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Rab5 is critical for SNAP23 
regulated granule-granule fusion 
during compound exocytosis
Ofir Klein1, Amit Roded1, Neta Zur1, Nurit P. Azouz1,6, Olga Pasternak1, Koret Hirschberg2, 
Ilan Hammel2, Paul A. Roche3, Ayaka Yatsu4, Mitsunori Fukuda   4, Stephen J. Galli5  
& Ronit Sagi-Eisenberg1

Compound exocytosis is considered the most massive mode of exocytosis, during which the 
membranes of secretory granules (SGs) fuse with each other to form a channel through which the entire 
contents of their granules is released. The underlying mechanisms of compound exocytosis remain 
largely unresolved. Here we show that the small GTPase Rab5, a known regulator of endocytosis, is 
pivotal for compound exocytosis in mast cells. Silencing of Rab5 shifts receptor-triggered secretion 
from a compound to a full exocytosis mode, in which SGs individually fuse with the plasma membrane. 
Moreover, we show that Rab5 is essential for FcεRI-triggered association of the SNARE protein SNAP23 
with the SGs. Direct evidence is provided for SNAP23 involvement in homotypic SG fusion that occurs 
in the activated cells. Finally, we show that this fusion event is prevented by inhibition of the IKKβ2 
kinase, however, neither a phosphorylation-deficient nor a phosphomimetic mutant of SNAP23 
can mediate homotypic SG fusion in triggered cells. Taken together our findings identify Rab5 as a 
heretofore-unrecognized regulator of compound exocytosis that is essential for SNAP23-mediated 
granule-granule fusion. Our results also implicate phosphorylation cycles in controlling SNAP23 SNARE 
function in homotypic SG fusion.

Regulated exocytosis is a key mechanism for intercellular communication and also contributes to host defenses 
against environmental challenges. Depending on the type of trigger, exocytosis may occur via full fusion (i.e., of 
single secretory granules [SGs] with the plasma membrane), kiss-and-run transient fusion, or compound exo-
cytosis. The latter involves homotypic fusion of SGs prior or sequential to SG fusion with the plasma membrane 
thereby enabling the discharge of the contents of SGs that are located at intracellular locations distal to the plasma 
membrane surface. Compound exocytosis is therefore considered the most extensive mode of cargo release1. 
Compound exocytosis has been documented in both exocrine and endocrine cells2–8 and in immune cells includ-
ing eosinophils9–11 and neutrophils12, where rapid discharge of mediators is required to kill invading pathogens 
such as parasites or bacteria, and mast cells13,14, where the efficient release of pre-stored inflammatory mediators 
contributes both to innate immune responses15,16 and to allergic reactions and anaphylaxis17–19.

Despite the physiological importance of compound exocytosis, the precise molecular mechanisms that under-
lie this process have remained poorly resolved1,2,20,21. Indeed, one of the major challenges faced in this regard 
is to differentiate, based on functional assays, the fusion machinery that mediates SG fusion with the plasma 
membrane from the fusion machinery involved in homotypic granule-granule fusion. Two SNARE proteins have 
been implicated in mediating SG fusion during compound exocytosis. Studies in pancreatic acinar cells have 
demonstrated the involvement of VAMP82,20. By contrast, SNAP25 and its close homolog SNAP23 have been 
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Figure 1.  SNAP23 promotes formation of super giant SGs in IgE/Ag triggered cells. (a–c) RBL cells were co-
transfected with 10 μg NPY-mRFP and 20 μg of either empty pcDNA3 vector (these cells would express only 
endogenous SNAP23) or HA-wt-SNAP23, or triple-transfected with 10 μg NPY-mRFP, 15 μg of pEGFP-CA 
Rab5A and 20 μg of either empty pcDNA3 vector in (b) or HA-wt-SNAP23 or DN-SNAP23 in (c), as indicated. 
Cells were either left untreated (UT) or sensitized with 1 μg/ml of IgE. Twenty-four hours after transfection, 
cells were either left untreated (UT) or triggered with 50 ng/ml of DNP-HSA (Ag) for 10 min, as indicated. Cells 
were fixed and immunostained using rabbit polyclonal antibodies directed against SNAP23 or monoclonal 
antibodies directed against HA followed by Hilyte Plus 647-conjugated goat anti-mouse IgG. Cells were 
analyzed by confocal microscopy. Bars = 5 μm. The inset in (a) is the enlargement of the boxed area showing 
co-localization between SNAP23 and NPY-mRFP. (d,e) The volumes and number of SGs in 20 untreated cells 
(i.e., in the absence of stimulation with IgE and DNP-HSA) were calculated from confocal images by the Imaris 
software. The mean volume of a SG and the mean number of SGs per cell are presented. Data are means ± SEM. 
(f) The volume of NPY-mRFP containing granules with largest diameter determined using the Imaris software 
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strongly implicated, though not directly proven, in playing a role in this process on the basis of their redistri-
bution from the plasma membrane to the SGs during compound exocytosis in pancreatic β cells and mast cells, 
respectively13,22. In mast cells, knockdown of SNAP23 reduced FcεRI-stimulated secretion by 30%23,24, whereas 
redistribution from the plasma membrane to SGs occurred in permeabilized cells into which calcium and GTPγS 
had been introduced, conditions that parallel stimulated compound exocytosis13. However, these results do not 
identify the exact step that is regulated by this SNARE. Indeed, the opposing effects exerted by SNAP23 on gran-
ule fusion with the plasma membrane in pancreatic exocrine and endocrine secretion25, taken together with the 
well documented involvement of SNAP23 in multiple cellular processes, including the fusion of recycling endo-
somes with the plasma membrane26, raises the possibilities that SNAP23 either may impact exocytosis indirectly, 
by affecting endocytic recycling which then influences exocytosis27,28, or may contribute to exocytosis directly, by 
enhancing or inhibiting SG fusion with the plasma membrane and/or mediating granule–granule fusion during 
compound exocytosis.

To answer this question, we have established an experimental model that allows us to directly visualize homo-
typic granule fusion. Following up on our previous work, which identified the small GTPase Rab5 as regulator of 
the granule-granule fusion that occurs during the biogenesis of mast cell SGs29, we took advantage of the fact that 
giant SGs are formed in mast cells that express constitutively active (CA) Rab5 mutants29. These giant SGs, which 
preserve their exocytosis competence29, are easy to visualize and quantify by digital microscopy and therefore 
offer excellent opportunities for addressing directly the mechanism of granule–granule fusion that occurs during 
compound exocytosis. Here, we used this experimental paradigm to seek direct evidence of the involvement of 
SNAP23 in mediating homotypic SG fusion during compound exocytosis. Furthermore, given the important 
role of Rab5 in regulating SG fusion during their biogenesis, we also explored the intriguing possibility that Rab5 
might be involved in regulating receptor-triggered SG fusion during compound exocytosis. Here we provide 
evidence that SNAP23 stimulates the granule-granule fusion that occurs in mast cells in response to antigen 
(Ag)-induced crosslinking of cell-bound IgE, conditions that activate the FcεRI and trigger compound exocytosis. 
We also demonstrate the importance of IKKβ2-mediated phosphorylation of SNAP23, as well as SNAP23 dephos-
phorylation, in regulating SNAP23 function. Finally, we identify for the first time a pivotal role for Rab5 in FcεRI 
receptor-stimulated SG fusion, namely, Rab5-dependent regulation of SNAP23 targeting to the SGs.

