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Rab3A Mediates Vesicle Delivery at Photoreceptor Ribbon
Synapses
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Rab3A is a synaptic vesicle-associated protein found throughout the nervous system, but its precise function is unknown. Genetic
knock-out studies show that Rab3A is not necessary for vesicular release or replenishment at conventional synapses in the brain. Here we
explore the function of Rab3A at ribbon synapses in the retina of the tiger salamander (Ambystoma tigrinum). Fluorescently labeled
Rab3A, delivered into rods and cones through a patch pipette, binds to and dissociates from synaptic ribbons. Experiments using
nonphosphorylatable GDP analogs and a GTPase-deficient Rab3A mutant indicate that ribbon binding and dissociation are governed by
a GTP hydrolysis cycle. Paired recordings from presynaptic photoreceptors and postsynaptic OFF-bipolar cells show that the Rab3A
mutant blocks synaptic release in an activity-dependent manner, with more frequent stimulation leading to more rapid block. The
frequency dependence of block by exogenous Rab3A suggests that it acts competitively with synaptic vesicles to interfere with their
resupply to release sites. Together, these findings suggest a crucial role of Rab3A in delivering vesicles to Ca 2�-dependent release sites at
ribbon synapses.

Introduction
Rab3A is a small G-protein belonging to the Ras superfamily of
proteins that regulate membrane trafficking between different
subcellular compartments in organisms from yeast to man. De-
spite its abundance and synaptic vesicle-specificity, the precise
function of Rab3A has remained unclear (Geppert and Südhof,
1998). The Rab3A binding protein RIM is localized to the pre-
synaptic membrane of conventional synapses (Wang et al., 1997),
implicating Rab3A to RIM binding as underlying vesicle docking
at the active zone. However, knock-out mice lacking Rab3A are
viable and exhibit no changes in basic synaptic parameters (Gep-
pert et al., 1994), including the kinetics of neurotransmitter re-
lease and the size of the readily releasable pool. More detailed
studies have revealed effects during repeated rounds of neu-
rotransmitter release (Geppert et al., 1997) and there are altera-
tions in short-term (Schlüter et al., 2006) and long-term synaptic
plasticity (Castillo et al., 1997; Lonart et al., 1998) that are asso-
ciated with learning and memory deficits (D’Adamo et al., 2004).
However, considering the prevalence of Rab3A at synapses
throughout the nervous system, the Rab3A knock-out mouse has
a remarkably subtle phenotype.

Interpreting the Rab3A knock-out phenotype is complicated
by the existence of 3 other Rab3 isoforms (Rab3B, Rab3C, and

Rab3D) that may have redundant or overlapping functions.
Rab3B and Rab3C are also associated with synaptic vesicles
(Schlüter et al., 2002). Knock-out mice lacking two Rab3 iso-
forms are viable, but mice lacking three or more of the Rab3
proteins do not survive whenever Rab3A is one of the deleted
proteins (Schlüter et al., 2004). Genetic deletion of one protein
often results in compensatory changes in the expression levels of
other functionally related proteins. Most synaptic proteins are
expressed at normal levels in Rab3A knock-out mice, but at least
one (rabphilin) is dramatically reduced (Geppert et al., 1994).

In this report, we have taken an alternative approach to
understanding Rab3A function, by directly introducing mod-
ified versions of the Rab3A protein into presynaptic terminals.
Specifically, we have investigated the presynaptic terminals of
retinal rods and cones, which possess synaptic ribbons. Syn-
aptic ribbons are proteinaceous structures that tether synaptic
vesicles near release sites, supporting continuous exocytosis
(Thoreson, 2007; Matthews and Fuchs, 2010). Synaptic rib-
bons in rods, cones, and bipolar cells extend into the cyto-
plasm, approximately perpendicular to the plasma membrane,
far enough to accommodate several rows of synaptic vesicles.
How the vesicles initially bind to the ribbon, and how they
descend toward release sites at the plasma membrane is un-
known. The synaptic ribbon contains RIM1, making Rab3A a
candidate for mediating vesicle binding. Here we provide ev-
idence that Rab3A reversibly binds to the synaptic ribbon in a
GTPase-dependent manner. Furthermore, we show that the
Rab3A binding site is necessary for the trafficking of vesicles
for Ca 2�-dependent exocytosis.

