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CHAPTER 5
Masterclass with Rab3 and Rab27: Orchestrating Regulated Secretion
François Darchen* and Claire Desnos
CNRS/Université Paris Descartes, France
Abstract: A subset of Rab GTPases have instrumental roles in the biogenesis, trafficking, docking and
exocytosis of secretory granules, secretory lysosomes and synaptic vesicles. The four Rab3 isoforms
and the two Rab27 isoforms are the main members of this family of “secretory Rabs.” Redundancy
between the isoforms and between the Rab3 and Rab27 proteins has made the functional
characterization of these proteins difficult. Data collected from different cell types suggest that the main
role of Rab27 is to promote the recruitment of secretory vesicles at the release sites, while that of Rab3
is to control the number of ready-to-fuse vesicles. However, many observations that cannot be
incorporated into this simplified scheme suggest that Rab3 and Rab27 have overlapping functions at
different stages of the “life cycle” of secretory vesicles. Consistent with this, while some effector
molecules are specific for Rab3 or Rab27, several interact with both of them.
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1. INTRODUCTION
All eukaryotic cells have developed a secretory pathway that targets proteins synthesized in the
endoplasmic reticulum and shuttles them through the Golgi apparatus to the plasma membrane (PM) or
external milieu. In neurons and cells of the endocrine and exocrine glands, this secretory pathway has
evolved to achieve the spatially and temporally controlled release of secretory products. In “regulated
secretion”, a multi-step process, the release of secretory products is triggered by a signal, generally calcium
entry into the cell. In endocrine cells, for instance, water-soluble hormones are packaged into secretory
granules (SGs) in the trans-Golgi network (TGN). SGs are transported along the microtubules to the cell
periphery and interact with the actin-rich cortex until they attach to the PM (docking). Then, in a process
called priming, Soluble NSF Attachment Protein Receptor (SNARE) complexes are formed between the
fusing membranes and makes SGs ready to fuse with the PM. The process of regulated secretion is arrested
at this stage until exocytosis is triggered by an elevation in calcium levels (Fig. 1A) [1-3]. Synaptic vesicles
(SVs) are formed at the synapse and undergo cycles of exocytosis and endocytosis (Fig. 1B).
The secretory process highlights several points at which regulation is required. Specifically, how can a
vesicle with a selective set of components be created? How is a vesicle transported to its release site?
Finally, how is the vesicle attached to its target membrane, and how is exocytosis coupled with the
stimulus? The Rab GTPases appear to be essential for these processes. By sequentially recruiting diverse
effectors, they drive secretory vesicles from their biogenesis to their final exocytosis, while other Rabs are
involved in the vesicle recycling steps.
Rab GTPases constitute a large family of membrane trafficking regulators (with approximately 60 isoforms
in humans). Within this family, a subset of phylogenetically related Rab proteins have been linked to
regulated secretion [4]. These “secretory Rabs” include Rab3a, b, c and d; Rab27a and b; Rab4a; Rab11b;
Rab26; and Rab37. In this chapter, we review the data on Rab3 and Rab27, secretory Rabs that are widely
distributed and that have been well characterized.
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Figure 1: The final steps of the regulated secretory process. (A) In endocrine cells, secretory granules (SGs) are
transported along microtubules from the TGN to the cell periphery. The subplasmalemmal actin meshwork is depicted
in burgundy. Actin-binding proteins, including myosin Va, promote the dissociation of the SGs from the microtubules
and the transport of the SGs to the plasma membrane (PM). Tethering factors capture SGs at the PM before they are
stably docked. A priming reaction, during which SNAREs assemble, makes SGs ready to fuse. Exocytosis is triggered
by stimulus-dependent calcium entry. (B) At the synapse, synaptic vesicles (SVs) undergo local cycling through
exocytosis and endocytosis. At the active zone, clusters of SVs are stabilized via interactions with actin filaments and
synapsins and form a reserve pool of vesicles. For clarity, an SV cluster is depicted at a non-proportional distance from
the PM. The SVs undergo reactions similar to those of the SGs before fusing with the presynaptic membrane to release
neurotransmitters. Tight temporal coupling between the stimulus and the neurotransmitter release is mediated by the
close apposition of the SVs to the calcium channels.

2. RAB3 AND RAB27 ARE IMPLICATED IN REGULATED SECRETION
2.1. Multiple Rabs are Present on Secretory Vesicles
Four highly homologous Rab3 genes are found in mammals [5]. Rab3a and c are mainly expressed in the
brain and neuroendocrine cells. Rab3b is present at low levels in neurons but is abundant in the pituitary
gland and epithelial cells [6-8]. Rab3d is expressed at very low levels in the brain but is enriched in
adipocytes, muscle, lungs and in the exocrine pancreas [9, 10]. Despite these differences in tissue
distribution, several isoforms of Rab3 are often simultaneously expressed in single cells [7, 11].
Rab27a is also expressed in a broad range of secretory cells of endocrine and exocrine glands, in immune
cells and in melanocytes [4]. Using mice expressing LacZ under the control of the Rab27b promoter, Gomi
and collaborators showed that the Rab27b expression pattern differs from that of Rab27a [12] but is still
restricted to specialized secretory cells. For instance, in the pancreas, the expression of Rab27a is dominant
in the islets and that of Rab27b is dominant in acinar cells. Notably, Rab27b, but not Rab27a, is expressed
in neurons from many regions of the brain [13]. Rab27b is also expressed in cells (such as those of the skin,
esophageal epithelium and bladder) that increase their surface area, most likely by exocytosis, in response
to mechanical stress. The reason for this diversity is unknown, and this diversity is surprising because
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knockout studies have revealed that Rab isoforms can generally compensate for the lack of the other
isoforms (see below).

Figure 2: The association of Rab27a with secretory granules. Ultrathin cryosections of adrenal chromaffin cells
were double immunogold-labeled for Rab27a (15-nm gold particles) and chromogranin A/B (10-nm gold particles), a
component of the granule matrix. Rab27A localizes to the chromogranin-positive dense core granules (arrows) and to
immature granules (star). Bar, 200 nm. Originally published in [19].