Results
SNAP23 stimulates receptor-triggered homotypic SG fusion but has no impact on SG fusion 
with the plasma membrane.  Vesicle fusion depends on the precise coupling of SNARE proteins that zip-
per into stable membrane-bridging (“trans”) complexes30. Therefore, overexpression of a relevant SNARE may 
either disturb the fusion process, if in excess, or enhance fusion in case it is rate limiting31. In accord with this 
model, we recently demonstrated the involvement of VAMP8 in the Rab5-stimulated fusion of SGs that occurs 
during SG biogenesis29. Taking the same approach, we here analyzed the impact of overexpression of SNAP23 
on SG size in CA Rab5-expressing cells. To this end, we first confirmed the correct targeting of overexpressed 
HA-tagged wild type SNAP23 (HA-wt-SNAP23) in RBL-2H3 mast cells. Consistent with previous reports by 
others and us, both the endogenous and overexpressed wt-SNAP23 predominantly localized to the plasma mem-
brane, but were also detected at intracellular structures, presumably endosomes13,32–35 (Fig. 1a). However, unlike 
VAMP8, whose overexpression abrogated the formation of giant SGs by CA Rab5A29, overexpression of SNAP23 
alone (Fig. 1a [panels labeled HA-wt-SNAP23]) or together with CA Rab5A (Fig. 1c compared with 1b) had no 
demonstrable impact on the ability of expression of CA Rab5A to increase SG size (3.1 ± 0.2 vs 2.1 ± 0.6 μm3 in 
the absence of CA Rab5A and 36.6 ± 9 vs 44 ± 12 μm3 in CA Rab5A expressing cells), as detected by the co-ex-
pression of NPY-mRFP, the SG reporter29,36,37 (Fig. 1d), or decrease SG number (166 ± 31 vs 201 ± 52 in the 
absence of CA Rab5 and 11 ± 7 vs 23 ± 5 in CA Rab5A expressing cells) (Fig. 1e). Hence, overexpression of 
SNAP23 neither inhibited nor did it enhance the Rab5-regulated SG fusion that occurs during SG biogenesis 
(Fig. 1d,e). Therefore, these results strongly suggest that, similarly to its close homolog SNAP2538, SNAP23 plays 
no role in the homotypic fusion of the SGs that occurs during their biogenesis.

In sharp contrast, a dramatic difference in SG structure was noted when cells co-expressing CA Rab5A and 
HA-wt-SNAP23 were subjected to an IgE/antigen (Ag) trigger (Fig. 1c). Morphological analysis of the trig-
gered cells revealed the appearance of ‘super giant’ SGs (Fig. 1c), whose average size was significantly larger (an 
increase of ~ 400%) than the size of the largest granule detected in IgE/Ag-triggered cells expressing CA Rab5A 
but not HA-wt-SNAP23 (Fig. 1b,f). Formation of ‘super giant’ SGs required the co-expression of CA Rab5A and 
SNAP23 and was not detected in triggered cells that overexpressed only CA Rab5A (Fig. 1b,f) or HA-wt-SNAP23 
(Fig. 1a,f). To exclude the possibility that the increased volume of the SGs was the result of impaired fusion of 
multi-vesicular SGs with the plasma membrane, we analyzed the impact of HA-wt-SNAP23 overexpression on 
secretion. We found that overexpression of HA-wt-SNAP23 alone, or together with CA Rab5A, did not inhibit 
the secretion of granule content, as monitored by measuring the release of NPY-mRFP (see Supplementary 
Fig. S1). These results support the conclusion that SG fusion with the plasma membrane is normal in such cells, 
thus strongly implicating SNAP23 in mediating receptor-triggered SG fusion with each other before or during 
their fusion with the plasma membrane, the hallmark of compound exocytosis. Consistent with this notion, 
overexpression of the dominant-negative, carboxy terminal-truncated mutant of SNAP2333 failed to enhance SG 
enlargement observed in CA Rab5A expressing cells in response to an IgE/Ag trigger (Fig. 1c,f).

was calculated. The mean volume of the largest SGs in 20 cells from each treatment is presented. Data are 
means ± SEM *P < 0.01 (unpaired two-tailed Student’s t-test). The inset is the enlargement of the graph showing 
the volume of the largest SGs in cells expressing HA-wt-SNAP23 alone.
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IκappaB kinase (IKKβ)2-mediated phosphorylation of SNAP23 is essential for IgE/Ag-triggered 
homotypic SG fusion.  SNAP23 undergoes phosphorylation in IgE/Ag-triggered RBL cells39 and IKKβ2 
was identified as the responsible kinase24. However, the precise role of this kinase in mast cell degranulation 
is not completely resolved24,40. We recently showed that pharmacological inhibition of IKKβ2 by BMS-345541 
can influence the pattern of IgE/Ag-triggered mast cell degranulation, including reducing the mean size of 
exteriorized granule structures, suggesting a role for this kinase in compound exocytosis19. To confirm this 
notion, we analyzed whether IKKβ2 inhibition influenced the capacity of SNAP23 to support formation of 
super giant SGs in IgE/Ag-triggered, CA Rab5A-expressing cells. We found that exposure of the co-transfected 

Figure 2.  Inhibition of IKKβ2 prevents SNAP23 promoted formation of super giant SGs in IgE/Ag triggered 
cells. RBL cells were triple-transfected with 10 μg NPY-mRFP, 15 μg of pEGFP-CA Rab5A and 20 μg of HA-
wt-SNAP23. Cells were either left untreated (UT) or sensitized with 1 μg/ml of IgE. Twenty-four hours after 
transfection, cells were pre incubated with BMS-345541 (5 μM) or vehicle and further incubated for 10 min 
without or with 50 ng/ml DNP-HSA (Ag) as indicated. Cells were fixed and immunostained using monoclonal 
antibodies directed against HA followed by Hilyte Plus 647-conjugated goat anti-mouse IgG. Cells were 
analyzed by confocal microscopy. Bars = 5 μm.
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Figure 3.  SNAP23 phosphorylation mutants fail to support formation of super giant SGs. (a–c) RBL cells were 
triple-transfected with 10 μg NPY-mRFP, 15 μg of pEGFP-CA Rab5A and 20 μg of either HA-wt-SNAP23, or 
HA-PD-SNAP23 or HA-PM-SNAP23, as indicated. Cells were either left untreated (UT) or sensitized with 1 μg/
ml of IgE. Twenty-four hours after transfection, cells were either left untreated (UT) or triggered with 50 ng/
ml of DNP-HSA (Ag) for 10 min. Cells were fixed and immunostained using monoclonal antibodies directed 
against HA followed by Hilyte Plus 647-conjugated goat anti-mouse IgG. Cells were analyzed by confocal 
microscopy. Bars = 5 μm. (d) The size of the largest NPY-mRFP containing granules was calculated using the 
Imaris software. The mean volume of the largest SG in each of 15 cells from each treatment group is presented. 
Data are means ± SEM *P < 0.05 (unpaired two-tailed Student’s t-test). (e) RBL cells were triple-transfected 
with 10 μg NPY-mRFP and 15 μg of either pEGFP (control) or pEGFP-CA Rab5A and 20 μg of either HA-wt-
SNAP23, or HA-PD-SNAP23 or HA-PM-SNAP23, as indicated. Co-localization of SNAP23 (wt, PD or PM) 
with NPY-mRFP in control or CA Rab5A expressing cells was quantified by the Imaris software. The data are 
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cells to BMS-345541 prior to cell triggering with Ag completely prevented the formation of the super giant SGs 
(Fig. 2). Quantitative analysis of the results revealed that, in the presence of BMS-345541, the size of the larg-
est SGs in IgE/Ag-triggered cells was the same in the absence or presence of wild type SNAP23 overexpres-
sion, revealing the failure of HA-wt-SNAP23 overexpression to further increase the size of SGs in response to 
IgE/Ag-triggering in IKKβ2-inhibited cells (Fig. 1f [CA Rab5A/BMS panels]). Notably, at the same range of 
concentrations, BMS-345541 had little or no effect on IgE/Ag-triggered secretion, as assessed by release of the 
endogenous granule-stored mediator, β-hexosaminidase (see Supplementary Fig. S1). These results indicate that 
IKKβ2-mediated phosphorylation is important for granule-granule fusion, but not for granule fusion with the 
plasma membrane.

Phosphorylation cycles of SNAP23 are essential for homotypic SG fusion during com-
pound exocytosis.  IKKβ2 was shown to phosphorylate SNAP23 on serine residues Ser 95 and Ser 120 
in IgE/Ag-triggered RBL cells24,39. To verify that IKKβ2-mediated phosphorylation of SNAP23 is required for 
granule-granule fusion, we next analyzed the capacity of a phosphorylation-deficient mutant of SNAP23, in 
which serine 95 and serine 120 were substituted by alanine [i.e., SNAP23(S95A/S120A), herein referred to as 
PD-SNAP23], to support formation of super giant SGs. These experiments demonstrated that, in sharp contrast 
to wt-SNAP23 (HA-wt-SNAP23 in Fig. 3a and also Figs 1c and 2), co-expression of PD-SNAP23 with CA Rab5A 
failed to generate super giant SGs in IgE/Ag-triggered cells (Fig. 3b). Quantitative analysis of the results indicated 
that the size of the largest SGs in such cells remained essentially the same as in cells expressing CA Rab5A alone 
(Fig. 3d).