Materials and Methods
Plasmids. The pEGFP-rat Rab3A plasmid (a gift from Dr. Venkatesh
Murthy, Harvard University, Cambridge, MA) was amplified by PCR
using primers containing NheI/NotI restriction sites and inserted into
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the pET21a (�) vector to generate expression constructs for Rab3A.
The membrane anchoring motif (C-terminal Cys-Ala-Cys) of the
Rab3A gene was deleted using PCR to keep the protein cytosolic
(Rab3A-�). Mutant Rab3A-� plasmid carrying a glutamine to a leu-
cine substitution at amino acid position 81 (Q81L) was obtained by
site-directed mutagenesis (Agilent Technologies). Addition of the
Q-tag to the N terminus of the Rab3A gene was achieved by PCR and
cloned into pET21a(�) via NheI/NotI. All constructs were verified by
DNA sequencing.

Protein expression and purification. Recombinant wild-type Rab3A-�
and mutant Rab3A-�Q81L proteins were expressed in Escherichia coli
BL21(DE3) cells. After cell lysis His-tagged proteins were purified on a
nickel column (His MiniTrap, GE Healthcare). A size exclusion column
(PD MiniTrap G-25, GE Healthcare) was used to further purify the pro-
teins and to exchange the buffer solution to one containing (in mM) 90
CsCl, 10 TEACl, 2 MgCl2, 25 HEPES and 5 EGTA (equilibration buffer).
Purity and molecular weight of the proteins were confirmed by
SDS-PAGE.

Fluorophore labeling. To label wild-type and mutant Rab3A-�, we used
transglutaminase-catalyzed ligation of cadaverine-functionalized Alexa-
647 fluorophore onto a Q-tag (PKPQQFM) fused to the N terminus of
Rab3A (Lin and Ting, 2006). The Q-tag labeling ensures that the fluoro-
phore attaches to Rab3A-� at a nonessential site. Consistent with this, the
degree of labeling ([dye]/[Rab3A-�]) was close to 1. The labeling process
did not significantly change the molecular weight of Rab3A-�. Purified
Rab3A-� proteins were concentrated to 8 mg/ml using Amicon Ultra-4
column (Millipore) in the equilibration buffer. The labeling reaction
conditions were as follows: 150 �M Rab3A-� proteins, 100 mM HEPES
pH 7.4, 10 mM CaCl2, 1 mM Alexa 647-cadaverine (Invitrogen), 640 ng/�l
transglutaminase (Sigma). After a 3 h reaction at 4°C, the labeled
Rab3A-� (Fl-Rab3A-�) were purified again using a gel filtration column
(Superdex 75, GE Healthcare) with FPLC (AKTA, GE Healthcare) to
remove free dye and transglutaminase. The purified Fl-Rab3A-� was
concentrated again to 8 mg/ml using an Amicon Ultra-4 column and
then aliquoted and stored at �80°C. The protein and dye concentrations
were measured using the Bio-Rad Protein Assay kit and a Nanodrop
(Nanodrop Technologies) respectively.

GTPase assay. The GTPase activity of purified Rab3A proteins was
measured with a colorimetric assay kit (Innova Biosciences) and com-
pared with the results of a standard curve (absorbance versus concentra-
tion of Pi). Enzyme activity is expressed as the amount (�mol) of GTP
catalyzed by 1 �mol of enzyme per min.

