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tion and its regulation have identified and characterized synaptic components that may participate in regulating the RRP.
Among them is the Ras superfamily of GTPases. Within this
superfamily, members of the Rab subfamily of GTPases have
emerged as key mediators of a variety of vesicle sorting processes, including those involved in neurosecretion (14). However, recent biochemical data have hinted that the Ral family
GTPases, RalA and RalB, may also play an important role in
vesicle regulation. First, like Rab3A, Ral proteins are present
at high levels in synaptic vesicles and other secretory vesicles
(4, 34, 36). Interestingly, calmodulin can bind to Ral in vitro
and elute it from membranes, raising the possibility that Ral
may cycle between the cytoplasm and membrane fractions of
cells like the related Rab proteins (37). Moreover, Ral proteins
participate in the regulation of Arf-dependent phospholipase
D (PLD) (26, 33), an enzyme implicated in vesicle function
(10). Finally, a downstream target of Ral proteins is RalBP1 (6,
27, 38), which forms a complex with proteins involved in clathrin-mediated endocytosis, such as the eps-15 homology (EH)
domain proteins Reps (51), its close relative POB (29), and the
clathrin-binding protein adaptin (28, 35).
Ral activity is tightly coupled to extracellular signals. Like all
GTPases, Ral is activated by guanine nucleotide exchange factors (GEF), which promote the exchange of GTP for GDP
bound to GTPases. Many Ral-GEFs become activated by binding active GTP-bound Ras, making Ral activation one of the
three known downstream signaling pathways emanating from
Ras proteins (12). Ral proteins can also be activated by elevated calcium levels in cells through an ill-defined Ras-independent mechanism (22).

The presynaptic nerve terminal contains hundreds of synaptic vesicles, but only a small number of these vesicles are
docked and fusion competent. This population of vesicles, referred to as the readily releasable pool (RRP), is thought to be
in equilibrium with the majority of vesicles that comprise the
reserve pool such that the RRP is replenished following a
release event (for a review see reference [46]). The probability
of release upon depolarization is proportional to the size of the
RRP (8, 40). Thus, regulating the equilibrium between the
RRP and the reserve pool is an effective means of modulating
synaptic strength (46).
Regulation of the size of the RRP is incompletely understood. At least two signaling pathways can influence the RRP,
apparently by altering the recruitment of vesicles from the
reserve pool. The first involves protein kinase C (PKC) (32,
43), which increases the size of the RRP. Since PKC is activated by presynaptic metabatropic receptors, it may participate
in a positive feedback mechanism involved in synaptic modulation (32). In parallel, presynaptic Ca2⫹ entry associated with
membrane depolarization may play a similar role by enhancing
the rate of refilling of the RRP (42, 45), at least in part through
its activation of calmodulin (CaM) kinase II (3, 31). These two
signaling pathways function through distinct mechanisms, yet
they appear to share a common ill-defined final pathway (43).
Efforts to elucidate molecular mechanisms of neurosecre-

* Corresponding author. Mailing address: Departments of Biochemistry and Neuroscience, Tufts University School of Medicine, Boston,
MA 02111. Phone: (617) 636-6956. Fax: (617) 636-2409. E-mail:
larry.feig@tufts.edu.
1714

Downloaded from http://mcb.asm.org/ on September 22, 2020 by guest

The Ral proteins are members of the Ras superfamily of GTPases. Because they reside in synaptic vesicles,
we used transgenic mice expressing a dominant inhibitory form of Ral to investigate the role of Ral in
neurosecretion. Using a synaptosomal secretion assay, we found that while Kⴙ-evoked secretion of glutamate
was normal, protein kinase C-mediated enhancement of glutamate secretion was suppressed in the mutant
mice. Since protein kinase C effects on secretion have been shown to be due to enhancement of the size of the
readily releasable pool of synaptic vesicles docked at the plasma membrane, we directly measured the refilling
of this readily releasable pool of synaptic vesicles after Ca2ⴙ-triggered exocytosis. Refilling of the readily
releasable pool was suppressed in synaptosomes from mice expressing dominant inhibitory Ral. Moreover, we
found that protein kinase C and calcium-induced phosphorylation of proteins thought to influence synaptic
vesicle function, such as MARCKS, synapsin, and SNAP-25, were all reduced in synaptosomes from these
transgenic mice. Concomitant with these studies, we searched for new functions of Ral by detecting proteins
that specifically bind to it in cells. Consistent with the phenotype of the transgenic mice described above, we
found that active but not inactive RalA binds to the Sec6/8 (exocyst) complex, whose yeast counterpart is
essential for targeting exocytic vesicles to specific docking sites on the plasma membrane. These findings
demonstrate a role for Ral-GTPase signaling in the modulation of the readily releasable pool of synaptic
vesicles and suggest the possible involvement of Ral-Sec6/8 (exocyst) binding in modulation of synaptic
strength.
