber amperometry
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are used to elucidate how the individual v-SNARE proteins
regulate Ca2 þ -triggered stimulus–secretion coupling and exocytotic membrane merger.

Results
Granule exocytosis in isolated chromaffin cells was synchronized using flash photolysis of caged Ca2 þ (NP-EGTA), and
changes in the intracellular calcium concentration ([Ca]i)
were measured with a combination of calcium indicators
(Fura-2 and Furaptra). Photolytic ‘uncaging’ of Ca2 þ leads
to a step-like increase in [Ca]i that stimulates granule exocytosis, which is detected by measuring the membrane
capacitance at high time resolution (Figure 1). The secretory
response of a wild-type chromaffin cell to such a stimulus can
be roughly divided into two kinetically distinct phases
(Heinemann et al, 1994; Voets et al, 1999): an initial phase
(also referred to as exocytotic burst), reflecting the exocytosis
of granules from a release-ready state and a subsequent
sustained phase that is thought to represent refilling of the
just emptied pool by recruitment of new vesicles into the
exocytosis-competent state (‘priming’). At high [Ca]i, priming
is immediately followed by fusion producing a sustained
increase in membrane capacitance. At resting levels of
[Ca]i, the balance between ‘forward-directed’ priming and
‘backward-directed’ depriming reactions should determine
the pool size of release-ready organelles (Voets, 2000; Rettig
and Neher, 2002).
Synaptobrevin II deficiency versus cellubrevin
deficiency
In the absence of synaptobrevin II (sybII ko), Ca2 þ -triggered
secretion from chromaffin cells is only moderately diminished (Figure 1A). This finding was unexpected considering
the observation that poisoning of wild-type cells with tetanus
toxin (TeNT) leads to a complete loss of exocytosis (Xu et al,
1998). Indeed, expression of TeNT in sybII ko cells abolishes
secretion, showing that an alternative toxin substrate, most
likely ceb, mediates sybII-independent exocytosis. The analysis of wild-type and mutant cells reveals that loss of sybII
diminishes the exocytotic burst size (Figure 1B). Both components of the exocytotic burst, the fast phase (RRP, readily
releasable pool) and the slow phase (SRP, slowly releasable
pool), are similarly affected, but no corresponding change in
the sustained phase of the exocytotic response is observed.
Thus, lack of sybII facilitates depriming of the vesicles
leading to the observed reduction of RRP and SRP size. In
contrast, the kinetic rates of the exocytotic burst (tRRP, tSRP;
Figure 1B) and the delay between flash and onset of the
response (wt: 4.470.77 ms; sybII ko: 5.0170.5 ms) remain
unchanged, showing that the alternative v-SNARE component enables bona fide Ca2 þ -triggered exocytosis. The same
effects are measured for a second flash (given with a 2 min
interval), indicating that differences in ‘depriming’ of wildtype and sybII ko granules are robust and remain even after
strong stimulation of exocytosis.
Astonishingly, lack of cellubrevin (ceb ko) has no profound effect on secretion (Figure 1C and D), neither the first
nor the second flash response shows significant alterations
compared with controls. Therefore, sybII is either sufficient
or can readily compensate for the lack of ceb in the exocytotic
mechanism. To address this issue further, we determined the
& 2005 European Molecular Biology Organization