Many studies have identified the localization of Rab3 and Rab27 to secretory vesicles (Fig. 2). Rab3a and Rab3c
are associated with synaptic vesicles in neurons [14-16], while Rab3a, Rab3b, Rab3c, Rab27a and Rab27b are
found on SGs in neuroendocrine cells [13, 17-22]. Rab3d is associated with the granules of exocrine cells [10,
23-25]. Rab27 is also found on secretory organelles such as melanosomes [26], secretory lysosomes [27, 28]
multi-vesicular bodies [29] and Weibel-Palade bodies [30]. In Caenorhabditis elegans, Rab27 colocalizes with
Rab3 in neurons. Rab27 is mislocalized in C. elegans aex-3 mutants (which are defective in the exchange factor
for Rab3 and Rab27) and in animals deficient in the kinesin UNC104, suggesting that Rab27 is associated with
SVs [31]. The association of Rab27b with synaptic vesicles has been recently demonstrated [32, 33]. Fukuda and
colleagues fused a collection of Rabs to GFP and expressed them in neuroendocrine PC12 cells. Only Rab3 (ad), Rab27 (a, b) and Rab37 showed a specific association with SGs [34].
2.2. Rab3 and Rab27 Regulate Secretion
2.2.1. Rab3
Many studies using antisense oligonucleotides or overexpressed Rab3 constructs have implicated Rab3 in
regulated exocytosis [6, 7, 21, 22, 35-41]. Positive and negative roles for Rab3 in secretion have been
reported, and no consensus on its role has emerged from these studies. Redundancy between Rabs is
certainly one of the reasons for the difficulty in solving the “Rab3 issue”. Another reason is that these
studies were performed in different cell types using different methods, and each study highlighted one
aspect of Rab3 function.
Knockout (KO) mouse lines for each of the four RAB3 genes have been generated. The single Rab3 KO mice
are viable and fertile [42, 43], and only mild phenotypes were found in these mice. The circadian period of
locomotor activity is shortened in Rab3a KO mice and in earlybird mice, which contain mutations in RAB3a
[44]. Rab3a KO mice perform well in memory tasks and display only mildly increased locomotor activity,
suggesting a role for this gene in behavioral stability [45]. In the hippocampal neurons of Rab3a KO mice, the
amplitude of the excitatory postsynaptic potential (EPSP, a measure of the postsynaptic response to released
neurotransmitters) is similar to [46, 47] or even greater than [48] that found in control animals. These data
suggest that, despite the status of Rab3a as the most abundant Rab protein on SVs, Rab3a is not essential for
synaptic vesicle exocytosis but rather is a modulator of the release process. Consistent with this, several forms
of short-term or long-term synaptic plasticity are affected by Rab3a deletion: paired-pulse facilitation is
increased in cultured hippocampal neurons [48], there is a modest synaptic depression of hippocampal CA1
synapses during the repetitive stimulation of Schaffer collaterals [47], and long-term potentiation (LTP) is
abolished in hippocampal CA3-mossy fiber synapses [46].
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The inactivation of a single RAB3 gene is well tolerated. However, quadruple Rab3 KO mice die
immediately after birth because they cannot breathe [43]. Viability is restored by a single Rab3a allele or by
two Rab3b or Rab3c alleles and is partially restored by two Rab3d alleles. These observations clearly
indicate that the Rab3 isoforms can compensate, at least partially, for the lack of the others. Strikingly, only
mild synaptic defects have been observed in Rab3 abcd quadruple KO mouse embryos. The amplitude of
the evoked response was reduced by only 30% in neuronal cultures, and spontaneous release events
(miniatures) were not significantly modified [42, 43, 48]. In C. elegans, in which a single RAB3 gene
exists, RAB3 deletion also causes relatively minor synaptic defects [31, 49].
Although Rab3 is not mandatory for exocytosis in some cells, it seems to be essential in others. For
example, reducing Rab3b expression in anterior pituitary cells [6] or Rab3a in intermediate pituitary cells
[7] with antisense oligonucleotides severely inhibited secretion. Furthermore, the inability of the quadruple
Rab3 KO mice to breathe [43] suggests that exocytosis is severely impaired at the neuromuscular junction.
The simplest explanation would be that another Rab GTPase has redundant activity that can compensate, at
least partially, for the lack of Rab3. The following findings support this possibility: (i) mutations in GDI1,
which encodes DGDI, a factor that delivers Rabs:GDP to the membranes and extract them for recycling
(Box 1), are more severe than the deletion of Rab3 [50-52]; and (ii) deletion of the Rab3 exchange factor,
Rab3-GEF (Box 1), causes a marked reduction in the evoked neurotransmitter release in mice [53, 54] and
C. elegans [55]. These findings suggest that these Rab3 exchange factors activate another Rab. Several
lines of research indicate that this other Rab is Rab27.
Box 1: The life cycles of Rab3 and Rab27
Rabs oscillate between GDP- and GTP-bound forms. GDP-bound Rabs are mostly found in the cytosol in complex
with Rab-GDI (guanine nucleotide dissociation inhibitor), whereas Rab-GTP complexes are anchored in
membranes via a geranylgeranyl moiety. Rab-GDI is instrumental in the “life cycle” of Rabs: it can extract or
deliver Rab:GDP to membranes [175, 176]. Mutations in GDI1, which encodes GDID, the most abundant form of
GDI in the brain, cause X-linked nonspecific mental retardation [50]. GDI1 KO mice have impaired short-term
memory and display altered social behavior [51]. The relatively severe synaptic defects caused by GDID deletion
may be related to improper recycling or delivery of Rab3 and Rab27 or may be due to the inhibition of endocytic
Rabs, as suggested by the reduced numbers of synaptic vesicles found in nerve terminals [177]. Park and colleagues
[178] found that calmodulin (CaM) is able to extract Rab3 from synaptosomal membranes in a Ca2+-dependent
manner, but the physiological consequences of this interaction are unclear. The delivery of Rabs to membranes is
facilitated by GDI displacement factors (GDFs) [175]. In the case of Rab3, the only known molecule with such
activity is synapsin, which competes with Rab-GDI for Rab3 binding [127, 128].
The equilibrium between Rab:GDP and Rab:GTP depends on the intrinsic GTPase activity of the Rab proteins,
which is low in the case of Rab3 and Rab27 [179, 180], and on the respective activities of Rab-GEF (which
catalyses the exchange of GTP for GDP) and Rab-GAP (which catalyses the hydrolysis of GTP). Rab3-GEF (also
called DENN/MADD) is also active against Rab27, but not against other Rabs [181, 182]. Rab3A, but not Rab27A,
cycles rapidly between the granule membrane and the cytosol [74] and readily dissociates from membranes during
active secretion [176, 183]. Rab27 may be stably bound to GTP and rapidly reactivated by a GEF or more resistant
to GDI-mediated extraction [184]. In an attempt to correlate the nucleotide status of Rab3a in synaptosomes with
the secretory process, Stahl et al. observed a marked increase in the GDP/GTP ratio on Rab3a after strong
stimulation of exocytosis [124]. These results indicate that GTP hydrolysis by Rab3 and Rab27 is somehow
coupled to the secretory activity.
Rab3- and Rab27-specific GTPase activating proteins (Rab3-GAP and EPI64/Rab27-GAP) have been described
[180, 185, 186]. Rab3-GAP consists of two subunits, the catalytic subunit p130 and the noncatalytic subunit p150.
Mutations in the gene encoding p130 cause Warburg Micro syndrome, which is characterized by ocular and
neurodevelopmental defects and severe mental retardation [187]. P130 null mice are viable and fertile [188].
Although no obvious defect in basal neurotransmission has been reported, glutamate release from synaptosomes is
severely impaired in these animals. The data indicate that GTP hydrolysis by Rab3 is rate-limiting at some stage in
the secretory process. How Rab3-GAP activity is regulated during secretion is not known. Calcium ions do not
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change the activity of p130 [179]. The Rab3-GAP binding site involves the switch I region of Rab3 and overlaps
with the rabphilin-binding domain. Dissociation of the Rab3-effector interaction upon calcium entry may thus
allow Rab3-GAP to trigger GTP hydrolysis.
Although GEFs and GAPs are thought to function by regulating the nucleotide cycle of the Rabs, they may exert
other functions. For instance, Rab3-GEF interacts with the kinesins Kif1Bb and Kif1A, regulates axonal transport
of synaptic vesicle precursors [189] and is involved in neuroprotection [190].