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Here we show that expression of a dominant inhibitory Ral
mutant in transgenic mice suppressed the enhancement of the
RRP of synaptic vesicles induced by PKC and calcium, thus
implicating Ral function in the regulation of neurosecretion.
Consistent with this result, we find that the Sec6/8 (exocyst)
complex, which is known to target secretory vesicles to specific
sites on the plasma membrane in cells, binds specifically to
active Ral in cells.
MATERIALS AND METHODS

Immunoprecipitation. Synaptosomes were metabolically labeled with [32P]H3PO4 at 1.5 mCi/ml for 45 to 50 min at 35°C. Labeled synaptosomes were stimulated with 2.5 M PDBu or an equal volume of DMSO alone for 12 min at
37°C. Synaptosomal pellets were lysed in a buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM MgCl2) containing either 1% Triton X-100 (for MARCKS) or 0.1%
SDS, 1% Na-cholate (for SNAP-25 and Synapsins). The extracts were immunoprecipitated, and following SDS-polyacrylamide gel electrophoresis (PAGE) the
radioactive bands were quantified by PhosphorImager analysis.
Detection of Ral-Sec6/8 complexes. Three 100-mm-diameter dishes of semiconfluent HEK-293 cells were transfected with each mutant Ral gene in
pCDNA3 by using Lipofectamine (Invitrogen). Cells were lysed with buffer (50
mM Tris-HCl, pH 7.4, plus 150 mM NaCl, 1 mM MgCl2, and aprotinin) containing 1% Triton X-100 and were immunoprecipitated with ␣-Myc antibodies
(Transduction Labs). Proteins were eluted from Protein A beads with 1.0 M
NaCl, concentrated, and loaded on SDS gels. After colloidal Coomassie staining,
bands containing Ral-binding proteins were cut out of gels and analyzed by mass
spectroscopy.

RESULTS
Expression of a dominant-inhibitory Ral GTPase mutant in
mice. To investigate the possible involvement of Ral GTPases
in neuronal function in vivo, we generated transgenic mouse
lines in which a dominant-inhibitory mutant of Ral, RalA28N,
was expressed in the adult central nervous system. RalA28N is
analogous to widely used inhibitory RasH17N. This class of
GTPase mutant is in a constitutively inactive conformation and
has approximately fivefold higher affinity for guanine nucleotide exchange factors than its normal counterpart (11). As
such, RalA28N forms an inactive complex with Ral-GEFs and
prevents activation of endogenous RalA and RalB in cells (50).
Expression of the transgene was driven by the neuronal-specific enolase promoter, which becomes active around the time
of synaptogenesis (13). Two independent mouse lines, TG5
and TG7, were established and used in this study. The transgenic animals were fertile, and all major organs, including the
brain, were normal at the light microscopic level (data not
shown).
Transgenic mRNA in the brain was detected by amplifying
RalA28N-specific sequences by RT-PCR. Both mouse lines
showed the expected PCR product of 540 bp, while a wild-type
animal did not (Fig. 1A). To assess mutant RalA protein expression, synaptosomes used in experiments described below
were analyzed by immunoblotting. Because we found previously that epitope-tagging RalA28N suppressed its activity, we
used untagged RalA28N in these experiments. This required
us to estimate the transgene product expression by comparing
total Ral immunoreactivity in synaptosomes from mutant mice
and wild-type littermates. RalA levels were elevated in both
transgenic cell lines while Erk levels, assayed on the same
immunoblots, were not (Fig. 1B). By comparing signals generated from dilutions of wild-type and mutant samples (data not
shown), we estimated that RalA28N was expressed at a level
that was ⬃50% that of endogenous Ral in the TG5 line and
⬃30% that of endogenous Ral in the TG7 line.