expression levels of sybII and ceb on the background of the
different v-SNARE knockout phenotypes in cultured chromaffin cells (Supplementary Figure A and B). The data show that,
in the absence of sybII, ceb’s expression level is significantly
upregulated, on average by 36%. Similarly, the mean immunosignal tlsbfor sybII is increased by about 27% when ceb is
absent. These observations are compatible with the view that
sybII and ceb are functionally interchangeable and can act in
the same exocytotic pathway.
Double v-SNARE deficiency
To test whether cellubrevin mediates secretion in sybII ko
cells, we generated a mouse strain that is deficient for both
proteins (double v-SNARE null mouse, dko; see Materials
and methods). In fact, Ca2 þ -evoked secretion from dko cells
is nearly abolished (Figure 2A). The flash-evoked response
from these mutant cells exhibits no significant exocytotic
burst (less than 7% of control measured at 0.5 s after stimulation). This result suggests that each of the two v-SNAREs is
sufficient to establish a standing pool of release-ready organelles. In close correlation, strong immunoreactive bands for
both, sybII and ceb are observed with Western blots of wildtype adrenal gland homogenate prepared at embryonic stage
E18.5 (Figure 2C). Furthermore, TI-VAMP (toxin-insensitive
VAMP; Coco et al, 1999) but not synaptobrevin I, the other
known TeNT substrate, was detectable on immunoblots.
Treatment of dko cells with TeNT led to no further reduction
of the signal (Figure 2A), implicating TeNT-insensitive VAMPs
like TI-VAMP or VAMP 8 (Paumet et al, 2000) in mediating the
small remaining response and excluding synaptobrevin I that
may be expressed below the detection limits of the immunoblot analysis. Western blot analysis of adrenal gland and of
brain homogenate furthermore reveals that double v-SNARE
deficiency causes no compensatory changes in the expression
levels of other synaptic proteins (Figure 2D and E).
Using electron microscopy, we investigated whether removal of the two v-SNAREs affects number, size or spatial
distribution of chromaffin granules (Figure 3A). dko cells
exhibit the same density of vesicles as observed in controls
(wt: 2.970.2 vesicles/mm2; dko: 3.170.3 vesicles/mm2), indicating that lack of the v-SNAREs does not interfere with the
de novo synthesis of the secretory organelles (Figure 3B). The
size distribution of double v-SNARE-deficient vesicles closely
resembles that observed for wild-type vesicles (vesicle radius:
wt: 65718 nm; ceb ko: 66716; dko: 66715 nm; Figure 3C)
and measurement of the granule-to-plasma membrane distance revealed neither significant changes in the number of
morphologically docked vesicles (o50 nm) nor in the overall
spatial distribution of the granules (Figure 3D). Thus, sybII
and ceb are not required for biogenesis and docking of
secretory organelles in chromaffin cells.
v-SNARE deficiencies with other stimuli
The distinct functional consequences of the v-SNARE deficiencies are similarly evident for a physiological stimulus of
granule exocytosis (Figure 4A–C). Exocytosis triggered by
a train of depolarizations is reduced in sybII ko cells, unchanged in ceb ko cells and almost abolished in dko cells.
This finding holds for the first capacitance response (within
the stimulus train; Figure 4D), which mainly reflects exocytosis of release-ready vesicles (Voets et al, 1999). In contrast,
amplitudes of the corresponding depolarization-induced
The EMBO Journal
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Figure 1 Lack of sybII or ceb differentially affects secretion from chromaffin cells. (A) Averaged flash-induced [Ca2 þ ]i levels (upper panel;
flash at t ¼ 0.5 s) and corresponding capacitance responses (lower panel) of wild-type (wt; n ¼ 22), sybII ko (n ¼ 22) and sybII ko cells treated
with tetanus toxin light chain (sybII ko þ TeNT, n ¼ 6). Secretion is diminished in mutant cells but almost completely blocked upon additional
poisoning with TeNT. Similar effects are observed for the second flash response given with a 2 min interval (right panels). Preflash [Ca2 þ ]i
levels (in mM): first flash: wt 0.3170.02, sybII ko 0.3270.01, sybII ko þ TeNT 0.3870.04; second flash: wt 0.4370.04, sybII ko 0.3870.02,
sybII ko þ TeNT 0.4970.1. (B) Amplitudes of the two exocytotic burst components (RRP, SRP) and the rate of sustained release (fF/s) for
control (black bars) and sybII ko cells (red bars). Compared with controls, the average RRP and SRP response of mutant cells is similarly
reduced to 65 and 55% for the first flash and to 61 and 58% for the second flash, respectively. No change is observed for the time constants of
the individual exocytotic burst components (tRRP, tSRP). *Po0.05 (Student’s t-test). (C) Secretion of ceb ko cells is indistinguishable from that
of wt cells. Preflash [Ca2 þ ]i was the same for wt and ceb ko cells (in mM): first flash, 0.3670.01; second flash, 0.4570.02. (D) Neither the
magnitude nor the kinetic properties are significantly changed in ceb ko cells (red bars) compared with controls (black bars).

2116 The EMBO Journal VOL 24 | NO 12 | 2005

& 2005 European Molecular Biology Organization

v-SNAREs in exocytosis
M Borisovska et al

Figure 2 Double v-SNARE deficiency abolishes Ca2 þ -triggered secretion from chromaffin cells. (A) The flash-evoked capacitance increase is
almost abolished in dko cells (n ¼ 20). ceb ko cells (n ¼ 20) serve as littermate control in these experiments. The residual capacitance response
of dko cells is resistant to TeNT poisoning (dko þ TeNT, n ¼ 12). Preflash [Ca2 þ ]i levels (in mM): first flash: ceb ko 0.3470.01, dko 0.3370.01,
dko þ TeNT 0.3970.02; second flash: ceb ko 0.4370.02, dko 0.4170.02, dko þ TeNT 0.5470.04. (B) Appearance of double v-SNARE-deficient
mutant mice at stage E18.5 compared with littermates (ceb ko). (C) Survey on the expression of v-SNARE proteins in embryonic adrenal glands
and the brain of wild-type (wt) animals. Each lane is an immunoblot of total homogenate (sybII and ceb, 5 mg/lane; synaptobrevin I, 15 mg/
lane; TI-VAMP, 25 mg/lane). Note that ceb, detectable in brain homogenate, likely derives from glia cells (Chilcote et al, 1995). (D) Immunoblot
analysis of total brain homogenate from wt and dko mice illustrates no major changes in the expression level of other synaptic proteins.
Homogenates were probed with antibodies raised against the indicated proteins. Signals were visualized with enhanced chemiluminescence.
(E) Immunoblot of embryonic adrenal glands from wt and dko animals indicates no change in the expression pattern of other synaptic proteins
in the absence of sybII and ceb. Quantification of the immunosignals from dko in panels D and E is given as mean percentage7s.d. compared
with wt. Data were collected from three independent preparations of brain and gland homogenate.
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Ca2 þ currents are unaffected in all studied genotypes. Thus,
granule exocytosis triggered by Ca2 þ influx through voltagegated Ca2 þ channels exhibits the same dependence on the
different v-SNARE proteins as observed with photolytic ‘uncaging’ of Ca2 þ , putting no constraints on a preferred use of
sybII during depolarizing stimuli, as one might expect from
the strong inhibition of depolarization-induced release in
sybII ko neurons (Schoch et al, 2001).
To study whether changes in the capacitance response
observed for the different knockout phenotypes mirror indeed alterations in granule exocytosis, we used amperometry

to measure catecholamine secretion directly. Wild-type cells
respond to rapid application of high-potassium-containing
solution with a strong increase in the frequency of amperometric spikes (4873 events/application; Figure 4E). For dko
cells, 10 out of 16 cells showed no exocytotic event with such
a stimulus. On average, only 170.5 event/application is
observed, corroborating the result that Ca2 þ -triggered granule exocytosis is abolished in the absence of both v-SNAREs
(Figure 4H). A similarly strong block of exocytosis is
found upon poisoning of wild-type cells with TeNT (0.87
0.4 events/application, n ¼ 10, data not shown). Figure 4I