Because SNAP23 is phosphorylated by IKKβ2 in an IgE/Ag-dependent fashion24,39, we anticipated that a phos-
phomimetic mutant of SNAP23 might bypass the need for cell activation and would enhance SG fusion to form 
super giant SGs even in resting cells. However, contrary to that expectation, we found that overexpression of a 
SNAP23 double mutant, in which serine 95 and serine 120 were replaced by glutamic acid to mimic the nega-
tive charge of the phosphorylated SNARE protein [SNAP23(S95E/S120E), herein referred to as PM-SNAP23], 
failed to increase the SG size in resting cells beyond their size in cells expressing CA Rab5A alone (Fig. 3c,d). 
Furthermore, overexpression of this phosphomimetic mutant also failed to support formation of super giant SGs 
in IgE/Ag-triggered cells (Fig. 3c,d). Notably, overexpression of neither the phosphorylation-deficient mutant 
(PD-SNAP23) nor the phosphomimetic mutant (PM-SNAP23) detectably affected IgE/Ag-stimulated exocytosis 
(see Supplementary Fig. S1). These results suggest that both IKKβ2-mediated phosphorylation of SNAP23 and 
SNAP23 dephosphorylation are required for trigger-dependent SG fusion, although we cannot exclude the pos-
sibility that the introduced mutations in PM-SNAP23 fail to fully recapitulate its genuine phosphorylated state.

Phosphorylation controls the cellular distribution of SNAP23, but not SG-targeting in response 
to an IgE/Ag trigger.  SNAP23 was reported to reside at the plasma membrane in resting mast cells and to 
relocate from the plasma membrane to the SGs in permeabilized cells into which GTPγS, that activates GTP bind-
ing proteins, was introduced13. Consistent with this result, we noticed that when co-expressed with CA Rab5A, 
SG location of HA-wt-SNAP23 became more prominent even in the absence of cell trigger (compare Fig. 1c [top 
row] and 3a [top row] with Fig. 1a [middle row]). Quantification of the results demonstrated a ~2-fold increase in 
SNAP23 co-localization with NPY-mRFP in CA Rab5A co-expressing cells (Fig. 3e). This finding prompted us to 
investigate the route of trafficking of SNAP23 in intact, IgE/Ag-triggered mast cells. These experiments revealed a 
significant (~4 fold) increase in co-localization between HA-wt-SNAP23 and NPY-mRFP in response to the IgE/
Ag trigger (Fig. 4a,d and also Fig. 1a [middle and lower rows]), thus demonstrating trigger-dependent association 
of HA-wt-SNAP23 with the SGs in intact, physiologically-triggered, mast cells. Intriguingly, analysis of the cel-
lular distribution of SNAP23 phosphorylation mutants revealed that both the phosphorylation-deficient and the 
phosphomimetic mutants displayed a more biased distribution towards intracellular SG locations either with or 
without the IgE/Ag trigger (Fig. 4b–d) or CA Rab5A co-expression (Fig. 3b,c and e). These findings indicate that 
over-expression of these SNAP23 mutants influences the cellular distribution of SNAP23 under basal conditions 
(i.e., it increases the association of SNAP23 with the SGs in unstimulated cells), but triggering the cells with IgE 
and Ag results in little or no additional association of these mutant forms of SNAP23 with the SGs.

Rab5 is required for SG targeting of SNAP23 in IgE/Ag-triggered cells.  The finding that SNAP23 
localizes to the SGs in unstimulated cells that express an active Rab5 mutant prompted us to explore the possibil-
ity that Rab5 regulates SG-targeting of SNAP23. To test this, we characterized the localization of HA-wt-SNAP23 
in resting and IgE/Ag-triggered cells in which Rab5 was knocked down. Using Rab5A/B/C-targeting shRNAs, 
which we previously showed can effectively knockdown the Rab5 isoforms that are endogenously expressed in 
RBL cells29, we found that, in cells not stimulated with IgE/Ag, HA-wt-SNAP23 localized predominantly to the 
plasma membrane in cells transfected with either control shRNA (Fig. 5a [pSilencer]) or Rab5-targeting shR-
NAs (Fig. 5b [shRab5A/B/C]), in which Rab5 mRNA expression was reduced by ~70% (Fig. 5c). As expected, 
HA-wt-SNAP23 redistributed to the SGs in response to an IgE/Ag trigger in control, pSilencer-treated, cells 
(Fig. 5a), displaying significant co-localization with NPY-mRFP (Fig. 5d). However, careful examination 
of the Rab5A/B/C-knockdown cells stimulated with IgE/Ag revealed that HA-wt-SNAP23 translocated to 

means ± SEM derived from four independent experiments. ***P (wt-SNAP23 control vs. wt-SNAP23 CA 
Rab5A) = 4.4 × 10−5, n = 40 for control cells and 17 for CA Rab5A expressing cells; ***P (wt-SNAP23 control 
vs. PD-SNAP23 control) = 2.5 × 10−9, n = 30 for PD-SNAP23 cells; ***P (wt-SNAP23 control vs. PM-SNAP23 
control) = 3 × 10−9, n = 19 for PM-SNAP23 cells (unpaired two-tailed Student’s t-test).
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Figure 4.  SNAP23 redistributes from the plasma membrane to the SGs in IgE/Ag-triggered cells. (a–c) RBL 
cells were co-transfected with 15 μg NPY-mRFP and 30 μg of either HA-wt-SNAP23, or HA-PD-SNAP23, or 
HA-PM-SNAP23, as indicated. Cells were either left untreated (UT) or sensitized with 1 μg/ml of IgE. Twenty-
four hours after transfection, cells were either left untreated (UT) or triggered with 50 ng/ml of DNP-HSA (Ag) 
for 10 min. Cells were fixed and immunostained using monoclonal antibodies directed against HA followed by 
Hilyte Plus 488-conjugated goat anti-mouse IgG. Cells were analyzed by confocal microscopy. Bars = 5 μm. The 
insets are enlargements of the boxed areas. (d) Co-localization of SNAP23 (wt, PD or PM) with NPY-mRFP 
in non-triggered (UT, see also Fig. 3e) or IgE/Ag-triggered cells, was quantified by the Imaris software. The 
data are means ± SEM derived from four independent experiments. ***P (UT wt-SNAP23 vs. IgE/Ag wt-
SNAP23) = 1.5 × 10−10, n = 40 cells for each condition (unpaired two-tailed Student’s t-test).
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intracellular tubular structures that were in close proximity, yet distinct from the NPY-mRFP containing SGs 
(Fig. 5b). Moreover, quantitative analysis of the results revealed an ~70% reduction in the extent of wt-SNAP23 
co-localization with NPY-mRFP after IgE/Ag stimulation in the Rab5A/B/C knockdown cells (Fig. 5d).

Rab5 is pivotal for compound exocytosis.  The identification of a Rab5 requirement for SG targeting of 
wt-SNAP23 strongly suggested that Rab5, a known regulator of endocytic pathways41, is pivotal for compound 
exocytosis. To test this intriguing idea, we took advantage of the fact that monitoring the fluorescence of flu-
orescein isothiocyanate (FITC)–dextran-loaded SGs can permit imaging of exocytic events in mast cells14,19. 
Specifically, exposure of the SG interior contents to the external milieu, as a result of opening of a fusion pore 
between the SG membrane and the plasma membrane, increases the pH of the SG, which in turn de-quenches the 
fluorescence of the pH-sensitive FITC fluorophore. Therefore, a small burst of fluorescence corresponds to the 
full fusion of a SG with the plasma membrane, and this event is transient because of the rapid dissipation of the 
signal as the probe diffuses away in the external medium. A small burst of fluorescence that quenches slowly cor-
responds to kiss-and-run exocytosis, when the probe persists in the retrieved, alkalinized SG until re-acidification 
takes place. However, more persistent bursts of large fluorescent structures reflect compound exocytosis of SGs 
that fused sequentially around the time of formation of the fusion pore, which enables the de-quenching of their 
fluorescence prior to their final discharge14,19 (Fig. 6a).