Retinal tissue preparation. Retinal slices from the male and female
larval tiger salamander (Ambystoma tigrinum) were prepared using
procedures approved by the University of California, Berkeley Insti-
tutional Animal Care and Use Committee. Salamanders were anes-
thetized by 0.02% Benzocaine and then killed by decapitation. The
retinal slices were prepared as described previously (Rabl et al., 2006).
The eyes were enucleated and the anterior segment including the lens
was removed. The eyecup was cut into quarters and a section of
eyecup was placed vitreal side down on a piece of filter paper (3 � 5
mm; 0.8 �m pores; Millipore). The isolated retina was cut into slices
(200 �m) with a razor blade tissue chopper (Stoelting). These retinal
slices were positioned in a recording chamber and were used for both
imaging and electrophysiology.

Imaging. Laser scanning confocal microscopy of living neurons
(rods and cones) was performed on the stage of an upright micro-
scope (Zeiss LSM-510 META AxioImager), acquiring green fluores-
cence with a 488 nm argon laser and far-red fluorescence using a 633
nm HeNe laser, sequentially, using matched pinhole sizes near 1 airy
unit. The pinholes for each channel were aligned individually based
upon the lightpath configuration, using multicolored subresolution
bead samples. Images were acquired with Zeiss LSM 3.5 and ImageJ
was used to analyze the average fluorescence of the region of interest.
The cells were loaded with fluorescent proteins via a whole-cell patch
pipette. For quantifying ribbon binding, the fluorescence of the Fl-
Rab3A-�-labeled spot (i.e., the ribbon) was compared with the cyto-
plasm fluorescence away from the ribbons. For fluorescence recovery
after photobleaching (FRAP) experiments, a bright laser spot in the

terminal was scanned for five times at maximum laser power with a
speed of 51.2 �s/pixel. Statistical comparisons and graphing were
performed using Microsoft Excel.

Measuring the number of Rab3A binding sites per ribbon. Rods were
whole-cell patch-clamped and dialyzed for 10 min with an intracel-
lular solution containing a concentration of 30 �M Fl-Rab3A-� suf-
ficient to saturate ribbon binding. The fluorescence intensity was
linearly related to the concentration of Fl-Rab3A-� (10�90 �M; data
not shown). The rod terminals were imaged using confocal micros-
copy, and analysis was restricted to the single labeled spot (i.e., a
ribbon) that was nonoverlapping with other labeled ribbons. The
intensity of a labeled spot (Fspot) was measured in a square region (�
�m 2) encompassing the spot and was compared with several other
regions adjacent to the ribbon, which were used to estimate the back-
ground intensity of the cytoplasm (Fcyt) within the terminal. To con-
vert units of fluorescence into the number of Rab3A proteins, we
measured the fluorescence within a patch pipette containing 30 �M

Fl-Rab3A-� at a location where the pipette diameter approximated
that of a rod terminal. At this location, the fluorescent intensity (Fpi-

pette) of a region (� �m 2) was measured. To estimate the optical
section thickness, we took a series of z-sections through a fluorescent
FluoSphere bead (diameter 100 nm, Molecular Probe) and plotted the
fluorescence as a function of the vertical distance. The section thick-
ness was determined by the full width at half maximum (FWHM) of
the point spread function. The averaged optical thickness was 2 �m.
We then obtained the volume of the recorded region, which is �2�
�m 3. The concentration of Fl-Rab3A-� in the cytoplasm of the ter-
minal is:

[Fl-Rab3A-�]cyt � [Fl-Rab3A-�]pipette � (Fcyt/Fpipette)

The number of Fl-Rab3A-� molecule in the terminal cytoplasm in 2�
�m 3 is:

#Fl-Rab3A-�cyt � [Fl-Rab3A-�]cyt � 6.02 � 1023M�1L�1 � 2� �m3

The number of binding sites on the ribbon was calculated using the
following equation:

#Fl-Rab3A-�ribbon � #Fl-Rab3A-�cyt � [(Fspot � Fcyt)/Fcyt]

The surface area of the rod ribbon is �4 �m 2 (Thoreson et al., 2004), so
the density of Fl-Rab3A-� on the ribbon is # Fl-Rab3A-�ribbon/4 �m 2.