Figure 3 Electron microscopy of chromaffin granules lacking sybII and ceb. (A) Exemplary electron micrographs of isolated mouse chromaffin
cells from wild-type (wt) and dko animals. Scale, 2 mm. (B) dko cells exhibit the same density of chromaffin granules as found in ceb ko or wt
cells. wt cells exhibit on average 156713 granules/section. Data were collected from 16 wt, 17 ceb ko and 14 dko cells. (C) Size distribution of
wt (black line, n ¼ 916), ceb ko (gray, n ¼ 1122) and dko granules (red, n ¼ 992). A Gaussian fitted to each of the distributions (not shown) was
used to determine the parameters indicated in the text (mean7s.d.). (D) Subcellular distribution (bin width 50 nm) of chromaffin granules in
wt (black), ceb ko (gray) and dko cells (red) measured as granule membrane to plasma membrane distance. Note that in dko cells, there is a
slight (but nonsignificant) increase in the number of docked vesicles that may result from the observed blockade in exocytosis causing an
accumulation of vesicles in the docked state. Inset: Morphologically docked granule in close proximity to the plasma membrane;
intermembrane distance B10 nm. Scale, 100 nm.

Figure 4 v-SNARE dependence of depolarization-induced capacitance increase and catecholamine secretion. (A–C) Average CM responses
from sybII ko (n ¼ 22), ceb ko (n ¼ 26) and dko cells (n ¼ 21) compared with the littermate control responses. Cells were stimulated with a train
of 100 ms depolarizations (2.5 Hz, voltage protocol, upper panel). Note that wild-type (wt) cells show a stronger increase of the capacitance
response than syb ko cells during the stimulus train. This is expected for a reduced SRP component in syb ko cells (as observed in the flash
experiments), which occurs less synchronous with such a stimulus. Data were collected from more than 20 cells for each control group. (D)
Mean amplitude of the Ca2 þ current (ICa2þ ) and the corresponding CM increase (CM) for the first depolarization. CM was determined at the end
of the capacitance recording interval. Data were normalized to the response of controls. The total capacitance increase recorded from dko cells
at the end of the stimulus train amounts for less than 10% of the control response. (E–H) Representative amperometric recordings of
catecholamine release induced by application of high K þ -containing Ringer’s solution (80 mM KCl) recorded for the indicated genotypes. Note
that the response is reduced in sybII ko cells compared with wt cells and is abolished in dko cells. (I) Plot of the mean flash-evoked capacitance
response (measured 5.5 s after stimulation) versus the mean number of amperometric events recorded for the different v-SNARE deficiencies.
Data were normalized to the response of the corresponding control group. A linear regression (solid line) approximates the data (r2 ¼ 0.98).
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plots the amplitude of the flash-evoked capacitance response
versus the mean number of amperometric spikes recorded
for the different v-SNARE deficiencies. The combined set of
data reveals a linear relationship, suggesting that changes
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in the Ca2 þ -triggered capacitance increase can be attributed to alterations in the frequency of granule exocytosis (r2 ¼ 0.98). In contrast to other SNARE knockouts
(Yoshihara et al, 1999; Schoch et al, 2001; Sorensen et al,
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2003), a strong impairment of the release machinery in dko
cells is also observed when a massive and long-lasting Ca2 þ
stimulus is used (Supplementary Figure C). In these experiments, cells were perfused with high-Ca2 þ -containing solution (10 mM free [Ca2 þ ]i) and secretion was examined
simultaneously with amperometry and membrane capacitance measurements. dko cells did not show a significant
increase in either membrane capacitance (4% of control) or
frequency of amperometric signals (6% of control). Taken
together, double v-SNARE deficiency produces a nearly complete loss of Ca2 þ -dependent granule exocytosis.
Expression of synaptobrevin II and cellubrevin restores
secretion in dko cells
To test whether the observed effects are specific for the
absence of the individual v-SNAREs, we acutely overexpressed
the proteins in dko cells using the Semliki forest virus system
(Liljestrom and Garoff, 1991). Expression of sybII completely
restores the flash-evoked response of dko cells to the level
found in ceb ko cells, the littermate control (Figure 5A).
Thus, except for the lack of the v-SNARE proteins, the release
machinery remains intact in mutant cells, agreeing well with
our biochemical and morphological results (Figures 2 and 3).
A large amount of secretory activity is also regained by
expression of ceb in dko cells resembling the sybII ko
phenotype (Figure 1A). Evidently, the alternating expression
of the individual v-SNAREs in dko cells creates a mirror
image of the single-knockout phenotypes.
By measuring the change in protein levels upon overexpression in dko cells, we found that sybII and ceb levels
increase on average more than 14-fold compared with endogenous levels in wild-type cells (Supplementary Figure A
and B), indicating that molecular differences rather than
different expression levels of the proteins determine the
phenotypes. Consistent with this result, secretion from cells
heterozygous for sybII, analyzed either with amperometry or
with capacitance measurements, was indistinguishable from
wild-type responses (data not shown).
The cytoplasmic domains of sybII and ceb are nearly
identical but exhibit one amino-acid exchange A37N and a
nonconserved amino terminus (aa 1–32, numbers refer to
sybII; Figure 6A). To test whether these structural determinants regulate the vesicle’s priming stability, we exchanged
the amino-terminal domains (aa 1–37) of the v-SNAREs.
Indeed, expression of the chimera protein Syb-N (sybII Nterminus þ ceb) in dko cells (Figure 6B and C) supports a
larger secretory response and a larger exocytotic burst than
the Ceb-N chimera (ceb N-terminus þ sybII). Notably, Syb-Nmediated exocytosis closely resembles the ceb ko response
(Figure 6B, gray line). For Ceb-N, the RRP and the SRP
components are significantly reduced, whereas the kinetic
rates of the exocytotic burst are unchanged. These results
indicate that the amino-terminal domain of the v-SNARE
protein controls the priming stability of chromaffin granules.
Synaptobrevin II promotes faster fusion pore expansion
than cellubrevin
To determine whether the functional differences between
sybII and ceb extend to the level of membrane merger, we
took advantage of the high-time resolution of amperometry
(Figure 7A). For each amperometric spike, evoked by highK þ depolarization in wild-type and single-knockout cells,
2120 The EMBO Journal VOL 24 | NO 12 | 2005