In IgE/Ag-triggered RBL cells, full exocytosis of single SGs is the primary mode of exocytosis, but kiss and 
run and sequential compound exocytosis have been noted as well14. In agreement with these results, monitoring 
FITC fluorescence in control cells revealed numerous tiny bursts of fluorescence indicative of full exocytosis 
events (see Video 1). However, this pattern then gradually changed, giving rise to the appearance of large, yet 
transient, fluorescent structures, consistent with the pattern of compound exocytosis (Fig. 6b [pSilencer] and 

Figure 5.  SG targeting of SNAP23 is Rab5-dependent. (a) RBL cells were co-transfected with 15 μg NPY-mRFP, 
15 μg of HA-wt-SNAP23 and 30 μg of pSilencer. (b) RBL cells were co-transfected with 15 μg NPY-mRFP, 15 μg 
of HA-wt-SNAP23 and 15 μg of shRab5A and 15 μg of shRab5B/C. Cells were either left untreated (UT) or 
sensitized with 0.5 μg/ml of IgE. Forty-eight hours after transfection, cells were either left untreated (UT) or 
triggered with 50 ng/ml of DNP-HSA (Ag) for 10 min. Cells were fixed and immunostained using monoclonal 
antibodies directed against HA followed by Hilyte Plus 488-conjugated goat anti-mouse IgG. Cells were 
analyzed by confocal microscopy. Bars = 5 μm. The insets are enlargements of the boxed areas. (c) Relative 
expression of Rab5A/B/C mRNA in pSilencer- versus shRab5A/B/C-expressing cells, prior to their IgE/Ag 
trigger (i.e. UT cells) was determined by real-time PCR. (d) Co-localization of SNAP23 with NPY-mRFP in the 
IgE/Ag triggered cells was quantified by the Imaris software. The data are derived from the analysis of a total of 
19 cells from 3 separate experiments, ***P < 0.001 (unpaired two-tailed Student’s t-test).
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Figure 6.  Rab5 is essential for IgE/Ag-triggered compound exocytosis. (a) A scheme illustrating the distinct modes 
of exocytosis and how they are measured by the de-quenching of endocytosed FITC-dextran. Cells are incubated 
with FITC-dextran, which is incorporated into the SGs. However, because of the acidic pH of the SGs, the 
fluorescence of FITC is quenched and the granule has no fluorescence (shown here as a black color) (A–C, I). When 
IgE sensitized cells are triggered to degranulate by specific antigen (Ag), the FITC fluorescence signal changes as a 
function of the mode of exocytosis. During full exocytosis, formation of a fusion pore between the single SG and the 
plasma membrane allows efflux of protons leading to the alkalization of the SG lumen. As a result, the fluorescence 
of FITC de-quenches and the SG becomes fluorescent (shown here as a green color) (A, II). This results in a short 
(less than 5 sec) burst of fluorescence that rapidly dissipates as the granule membrane fully merges with the plasma 
membrane and the contained FITC-dextran is released and diluted in the external medium (A, III). During kiss-
and-run exocytosis, again, formation of the fusion pore leads to alkalization of the SG and de-quenching of the 
intra-granular FITC (shown here as an area of green color) (B, II). However, since the SG rapidly detaches and 
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Supplementary Video 1). Analysis of the live cell images revealed the appearance of a FITC fluorescence burst, 
indicative of granule fusion with plasma membrane that was immediately followed by the de-quenching of a sec-
ond granule that merged with the first one, consistent with an event of sequential granule fusion followed by the 
discharge of the probe (Fig. 6b [pSilencer]). The development of compound exocytosis was associated with the 
appearance of aggregates of NPY-mRFP in the cells as well as with increased fluorescence of FITC in the medium, 
reflecting the release of the probe (Supplementary Video 2 and Fig. S2). Enlargement of the SGs by the expres-
sion of CA Rab5A attenuated the appearance of the large fluorescent bursts, as compared to non-transfected 
cells present in same field (Supplementary Video 3). This observation is consistent with the idea that a limiting 
factor, namely SNAP23, restricted the compound fusion of the enlarged SGs. Indeed, co-transfection with CA 
Rab5A and HA-wt-SNAP23, conditions that led to the formation of super giant SGs in triggered cells, markedly 
increased the number of fluorescent events (Supplementary Video 4). Quantitative analysis of the results demon-
strated that the average number of large fluorescence bursts, indicative of compound exocytosis events, increased 
from 1.5 events/cell in IgE/Ag triggered cells that expressed CA Rab5A alone, to 8.1 events/cell in triggered 
cells that co-expressed CA Rab5A and SNAP23 (Fig. 6c). Furthermore, while 33% of the cells transfected with 
CA Rab5A exhibited no evidence of compound exocytosis, 53% developed one to three compound exocytosis 
events, and only 14% exhibited more than 4 events, by contrast, 55% of the cells that expressed CA Rab5A and 
SNAP23 developed more than four compound exocytosis events/cell (Fig. 6d). Careful inspection of the live cell 
images enabled us to identify the sequential fusion of SGs that was reflected in the gradual de-quenching of a 
previously quenched granule that was adjacent to a bright granule (Fig. 6e and f). The de-quenching of the latter 
SGs implies that they already fused with the plasma membrane, prior to fusing with the newly de-quenching, 
more internally located, SGs. These findings are fully in accord with the changes that would be expected to occur 
during the homotypic SG fusion which is characteristic of sequential compound exocytosis (see scheme Fig. 6g). 
Importantly, examination of the position of CA Rab5A demonstrated its presence on the fusing granule consist-
ent with its critical role in the fusion process (Fig. 6h).

In sharp contrast, the pattern of exocytosis did not change in Rab5A/B/C knockdown cells triggered with IgE/
Ag, in which tiny bursts of fluorescence persisted with no evidence for sequential granule fusion or appearance 
of either aggregates of NPY-mRFP within the cells or release of the FITC probe to the medium, most likely due to 

re-acidifies, FITC fluorescence quenches and the event is reflected in a small and short-lived fluorescence change 
(B, III- IV). Compound exocytosis starts, like the full exocytic event, with a fluorescent burst that corresponds 
to the alkalization of the single SG that fused with the plasma membrane (C, II). However, rather than emptying 
quickly and losing fluorescence upon release of the FITC probe, the SG, that is still connected to the membrane via 
a stable fusion pore, fuses with another SG, whose quenched fluorescence then de-quenches as it gains access to the 
external milieu and alkalinizes (C, III-IV). This results in a larger and significantly longer-lived burst of fluorescence 
(C, IV) than is seen in the other forms of degranulation, before fluorescence is lost due to the release of the FITC 
probe from the fused SGs (C, V). Therefore, while both full exocytosis and kiss-and-run exocytosis are associated 
with short, small bursts of fluorescence, compound exocytosis is reflected by the appearance of bursts of large and 
sustained fluorescent structures. Occasionally, the fusion event itself can be detected by the gradual de-quenching 
of a SG that is adjacent to and has fused with a fluorescent, hence exocytosing, SG (C, III). (b) RBL cells were co-
transfected with 15 μg NPY-mRFP and either 30 μg of pSilencer or 15 μg of shRab5A, and 15 μg of shRab5B/C, as 
indicated. Cells were sensitized with 1 μg/ml of IgE after loading with FITC-dextran (1 mg/ml) for 48 h. Cells were 
triggered by 50 ng/ml of DNP-HSA (Ag) and visualized by time-lapse fluorescence microscopy as described in 
the Materials and Methods. The images corresponding to the indicated time periods after triggering with Ag are 
from Supplementary Videos 1 (b, pSilencer) and 5 (b, shRab5A/B/C) on line. The white arrow and white circle in 
(b, pSilencer) indicate transient bursts of large yellow fluorescent structures, indicative of exteriorization of fused 
SGs. The white arrow in (b, shRab5A/B/C) points to tiny fluorescent structures that persisted in Rab5-knockdown 
cells, likely to be indicative of single granules being exteriorized without compound fusion. Of note, the intensity 
in this image was increased to allow detection of the signal. (c–h) RBL cells were co-transfected with 10 μg of 
mStr-CA Rab5A and 20 μg of either empty vector (CA Rab5A) or HA-wt-SNAP23 (CA Rab5A/SNAP23). Cells 
were sensitized with 1 μg/ml of IgE after loading with FITC-dextran (1 mg/ml) for 48 h. Cells were triggered by 50 
ng/ml of DNP-HSA (Ag) and visualized by time-lapse fluorescence microscopy as described in the Materials and 
Methods. (c) The average number of compound exocytosis events/cell was determined based on data derived from 
4 separate videos for each transfection and a total of 15 cells for CA Rab5A and 13 cells for CA Rab5A/SNAP23. 
*P = 0.026 (unpaired two-tailed Student’s t-test). (d) The percentage of cells that failed to develop any compound 
exocytosis events, or developed 1–3 events/cell or developed 4 or more compound exocytosis events/cell was 
calculated. (e) Images captured at the designated time points after triggering with Ag (presented in Supplementary 
Video 4), demonstrate the de-quenching of FITC-dextran fluorescence (shown in green) during the fusion between 
a quenched SG (left, shown in black) and an adjacent SG (right, shown in green) that already fused with the plasma 
membrane and is therefore de-quenched and visible. The insets are the enlargements of the boxed areas. The white 
arrows point to the position of the SG that is in the process of de-quenching as it merges with the exocytosing, 
already de-quenched SG. (f) Quantification of the fluorescence changes during the fusion process. The right SG 
displays a constant level of fluorescence for approximately four minutes (13–17 min), implying that it is connected 
to the plasma membrane and therefore de-quenched and is in the process of releasing cargo until cargo discharge 
is complete at time point 17:6 min. The left SG is initially quenched but displays a 6–10 fold increase in FITC 
fluorescence after merging with the exocytosing SG. FITC fluorescence then drops upon the release of the cargo. 
(g) A schematic presentation of the process of homotypic SG fusion that is shown in (e). (h) Presentation of both 
the red and green channels of the designated time points derived from Video 4, showing the position of mSTR-CA 
Rab5A (red) around the fusing SGs that contain FITC-dextran (green, when de-quenched).
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its rapid dissipation in the medium when released in small quanta (Fig. 6b [shRab5A/B/C] and Supplementary 
Videos 5 and 6 and Fig. S3). The lack of signal was not due to a defect in FITC-dextran loading because addition 
of ammonium chloride, which alkalinizes the SGs, caused an immediate increase in FITC-dextran fluorescence 
confirming the proper loading of the probe (Supplementary Video 6 and Fig. S3).