2.2.2. Rab27
RAB27a was identified as the gene mutated in Griscelli syndrome type II [27, 56] and in the coat-color
mutant ashen [57]. Griscelli syndrome (GS; MIM 214450) type II is an often fatal disease combining
albinism and hemophagocytic syndrome, an uncontrolled activation of lymphocytes and macrophages [58].
At the cellular level, Rab27a deletion induces defects in melanosome transport and lysosome exocytosis in
cytotoxic T lymphocytes [27, 28, 59] (see also the chapter by J. Hammer in this eBook). Dendritic cells
from ashen mice demonstrate a deficiency in antigen cross-presentation caused by the premature
acidification of the phagosomes [60]. The impaired delivery of lysosome-related organelles containing the
NADPH oxidase Nox2 to the phagosome is responsible for this defect. In addition to these defects,
moderate glucose intolerance has been found in ashen mice, which correlates with decreased glucoseinduced insulin secretion [61]. Despite the expression of Rab27b in many secretory cells and neurons [12],
the only phenotype caused by Rab27b deletion is a hemorrhagic tendency, which has been attributed to the
reduced density and exocytosis of the dense granules in platelets [62]. The phenotype caused by RAB27A
and RAB27B inactivation simply combines the defects found in the single KOs. Again, redundancy between
the Rabs and especially between Rab3 and Rab27 may explain the mild phenotype of RAB27 deletion.
Nevertheless, interfering with Rab27a or Rab27b function impairs stimulus-dependent secretion in
neuroendocrine cells [12, 13, 19, 34, 63, 64], platelets [62, 65], pancreatic acinar cells [66] and neutrophils
[67-69]. RNA silencing of Rab27a or Rab27b also impairs the secretion of exosomes, the luminal vesicles
contained in multi-vesicular bodies [29]. Conversely, overexpression of Rab27a promotes secretion in
endocrine cells [13, 20] and the secretion of prostate-specific markers [70].
2.2.3. Synergy between Rab3 and Rab27
Rab27b is expressed in neurons [12] and is associated with synaptic vesicles [32, 33]. In agreement with a
role for Rab27 in SV exocytosis, it was found that an anti-Rab27 antibody inhibited neurotransmitter
release at the squid giant synapse and impaired the recovery of the releasable pool of SVs after the
stimulus-induced exhaustion of this pool [71]. In C. elegans, the inactivation of RAB27 in the aex-6 mutant
causes minor synaptic defects, as do mutations in RAB3 [49]. However, both spontaneous and evoked
neurotransmission are more severely impaired in the RAB3; RAB27 double mutant than in the RAB3 or
RAB27 single mutants [31]. The authors of this study also found that the exchange factor aex-3 activates
both Rab3 and Rab27 and that inactivating aex-3 causes a severe phenotype similar to that of the RAB3;
RAB27 double mutant. These data suggest that Rab3 and Rab27 have overlapping functions in secretion,
and one may compensate for the lack of the other. Thus, it will be interesting to cross Rab3- and Rab27deficient mice to analyze the resulting effects in neurons and other secretory cells.
3. REGULATION OF SECRETION STEPS BY RAB3, RAB27 AND THEIR EFFECTORS
3.1. Biogenesis and Maturation of Secretory Vesicles
Secretory granules are formed in the trans-Golgi network as immature SGs. They are converted to mature SGs
through a process that combines membrane fusion and fission, matrix condensation and the retrieval of various
components [72]. A 50% reduction in the number of SGs has been observed in the adrenal chromaffin cells of
the quadruple Rab3 KO mice [73], suggesting a role for Rab3 in granule biogenesis. However, an increased
homotypic fusion of immature SGs or uncontrolled constitutive exocytosis may also account for the observed
reduction in the number of SGs, and there is no direct evidence that Rab3 controls the budding of immature
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SGs from the trans-Golgi network. Both Rab3 and Rab27 are found on immature SGs [19, 74]. However, livecell imaging has revealed that GFP-Rab3a and GFP-Rab27a associate with immature SGs only after a lag
period of approximately 20 min after the release of these proteins from the trans-Golgi network [74], arguing
against their involvement in granule formation. Rab3 and Rab27 may nevertheless contribute to granule
maturation. Indeed, Rab3d deletion causes an increase in the size of SGs in pancreatic acinar cells and in the
parotid gland, with the volume being doubled [75]. Similar results were obtained in PC12 cells upon expression
of dominant negative Rab3a or Rab3d mutants [76] and in Rab27b-deficient platelets [62]. The size of the
multivesicular endosomes was also increased in HeLa B6HA cells upon RNA silencing of Rab27a or its
effector, granuphilin [29], perhaps as a result of increased homotypic fusion. Myosin Va, probably recruited by
Rab27 and its effector MyRIP (myosin- and Rab-interacting protein; also called Slac2c), participates in SG
maturation [77]. The proposed mechanism is the facilitation, by the tethering of the vesicle membrane to actin,
of the retrieval of components pulled by microtubule-based motors.
3.2. Recruitment of Secretory Vesicles at Release Sites
3.2.1. A Role for Rab3 and Rab27 in Targeting Secretory Vesicles to Release Sites
In endocrine cells, SGs are transported along microtubules from the trans-Golgi network (TGN) toward the
cell periphery [78], where they accumulate in the actin-rich cortex [79]. To become available for release,
SGs must cross the actin cortex and interact with the plasma membrane (Fig. 1A). The actin-rich cortex has
long been viewed as a barrier to fusion [80], but it is also important for vesicle recruitment at release sites
[81]. Indeed, impairing the interaction of SGs with actin (by interfering with Rab27, MyRIP or myosin Va;
see below) induces a redistribution of SGs from the actin-rich cell cortex to the perinuclear area [82] (Fig.
3). Most likely, this is due to the fact that without the help of actin-binding proteins and actin-based motor
molecules such as myosin Va, minus-end directed microtubule-based motors have an advantage over plusend directed ones and drive SGs away from the PM because of the polarity of the microtubule network
[81]. Presynaptic terminals also contain an actin-rich cytomatrix that controls the mobility of SVs. SVs
interact with F-actin via synapsin, and these interactions are thought to mediate the formation of a reserve
pool of SVs and its availability for release (Fig. 1B). Indeed, deletion of synapsin reduces the number of
vesicles found at the synapse [83, 84].