quantal size, amplitude and kinetic parameters were determined. As shown in Figure 7B and C, neither the amount of
transmitter released from a granule nor the peak amplitude of
the oxidative current spike changes in the absence of one
of the v-SNARE proteins. Exocytosis starts with the formation
of a fusion pore that restricts initial transmitter efflux from
the vesicle generating a ‘foot’ signal, which precedes the
amperometric spike (Chow et al, 1992; Bruns and Jahn,
1995; Albillos et al, 1997; Figure 7A). This initial phase of
release is significantly altered in the absence of sybII. Fusion
events, recorded in sybII ko cells, exhibit a much longer ‘foot’
duration (Figure 7F–H) leading to an increase in charge and
in maximum current amplitude of the ‘foot’ signal as expected for prolonged fusion pore expansion (Table I, mean
of median values determined for each cell). In contrast, the
kinetic properties of the main phase of transmitter discharge
are unaffected (Figure 7D and E), rendering the possibility
unlikely that experimental inconsistencies, such as variable
cell-electrode spacing, are responsible for the prolongation of
the fusion pore signal. Thus, lack of sybII specifically delays
the moment when the slow expansion of the fusion pore
proceeds to a more rapid expansion mode (spike phase). In
contrast, ‘foot’ signals recorded from ceb-deficient cells are
identical to those of wild-type cells (Figure 7F–H), indicating
that chromaffin granules equipped only with ceb fuse more
slowly with the plasma membrane than sybII-carrying granules. Expression of sybII in sybII ko cells fully restores the
wild-type phenotype (Figure 7G and H), whereas expression
of ceb failed to accelerate fusion pore expansion. Therefore,
not the number of v-SNARE proteins, but their molecular
properties determine the fusion pore dynamics. We conclude
that v-SNAREs act at a late stage of exocytosis regulating the
timing of fusion pore dilation.