Expression of RalA28N suppresses phorbol-enhanced secretion of glutamate from synaptosomes. In all of the experiments
described below both RalA28N transgenic lines displayed
similar phenotypes. Thus, the data from both were pooled
throughout this study. Because Ral proteins are known to be
responsive to a variety of extracellular signals and because they
are present in nerve terminals, we hypothesized that Ral might
participate in the modulation of neurosecretion by PKC. Thus,
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Generation of RalA28N transgenic mice. Simian RalA28N was subcloned into
pNSE(13) containing the neuronal-specific enolase promoter sequence. Pronuclear injection was carried out, and two independent heterozygous transgenic
lines were established and used for this study. Subsequent genotyping of mice
was conducted by PCR of genomic DNA with primers that detected both vector
sequence and Ral sequence. Male mice 2 months to 1 year old from two independent strains expressing RalA28N were used in all experiments.
RT-PCR. Whole-brain total RNAs were isolated from RalA28N and wild-type
control mice. The same RalA-specific set of primers described above to genotype
the mice was used for both reverse transcription (RT) to generate cDNA and for
PCR amplification of the cDNA.
Synaptosomal secretion assay. Synaptosomes from the cortex, prepared by
using discontinuous Percoll (Pharmacia) gradients (19), were resuspended in
basal buffer (145 mM NaCl, 2.7 mM KCl, 2.4 mM MgCl2, 10 mM glucose, 10 mM
HEPES-Tris, pH 7.4) and kept on ice for up to 2 h. For experiments employing
phorbol esters, synaptosomes were combined with a small volume of 12,13phorbol dibutyrate (PDBu) (LC Laboratories, Woburn, Mass.) or vehicle control
(dimethyl sulfoxide [DMSO]) to give the desired final PDBu concentration. A
portion of the suspension was combined with [3H]glutamate (56.0 Ci/mMol;
Amersham International, Piscataway, N.J.) and was incubated for 12 min, at
which time the reaction was stopped by adding 600 l of basal buffer and
applying the suspension to a filtration sandwich composed of cellulose ester and
glass fiber filters, as described previously (48). Release was measured with a
superfusion device in conjunction with a fraction collector modified from a
phonograph turntable (48). Synaptosomes were superfused using various stimulus buffers, and fractions of 35 or 100 ms were collected. For experiments where
depolarization-induced glutamate release was measured, we routinely included a
data set where elevated K⫹ and no added Ca2⫹ (nominal [Ca2⫹] was ⬃3 M)
was used as a stimulus buffer. Release evoked by elevated K⫹ without Ca2⫹ was
eliminated by 3-hydroxy aspartate, an inhibitor of the Na⫹-dependent glutamate
transporter present in the plasma membrane, indicating that this component of
release was mediated by the reversal of the transporter and was not due to
exocytosis. Ca2⫹-dependent release was defined as the difference between total
release and Ca2⫹-independent release measured at each [Ca2⫹].
Radioactivity in each fraction and the amount remaining on the filter at the
end of the experiment were determined by adding 1.5 ml of liquid scintillation
cocktail (BioSafe II; Research Products Inc., Mt. Prospect, Ill.) and counting in
a Packard Instruments Tri-Carb 2100 liquid scintillation analyzer. Results were
expressed as the ratio of counts per minute in each fraction to the total radioactivity remaining on the filter (⫻100). Peak release rates were calculated by
summing the Ca-dependent release over a 140-ms period immediately after the
end of the switching surge and are expressed as percentages of total [3H]glutamate content per second (% s⫺1). Data reported are the averages of at least
three separate experiments performed on different days with freshly prepared
synaptosomes. Standard deviations (error bars are omitted from kinetic plots for
clarity) were generally less than 10% and never exceeded 20%. In order to
account for any time-dependent changes in release rates, the order of the experimental conditions was randomized for each experiment.