Figure 3: MyRIP RNA silencing impairs secretory granule distribution. Enterochromaffin BON cells were
transfected with a control siRNA duplex (A) or with siRNAs direted to MyRIP (B) and with GFP-tagged neuropeptideY, a secretory granule marker. In control cells, SGs display a marked enrichment at the cell periphery, particularly in
cell extensions. However, in cells treated with MyRIP siRNAs, SGs accumulate in the perinuclear region. Bar, 3 μM.

Rab3, Rab27 and several of their effectors have been implicated in the recruitment of secretory vesicles at
the cell periphery [34, 49, 69, 82]. Notably, several of these effectors (MyRIP, rabphilin and synapsin)
interact with actin or actin-binding proteins. Controlling the association of vesicles with actin filaments to
maintain them in the vicinity of the release sites, to control their availability for release or to power vesicle
movement along actin tracks may be a common theme of those effectors.
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Attaching vesicles to the plasma membrane, referred to as docking, is another important step in the
secretory process. Secretory vesicle docking is impaired in Rab27-deficient cytotoxic T lymphocytes [28,
85], pancreatic E-cells [64], pituitary cells [12] and in squid synapses loaded with anti-Rab27 antibodies
[71]. The docking of multivesicular endosomes is also impaired by the knockdown of the Rab27a or
Rab27b genes [29]. There is also evidence that Rab3 is involved in secretory vesicle docking. SG docking
is increased upon Rab3 overexpression [76, 86] and decreased in PC12 cells expressing Rab3a or Rab3d
dominant negative mutants [76]. Docking is unchanged, however, in the chromaffin cells of quadruple
Rab3 KO mice [73], which may be accounted for by the remaining expression of Rab27. Although SV
docking is not modified in hippocampal neurons from Rab3a null mice, the increase in SV docking that
normally follows calcium elevation is abolished in these cells [87]. Moreover, SV docking is reduced in the
neuromuscular junctions of Rab3a null mice [88]. Taken together, the data suggest that Rab3 facilitates SV
attachment to the PM. The direct interaction between Rab3 and munc18-1 has been proposed to mediate
this effect, but the association of Rab3 with wild-type munc18-1 is weak and independent of the nucleotidebound status of Rab3 [89].
Recent evidence suggests that a loose mode of vesicle attachment, referred to as tethering, precedes
docking. The transition between the two states has been visualized by total internal reflection fluorescence
microscopy (TIRFM) as a 20-nm move toward the PM that occurs a few seconds before exocytosis [90].
The SNARE proteins syntaxin 1 and SNAP-25 are anchored in the PM and, with the help of Munc18 and
Munc13, can assemble with synaptotagmin-1 on the vesicle [91-93]. This complex is likely to mediate
docking (rather than tethering), given the small size of SNAREs. Consistently, SVs are not docked in
Munc13-deficient neurons but remain attached to the PM by small filaments [94]. It is unknown whether
Rab3 and Rab27 are involved in SNARE-mediated docking or in tethering. Large proteins act as tethering
factors in the secretory and endocytic pathways [95]. The Rab effectors MyRIP, rabphilin and granuphilin
(see Box 2) may have a similar function in SG tethering.
Box 2: Rab3 and Rab27 Partnership
The family of Rab3 and Rab27 effectors is comprised of a dozen members. With the exception of Munc13-4, the
effectors contain a helical Rab-binding domain. Some of them contain, in addition, a zinc finger and an aromatic
motif (SGAWFF in rabphilin) that contribute to the interaction. Most of the effectors interact with Rab27, but only
a subset bind to Rab3. The C2 domains, which differ between the different partners, and other regions allow the
effectors to interact with different molecules. The main features are summarized in the table below without
distinction between the Rab isoforms (see [4, 191]).
Name

Rab3
binding

Rab27
binding

Helical
RBD

Zinc
finger

C2
domains

Interactions

References

Rabphilin

‡

‡

+

+

+

[47, 121,
122]

Rim

+

+

+

+

Ca2+,
phospholipids,
SNAP25, aactinin, rabaptin 5
calcium channels,
liprins, RimBP,
Munc13, CAST,
piccolo, ELKS,
synaptotagmin,
SNAP-25,
Scrapper
NADPH oxidase,
PI(3,4,5)P3
PS, PIP2

Slp1/JFC1

‡

+

+

Slp2-a

‡

+

+

+
‡

+
+

Slp3-a
Slp4a/granuphilin

+

+
+

+
+

syntaxin-1a,
Munc18, PS, PIP2

[156, 192,
193]

[67]
[120, 194,
195]
[196]
[13, 20,
116]
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Slp5
Slac2a/melanophilin
Slac2-b
MyRIP
Noc2