Discussion
Functional redundancy of v-SNAREs in Ca2 þ -dependent
granule exocytosis
In this study, we show that the presence of one of the vSNARE proteins, sybII or ceb, suffices chromaffin granules
to perform bona fide Ca2 þ -dependent exocytosis. The fidelity
by which ceb promotes stimulus–secretion coupling was
unexpected, considering that this protein is virtually undetectable in neurons, but it is in line with the high degree of
sequence homology to sybII within the SNARE domain,
which mediates the interaction with other SNARE partners
(Sutton et al, 1998). This result, together with recent studies
in yeast and Drosophila (Bhattacharya et al, 2002; Liu and
Barlowe, 2002; Vilinsky et al, 2002), suggests functional
redundancy among SNARE proteins as a more widespread
phenomenon than expected from the hypothesis that these
proteins encode for compartmental specificity in intracellular
membrane transport (McNew et al, 2000). For example,
experiments in yeast have shown that Ykt6p, a v-SNARE
protein functioning at late stages of the secretory pathway,
compensates for the lack of Sec22p, which is required for ER–
Golgi transport (Liu and Barlowe, 2002). The ubiquitously
expressed Drosophila v-SNARE syb, which might be comparable with ceb, is able to substitute, at least upon strong
overexpression, for the neuronal isoform (n-Syb) in n-Syb
nulls by supporting some evoked exocytosis at the neuromuscular junction (Bhattacharya et al, 2002). Our experi& 2005 European Molecular Biology Organization
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Figure 5 Expression of either v-SNARE, sybII or ceb, ‘rescues’ secretion in dko cells. (A) Mean flash-evoked capacitance response of dko cells
expressing sybII (dko þ sybII, n ¼ 28) compared with controls (ceb ko, n ¼ 30). Preflash [Ca2 þ ]i levels (in mM): first flash: ceb ko 0.4070.01,
dko þ sybII 0.4170.01; second flash: ceb ko 0.5170.02, dko þ sybII 0.6170.03. Notably, secretion from dko cells is rescued within 4–6 h after
start of virus-driven protein expression. This may be accomplished either by direct sorting of new v-SNAREs to pre-existing granules or by
rapid de novo synthesis of granules. The latter scenario requires preferential recruitment of newly formed vesicles for exocytosis as observed by
Duncan et al (2003). (B) Expression of sybII in dko cells (red bars) restores magnitude and kinetics of RRP and SRP as well as the sustained rate
of secretion, control (black bars). (C) Average flash-evoked capacitance response of dko cells expressing ceb (dko þ ceb, n ¼ 19) compared with
controls (ceb ko, n ¼ 20). Preflash [Ca2 þ ]i levels (in mM): first flash: ceb ko 0.3570.01, dko þ ceb 0.3470.01; second flash: ceb ko 0.4470.02,
dko þ ceb 0.4770.02. The dashed line represents sybII ko measurement (from Figure 1A) indicating near identity with the dko þ ceb
phenotype. Note that the slight, but nonsignificant difference in the exocytotic burst size for the second flash response of dko þ ceb and sybII ko
cells is likely due to higher preflash [Ca2 þ ]i levels in virus-transfected cells (0.47 mM) compared with nontransfected sybII ko cells (0.38 mM).
(D) Expression of ceb in dko cells (red bars) partially restores secretion compared with controls (black bars). RRP and SRP sizes are ‘rescued’ to
58 and 70% for the first flash and to 77 and 98% for the second flash, respectively. *Po0.05 compared with controls (Student’s t-test).
& 2005 European Molecular Biology Organization
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Figure 6 The amino terminus of the v-SNARE protein determines the vesicle’s priming stability. (A) Schematic presentation of sybII/ceb
chimeras: Syb-N (aa 1–37 sybII þ aa 25–103 ceb); Ceb-N (aa 1–24 ceb þ aa 38–117 sybII). The hatched area illustrates the conserved region of
the proteins. Dots indicate amino acids of ceb (red) that are identical to those of sybII (black). TMR, transmembrane region. (B) Mean flashevoked capacitance response of ceb ko cells (gray, n ¼ 37), dko cells expressing the chimera syb-N (black, n ¼ 24) and those expressing the
chimera ceb-N (red, n ¼ 24). Preflash [Ca2 þ ]i levels (in mM): first flash: ceb ko 0.470.1, syb-N 0.4470.02, ceb-N 0.4270.02; second flash: ceb
ko 0.5470.03, syb-N 0.5870.03, ceb-N 0.5670.05. (C) Syb-N expression in dko cells (black bars) supports a larger pool of exocytosiscompetent vesicles than Ceb-N expression (red bars). *Po0.05 (Student’s t-test).

ments in chromaffin cells, using high-resolution membrane
capacitance measurements together with a well-defined Ca2 þ
stimulus, extend these findings. Particularly, ceb’s property to
support a standing pool of release-ready organelles with
unchanged stimulus–secretion coupling identifies this protein
as a true functionally redundant v-SNARE for rapid Ca2 þ triggered exocytosis. Still, our results also provide evidence
that sybII is the preferred, if not the only, v-SNARE acting in
the secretion of wild-type chromaffin cells. First, lack of sybII
attenuates secretion and, furthermore, its overexpression (but
not of ceb) in double v-SNARE-deficient cells rescues the
exocytotic response to wild-type levels showing that sybII
is required and functionally sufficient as cognate v-SNARE.
Second, ceb supports exocytosis only with reduced efficiency,
2122 The EMBO Journal VOL 24 | NO 12 | 2005

but its removal causes no increase in secretion, as expected if
both proteins would compete in the exocytotic mechanism.
One might speculate that secretion has reached an upper limit
under wild-type conditions preventing any further increase of
the response upon removal of ceb. However, overexpression
of ceb in wild-type cells produces no reduction of the
secretory response (Supplementary Figure E), reinforcing
the view that ceb does not compete with sybII in the
exocytosis of wild-type cells. Taken together, these results
suggest that ceb plays a minor, if any, role in granule
exocytosis of wild-type cells, but efficiently substitutes for
sybII in its absence. The different contribution of ceb to
secretion from sybII ko and wild-type cells suggests a precise
control that functionally segregates the individual v-SNARE
& 2005 European Molecular Biology Organization

v-SNAREs in exocytosis
M Borisovska et al

Figure 7 Lack of sybII prolongs the expansion time of the exocytotic fusion pore. (A) Exemplary amperometric event recorded with a carbon
fiber in direct contact with the plasma membrane of a chromaffin cell. A ‘foot’ signal (red line) precedes the main amperometric spike
indicative for restricted transmitter efflux through a narrow fusion pore that slowly expands (t ¼ ‘foot’ duration, see scheme) before bulk
release, coinciding with more rapid pore dilation. (B–E) Characteristics of single spikes recorded from wild-type (wt; black), sybII ko (red) and
ceb ko cells (green) displayed as cumulative frequency distributions for the indicated parameters. The properties of the amperometric signals
from the v-SNARE-deficient cells are very similar compared with controls and curves partially overlap (values are given in Table I). (F) The
‘foot’ duration of amperometric spikes is significantly longer in sybII ko (red) than in wt (black) or ceb ko cells (green). No change in the
frequency of ‘foot’ signals is observed (see Table I). (G) Expression of sybII (orange), but not of ceb (blue), in sybII ko cells (red) ‘rescues’
the ‘foot’ duration to wt levels (black). (H) Mean value of cell medians of ‘foot’ duration for all studied conditions. *Po0.05 compared
with wt cells.