Discussion
A role for SNAP23 has been implicated in compound exocytosis based on its redistribution from the plasma 
membrane to SGs, with kinetics paralleling that of compound exocytosis13. However, the direct involvement of 
SNAP23 in mediating granule-granule fusion has not previously been demonstrated. Taking advantage of the fact 
that expression of a constitutively-active mutant of Rab5 in mast cells stimulates SG fusion, thereby generating 
giant SGs that maintain their exocytosis competence29, we used morphometric analysis to investigate the role of 
SNAP23 in granule-granule (i.e., SG-SG) fusion. This approach overcomes the difficulty in interpreting the results 
of functional assays of secretion that are influenced by the involvement of SNAP23 in cellular processes that may 
impact exocytosis indirectly. Here we show that SNAP23 stimulates formation of super giant SGs in activated 
mast cells. Because fusion of SGs with the plasma membrane is not impaired, these super giant SGs are likely 
the product of multi-granular fusion that occurred exclusively in IgE/Ag-triggered cells, thus consistent with 
homotypic SG fusion during compound exocytosis. Indeed, we provide direct evidence for the stimulation of 
compound exocytosis by overexpression of HA-wt-SNAP23 in CA Rab5A-expressing cells, using live cell imaging 
to monitor the de-quenching of loaded FITC-dextran, a method previously used by others and us to distinguish 
the different modes of mast cell exocytosis14,19. In documenting a delay in the development of compound exo-
cytosis upon IgE/Ag triggering, we also demonstrated the sequential nature of the granule fusion event. This 
finding is consistent with the exaggerated and also variable size of the super giant SGs that likely reflects both 
multi-granular fusion and also swelling of the granule matrix that occurs following fusion of the granule mem-
brane with the plasma membrane.

Being able to monitor trigger-stimulated granule fusion directly allowed us to analyze the role of 
IKKβ2-mediated phosphorylation of SNAP23 in this process. Functional assays have demonstrated a variable 
contribution of IKKβ2 to secretion19,24,40. In our hands, pharmacological inhibition of IKKβ2 did not affect secre-
tion but abrogated the formation of the super giant SGs in activated cells. Furthermore, SNAP23 mutants that 
affected those sites which are phosphorylated by IKKβ2 also failed to support formation of super giant SGs. Our 
finding that both phosphodeficient and phosphomimetic mutants are non-functional in this assay suggests that 
dynamic cycling between phosphorylated and dephosphorylated states is required to accomplish this function. 
This notion is highly compatible with previous data that documented low levels of SNAP23 phosphorylation in 
IgE/Ag-activated cells, and the transient nature of such phosphorylation39. Taken together, our results strongly 
suggest that while IKKβ2-mediated phosphorylation of SNAP23 is dispensable for granule fusion with the plasma 
membrane, it is crucial for compound exocytosis, although we cannot exclude the possibility that fusion between 
SGs might also be mediated by yet unknown proteins that are regulated by IKKβ2, besides or in addition to 
SNAP23. The contribution of IKKβ2 to overall secretion thus might vary in conjunction with the effects of other 
factors that influence the contribution of compound exocytosis to overall secretion. Further support for this 
notion comes from the findings that knockout of IKKβ2 or RNAi of SNAP23 had partial and relatively modest 
impacts on secretion23,24.

Which factor determines the extent of compound exocytosis? We show that single overexpression of 
HA-wt-SNAP23 does not increase SG fusion in triggered cells and that compound exocytosis occurs also in the 
absence of HA-wt-SNAP23 overexpression. Therefore, SNAP23 is not rate limiting under normal conditions. 
However, SNAP23 becomes the limiting factor in the presence of hyperactive Rab5, conditions under which over-
expression of HA-wt-SNAP23 allows further SG fusion and the extent of compound exocytosis is increased. We 
therefore propose that Rab5 is a key regulator that is pivotal for compound exocytosis. Indeed, we show that RNAi 
of Rab5 largely abrogates compound exocytosis in our model. At least one mechanism by which Rab5 may reg-
ulate compound exocytosis is by mediating SNAP23 targeting to the SGs. Given our previous findings that Rab5 
mediates endosome fusion with the SGs29, SG targeting of SNAP23 might be accomplished by Rab5 regulated 
fusion between SNAP23-associated endosomes and the SGs. According to this model, SG targeting of SNAP23 
occurs in two steps: the first involves trigger-dependent association of SNAP23 with lipid rafts and syntaxin 434, 
followed by dissociation from the plasma membrane and association with endosomes; whereas the second step 
involves Rab5-dependent fusion of SNAP23-associated endosomes with the SGs.

The precise mechanisms of plasma membrane targeting and internalization of SNAP23 are presently 
unknown. Palmitoylation42, binding to distinct syntaxins42,43 and electrostatic interactions35 have been impli-
cated in these processes. We show that SNAP23 phosphorylation mutants display enhanced SG binding even 
in non-triggered cells. Thus, it is possible that phosphorylation/dephosphorylation may impact palmitoylation, 
binding to syntaxins, or protein charge, thereby affecting the cellular distribution of SNAP23 under basal condi-
tions. Internalization of SNAP25, the close homolog of SNAP23, was shown to depend on Arf644. Whether or not 
SNAP23 follows a similar route is presently unknown, but our future studies will address these questions.

Notably, although SNAP23 targeting to the SGs might be a mechanism by which Rab5 regulates compound 
exocytosis, this is not necessarily the only mechanism. Our results implicating sequential SG fusion in mediat-
ing IgE/Ag-triggered compound exocytosis implies that stable fusion pores may be needed in this process. The 
latter are critical to allow the SGs that are fusing with the plasma membrane to serve as hook for the attachment 
of subsequent fusing SGs. Because the stability of the fusion pore positively correlates with the diameter of the 
exocytosing vesicle45, it is possible that Rab5 may additionally control compound exocytosis by increasing the 
size of SGs during their biogenesis29. According to this model, active Rab5 dictates the relative contribution of 
compound to overall exocytosis both before mast cell stimulation, by determining the size distribution of the 
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cells’ SGs via regulation of their homotypic fusion, and after IgE/Ag stimulation, by mediating SG fusion with 
SNAP23-containing endosomes. Finally, Rab5 might directly control granule-granule fusion in analogy to its 
function in endosome fusion46 or SG fusion during their biogenesis29.

How the level of Rab5 activation is regulated is presently unknown and awaits future investigation. In this 
context, it is interesting to note that GTPγS has long been recognized as a critical factor for compound exocytosis, 
implicating the involvement of GTP-binding proteins in this process47. Our results are in full accord with this 
notion, and provide several lines of evidence that Rab5 represents a pivotal GTP-binding protein involved in 
compound exocytosis.