+

Munc13-4
Synapsin
Munc18-1

‡
+

+
‡

+
+

+
+

+
‡

+
+

+

‡

+

+

+

+
myosin Va, actin, EB1

myosin Va, myosin VIIa, actin, sec6, sec8,
AKAP*

+
Actin
syntaxin-1, granuphilin

[197]
[97-99, 198]
[199]
[104, 105,
107]
[142, 144,
192]
[65, 148, 200]
[127, 128]
[89]

* A-kinase anchoring proteins; ‡ Interaction demonstrated with endogenous proteins

Rabphilin is the prototypical Rab3 and Rab27 effector. It was the first Rab3 effector to be identified [121], and it contains several
features that are also found in many other effectors. Rabphilin consists of an N-terminal helical Rab-binding domain (RBD),
which contacts Rab3 or Rab27, a zinc finger motif, a proline-rich linker region, and two C2 domains (Panel A). The C2B domain
binds calcium ions [201] and phospholipids (phosphatidylserine and phosphatidylinositol 4,5-bisphosphate) with high Ca2+
affinity [134, 202]. It also associates with the SNARE protein SNAP-25 in a calcium-insensitive manner [134, 135, 137, 202].
The structure of rabphilin complexed with Rab3a has been characterized at a 2.6-Å resolution [203]. In panel B (reprinted from

Masterclass with Rab3 and Rab27: Orchestrating Regulated Secretion

Rab GTPases and Membrane Trafficking 63

Box: 2 cont….
Ostermeier and Brunger [203] with permission), residues 40 to 170 of rabphilin are shown in red, and Rab3a is shown in blue.
The Rab3a:GTP structure is similar to the catalytic core of other G proteins, with a central six-stranded ß sheet surrounded by
Dhelices. The switch I and switch II regions of Rab3a (whose conformations change upon GTP hydrolysis; in green in panel B)
span residues 49 to 57 and 80 to 95, respectively. The N-terminal domain of rabphilin consists of two antiparallel Dhelices
separated by a subdomain with two Zn2+-binding sites and several interspersed loops. The second, shorter D-helix ends in a turn
composed of a SGAWFF motif (conserved in the sequences of rabphilin, Noc2, Rim and MyRIP) and is followed by an extended
polypeptide segment. The structure reveals two distinct interfaces between Rab3a and rabphilin (in yellow in panel C, also
reprinted from Ref. [203]). Rabphilin contacts the switch regions of Rab3a through part of its long D-helix D1 and its C-terminal
extended segment. The second contact area involves the C-terminal end of rabphilin Dhelix D2, the adjacent SGAWFF motif,
and regions of Rab3a called RabCDRs (complementarity determining regions), which consist of residues 19 to 22, 94 to 96 (the
Į2E4 loop), 124 to 128 (the Į3E5 loop), and 182 to 193 (the C-terminal half of helix Į5). In contrast to the switch regions,
RabCDRs exhibit a high degree of sequence variability within the Rab family. RabCDRs could be primarily involved in providing
binding specificity, whereas the switch regions might function as a Rab conformation sensor.