components in the full context of the protein machinery but
fails under genetically deficient conditions. Most likely, structures outside of the highly homologous SNARE domain
encode for the preferential use of sybII. Its long, nonconserved amino terminus is well suited to confer specificity and
to direct initial contact upon membrane-bridging SNARE
interactions. Taken together, v-SNAREs fulfill an essential
role in exocytosis in which they are promiscuous and exhibit
independently regulatory elements, which contribute to specificity of v-SNARE action in wild-type cells. Interestingly, the
nearly complete loss of secretion, even with long-lasting
Ca2 þ stimuli, clearly distinguishes double v-SNARE deficiency from other SNARE knockout phenotypes (Yoshihara
et al, 1999; Schoch et al, 2001; Sorensen et al, 2003), likely
because it removes the majority of promiscuously acting
SNAREs in the exocytotic pathway.
& 2005 European Molecular Biology Organization

v-SNARE specifics provide insight into the mode
of SNARE function in exocytosis
Two distinct properties of granule exocytosis are affected by
v-SNARE proteins—the number of granules that readily
undergo exocytosis and the mode of fusion pore expansion
once exocytosis has been initiated. In neurons, sybII deficiency strongly reduces the response to hypertonic sucrose
stimulation that measures the pool of readily releasable
vesicles (Schoch et al, 2001). Both, the single-knockout
phenotypes and the rescue experiments in dko cells show
that sybII supports a larger exocytotic burst than ceb. Since
the sustained rate of secretion (reflecting ‘priming’) remains
unchanged, the increased pool size in the presence of sybII is
best explained by reduced ‘depriming’ of release-ready granules. Importantly, the effects observed for the two cognate
The EMBO Journal
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Table I Properties of individual fusion events in v-SNARE-deficient chromaffin cells
‘Foot’ parameters
Genotype (no. of cells)
Wild type (51)
sybII ko (49)
sybII ko+sybII (21)
sybII ko+ceb (18)
ceb ko (13)
v-SNARE dko (16)

Events/
applic.

Charge
(fC)

Amplitude
(pA)

Rise time
(ms)

Half-width
(ms)

% of events
with ‘foot’

Amplitude
(pA)

4873.0
3772.5**
4574.5
3773.7**
4273.5
170.5**

10075
11076
10578
10679
9679
—

3072
2973
2673
3073
2874
—

0.2870.01
0.3170.02
0.3270.02
0.2770.02
0.2870.02
—

1.770.07
1.970.11
1.970.17
1.670.15
1.870.14
—

5673
5674
5775
5776
5775
—

6.570.3
7.870.4**
7.270.5
9.170.8**
6.470.8
—

Duration
(ms)

Charge
(fC)

2.970.1
9.270.5
4.370.2** 1470.9**
2.870.2
10.771.2
4.470.2** 17.772.0**
2.870.3
9.471.1
—
—

Events (44 pA) were characterized with respect to their charge, peak amplitude and kinetic parameters (50–90% rise time, half-width) and
concerning the properties of the ‘foot’ signal (max. amplitude, duration and charge of the ‘foot’). The parameter ‘events per applic.’ refers to the
mean number of events stimulated by two applications of high-potassium solution (each stimulation 20 s, interval 60 s). Note the control group
for ceb ko cells had a release frequency of 4075.5 events/application (n ¼ 17). The parameter ‘% of events with foot’ indicates the mean
percentage of amperometric spikes preceded by a ‘foot’ signal. Other values are given as mean7s.e.m. of the median determined from the
parameter’s frequency distribution for each cell. Total number of events analyzed per genotype is as follows: wt 4896, sybII ko 3620, sybII
ko+sybII 1899 sybII ko+ceb 1332, ceb ko 1089. No significant changes were observed in mice heterozygous for sybII (n ¼ 32 cells) or for ceb
(n ¼ 16 cells) compared with controls. **Po0.05 compared with wild-type cells.

v-SNAREs are remarkably similar to those found for different
t-SNARE variants of SNAP-25, SNAP-25A and SNAP-25B
(Sorensen et al, 2003). This suggests that the assembled (or
assembling) SNARE complexes control the pool of releaseready organelles and by this may provide the platform for
auxiliary proteins to regulate exocytosis competence either by
controlling the availability of SNAREs or their direct association. We find that structural components within the aminoterminal domain (aa 1–37) of the v-SNARE protein comprise
key factors that regulate the priming stability of chromaffin
granules. It remains to be shown whether the single aminoacid difference (A37N) at the very N-terminal end of the
SNARE domain or the neighboring, nonconserved amino
terminus (aa 1–32) is responsible for the differential regulation of the primed vesicle pool by the two v-SNAREs. In any
case, our results extend recent indications that SNAREs may
partially assemble at their amino-terminal ends in the exocytosis-competent state, as judged from a differential sensitivity of neurotransmitter release to poisoning with TeNT and
BoNT-B (Hua and Charlton, 1999).
Previous studies led to opposing views on the mode of
SNARE action in exocytosis, suggesting that these proteins
are either dispensable before fusion (Tahara et al, 1998;
Ungermann et al, 1998) or have an executive role (Weber
et al, 1998; McNew et al, 2000). In the latter studies, using a
lipid dequenching assay, SNAREs reconstituted in liposomes
have been shown to be essential and sufficient for fusion on
the time scale of minutes to hours, leaving the question
unanswered whether SNARE action directly links lipid mixing to full membrane merger and fusion pore opening or
simply generates a hemifused state from which liposomes
may fuse in a SNARE-independent fashion. We show that
sybII and ceb differentially regulate the dynamics of the
exocytotic fusion pore on a millisecond timescale. Thus, vSNARE function remains visible after initiation of exocytosis
and is therefore intimately tied to the mechanism that makes
vesicles fuse. Recent models hypothesize that SNARE proteins ‘zip’ from their membrane distant amino-terminal ends
toward the membrane proximal carboxy termini (for review,
see Chen and Scheller, 2001). While differences in the aminoterminal sequence of the v-SNAREs alter the priming stability,
their nonconserved carboxy-terminal transmembrane do2124 The EMBO Journal VOL 24 | NO 12 | 2005