Electrophysiology. For whole-cell patch clamp, retinal slices were
superfused at �1 ml/min with extracellular solution containing the
following (in mM): 114 NaCl, 2.5 KCl, 2 CaCl2, 0.5 MgCl2, 10 HEPES,
and 5 Glucose, pH 7.8 (Rabl et al., 2006). To isolate rod Ca 2� currents,
1 mM TEA, 200 nM charybdotoxin (CbTX), and 100 �M niflumic acid
were added to block K �, Ca 2�-dependent K �, and Ca 2�-dependent
Cl � currents, respectively. Paired whole-cell voltage-clamp record-
ings were obtained from rods/cones and OFF bipolar cells using 7�15
M� patch pipettes pulled from borosilicate glass. The pipette solu-
tion contained (in mM) 90 CsOH, 90 gluconate acid, 10 TEACl, 2
MgCl2, 10 HEPES, 5 EGTA, 10 MgATP and 0.5 GTP-tris, pH 7.2. Rods
and cones were voltage clamped to �70 mV, bipolar cells to �50 mV,
using a Multiclamp amplifier (700B, Axon Instruments). Currents
were acquired using a Digidata 1440 interface and pClamp10 software
(Molecular Devices). Recordings in which the access resistance was
�40 M� were rejected. The criterion for statistical significance was
chosen to be p � 0.05 and evaluated with the Student’s t tests. Vari-
ability is reported as 	SEM.

Results
To investigate whether Rab3A could mediate vesicle binding
to the synaptic ribbon, we expressed in E. coli a recombinant
version of Rab3A, which after purification was tagged with a
small-molecule fluorophore (Fig. 1 A). We deleted the normal
C terminus of Rab3A, removing the lipidation motif required
for vesicle membrane anchoring (Johnston et al., 1991). The
Rab3A construct was also modified on the N terminus to in-
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clude a Q-tag labeling domain (PKPQQFM), which enabled
enzymatic conjugation to a cadaverine-containing fluoro-
phore derivative (Lin and Ting, 2006). Finally, a His-tag was
added to the N terminus for affinity purification on a Ni 2�

column. PAGE showed a single major band both before and
after fluorophore labeling (Fig. 1 B). The purified protein,
which we named Fl-Rab3A-�, was soluble up to at least 400
�M in physiological buffer.

The purified Fl-Rab3A-� protein was introduced through a
patch pipette into giant rod and cone photoreceptors of the tiger
salamander. Fl-Rab3A-� accumulated in spots at the base of the
synaptic terminals of these cells, colocalizing with structures la-
beled with Alexa-488-tagged RIBEYE binding peptide (Alexa-
488-RBP) (Fig. 1C), a marker of the synaptic ribbon (Zenisek et
al., 2004). Colocalization of the two proteins was observed in each
of the 109 presumptive ribbons in a total of 22 rods examined.
Selective excitation of Fl-Rab3A-� resulted in photobleaching
without affecting Alexa-488-RBP fluorescence (Fig. 1D). The in-
dependent photobleaching confirms that colocalization of the
two proteins was not an artifact of spectral overlap between their
fluorophores, but rather represents binding to a common struc-
ture. Since RBP binds specifically to synaptic ribbons (Zenisek et
al., 2004), these findings strongly suggest that Rab3A also binds to
the ribbons.

We estimated the density of Rab3A binding sites on the ribbon
by determining the amount of Fl-Rab3A-� that is required to
saturate labeling (Fig. 1E). Using the fluorescence intensity of the
pipette as a reference for dye concentration, we estimated the
density to be 3077 	 352 molecules/�m 2 (n 
 5), far exceeding
the number of vesicles on a fully packed synaptic ribbon (�400/
�m 2; Thoreson et al., 2004). This indicates that there are suffi-
cient binding sites to accommodate at least one Rab3A from
every tethered vesicle.