In summary, we have used CA Rab5A-expressing mast cells that display giant, exocytosis-competent SGs, 
to analyze the granule-granule fusion that occurs in triggered mast cells during compound exocytosis. This 
approach allowed us to demonstrate for the first time evidence for a direct role of SNAP23 and SNAP23 phospho-
rylation cycles in FcεRI-triggered homotypic SG fusion. Importantly, we also identified Rab5 as a novel regulator 
of compound exocytosis and provide mechanistic insights into its mode of action. Finally, our results intro-
duce an experimental model system that can be used for further analyses of the fusion machinery that mediates 
granule-granule fusion during compound exocytosis.

Methods
Antibodies and Reagents.  Monoclonal mouse anti-DNP IgE (Cat #D8406, clone SPE-7), DNP-human 
serum albumin (HSA), FITC-dextran (150 kDa) and BMS-345541 were from Sigma-Aldrich (St. Louis, MO). 
Hilyte Plus 647-conjugated goat anti-mouse IgG (Cat # AS-61057-05-H647) and Hilyte Plus 488-conjugated goat 
anti-mouse IgG (Cat # 61057-H488) were from Anaspec (Fremont, CA). HRP-conjugated goat anti-mouse (Cat # 
115-035-166) and anti-rabbit (Cat # 115-035-003) IgG were from Jackson Immuno Research Laboratories (West 
Grove, PA). Monoclonal anti-HA (MMS-101R, clone 16B12) was from Covance (Princeton, NJ). Rabbit poly-
clonal anti SNAP23 antibodies were from Abcam (Cat # ab4114).

Plasmids used in this study.  pEGFP-C1-CA Rab5A was prepared as previously described48. NPY-mRFP 
was a gift from Dr. U. Ashery (Tel Aviv University, Tel Aviv, Israel). DN-SNAP23 was previously described33. The 
open reading frame of mouse SNAP2336 was subcloned into the pEF-HA vector49. pEF-HA-SNAP23(S95E/120E) 
and pEF-HA-SNAP23(S95A/120 A) were constructed by using the following mutagenic oligonucleotides 
(mutated nucleotides are underlined): 5′-AACTTTGAGGCTGGAAAGAA-3′ (SNAP23-S95 A sense), 
TTCTTTCCAGCCTCAAAGTT-3′ (SNAP23-S95A antisense), 5′-AAGCAACCGGCCCGGATTAC-3′ 
(SNAP23-S120A sense) ,  5 ′-GTAATCCGGGCCGGT TGCT T-3 ′  (SNAP23-S120A antisense) , 
5′-AACTTTGAGGAAGGAAAGAA-3′  (SNAP23-S95E sense), TTCTTTCCTTCCTCAAAGTT-3′ 
(SNAP23-S95E antisense), 5′-AAGCAACCGGAACGGATTAC-3′  (SNAP23-S120E sense), and 
5′-GTAATCCGTTCCGGTTGCTT-3′ (SNAP23-S120E antisense). Rab5A/B/C shRNA and the control pSilencer 
vector were previously described29.

Cell Culture.  RBL-2H3 cells were maintained in adherent cultures in DMEM supplemented with 10% FBS 
and 100 μg/ml streptomycin and 100 units/ml penicillin in a humidified atmosphere of 5% CO2 at 37 °C.

Transient transfection.  Transient transfection of RBL cells was performed as described previously36. 
Briefly, RBL cells (1.5 × 107) were transfected by electroporation at 300 V and pulse length of 20 mSec, using 
an ECM830 electroporator (BTX, USA). The cells were immediately replated in tissue culture dishes containing 
growth medium for the desired time periods.

Immunostaining and confocal analyses.  RBL cells (4 × 105 cells/ml) were grown on 12-mm round 
glass cover-slips and incubated overnight with mouse anti-DNP specific monoclonal IgE. Following three 
washes in Tyrode buffer (10 mM HEPES [pH 7.4], 130 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 
5.6 mM glucose, and 0.1% BSA), cells were stimulated in same buffer at 37 °C with 50 ng/ml of DNP-HSA. 
Cells were subsequently washed three times with PBS and fixed for 20 min at room temperature with 4% para-
formaldehyde in PBS. Cells were then permeabilized for 30 min at room temperature with 0.1% Triton X-100, 
5% FBS, and 2% BSA diluted in PBS. Cells were subsequently incubated for 1 h at room temperature with the 
primary Abs, followed by three washes and a 1-h incubation with the appropriate secondary Abs. After washing, 
cells were mounted (Golden Bridge Life Science, Mukilteo City, WA) and analyzed using a LEICA STED high 
resolution laser scanning confocal microscope (Leica, Wetzlar, Germany) and a 63 oil/1.4 numerical aperture 
objective. Quantification of SGs size and extent of co-localization was carried out by Imaris software (Bitplane, 
Zurich, Switzerland).

Rab5 silencing.  RBL cells (1.5 × 107 cells/ml) were transiently transfected with control pSilencer vector or 
with shRNAs directed against Rab5A and Rab5BC, as previously described29. Forty-eight hours later, total RNA 
was purified using the PerfectPure RNA purification system (5 Prime) according to the manufacturer’s instruc-
tions, and the expression levels of the Rab5 isoforms was determined by quantitative RT-PCR (ABI Prism 7900 
SDS, Applied Biosystems), using a SYBR Green real-time PCR Kit (Applied Biosystems) as previously described29. 
The following primers were used: Rab5A, reverse primer 5′-TGT GCA GGC TCA GTA AGG TC-3′, forward 
primer 5′-GCT AAG ACA TCA ATG AAT GTA AAT GAA-3′; Rab5B, reverse primer 5′-CTG CATATG CCT 
GAG CCT CT-3′, forward primer 5′-ACA AAG CTG ACC TTG CCA AC-3′; Rab5C, reverse primer 5′-CAA 
ACT TGA CCG TTG TGT CG-3′, forward primer 5′-CCA GGA GAG CAC AAT TGG A-3′.
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Time-lapse microscopy of living cells.  RBL cells were seeded at 2 × 105 cells/chamber in eight-well cham-
ber borosilicate coverglass systems (Thermo Fisher Scientific Waltham, MA). Cells were loaded with 1 mg/ml of 
FITC-dextran for 48 h. Images were acquired by a Leica Sp5 laser scanning confocal microscope, equipped with a 
heated chamber (37 °C) and CO2 controller (4.8%) and a C-Apochromat 363/1.2 W Corr objective or using a Zeiss 
LSM Pascal confocal microscope using a Plan-apochromat 63° – NA 1.4 objective (Carl Zeiss MicroImaging) 
or Zeiss LSM 800 microscope. Image capture was performed using the standard time-series option (Carl Zeiss 
MicroImaging). Images and videos were generated and analyzed using the Zeiss LSM software and ImageJ soft-
ware (W. Rasband, National Institutes of Health, Bethesda, MD). Long time-lapse image sequences were captured 
using the autofocusing function.

Statistical analysis.  Data are expressed as means ± SEM. The p values were determined by an unpaired 
two-tailed Student’s t test.

References
	 1.	 Pickett, J. A. & Edwardson, J. M. Compound exocytosis: mechanisms and functional significance. Traffic 7, 109–116, https://doi.

org/10.1111/j.1600-0854.2005.00372.x (2006).
	 2.	 Behrendorff, N., Dolai, S., Hong, W., Gaisano, H. Y. & Thorn, P. Vesicle-associated membrane protein 8 (VAMP8) is a SNARE 

(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) selectively required for sequential granule-to-granule 
fusion. The Journal of biological chemistry 286, 29627–29634, https://doi.org/10.1074/jbc.M111.265199 (2011).

	 3.	 Kwan, E. P. & Gaisano, H. Y. Glucagon-like peptide 1 regulates sequential and compound exocytosis in pancreatic islet beta-cells. 
Diabetes 54, 2734–2743 (2005).

	 4.	 Hoppa, M. B. et al. Multivesicular exocytosis in rat pancreatic beta cells. Diabetologia 55, 1001–1012, https://doi.org/10.1007/
s00125-011-2400-5 (2012).

	 5.	 Zhu, D. et al. Syntaxin-3 regulates newcomer insulin granule exocytosis and compound fusion in pancreatic beta cells. Diabetologia 
56, 359–369, https://doi.org/10.1007/s00125-012-2757-0 (2013).