mains (TMDs, amino-acid identity 44%) may be responsible
for the fusion pore effect. The TMDs of sybII and syntaxin
directly interact via contiguous areas of interfacial residues
(Margittai et al, 1999; Laage et al, 2000) that are only partially
conserved within the TMD of ceb (Figure 6A). Since fusion of
membranes likely involves the transition of a trans-SNARE
complex to its cis-orientation (all proteins within the same
membrane), alterations of SNARE assembly between their
carboxy-terminal TMDs can perturb local membrane curvature and fusion pore dilation.
In summary, the comparative analysis of different vSNAREs favors a model of sequential v-SNARE action in
rapid Ca2 þ -triggered exocytosis, in which the amino terminus regulates v-SNARE engagement and priming stability of
the vesicles, the highly conserved SNARE motif ensures
unperturbed initiation of exocytosis and the TMD controls
the organelle’s fusogenic properties.

Materials and methods
Mutant mice and cell culture
SybII and ceb mutant mice were maintained as heterozygotes by
continuous crossbreeding with C57BL/6. ceb ko animals are viable
and fertile. Thus, crossbreeding of the v-SNARE-deficient mouse
strains allowed us to obtain animals that are heterozygous for sybII
and homozygous knockouts for ceb. From the offspring of this
generation, dko mutants were recovered at the expected Mendelian
ratio (1.0:1.82:0.96; 109 animals, 19 preparations). These animals
die at birth and exhibit a phenotype that compares well with the
sybII ko phenotype (Schoch et al, 2001), having a tucked posture
with neither spontaneous movements nor sensorimotor reflexes
(Figure 2B). All analyses were performed on littermates at E17.5–
18.5 derived from the heterozygote matings. Preparation and
culturing of embryonic mouse chromaffin cells was performed as
described (Sorensen et al, 2003). Recordings were performed at
room temperature on days 1–3 of culture.
Whole-cell capacitance measurements and caged Ca2 þ
photolysis
Recordings were performed with patch pipettes and an EPC-9
amplifier (HEKA, Lambrecht, Germany). The Ringer’s solution
contained (in mM) 130 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 48
glucose, pH 7.3 with NaOH. For measuring depolarization-induced
secretion, the pipette solution contained (in mM) 120 Cs-glutamate,
8 NaCl, 0.18 CaCl2, 0.28 BAPTA, 1 MgCl2, 2 Mg-ATP, 0.5 Na2GTP, 10
HEPES–CsOH, pH 7.3, 350 nM calculated free [Ca2 þ ]i. Voltagedependent Ca2 þ currents were isolated by blocking K þ and Na þ
& 2005 European Molecular Biology Organization
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currents with TEA-Cl (20 mM) and TTX (0.5 mM) added to the
extracellular solution.
For ratiometric measurements of [Ca2 þ ]i, a mixture of indicator
dyes FURA-2 and Furaptra (Molecular Probes, Eugene, OR) was
excited at 340/380 nm with a monochromator (Polychrome IV, TILL
Photonics, Planegg, Germany). Whole-cell recordings with test
solutions of defined calcium concentrations were used for in vivo
calibration of the ratiometric Ca2 þ signals. NP-EGTA (supplied by G
Ellis-Davies, MCP Hahnemann University, Philadelphia, PA) was
photolysed by a flash of ultraviolet light (xenon flash lamp, Rapp
OptoElectronics, Hamburg, Germany) focused through a Zeiss
objective (  40, Fluar, 1.3) of an inverted microscope (Axiovert
200, Zeiss, Germany). The monochromator light was used to adjust
[Ca2 þ ]i after the flash by photolysing small amounts of NP-EGTA.
The pipette solution for flash experiments contained (in mM) 90
Cs-aspartate, 10 NaCl, 4.63 CaCl2, 5 NP-EGTA, 0.2 FURA-2, 0.3
Furaptra, 2 Mg-ATP, 0.3 Na2GTP, 40 HEPES, 17.5 D-glucose, pH 7.3.
For Ca2 þ infusion of cells (10 mM free Ca2 þ ), the pipette solution
contained (in mM) 90 Cs-aspartate, 10 NaCl, 10 DPTA, 6.8 CaCl2,
0.2 FURA-2, 0.3 Furaptra, 2 Mg-ATP, 0.3 Na2GTP, 40 HEPES, 17.5
D-glucose, pH 7.3. Data were acquired with the Pulse software
(HEKA, Lambrecht, Germany) and capacitance measurements were
performed according to the Lindau–Neher technique (sine wave
stimulus: 1000 Hz, 35 mV peak-to-peak amplitude, DC-holding
potential 70 mV). Current signals were digitized at 20 kHz and
membrane capacitance was analyzed with customized IgorPro
routines (Wavemetrics, Lake Oswego, OR). The flash-evoked
capacitance response was approximated with the following function: f(x) ¼ A0 þ A1(1exp((t)/t1)) þ A2(1exp((t)/t2)) þ k(t),
where A0 represents the cell capacitance before the flash. The
parameters A1, t1 and A2, t2 represent the amplitudes and time
constants of RRP and SRP, respectively.
Amperometry
Carbon fiber electrodes (Pan-T650, 5 mm diameter, Amoco, Greenville, SC) were prepared as described (Bruns, 2004). Amperometric
currents were recorded with EPC-7 amplifier (HEKA, Lambrecht,
Germany, electrode voltage þ 800 mV), filtered at 3 kHz (eight-pole
Bessel) and digitized gap-free (25 kHz). For data collection and
evaluation, the programs pClamp6 (Axon instruments, Foster City,
CA) and AutesW (NPI Electronics, Tamm, Germany) were used.
Signals were again digitally filtered at 3 kHz and analyzed with a
customized event detection routine (Bruns et al, 2000). The analysis
was restricted to events with a peak amplitude 44 pA and a total
charge ranging from 10 to 1000 fC. The start of the ‘foot’ signal is
defined as the time point where the current amplitude exceeds two
times the standard deviation of the average baseline noise and it
ends at the inflection point between the slowly increasing ‘foot’
signal and the more rapidly increasing spike current (Figure 7A).
External solutions were delivered from a multichannel perfusion
pipette (Bruns et al, 2000). Data were collected from release events
stimulated by two applications of high K þ -containing Ringer’s
solution (in mM: 50 NaCl, 80 KCl, 2 CaCl2, 1 MgCl2, 48 glucose, 10
HEPES–NaOH, pH 7.3) given with an interval of 1 min. Stimulation
periods were bracketed by superfusion of cells with Ringer’s
solution.
Electron microscopy
Chromaffin cells (plated on Thermanox coverslips, Nunc, Rochester, NY) were fixed with 3% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4), osmicated with 2%
OsO4 in 0.1 M cacodylate buffer (pH 7.4) for 1 h at 41C and serially
dehydrated in ethanol followed by infiltration with Embed-812
(EMS, München, Germany; polymerization 601C, 48 h). Ultrathin