3.2.2. Rab Effectors in the Recruitment of Secretory Vesicles to Release Sites
MyRIP. Rab27 can recruit myosin Va via melanophilin, and this tripartite complex mediates the interaction
of melanosomes with actin, the retention of melanosomes in actin-rich areas of the cell and their transfer to
keratinocytes [96-99]. Disruption of this complex is responsible for the partial albinism observed in
Griscelli syndrome and in ashen, leaden and dilute coat-color mutants [27, 57, 100-103]. Via MyRIP,
which has strong similarity to melanophilin, Rab27 can also recruit actin-based motors onto SGs, retinal
melanosomes and Weibel-Palade bodies [19, 63, 82, 104-106]. MyRIP interacts with Rab27:GTP via an Nterminal helix and with myosin VIIa or myosin Va via a central region [19, 104, 105, 107-110]. In addition,
MyRIP interacts directly with actin via its C-terminal region. This region restricts SG mobility within the
actin cortex [19] and may contribute to SG docking (CD and FD, unpublished data). The interactions of
MyRIP with sec6 and sec8, two components of the exocyst complex, and the A-kinase-anchoring protein
(AKAP) have also been reported [111].
Impairing the function of MyRIP or myosin Va inhibits secretion [19, 82, 112-114, 204]. This inhibition is
largely due to a reduction in SG recruitment to release sites (Fig. 3). Indeed, lowering the levels of Rab27,
MyRIP or myosin Va reduces the density of SGs near the PM as observed by TIRFM [34, 69, 82, 204].
Different mechanisms may contribute to this effect. (i) MyRIP and myosin Va promote the capture of SGs in
the actin-rich cortex by competing with microtubule-based motors [82, 110]. (ii) MyRIP and myosin Va may
power the directed motion of SGs along actin tracks toward the PM. Although there is no direct evidence for
the myosin Va-driven movement of SGs through the actin cortex, myosin V motors have been shown to propel
organelles along actin cables [81]. (iii) MyRIP and myosin Va promote SG tethering at the PM. Analysis of the
trajectories of single SGs imaged by TIRFM revealed that impairing myosin Va or MyRIP activity reduced the
occurrence of long-lasting (>10 s) immobilization events, which likely reflects the attachment of SGs to the PM
[82, 204]. Strikingly, only a MyRIP knockdown reduces the characteristic time of immobilization. Taken
together, these data suggest that (i) myosin Va promotes the retention of SGs in the actin cortex and powers
their motion toward the PM, where they can find a docking platform, and that (ii) MyRIP promotes docking not
only by recruiting myosin Va but also by stabilizing the attachment of SGs to the PM.
Granuphilin. Granuphilin is preferentially expressed in pancreatic E-cells [115] and pituitary cells [12] but is not
expressed in neurons. It interacts with Rab27a and Rab3 [13, 20, 64, 116]. In addition, it directly binds to the PManchored SNARE protein syntaxin-1 [117, 118] and to Munc18-1 [116], which participate in SG docking [91-93,
116]. Overexpression of granuphilin redistributes insulin granules to the cell periphery [117], whereas deletion of
granuphilin severely reduces the number of docked SGs, as measured by electron microscopy [12, 64].
Despite the severe reduction in SG docking caused by granuphilin deletion, there is no defect in SG
secretion [12, 64, 117, 119]; rather, SG secretion is increased. Consistent with these results, overexpressed
granuphilin inhibits secretion in several cell lines [19, 20, 116, 118]. Similar observations have been made
for the Rab27 effector Slp2-a in pancreatic D-cells [120]. In addition, spontaneous SG secretion is increased
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by the deletion of granuphilin [119]. Granuphilin thus increases the threshold for secretion and tightens the
coupling between stimulation and secretion. Notably, granuphilin interacts with the closed conformation of
syntaxin, which cannot pair with other SNAREs [118]. By preventing the assembly of a productive SNARE
complex, granuphilin may function as a fusion clamp. However, granuphilin also exerts positive effects on
secretion. For instance, in HeLa B6H4 cells, a granuphilin gene knockdown inhibits exosome secretion
[29]. How the positive and negative effects of granuphilin are coordinated is unclear. One possibility is that
fusion-incompetent granuphilin/syntaxin complexes recruit vesicles to the PM and are replaced by fusioncompetent SNARE complexes upon stimulation of the secretory activity.
Rabphilin. Rabphilin (see Box 2) binds to Rab3:GTP [121] and Rab27:GTP [31, 122], and both Rab3 and
Rab27 recruit rabphilin onto secretory vesicles [31, 122-124]. Overexpression of rabphilin in neuroendocrine
PC12 cells increases the density of SGs detected in the vicinity of the plasma membrane by TIRFM [34],
suggesting that rabphilin is involved in vesicle docking at the plasma membrane. However, secretory vesicles
that are not physically attached to the PM have been observed by TIRFM [19, 34, 82]. Therefore, the role of
rabphilin in docking must be further tested. Alternatively, rabphilin may promote the retention of vesicles in
the actin-rich cell cortex. In support of this possibility, rabphilin interacts with D-actinin and ß-adducin,
promotes the actin-bundling activity of D-actinin and stimulates the association of SGs with F-actin in the
presence of D-actinin [125, 126].
Synapsin. An interaction between Rab3 and synapsin has been reported [127, 128]. Rab3 interferes with
several properties of synapsin: its ability to bind actin filaments and induce their bundling as well as its
ability to aggregate phospholipid vesicles. The interaction between synapsin and Rab3 likely occurs in vivo
because the amount of Rab3a associated with SVs is reduced in synapsin I, synapsin II and synapsin I/II
KO mice [127]. By reducing the attachment of SVs to actin-bound clusters, Rab3 may increase the
availability of SVs for exocytosis. The functional consequences of the Rab3-synapsin interaction have not
yet been formally tested. The decrease in the activity-dependent recruitment of SVs to the releasable pool
observed in the Rab3a null cells might be accounted for by the Rab3-synapsin interaction [47]. However,
an analysis of neuromuscular junctions from Rab3a and synapsin II double KO mice has suggested that
Rab3a controls SV docking, whereas synapsin II regulates the size of the reserve pool of SVs [83].
3.3. Accumulation of a Pool of Ready-to-Fuse Vesicles
3.3.1. Rab3 and Rab27 in Vesicle Priming
At the plasma membrane, vesicles undergo a priming reaction that makes them ready to fuse upon the
elevation of calcium levels. In molecular terms, priming most likely corresponds to the assembly of
SNARE complexes, the core of the fusion machinery [2, 129]. The number of primed (ready-to-fuse)
vesicles can be measured by combining the UV photolysis of caged calcium and time-resolved membrane
capacitance measurements [130]. Upon UV delivery, the calcium concentration rises almost
instantaneously from resting to saturation levels (Fig. 4A), and the different kinetic components of the
secretory response can be resolved. An exocytotic burst that corresponds to the fusion of primed vesicles
and lasts approximately one second precedes a slower, sustained phase of release that corresponds to the
sequential priming and fusion of the vesicles that were not primed at the time the stimulus was given.
Using this approach, it was found that Rab3 controls the number of primed vesicles: in adrenal chromaffin
cells from quadruple Rab3 KO mice, the fast exocytotic burst was severely reduced, whereas the sustained
phase was unaffected [73] (Fig. 4A). Similar results were obtained in Rab3a null pancreatic E-cells [131].
The lack of change in the sustained component of the release demonstrates that Rab3 is not essential for
exocytosis per se. In the absence of Rab3, SGs can reach the plasma membrane, undergo priming and
exocytose, provided that calcium is elevated. If priming proceeds normally, the severe reduction of the
exocytotic burst suggests that SGs cannot remain in the primed state. Therefore, Rab3 would be needed to
stabilize priming. This represents a specific and important function, especially in neurons or
neuroendocrine cells, in which the stimulus is transient and can operate only on primed vesicles to trigger
exocytosis in less than a millisecond.
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Other possibilities can be envisioned for Rab3 function. (i) Priming may proceed normally at high but not
low calcium concentrations in the absence of Rab3. This possibility is unlikely because lowering Rab3a
levels using antisense oligonucleotides increased rather than decreased priming at low calcium levels [37]
(Fig. 4B). (ii) A Rab3 deficiency may increase spontaneous release, leading to the continuous consumption
of the pool of primed vesicles. This possibility is also unlikely because the frequency of miniatures was
unchanged in quadruple Rab3 KO mice [43] and because the time constant of the fusion reaction was not
modified in cells lacking Rab3 [73]. However, it would be worth testing this possibility carefully.

Figure 4: Rab3 controls the number of ready-to-fuse vesicles. (A) Deletion of Rab3 reduces the exocytotic burst but
does not affect the sustained phase of release. Secretion was triggered in adrenal chromaffin cells by UV-flash-induced
Ca2+ uncaging (at 500 ms; arrow). The secretory response was monitored by membrane capacitance recording (middle
panel), and catecholamine oxidation was measured by amperometry (the lowest panel shows the amperometric current
and the integrated trace). Intracellular Ca2+ levels were monitored using ratiometric fluorescence measurement of Fura
dyes (upper panel). Analysis of the responses from control cells (A+/+BCD-/- or A+/-BCD-/-, denoted here as BCD-/- and
shown in black) and quadruple Rab3 KO cells (ABCD-/-, shown in red) following Ca2+ uncaging shows that the size of
the burst phase is strongly compromised in the quadruple KO, whereas the sustained phase is not dramatically
modified. Reprinted from [73] with permission. (B) Lowering Rab3a levels increases the secretory response of adrenal
chromaffin cells monitored by measuring changes in membrane capacitance (Cm). Exocytosis was elicited by dialyzing
the cells through the patch pipette with solutions buffered at various Ca2+ concentrations (shown on the left). The Cm
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traces obtained after injection into chromaffin cells of control (left) or antisense (right) oligonucleotides directed to
Rab3a mRNA are shown. Whole-cell recordings were performed 5 days after microinjection. Reprinted from [37]. (C)
The energy landscape of exocytosis. Two energy barriers must be overcome before exocytosis can proceed (blue line).
The first barrier corresponds to the priming reaction and the second to membrane fusion. Primed vesicles are contained
between these two peaks in a metastable state and are endowed with assembled SNARE complexes (depicted in the
upper left panel). Calcium elevation lowers the energy barrier for fusion (downward arrow in the right panel), allowing
primed vesicles to fuse (upper right drawing). Deletion of Rab3 (red line) is proposed to lower the priming energy
barrier. This mechanism would account for the reduced exocytotic burst (panel A) due to the accumulation of fewer
vesicles in the primed state in the absence of Rab3 because they undergo unpriming before the arrival of the stimulus.
This mechanism would also explain the increase in secretory activity observed during sustained calcium elevation
(panel B); in that case, vesicles could fuse once they were primed, and there would be no need for stable priming.