	 6.	 Vardjan, N., Jorgacevski, J., Stenovec, M., Kreft, M. & Zorec, R. Compound exocytosis in pituitary cells. Annals of the New York 
Academy of Sciences 1152, 63–75, https://doi.org/10.1111/j.1749-6632.2008.04008.x (2009).

	 7.	 Cochilla, A. J., Angleson, J. K. & Betz, W. J. Differential regulation of granule-to-granule and granule-to-plasma membrane fusion 
during secretion from rat pituitary lactotrophs. The Journal of cell biology 150, 839–848 (2000).

	 8.	 Mair, N., Haller, T. & Dietl, P. Exocytosis in alveolar type II cells revealed by cell capacitance and fluorescence measurements. The 
American journal of physiology 276, L376–382 (1999).

	 9.	 Carmo, L. A. et al. CD63 is tightly associated with intracellular, secretory events chaperoning piecemeal degranulation and 
compound exocytosis in human eosinophils. Journal of leukocyte biology 100, 391–401, https://doi.org/10.1189/jlb.3A1015-480R 
(2016).

	10.	 Hafez, I., Stolpe, A. & Lindau, M. Compound exocytosis and cumulative fusion in eosinophils. The Journal of biological chemistry 
278, 44921–44928, https://doi.org/10.1074/jbc.M306013200 (2003).

	11.	 Scepek, S. & Lindau, M. Focal exocytosis by eosinophils–compound exocytosis and cumulative fusion. The EMBO journal 12, 
1811–1817 (1993).

	12.	 Lollike, K., Lindau, M., Calafat, J. & Borregaard, N. Compound exocytosis of granules in human neutrophils. Journal of leukocyte 
biology 71, 973–980 (2002).

	13.	 Guo, Z., Turner, C. & Castle, D. Relocation of the t-SNARE SNAP-23 from lamellipodia-like cell surface projections regulates 
compound exocytosis in mast cells. Cell 94, 537–548 (1998).

	14.	 Cohen, R., Corwith, K., Holowka, D. & Baird, B. Spatiotemporal resolution of mast cell granule exocytosis reveals correlation with 
Ca2+ wave initiation. Journal of cell science 125, 2986–2994, https://doi.org/10.1242/jcs.102632 (2012).

	15.	 Mukai, K., Tsai, M., Starkl, P., Marichal, T. & Galli, S. J. IgE and mast cells in host defense against parasites and venoms. Seminars in 
immunopathology 38, 581–603, https://doi.org/10.1007/s00281-016-0565-1 (2016).

	16.	 Galli, S. J. & Tsai, M. IgE and mast cells in allergic disease. Nature medicine 18, 693–704, https://doi.org/10.1038/nm.2755 (2012).
	17.	 Lundequist, A. & Pejler, G. Biological implications of preformed mast cell mediators. Cellular and molecular life sciences 68, 965–975, 

https://doi.org/10.1007/s00018-010-0587-0 (2011).
	18.	 Blank, U. The mechanisms of exocytosis in mast cells. Advances in experimental medicine and biology 716, 107–122, https://doi.

org/10.1007/978-1-4419-9533-9_7 (2011).
	19.	 Gaudenzio, N. et al. Different activation signals induce distinct mast cell degranulation strategies. The Journal of clinical investigation 

126, 3981–3998, https://doi.org/10.1172/JCI85538 (2016).
	20.	 Thorn, P. & Gaisano, H. Molecular control of compound Exocytosis: A key role for VAMP8. Communicative & integrative biology 5, 

61–63 (2012).
	21.	 Woo, S. S., James, D. J. & Martin, T. F. Munc13-4 functions as a Ca2+ sensor for homotypic secretory granule fusion to generate 

endosomal exocytic vacuoles. Molecular biology of the cell, https://doi.org/10.1091/mbc.E16-08-0617 (2017).
	22.	 Takahashi, N. et al. Sequential exocytosis of insulin granules is associated with redistribution of SNAP25. The Journal of cell biology 

165, 255–262, https://doi.org/10.1083/jcb.200312033 (2004).
	23.	 Woska, J. R. Jr & Gillespie, M. E. Small-interfering RNA-mediated identification and regulation of the ternary SNARE complex 

mediating RBL-2H3 mast cel l  degranulation. Scandinavian journal of  immunology  73 ,  8–17, https://doi.
org/10.1111/j.1365-3083.2010.02471.x (2011).

	24.	 Suzuki, K. & Verma, I. M. Phosphorylation of SNAP-23 by IkappaB kinase 2 regulates mast cell degranulation. Cell 134, 485–495, 
https://doi.org/10.1016/j.cell.2008.05.050 (2008).

	25.	 Kunii, M. et al. Opposing roles for SNAP23 in secretion in exocrine and endocrine pancreatic cells. The Journal of cell biology 215, 
121–138, https://doi.org/10.1083/jcb.201604030 (2016).

	26.	 Kubo, K. et al. SNAP23/25 and VAMP2 mediate exocytic event of transferrin receptor-containing recycling vesicles. Biology open 4, 
910–920, https://doi.org/10.1242/bio.012146 (2015).

	27.	 Sugawara, K., Shibasaki, T., Mizoguchi, A., Saito, T. & Seino, S. Rab11 and its effector Rip11 participate in regulation of insulin 
granule exocytosis. Genes to cells 14, 445–456, https://doi.org/10.1111/j.1365-2443.2009.01285.x (2009).

	28.	 Wilson, J. D., Shelby, S. A., Holowka, D. & Baird, B. Rab11 Regulates the Mast Cell Exocytic Response. Traffic 17, 1027–1041, https://
doi.org/10.1111/tra.12418 (2016).

	29.	 Azouz, N. P. et al. Rab5 is a novel regulator of mast cell secretory granules: impact on size, cargo, and exocytosis. Journal of 
immunology 192, 4043–4053, https://doi.org/10.4049/jimmunol.1302196 (2014).

	30.	 Weber, T. et al. SNAREpins: minimal machinery for membrane fusion. Cell 92, 759–772 (1998).
	31.	 Paumet, F. et al. Soluble NSF attachment protein receptors (SNAREs) in RBL-2H3 mast cells: functional role of syntaxin 4 in 

exocytosis and identification of a vesicle-associated membrane protein 8-containing secretory compartment. Journal of immunology 
164, 5850–5857 (2000).

http://dx.doi.org/10.1111/j.1600-0854.2005.00372.x
http://dx.doi.org/10.1111/j.1600-0854.2005.00372.x
http://dx.doi.org/10.1074/jbc.M111.265199
http://dx.doi.org/10.1007/s00125-011-2400-5
http://dx.doi.org/10.1007/s00125-011-2400-5
http://dx.doi.org/10.1007/s00125-012-2757-0
http://dx.doi.org/10.1111/j.1749-6632.2008.04008.x
http://dx.doi.org/10.1189/jlb.3A1015-480R
http://dx.doi.org/10.1074/jbc.M306013200
http://dx.doi.org/10.1242/jcs.102632
http://dx.doi.org/10.1007/s00281-016-0565-1
http://dx.doi.org/10.1038/nm.2755
http://dx.doi.org/10.1007/s00018-010-0587-0
http://dx.doi.org/10.1007/978-1-4419-9533-9_7
http://dx.doi.org/10.1007/978-1-4419-9533-9_7
http://dx.doi.org/10.1172/JCI85538
http://dx.doi.org/10.1091/mbc.E16-08-0617
http://dx.doi.org/10.1083/jcb.200312033
http://dx.doi.org/10.1111/j.1365-3083.2010.02471.x
http://dx.doi.org/10.1111/j.1365-3083.2010.02471.x
http://dx.doi.org/10.1016/j.cell.2008.05.050
http://dx.doi.org/10.1083/jcb.201604030
http://dx.doi.org/10.1242/bio.012146
http://dx.doi.org/10.1111/j.1365-2443.2009.01285.x
http://dx.doi.org/10.1111/tra.12418
http://dx.doi.org/10.1111/tra.12418
http://dx.doi.org/10.4049/jimmunol.1302196


www.nature.com/scientificreports/

1 4SCienTiFiC Reports | 7: 15315  | DOI:10.1038/s41598-017-15047-8

	32.	 Chen, D. & Whiteheart, S. W. Intracellular localization of SNAP-23 to endosomal compartments. Biochemical and biophysical 
research communications 255, 340–346, https://doi.org/10.1006/bbrc.1999.0173 (1999).