sections (gray/silver interference color) were counterstained (2%
uranyl acetate and lead citrate, 0.4 mg/ml, pH 12.0) and analyzed
with a Philips Tecnai12 Biotwin electron microscope. The morphometric analyses were performed on randomly selected cells from
three wild-type, three ceb ko and four dko animals. Images acquired
with a MegaView III CCD camera (Soft Imaging System, Münster,
Germany) were analyzed with the Metamorph software (Universal
Imaging, West Chester, PA). The number and spatial distribution of
chromaffin granules were evaluated on micrographs (  30 000
magnification, digitally zoomed to  122 500) covering the entire
cell’s cytoplasmic region. The granule diameter was measured
on micrographs (magnification  49 000, digitally zoomed to
 205 000) as described (Bruns et al, 2000).
Viral constructs
cDNAs encoding for sybII, ceb and TeNT light chain were subcloned
into the viral plasmid pSFV1 (Invitrogen, San Diego, CA) upstream
of an internal ribosome entry site that is followed by an open
reading frame encoding for the enhanced green fluorescent protein
(EGFP). EGFP labeling was used to identify infected cells.
Preparation of virus particles was performed as described (Ashery
et al, 1999).
Western blotting and immunocytochemistry
Whole mouse brain or adrenal gland extracts from embryos (E17.5–
18) were prepared by homogenization in solution containing (in
mM) 100 NaCl, 10 HEPES, 2 EDTA, 1 DTT, 2% Triton X-100, pH 7.3.
Homogenates were incubated on ice for 30 min and insoluble
material was removed by centrifugation (Beckmann SS34;
13 000 r.p.m., 15 min, 41C). Samples were separated by SDS–PAGE,
analyzed by immunoblotting and immunoreactive bands were
visualized with enhanced chemiluminescence. Mouse monoclonal
antibodies against synaptobrevin II (69.1), syntaxin (HPC-1), SNAP25 (71.2), synaptotagmin (41.1), synaptophysin, synaptotagmin 1
and NSF as well as rabbit sera raised against synaptobrevin I were
kindly provided by R Jahn (Göttingen, Germany). The monoclonal
antibody against TI-VAMP and the rabbit serum against ceb were
kindly provided by T Galli (Paris, France). ECL-processed films were
scanned and protein bands were densitometrically quantified using
Metamorph software. Antibodies directed against sybII and ceb
were affinity-purified.
To determine changes in protein levels of sybII or ceb,
chromaffin cells were processed for immunolabeling as described
(Hannah et al, 1998). Epifluorescence pictures were acquired with
an Imago-CCD camera (TILL Photonics, Martinsried, Germany) and
were analyzed using the Metamorph software. For quantification
of the immunosignal, the average intensity of the fluorescent
immunolabel was determined within an area of interest that
comprises the outer cell perimeter.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
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