In the exocytosis energy landscape depicted in Fig. 4C, the primed vesicles sit between the two peaks
corresponding to the priming and fusion reactions. The barrier to fusion is lowered by the entry of calcium
ions, which are thought to act on synaptotagmins [1-3, 129]. The increased unpriming rate found in Rab3
null mice suggests that the priming barrier is reduced in the absence of Rab3. A similar phenotype (unstable
priming) was found in snapin KO mice [132]. Snapin binds to the SNARE protein SNAP-25 and may help
to recruit synaptotagmin to the SNARE complex. Rab3 may thus cooperate with snapin to stabilize the
fusion machinery. Priming would be facilitated if the priming barrier were reduced. Consistent with this,
inhibiting Rab3a expression in chromaffin cells increased the responses to long-lasting calcium elevation
(calcium dialysis via use of a patch pipette, a procedure that primarily probes the priming reaction) and
repetitive stimulation [37, 38] (Fig. 4B). Conversely, increased Rab3 levels should inhibit priming. Indeed,
overexpression of Rab3 or GTPase-deficient Rab3 constructs inhibited secretion in several endocrine cell
types and in neurons [22, 35-38, 40]. The strong inhibitory effect of GTPase-deficient Rab3 suggests that
GTP hydrolysis by Rab3 may be rate limiting in the priming reaction and may be mandatory to terminate
the priming reaction. Accordingly, GTP hydrolysis has been proposed to occur downstream of SNARE
protein assembly because toxin-insensitive SNARE complexes accumulated in Aplysia neurons injected
with GTPase-deficient Rab3 proteins [39].
The data supporting a role for Rab27 in priming are less compelling. Glucose-dependent insulin secretion
was reduced in Rab27a-deficient ashen E-cells [61, 119], but the pool of ready-to-fuse insulin granules was
not affected. Additionally, the initial response to a depolarization-induced Ca2+ influx was increased in
Rab27a null cells, arguing against a role for Rab27 in priming [131]. The fact that the replenishment of the
readily releasable pool (RRP) of SGs was slower in Rab27a-deficient cells than in control ones, may rather
suggest a role for Rab27 in the priming reaction [131]. But because Rab27 deficiency impairs the
recruitment and docking of insulin granules at the plasma membrane [119], priming may be reduced simply
by mass action.
3.3.2. Rab Effectors in Secretory Vesicle Priming
Rabphilin. Rab3 and Rab27 have many effectors (see Box 2). However, it is currently unclear which of these
effectors can mediate their priming effect. In endocrine cells, secretion is increased upon overexpression of
rabphilin, whereas it is inhibited when rabphilin is impaired [133-135]. Rabphilin-deficient nematodes are
lethargic, indicating a mild locomotor defect [136]. However, the rabphilin phenotype is more severe in the
Rab3 null background, indicating that Rab27 and rabphilin function synergistically with Rab3 at the synapse
[31]. There is also a synergistic interaction with SNARE proteins containing hypomorphic mutations, which
suggests that the physical coupling of rabphilin and SNAP-25 is physiologically relevant [135, 137].
Inactivation of rabphilin in mice does not induce any detectable phenotype [138]. Basal neurotransmission,
short-term synaptic plasticity and long-term potentiation are unchanged in the hippocampal synapses of
rabphilin-deficient mice [138]. However, in cultured neurons from rabphilin null mice, an increase in the
recovery rate of synaptic responses after depletion of the releasable pool of vesicles has been observed [137].
Altogether, the data suggest a role for rabphilin in recruiting vesicles to the releasable pool, but the molecular
mechanisms of this recruitment are still unclear. Other studies have suggested a role for rabphilin in the
coupling between exocytosis and endocytosis [139], which is eventually mediated by the interaction between
rabphilin and the Rab5 effector Rabaptin-5 [140, 141].
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Noc2. Like rabphilin, Noc2 binds to both Rab3 and Rab27, but it lacks the C2 domains (hence its name; see
Box 2) [122]. Overexpression studies have demonstrated both positive and negative effects of Noc2 on
exocytosis [142-144]. Inactivation of the NOC2 gene in mice causes glucose intolerance, but only in
animals stressed by water immersion [145]. This defect in insulin secretion is apparently due to an
upregulation of Go or Gi signaling and cannot be taken as evidence for Noc2 being involved in the release
mechanism. Noc2 deficiency has more profound effects in exocrine glands, causing an accumulation of
SGs and a defect in amylase secretion, but the step at which secretion is arrested is not known [146]. An in
vitro interaction between Noc2 and Munc13 has been reported [142], which suggests that Noc2 may
function in priming because Munc13 is an important priming factor [147].
Munc13. Munc13-4 mutations cause familial hemophagocytic lymphohistiocytosis type 3 [85]. As in
Griscelli syndrome, an uncontrolled activation of macrophages and T cells results from a defect in secretory
lysosome exocytosis. However, in contrast to Rab27a mutations, Munc13-4 mutations do not impair
cytolytic granule docking at the plasma membrane [85]. Munc13-4 thus functions at a post-docking stage,
most likely in priming, similar to other members of the Munc13 family [147]. This effect on priming is
probably dependent on Rab27a, which directly interacts with Munc13-4 [65, 148] and recruits it onto
secretory lysosomes [149]. Munc13-4 also has a Rab27-independent role in the maturation of cytolytic
granules [150]. The function of Munc13-4 is not restricted to T cells; it also promotes the secretion of
secretory lysosomes in platelets, mast cells and neutrophils [65, 148, 151, 152]. Concerning Rab3, an
interaction with Munc13-1 via Rim have been described [153] and this complex promotes the priming of
synaptic vesicles within the active zone [154].
3.4. Triggering Fusion: Coupling Synaptic Vesicles to Calcium Channels
At the active zone, some SVs are attached to the plasma membrane, and a subset of these docked vesicles
are physically coupled to Ca2+ channels. This spatial organization of the nerve terminals contributes to the
extremely fast kinetics and efficacy of neurotransmitter release. Ca2+ gradients are sharp, and vesicles can
experience high amounts of Ca2+ (approximately 100 PM) near the mouth of open channels and a
submicromolar Ca2+ concentration a few microns away. Therefore, the ability to fuse is not sufficient to