Rab3A cycles between active GTP-bound and inactive
GDP-bound forms, but only the GTP-bound form binds to
RIM (Geppert and Südhof, 1998). We found that ribbon la-
beling by Fl-Rab3A-� occurred when the pipette contained
GTP, but not GDP-�-S, a nonphosphorylatable GDP analog
(Fig. 2 A). Rab3A can be locked into a GTP-bound active con-

Figure 1. Fl-Rab3A-� binds to synaptic ribbons. A, A schematic diagram of the fluorescent Rab3A probe. The glutamine side chain of the N-terminal Q-tag (PKPQQFM) was conjugated to the
polyamine-containing probe Alexa 647-cadaverine by transglutaminase-catalyzed ligation. A His-tag was fused to the C terminus for protein purification. B, Purity of the protein preparations for
both the wild-type and Q81L Rab3A-probes was established by SDS-PAGE Gel electrophoresis, showing the majority of the proteins was in a dark band at the expected molecular weight (25 kDa).
C, Top, Dialysis of Fl-Rab3A-� through a patch pipette into a cone (left) or into a rod (right) results in accumulation at ribbons in the synaptic terminals (arrows). The asterisk in the cone shows the
patch pipette. Bottom, A magnified view of the synaptic terminal region of the rod. Spots labeled with Fl-Rab3A-� (red) colocalize with spots labeled with Alexa-488-RBP (green). D, Independent
photobleaching indicates colocalization is not an artifact of spectral overlap between fluorophores. Fl-Rab3A-� localized on the ribbon could be photobleached repeatedly with 633 nm light
(arrows) without affecting Alexa-488-RBP. E, The ribbon fluorescence with different concentrations of Fl-Rab3A-� in the pipette.

Figure 2. Fl-Rab3A-� binding to ribbons is GTP-dependent. A, Ribbon labeling requires
GTP. GDP-�-S decreased Fl-Rab3A-� labeling versus GTP (1 mM). *p � 0.01 (n 
 4�17). B,
GTP hydrolysis assay showing that the Q81L mutant had significantly less GTPase activity
(�20%) than the wild-type protein (n 
 4), *p � 0.01. C, FRAP of wild-type (black) and Q81L
(red) Fl-Rab3A-� on the ribbon indicates that GTP hydrolysis is required for Rab3A dissociation
from the ribbon. The patch pipette contained 30 �M of either protein in these experiments. D,
Quantification of FRAP results. Mean FRAP is decreased with the Q81L mutant compared with
wild type. *p � 0.01 (n 
 4�5).
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figuration by mutating the GTPase active site (the Q81L mu-
tation; Brondyk et al., 1993). GTPase assays confirmed that
both the unlabeled and labeled forms of Rab3A-�Q81L had
�20% of the activity of the wild-type protein (Fig. 2 B). Intro-
ducing the Q81L mutation into Fl-Rab3A-� did not disrupt
the initial binding to ribbons (Fspot/Fcyt of mutant 
 2.4 vs
wild-type 
 2.7, p � 0.05), but it dramatically reduced the
turnover of Rab3A binding, as evidenced by a decrease in
FRAP on the ribbon compared with the wild-type protein
(mean FRAP 
 55% for wild-type vs 19% for the Q81L mu-
tant; Fig. 2C,D). The slower dissociation rate of the Q81L
mutant results in the protein having a higher apparent affinity
for the synaptic ribbon (Fig. 1 E). FRAP of wild-type and mu-
tant protein in small cytoplasmic regions was fast (�0.1 s)
indicating that both proteins are freely diffusible and have a
high mobility when they are unbound. These results indicate
that GTPase activity is necessary for bound Rab3A to exchange
with free Rab3A in the cytoplasm, suggesting that binding and
dissociation is mediated by a GTP-GDP cycle. Incomplete
FRAP on ribbons labeled with wild-type Rab3A-� may result
from photodamage of the ribbon machinery, as shown previ-
ously with fluorophore-assisted light inactivation via labeled
RBP (Snellman et al., 2011).