Protein immunoblots. Synaptosomes were lysed in 1% Triton X-100 or radioimmunopreciptation assay buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl,
1 mM MgCl2, and the protease inhibitors aprotinin and leupeptin. Equal
amounts of protein were loaded on a 12% sodium dodecyl sulfate (SDS) gel, and
proteins were detected with one of the following antibodies: mouse monoclonal
anti-RalA (Transduction Labs), ␣-Sec8 antibodies (Stressgen), anti-SNAP-25
(Upstate Biotechnology), rabbit polyclonal anti-synapsins (Novac), anti-phospho-Erk antibodies (New England Bio-Labs), and rabbit polyclonal antiMARCKS (a gift of James K. T. Wang). The enhanced chemiluminescence
detection system was used to visualize immunoreactive bands. To quantify differences in protein expression signals, dilutions of each sample were compared.
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we assessed the ability of PDBu, an exogenous activator of
PKC, to modulate [3H]glutamate release from synaptosomes
prepared from the cortex of RalA28N and wild-type littermates by using a rapid superfusion method (48). Synaptosomes
labeled with [3H]glutamate were immobilized on filter discs
and placed in a superfusion device capable of 25-ms temporal
resolution. The synaptosomes were superfused with HEPESbuffered saline to establish a baseline for release. Exocytosis
was triggered by switching the superfusion buffer to a stimulating saline that contained 60 mM KCl (substituted for NaCl)
and the desired concentration of Ca2⫹ ranging between 0.1
and 2.15 mM. Depolarization-induced release of glutamate in
wild-type and RalA28N synaptosomes were not significantly
different at all Ca2⫹ concentrations tested (Fig. 2A and C). In
contrast, RalA28N expression suppressed the ability of PDBu
to increase the initial rate of glutamate release (Fig. 2B and
D). In particular, pretreatment of wild-type synaptosomes with
2.5 M PDBu enhanced Ca2⫹-dependent glutamate release,
with a prominent increase in the initial rate of release observed
in the first 70 ms of stimulation, especially at the higher Ca2⫹
concentrations (Fig. 2B). The effect of 2.5 M PDBu on synaptosomes prepared from RalA28N animals was significantly
diminished (P ⬍ 0.05 for [Ca2⫹] 0.46 mM and higher) (Fig.
2D).
The cumulative Ca2⫹-dependent release upon depolarization was integrated over the initial 0.14 s of the stimulation
period and was plotted as a function of Ca2⫹ in the stimulation
buffer, and the data were fit to the Dodge-Rahamimoff equation (9) (Fig. 2E). The maximal amplitude of glutamate release

derived from this analysis was 1.33% s⫺1 in wild-type synaptosomes and was slightly, but not significantly, higher (1.57%
s⫺1) in RalA28N synaptosomes (compare open circles and
triangles in Fig. 2E). The maximal amplitude of glutamate
release from wild-type synaptosomes was increased by 69.9%
by 2.5 M PDBu to 2.26% s⫺1 (see Fig. 2E, filled circles), but
the enhancement of release was significantly smaller from synaptosomes prepared from RalA28N expressing mice (1.91%
s⫺1, only a 21.7% increase over untreated RalA28N) (see filled
triangles in Fig. 2E). In order to evaluate whether the suppression of PDBu effects was due to a decreased apparent affinity
for phorbol, a separate set of experiments was conducted to
measure the concentration-response relationship for PDBu enhancement of glutamate release data from normal and
RalA28N mice (Fig. 2F and G). Synaptosomes were preincubated with either 0, 1, or 10 M PDBu, and release was evoked
with a stimulus buffer that contained 60 mM K⫹, 1.0 mM Ca2⫹.
The cumulative Ca2⫹-dependent glutamate release plotted as
a function of time indicated that the PDBu-dependent enhancement of glutamate release was suppressed in RalA28N
synaptosomes at both PDBu concentrations. The values for
total glutamate release (integrated over the initial 0.315 s of
stimulation) were plotted as a function of PDBu concentration
and fit to the Michaelis-Menten equation by least-squares regression analysis (Fig. 2H). This analysis indicated that the
efficacy (99% versus 34% increase; P ⬍ 0.05) of PDBu was
diminished in the RalA28N synaptosomes, with a small effect
on the apparent potency (1.07 M versus 1.64 M). Taken
together, these results show that expression of RalA28N suppresses phorbol-induced enhancement of glutamate release.