ensure a rapid neurotransmitter release. Wadel and colleagues [155] demonstrated that rapid release can be
triggered by calcium uncaging after depletion of the pool of vesicles responsible for the synchronous
release triggered by action potentials. These authors concluded that the recruitment of synaptic vesicles to
sites where Ca2+ channels cluster is a rate-limiting step for rapid neurotransmitter release.
At neuromuscular junctions in Rab3a knockout mice, the defect in evoked release is more pronounced at
low calcium concentrations than at physiological calcium concentrations, suggesting reduced calcium
sensitivity [88]. Conversely, calcium elevation partially rescues Rab3a deficiency [156]. Because
synchronous, but not asynchronous, release was found to be Rab3a-dependent, the data suggest that Rab3
mediates the recruitment of SVs to calcium channel clusters. The regulation of Rab3 effects by neuronal
activity was also observed in the cholinergic neurons of Aplysia californica [35]. In these cells, the
inhibitory effect of a GTPase-deficient Rab3 protein was potentiated by the prior injection of a Ca2+
chelator but reduced by a train of electrical stimuli, a treatment known to increase the Ca2+ concentration in
the nerve terminal. Facilitation was also increased in cultured autaptic hippocampal neurons from
quadruple Rab3 KO mice [42], which suggests that calcium elevation overcomes Rab3 deficiency. These
studies are consistent with a role for Rab3 in targeting synaptic vesicles to calcium channels.
Rim. The Rab3 effector Rim [157] interacts with calcium channels and could thus mediate the Rab3dependent tethering of synaptic vesicles to calcium channels. Rim interacts with Rab3 [158] but not with
Rab27. The Rim family includes seven members encoded by four genes (RIM1 through 4). The extensive
alternative splicing of Rim1 and Rim2 produces many Rim variants, but little is known about their function.
Only Rim1D and Rim2D include the zinc finger and the SGAWFF motif that confer Rab3 binding activity
(see Box 2). The other Rim domains consist of a central PDZ domain and two C-terminal atypical C2
domains that do not associate with phospholipids [159].
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Rim is concentrated at the active zone (the region of the presynaptic compartment where synaptic vesicles
are docked) and interacts with other components of the active zone protein network such as CAST,
Munc13, Piccolo, Bassoon and ELKS [157, 160-162]. Rab3 and Munc13 can bind simultaneously to Rim
[163] (see also [162] for further discussion). Calcium-dependent associations of the Rim C2A domain with
the SNARE protein SNAP-25, synaptotagmin [164] (see also [165] for contrasting evidence) and the alpha
subunits of voltage-gated calcium channels [164] have also been described. The Rim C2B domains interact
with Liprin-D [166], synaptotagmin 1 [164, 166], the ubiquitin ligase Scrapper [167] and the E-subunits of
voltage-gated calcium channels [168]. Finally, Rim binds to Rim-binding proteins (RBP 1 and 2) via a
proline-rich region located between the two C2 domains [169]. RBP1 and 2 are connected to the D-subunits
of calcium channels and thus can also physically link Rim to calcium channels.
Inactivation of the RIM gene in C. elegans [170] provokes an uncoordinated phenotype more severe than
the RAB3 phenotype. Both spontaneous neurotransmitter release and evoked responses are greatly reduced.
Using high pressure freezing to maintain the architecture of the synapse, Weimer et al. [171] highlighted a
selective decrease in the number of SVs close to dense projections (specialized areas enriched in calcium
channels that contain Liprin-Dproteins), while the overall number of SVs in the synaptic boutons remained
unaffected.
In mammals, functional studies of Rim function have been complicated by the existence of several Rim
genes. Rim1D null mice are viable and fertile. They have difficulties in spatial learning and fear
conditioning and have a defect in maternal behavior. Their basal neurotransmission is not modified, but
their short-term and long-term synaptic plasticity are affected [166, 172]. Mice lacking both Rim1D and
Rim2D die immediately after birth because they cannot breathe. At the neuromuscular junction,
spontaneous release is normal, indicating that the membrane fusion mechanism is not impaired, but evoked
responses are severely reduced [173]. Altogether, the data suggest that the main function of Rim is to
position SVs near calcium channels where the fusion machinery can ideally sense changes in calcium
concentration upon the arrival of a stimulus. This positioning may be mediated by the direct interaction of
Rim with calcium channels or interaction via liprins or RBP. In the absence of Rim1D, the levels of
Munc13 are reduced. Because Munc13 has an important role in vesicle priming, some of the effects of Rim
inactivation may be accounted for by this Munc13 effect.
4. CONCLUSIONS AND PERSPECTIVES
A large number of studies have been devoted to Rab proteins since their discovery in 1987 [174]. Even
when study of these proteins is limited to their roles in secretion, Rab functions are complex. One source of
complexity is the redundancy between the Rab isoforms and between Rab3 and Rab27. Clearly, Rab3 and
Rab27 have specific roles and effectors, but there is also some overlap between their functions. Another
source of complexity comes from the time courses of regulated secretion in various types of secretory cells.
In neurons, research emphasis is put on time-resolved techniques because the relevant unit of time for
neurotransmission is the millisecond. Hence, much importance has been placed on the priming reaction,
which is largely controlled by Rab3. In endocrine or exocrine cells, given the slower kinetics of the
secretory responses, the emphasis is put on techniques that measure the sustained components of release
and on the recruitment of vesicles at release sites, a process largely controlled by Rab27.
By recruiting multiple effector molecules, Rab3 and Rab27 orchestrate multiple events that proceed from
the biogenesis of a secretory vesicle to its exocytosis. Further work is needed to precisely delineate the
functions of these effectors and to determine the chronology of the above events. How the recruitment of
different effectors is regulated in time and space and coordinated with the progress of the vesicle along the
secretory process is an intriguing issue.
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