To determine whether Rab3A binding is essential for synaptic
transmission, we obtained paired recordings from a presynaptic
photoreceptor and a postsynaptic OFF bipolar cell in a retinal
slice. Photoreceptors were depolarized from �70 to �10 mV to
open voltage-gated Ca 2� channels and trigger enough Ca 2�-
dependent exocytosis to empty the readily releasable pool (Rabl
et al., 2006). The depolarizing stimulus was repeated at 30 s in-
tervals, sufficient for complete refilling of the pool. Over 10 min
of recording, cone-driven EPSCs decreased little when wild-type
Rab3A-� or no protein at all was included in the patch pipette
(�10%) (Fig. 3A,C). However, when Rab3A-�Q81L was in-
cluded in the pipette the EPSCs diminished by �67% within 10
min. The voltage-gated Ca 2� current was unaffected by Rab3A-
�Q81L. Hence Rab3A-�Q81L must suppress some step in the
synaptic vesicle delivery or release process.

Rod-driven EPSCs had a fast component (f-EPSC) similar to
cone-driven EPSCs, but also a secondary slower component (s-
EPSC; Fig. 3B,D). Inclusion of Rab3A-�Q81L in the rod patch
pipette reduced the f-EPSC by �59%, but had no effect on the
s-EPSC (Fig. 3B,C). The f-EPSC appears to be mediated by a
direct monosynaptic connection from the rod to the bipolar cell
whereas the s-EPSC is mediated by electrically coupled rods with
synaptic contacts onto the same bipolar cell. Because the Rab3A-
�Q81L cannot cross gap junctions, it reduces synaptic release
only from the rod dialyzed by the patch pipette, hence selectively
reducing the f-EPSC. Consistent with this explanation, the gap
junction uncoupler carbenoxolone had little effect on the
f-EPSC, but it blocked the s-EPSC (Fig. 3E), consistent with pre-
vious observations (Cadetti et al., 2005).

If Rab3A binding to the ribbon is a necessary step in synaptic
release, exogenous Rab3A-� should compete with endogenous
Rab3A in inhibiting release. Furthermore, Rab3A binding sites
should be more frequently vacated when the vesicle release rate is
faster, because there will be more opportunities for Rab3A to
bind. We tested these predictions by varying the stimulation fre-
quency during Rab3A-�Q81L dialysis into rods. With a 10 s in-
terval between depolarizing stimuli, EPSCs were suppressed

Figure 3. Rab3A-�Q81L blocks synaptic release from rods and cones. A, B, Cone-driven EPSCs and rod-driven f-EPSCs decreased little over 10 min in control experiments (no protein in pipette)
but decreased significantly with Rab3A-�Q81L in the pipette (20 �M). C, Quantification of blockade of synaptic release by the mutant Rab3A. EPSC amplitude with no protein (gray), wild-type
Rab3A-� (light gray), or Rab3A-�Q81L (red). EPSCs were measured at 10 min after break-in, n 
 3�5; *p � 0.01 versus Control (gray). D, Rod-driven EPSPs have two kinetic components.
Following the onset of a depolarizing pulse in the rod, the time-to-peak of the resulting s-EPSC was 22.4 	 3.9 ms (n 
 15), much slower than f-EPSCs (5.03 	 0.3 ms, n 
 15) or cone-driven EPSC
(8.5 	 0.9 ms, n 
 8). E, The gap-junction uncoupler carbenoxolone (200 �M) selectively suppressed the rod-driven s-EPSC and had little effect on the f-EPSC, providing evidence that rod-driven
s-EPSCs are a consequence of neurotransmitter release from electrically coupled neighboring rods.

Figure 4. Rab3A binding sites are necessary for synaptic vesicle replenishment. Blockade of
synaptic release is activity-dependent, suggesting that endogenous Rab3A on synaptic vesicles
compete with exogenous Rab3A-�Q81L for a common binding site. Rab3A-�Q81L suppres-
sion of rod-driven f-EPSCs occurred faster with a higher rate of stimulation (n 
 3�5).
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approximately twice as fast as with a 30 s interval (Fig. 4). Hence
while Rab3A-�Q81L has little effect on vesicles that are already
docked and primed for release, it suppresses the delivery of new
vesicles into the immediately releasable pool.