Expression of RalA28N suppresses the calcium-dependent
refilling of the readily releasable pool of vesicles. Ca2⫹ has
multiple effects on the synaptic vesicle cycle (45). In addition to
regulating the exocytosis/fusion step, Ca2⫹ also regulates the
steps that lead to refilling of the RRP. Therefore, we investigated whether RalA28N also suppressed Ca2⫹-dependent regulation of the RRP in synaptosomes. We used hypertonic sucrose solutions as a Ca2⫹-independent means of measuring the
size of the RRP in synaptosomes (32, 40). Application of 0.5 M
sucrose produced a marked increase in the rate of glutamate
release that peaked within 0.5 s and decayed to a plateau rate
within ⬃2 s (Fig. 3). The cumulative sucrose-evoked [3H]glutamate release collected over a 2-s period was defined as the
RRP. We found that the RRP in synaptosomes from RalA28N
mice was not significantly different from that from wild-type
mice (Fig. 3A), consistent with our observations that depolarization-evoked release was also normal. However, when we
measured the recovery of the RRP after depletion by triggering Ca2⫹-dependent exocytosis and then applying a sucrose
pulse 200 ms later (Fig. 3B), clear differences were seen between wild-type and RalA28N synaptosomes. The sucrosestimulated [3H]glutamate release in wild-type synaptosomes
had recovered to 57% (0.28% versus 0.48% of total [3H]glutamate content) of the response recorded without calciuminduced depletion, while RalA28N synaptosomes had only recovered to 18% (0.09% versus 0.47% total [3H]glutamate
content).
Thus, expression of RalA28N suppressed both PKC and
calcium effects on the RRP. However, not all perturbations
that increased the size of the RRP were suppressed in
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FIG. 1. Expression of RalA28N RNA in the brain of RalA28N
transgenic animals. (A) Total tissue RNAs were prepared from the
whole brain of adult RalA28N and wild-type (WT) animals. Following
an RT reaction to generate cDNAs from the cellular RNAs, primers
that specifically recognize the transgene sequence were used to amplify
the simian RalA28N sequence. Lane 1, wild-type mice; lane 2, transgene line TG5; lane 3, transgenic line TG7. (B) Synaptosomes lysates
(50 g) from either transgenic lines TG5 and TG7 or wild-type mice
were run in SDS gels and immunoblotted with ␣-RalA antibodies or
Erk antibodies. The data are representative of tissue from four independent sets of wild-type and transgenic mice.
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RalA28N synaptosomes. N-ethylmaleimide (NEM) pretreatment has been shown to increase the RRP of synaptosomes,
possibly by enhancing the assembly of the SNARE core complex after vesicles have docked at the plasma membrane. NEM
pretreatment affected mutant and wild-type synaptosomes
equally (Fig. 4).
Expression of RalA28N suppresses PKC- and calcium-in-

duced phosphorylation of target proteins. To begin to understand why enhancement of the RRP by PKC was suppressed in
RalA28N synaptosomes, the function of PKC in synaptosomes
was investigated. First we found that representative phorbol responsive PKC isozymes highly expressed in synaptosomes, such as
PKC␣, PKC␤, and PKCε (15), were present at similar levels in
wild-type and RalA28N synaptosomes, and they translocated

Downloaded from http://mcb.asm.org/ on September 22, 2020 by guest

FIG. 2. Ral28N suppresses PDBu enhancement of synaptosomal [3H]glutamate release. The influence of Ral28N expression on neurosecretion
was evaluated by measuring glutamate release from synaptosomes prepared from Ral28N mice and wild-type (WT) littermates. (A to D)
Synaptosomes from wild-type (A and B) or Ral28N (C and D) animals were metabolically labeled with [3H]glutamate for 12 min and then were
immobilized on a glass fiber filter sandwich placed in a superfusion device as described previously (47). At t ⫽ 0 the synaptosomes were depolarized
by being superfused with a stimulus buffer containing 60 mM KCl (substituted isosmotically for NaCl) and 0 (ⴱ), 0.1 (E), 0.22 (F), 0.46 (‚), 1.0
(Œ), or 2.2 (䊐) mM Ca2⫹. In parallel, aliquot portions of synaptosomes were incubated with 2.5 M PDBu (B and D) for 12 min (using 0.1%