	33.	 Vaidyanathan, V. V., Puri, N. & Roche, P. A. The last exon of SNAP-23 regulates granule exocytosis from mast cells. The Journal of 
biological chemistry 276, 25101–25106, https://doi.org/10.1074/jbc.M103536200 (2001).

	34.	 Puri, N. & Roche, P. A. Ternary SNARE complexes are enriched in lipid rafts during mast cell exocytosis. Traffic 7, 1482–1494, 
https://doi.org/10.1111/j.1600-0854.2006.00490.x (2006).

	35.	 Weber, P. et al. Electrostatic anchoring precedes stable membrane attachment of SNAP25/SNAP23 to the plasma membrane. eLife 6, 
doi:https://doi.org/10.7554/eLife.19394 (2017).

	36.	 Azouz, N. P., Matsui, T., Fukuda, M. & Sagi-Eisenberg, R. Decoding the regulation of mast cell exocytosis by networks of Rab 
GTPases. Journal of immunology 189, 2169–2180, https://doi.org/10.4049/jimmunol.1200542 (2012).

	37.	 Azouz, N. P., Fukuda, M., Rothenberg, M. E. & Sagi-Eisenberg, R. Investigating mast cell secretory granules; from biosynthesis to 
exocytosis. Journal of visualized experiments: JoVE, 52505, https://doi.org/10.3791/52505 (2015).

	38.	 Wendler, F., Page, L., Urbe, S. & Tooze, S. A. Homotypic fusion of immature secretory granules during maturation requires syntaxin 
6. Molecular biology of the cell 12, 1699–1709 (2001).

	39.	 Hepp, R. et al. Phosphorylation of SNAP-23 regulates exocytosis from mast cells. The Journal of biological chemistry 280, 6610–6620, 
https://doi.org/10.1074/jbc.M412126200 (2005).

	40.	 Peschke, K. et al. IkappaB kinase 2 is essential for IgE-induced mast cell de novo cytokine production but not for degranulation. Cell 
reports 8, 1300–1307, https://doi.org/10.1016/j.celrep.2014.07.046 (2014).

	41.	 Bucci, C. et al. The small GTPase rab5 functions as a regulatory factor in the early endocytic pathway. Cell 70, 715–728 (1992).
	42.	 Vogel, K. & Roche, P. A. SNAP-23 and SNAP-25 are palmitoylated in vivo. Biochemical and biophysical research communications 258, 

407–410, https://doi.org/10.1006/bbrc.1999.0652 (1999).
	43.	 Valdez, A. C., Cabaniols, J. P., Brown, M. J. & Roche, P. A. Syntaxin 11 is associated with SNAP-23 on late endosomes and the trans-

Golgi network. Journal of cell science 112(Pt 6), 845–854 (1999).
	44.	 Aikawa, Y., Xia, X. & Martin, T. F. SNAP25, but not syntaxin 1A, recycles via an ARF6-regulated pathway in neuroendocrine cells. 

Molecular biology of the cell 17, 711–722, https://doi.org/10.1091/mbc.E05-05-0382 (2006).
	45.	 Flasker, A., Jorgacevski, J., Calejo, A. I., Kreft, M. & Zorec, R. Vesicle size determines unitary exocytic properties and their sensitivity 

to sphingosine. Molecular and cellular endocrinology 376, 136–147, https://doi.org/10.1016/j.mce.2013.06.012 (2013).
	46.	 Stenmark, H. et al. Inhibition of rab5 GTPase activity stimulates membrane fusion in endocytosis. The EMBO journal 13, 1287–1296 

(1994).
	47.	 Hartmann, J., Scepek, S., Hafez, I. & Lindau, M. Differential regulation of exocytotic fusion and granule-granule fusion in 

eosinophils by Ca2+ and GTP analogs. The Journal of biological chemistry 278, 44929–44934, https://doi.org/10.1074/jbc.
M306014200 (2003).

	48.	 Itoh, T., Satoh, M., Kanno, E. & Fukuda, M. Screening for target Rabs of TBC (Tre-2/Bub2/Cdc16) domain-containing proteins 
based on their Rab-binding activity. Genes to cells 11, 1023–1037, https://doi.org/10.1111/j.1365-2443.2006.00997.x (2006).

	49.	 Fukuda, M. Synaptotagmin-like protein (Slp) homology domain 1 of Slac2-a/melanophilin is a critical determinant of GTP-
dependent specific binding to Rab27A. The Journal of biological chemistry 277, 40118–40124, https://doi.org/10.1074/jbc.
M205765200 (2002).

Acknowledgements
We thank Dr. U. Ashery for the generous gift of cDNA. We thank Drs. L. Mittleman, M. Shaharbani, and Y. 
Zilberstein for their invaluable assistance with microscopy and image analyses. This work was supported by the 
United States–Israel Binational Science Foundation (grant 2013263 to R. Sagi-Eisenberg, I. Hammel, and S.J. 
Galli) and grant 933/15 from the Israel Science Foundation, founded by the Israel Academy for Sciences (to R. 
Sagi-Eisenberg) and NIH grants U19 AI 104209 and R01 AR067145 (to S.J. Galli). This manuscript is dedicated 
to the memory of Ilan Hammel, an outstanding scientist, devoted mentor, and dear friend.

Author Contributions
O.K., A.R., N.Z., N.P.A. and O.P., designed and performed the experiments, analysed the data, discussed the 
results and commented on the manuscript; A.Y. designed and generated the SNAP23 constructs and discussed the 
results; K.H., M.F., P.A.R. and S.J.G. discussed the results and commented on the manuscript; I.H. discussed the 
results; R.S.-E. conceived the project in consultation with I.H. and S.J.G., analysed the data, discussed the results 
and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15047-8.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1006/bbrc.1999.0173
http://dx.doi.org/10.1074/jbc.M103536200
http://dx.doi.org/10.1111/j.1600-0854.2006.00490.x
http://dx.doi.org/10.7554/eLife.19394
http://dx.doi.org/10.4049/jimmunol.1200542
http://dx.doi.org/10.3791/52505
http://dx.doi.org/10.1074/jbc.M412126200
http://dx.doi.org/10.1016/j.celrep.2014.07.046
http://dx.doi.org/10.1006/bbrc.1999.0652
http://dx.doi.org/10.1091/mbc.E05-05-0382
http://dx.doi.org/10.1016/j.mce.2013.06.012
http://dx.doi.org/10.1074/jbc.M306014200
http://dx.doi.org/10.1074/jbc.M306014200
http://dx.doi.org/10.1111/j.1365-2443.2006.00997.x
http://dx.doi.org/10.1074/jbc.M205765200
http://dx.doi.org/10.1074/jbc.M205765200
http://dx.doi.org/10.1038/s41598-017-15047-8
http://creativecommons.org/licenses/by/4.0/

	Rab5 is critical for SNAP23 regulated granule-granule fusion during compound exocytosis

	Results

	SNAP23 stimulates receptor-triggered homotypic SG fusion but has no impact on SG fusion with the plasma membrane. 
	IκappaB kinase (IKKβ)2-mediated phosphorylation of SNAP23 is essential for IgE/Ag-triggered homotypic SG fusion. 
	Phosphorylation cycles of SNAP23 are essential for homotypic SG fusion during compound exocytosis. 
	Phosphorylation controls the cellular distribution of SNAP23, but not SG-targeting in response to an IgE/Ag trigger. 
	Rab5 is required for SG targeting of SNAP23 in IgE/Ag-triggered cells. 
	Rab5 is pivotal for compound exocytosis. 

	Discussion

	Methods

	Antibodies and Reagents. 
	Plasmids used in this study. 
	Cell Culture. 
	Transient transfection. 
	Immunostaining and confocal analyses. 
	Rab5 silencing. 
	Time-lapse microscopy of living cells. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 SNAP23 promotes formation of super giant SGs in IgE/Ag triggered cells.
	Figure 2 Inhibition of IKKβ2 prevents SNAP23 promoted formation of super giant SGs in IgE/Ag triggered cells.
	Figure 3 SNAP23 phosphorylation mutants fail to support formation of super giant SGs.
	Figure 4 SNAP23 redistributes from the plasma membrane to the SGs in IgE/Ag-triggered cells.
	Figure 5 SG targeting of SNAP23 is Rab5-dependent.
	Figure 6 Rab5 is essential for IgE/Ag-triggered compound exocytosis.