Discussion
Ribbon synapses are specialized for transmitting information
about graded sensory signals whereas conventional synapses are
specialized for transmitting information about action potentials.
To operate differently, the two types of synapses must contain
different proteins, or contain common proteins that carry out
different tasks. Vesicles at conventional synapses possess synap-
sin, an actin-binding protein that tethers vesicles to the cytoskel-
eton, accounting for the “reserve pool” of immobilized vesicles
(Hilfiker et al., 1999). There is no synapsin in ribbon synapses
(Mandell et al., 1990), so synaptic vesicles are freely diffusible
(Holt et al., 2004; Rea et al., 2004). Instead of having a reserve
pool, several lines of evidence support the view that the synaptic
ribbon serves as a necessary way-station that binds vesicles and
regulates how many are available for release. Mutations that
cause detachment of synaptic ribbons disrupt synaptic transmis-
sion from rods and cones (Dick et al., 2003). Recent studies using
fluorophore-assisted laser inactivation of RIBEYE implicate the
ribbon as necessary for supplying vesicles for release in cones and
bipolar cells (Snellman et al., 2011). Finally, in cones, the base of
the synaptic ribbon is depleted of synaptic vesicles in darkness,
quantitatively accounting for the diminished size of the readily
releasable pool (Jackman et al., 2009).

Our results indicate that Rab3A is crucial for ribbon-mediated
delivery of vesicles. The Rab3A binding proteins RIM1 and RIM2
are both expressed in photoreceptor terminals, but immunogold
EM studies show that only RIM1 is located on the synaptic rib-
bon. RIM2 is found adjacent to the base of the ribbon, but exclu-
sively on the plasma membrane (tom Dieck et al., 2005). Hence it
is likely that RIM1 serves as the site on the ribbon for Rab3A-
ribbon binding, and therefore synaptic vesicle attachment. Our
results show that the binding and unbinding of Rab3A to the
ribbon are dependent on GTPase activity. The association and
dissociation of Rab3A from RIM involves a GDP/GTP cycle, so
we propose that each vesicle attachment event corresponds to
one round of GTPase activity. GTP-bound Rab3A would escort
vesicles to the ribbon during the initial attachment. Other pro-
teins may facilitate dissociation of Rab3A from the vesicle (Gep-
pert and Südhof, 1998), returning Rab3A to the cytoplasm where
it can encounter and escort another vesicle.

We found that the faster vesicles are exocytosed by repeating
depolarizations, the faster exogenous Rab3A-�Q81L interferes
with the resupply of vesicles. The activity-dependence of block-
ade implies that exogenous Rab3A-�Q81L competes with endog-
enous synaptic vesicles for a common binding site on the ribbon.
This binding site may mediate only the initial attachment of ves-
icles to the ribbon, but it could also mediate movement of vesicles
along the ribbon, toward the membrane. In this scenario, vesicles
would undergo a series of Rab3A-mediated binding events, as
suggested by the presence of multiple RIM1 clusters along the
length of the ribbon (tom Dieck et al., 2005). Further experi-
ments, perhaps involving visualization of single synaptic ve-
sicles, are necessary to characterize how vesicles move along the
ribbon.

Deleting Rab3A has no effect on the Ca 2�-dependent release
rate or on the replenishment rate at conventional synapses, but it
does alter the amount of neurotransmitter released, which is es-
pecially noticeable during rapidly repeated stimuli. This has led

to the proposal that Rab3A regulates only a late step in the vesicle
fusion process, after the Ca 2� sensor is activated (Geppert et al.,
1997). In conventional synapses, RIM proteins (RIM1 and
RIM2) and SNARE proteins are all located in close proximity to
one another at the presynaptic membrane, providing a direct
opportunity for Rab3A to regulate fusion. At ribbon synapses,
RIM1 molecules are on the ribbon, spatially segregated from pro-
teins mediating fusion. This difference may explain why Rab3A
regulates vesicle delivery in ribbon synapses, but not in conven-
tional synapses.
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Schlüter OM, Schmitz F, Jahn R, Rosenmund C, Südhof TC (2004) A com-
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