[vol/vol] DMSO as a vehicle) to evaluate the ability of PDBu to enhance Ca2⫹-dependent glutamate release. Results are plotted as the mean values
of three experiments performed in triplicate. (E) The apparent affinity of the release process for Ca2⫹ was analyzed by plotting the net
Ca2⫹-dependent glutamate release (i.e., the release in the presence of a given [Ca2⫹] and the Ca2⫹-independent release observed with no added
Ca2⫹) integrated over the first 140 ms of depolarization versus the log[Ca2⫹] for wild-type (E, F) and Ral8N (‚, Œ) synaptosomes. The data were
fit to the Dodge-Rahamimoff equation by nonlinear least-squares regression analysis. The best-fit parameters were used to generate the smooth
curves for each data set. The effect of 2.5 M PDBu on glutamate release from wild-type synaptosomes (F) was judged to be significantly different
from control values (P ⬍ 0.05; Student’s t test) at the Ca2⫹ concentrations of 0.46, 1.0, and 2.2 mM, while the differences between PDBu-treated
and control release for Ral28N synaptosomes (Œ) were not significant. The action of PDBu was further evaluated by concentration-response
analysis (F to H). Wild-type (F) and Ral28N (G) synaptosomes were pretreated with 0 (E), 1.0 (F), or 10 M (Œ) PDBu, and glutamate release
was evoked with 60 mM KCl, 1.0 mM Ca2⫹. The net Ca2⫹-dependent glutamate release was averaged from six experiments performed in triplicate;
these values were integrated (to emphasize the small amount of enhancement observed in Ral28N synaptosomes) and plotted as a function of
stimulus duration for wild-type (F) and Ral28N synaptosomes (G). Net Ca2⫹-dependent release for each PDBu concentration was integrated over
the 0.28-s stimulus interval, and the values were fit using a simple hyperbolic (Michaelis-Menten) equation (H), yielding the following kinetic
parameters for PDBu: wild type, Km ⫽ 1.07 M, Vmax ⫽ 1.79% (99% enhancement); Ral28N, Km ⫽ 1.64 M, Vmax ⫽ 1.31% (34% enhancement).
The data at 10 M PDBu are statistically significant (P ⬍ 0.02; level two-tailed paired t test, n ⫽ 6).
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to the particulate fraction of cells similarly in response to
phorbol treatment (data not shown). PKC␥ was not studied
because it has been shown previously to be postsynaptic and
plays no role in the regulation of the RRP (1). We then investigated the effect of RalA28N expression on PKC kinase function in synaptosomes by measuring PDBu-induced phosphorylation of synaptic proteins known to be phosphorylated
upon PKC activation, such as MARCKS and SNAP-25.
In control synaptosomes, PDBu increased the phosphorylation
of MARCKS by approximately 130% (Fig. 5A and B). However, in RalA28N synaptosomes PDBu increased MARCKS
phosphorylation by only ⬃58%, a ⬃55% reduction. Total
MARCKS protein in synaptosomes from the two mouse lines
was indistinguishable by immunoblot analysis (Fig. 5C). A similar result was obtained with SNAP-25 (Fig. 6), where PDBuenhanced phosphorylation of SNAP-25 was reduced by ⬃65%
in RalA28N synaptosomes. These effects of PDBu were mediated by PKC, since the PKC inhibitor GF109203X abolished
the PDBu-enhanced phosphorylation of these proteins (data
not shown).
Significantly, not all phorbol ester-responsive pathways were
inhibited by RalA28N expression. Phospho-specific antibodies

showed that PDBu treatment enhanced the phosphorylation of
ERK and AKT by similar degrees in RalA28N and control
synaptosomes (Fig. 7). In addition, phorbol ester treatment of
synaptosomes is known to enhance PLD activity (41). This
effect was also normal in RalA28N synaptosomes (data not
shown).
Synapsin was also investigated, since it not only is phosphorylated in response to PKC activation but is also a substrate of
calcium-activated CaM kinase II, which becomes activated
upon depolarization of neurons (3). Both PDBu and K⫹-induced phosphate incorporation into synapsins was suppressed
in RalA28N synaptosomes compared to that in wild-type synaptosomes (Fig. 8) (⬃70 and ⬃90%, respectively). Overall,
these results show that RalA28N expression suppressed both
calcium-induced and PKC-induced phosphorylation of a subset of potential substrates.
Sec6/8 binds specifically to active Ral in cells. Concomitant
with our characterization of the dominant inhibitory Ral
transgenic mice, we were searching for novel downstream
targets of Ral by identifying proteins that form a stable
complex specifically with the activated GTP-bound form of
Ral in cells. HEK-293 cells were transfected with mutant
Ral proteins tagged with a Myc epitope. Results obtained
with empty-vector-transfected cells were compared with
those obtained with both RalA-72L, a constitutively activated GTP-bound form, and RalA-28N, a constitutively inactive form. Ral-binding partners were immunoprecipitated
with anti-Myc antibodies, and the immunoprecipitates were
separated by SDS electrophoresis. Two major bands appeared in silver-stained gels (Mr of ⬃110 and ⬃86 kDa) of
immunoprecipitates of RalA-72 but not of RalA28N or
empty-vector-transfected cells (Fig. 9A). We detected additional minor bands with Mrs between ⬃100 and ⬃90 kDa that
also formed complexes specifically with activated Ral72L (Fig.
9B) when [35S]methionine/cysteine-labeled cells transfected
with Ral proteins were used.
Mass spectroscopy was used to identify the 110-kDa band as
Sec8 and the 86-kDa band as two proteins, Sec6 and Exo84
(30). These proteins constitute three of eight protein components of the 734-kDa Sec6/8 complex (30), also known as the
exocyst in yeast (47). The molecular weights of the fainter
staining coprecipitated proteins depicted in Fig. 1B suggest
that they represent some of the remaining Sec6/8 components,
such as p102, Sec5, and Sec15 (30). We confirmed the specific
association of the Sec6/8 complex with active Ral by blotting
Ral immunoprecipitates with anti-Sec8 antibodies (Fig. 9C). A
mutation in the effector domain of Ral72L(Y36S/D37A) that
preserved Ral activation of the Src/Stat signaling cascade in
cells (16) (data not shown) suppressed Ral association with
Sec8. In contrast, Ral72L(49N), which inhibits Ral binding to
another target protein, RalBP1 (6), did not block complex
formation between Ral and Sec8. These findings identify the
Sec6/8 (exocyst) complex as a potential downstream target of
Ral GTPases in cells. Since the Sec6/8 (exocyst) complex in
yeast has been shown to be involved in targeting secretory
vesicles to specific sites in the plasma membrane, the finding
that Sec6/8 is a potential effector of Ral is consistent with the
suppression of neurosecretion in the transgenic animals described above.
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FIG. 3. RalA28N suppresses refilling of the RRP after Ca2⫹-triggered depletion. The ability to refill the RRP of [3H]glutamate after a
depleting stimulus was measured with synaptosomes from wild-type (Œ
and 䉬) and RalA28N mice (‚ and 䉫). (A) A 500-ms depolarizing
pulse containing 60 mM K⫹ without added Ca2⫹ was delivered, followed 200 ms later by a test pulse containing saline only or by saline
made hypertonic by the addition of 0.5 M sucrose (Œ and 䉫). The net
sucrose-evoked release was calculated as the difference between the
baseline release and the total release measured in the presence of 0.5
M sucrose. (B) Refilling of the RRP was assessed by delivering a
500-ms depolarizing pulse that contained 60 mM K⫹ plus 1 mM Ca2⫹.
This was followed 200 ms later by a test pulse that contained 0.5 M
sucrose (䉬 and 䉫). In control animals, the test pulse released 0.28%
of total [3H]glutamate content (䉬), or 43% less than the size of the
RRP assessed after the Ca2⫹-free conditioning pulse shown in panel A
(Œ). By contrast, the size of the sucrose response in the RalA28N
animals was only 0.06% of total [3H]glutamate (䉫), 82% less than the
respective control value shown in panel A (‚). Data were calculated as
the mean values from four experiments, each conducted in triplicate.
Standard deviations were generally less than 10% and never exceeded
20%.
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DISCUSSION
Ral GTPases, RalA and RalB, display many properties expected of a protein that could regulate synaptic vesicle trafficking. They are enriched in the synaptic vesicle fraction of
neurons (4), they are known to function as molecular switches
much like their relative, Rab3a, and they can be activated by
several signaling pathways, including those initiated by Ca2⫹
transients (22). However, little is known about Ral-dependent
regulatory pathways in the nerve terminal.
The phenotype induced by expression of RalA28N in mice
was a clear and specific defect in the regulation of neurosecretion. In one set of experiments, while depolarization-induced
secretion of glutamate was normal, the ability of phorbol ester
treatment to enhance this secretion was suppressed in mutant
synaptosomes. Previous studies in both cultured neurons and
isolated synaptosomes have shown that this phorbol ester effect is due to PKC-induced increase in the size of the RRP of
synaptic vesicles (32, 43). Depolarization-induced calcium influx has also been shown to affect the RRP by enhancing the
rate at which it is refilled from the reserve pool (42, 43, 45). In
a second set of experiments, direct measurement of the size of
the RRP showed that RalA28N expression suppressed its refilling after depletion by K⫹-induced depolarization. Thus,
these findings argue that Ral GTPases participate in the regulation of the readily releasable pool of secretory vesicles by
multiple signaling cascades.
Precisely how Ral activity may participate in the regulation
of the RRP of vesicles by both PKC and calcium remains to be
determined. However, we obtained one clue from the observation that RalA28N expression suppressed both phorbol ester- and calcium-induced enhancement in the phosphorylation
of proteins that may participate in synaptic vesicle function,
such as SNAP-25, MARCKS, and synapsin. Importantly, there

was selectivity in the effects of RalA28N, since phorbol esterinduced ERK and AKT phosphorylation was normal in
RalA28N synaptosomes. MARCKS is a well-characterized
PKC substrate (2), and synapsin is known to be phosphorylated
directly by CaM kinase II (18). Since RalA28N affected the
signaling of more than one kinase, it may have influenced their
substrates rather than the kinases themselves. Accordingly, Ral
may function to target specific substrates to phorbol- and calcium-stimulated kinases. This function for Ral is similar to the

FIG. 5. RalA28N expression reduces phorbol-induced phosphorylation of MARCKS. (A) Wild-type (WT) and mutant synaptosomes
were metabolically labeled with [32P]H3PO4 and then were treated
with phorbol ester (⫹) or 50 mM K⫹ (⫹) or buffer only (⫺). Phosphorylation of MARCKS was measured by immunoprecipitation followed by quantitation with a PhosphorImager. (B) The average percentage of increase in phosphate incorporation upon PDBu treatment
for 30 min ⫾ standard deviation from three independent experiments
is shown. (C) Total MARCKS proteins in wild-type and RalA28N
synaptosomes were detected by immunoblotting of synaptosomal lysates.
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FIG. 4. Enhancement of the size of the RRP by NEM treatment is unaltered by dnRal expression. Synaptosomes prepared from normal
(circles) or RalA28N expressing (triangles) mice were loaded with [3H]glutamate for 12 min. The synaptosomes were then treated with either 30
M NEM buffer (filled symbols) or buffer only (open symbols) for 10 min. The samples were then exposed to sucrose solution to release the RRP
of vesicles. Results shown are the average of data from two independent experiments, each performed in triplicate.
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one recently proposed following studies showing that Ral promotes c-Src kinase activity toward only a subset of its potential
substrates (16).
The inhibition of synapsin phosphorylation by PKC or calcium in RalA28N synaptosomes may be particularly important
for the phenotype we observed. Synapsins have been suggested
to participate in regulating the distribution of vesicles between
the reserve and RRP due to their ability to tether vesicles to
the actin cytoskeleton (7). Interestingly, this tethering is removed upon synapsin phosphorylation (23). Moreover, as for
RalA28N mice, synapsin I knockout mice display resistance to
PKC-mediated increase in the RRP of vesicles (49). Thus, in
RalA28N mice the reduced phosphorylation of synapsin observed after exposure to phorbol ester or depolarization may
account at least in part for the defect observed in the regulation of the RRP of synaptic vesicles.
Another clue has come from our finding that the active but
not inactive form of Ral binds to the Sec6/8 (exocyst) complex
in cells. In addition, we found that a mutation in the effector
domain of Ral, which is known to participate in signaling to
downstream targets, blocks the interaction in vivo. These findings, together with those of a recently published study demonstrating that Ral can bind to the exocyst complex in vitro (5),
strongly argue that the exocyst is a newly identified downstream target of Ral proteins. This conclusion is striking because studies with yeast have shown that the function of the
exocyst complex is to mark the plasma membrane as a delivery

FIG. 7. Ral28N expression does not reduce phorbol-induced ERK
or Akt phosphorylation. Cell lysates from control (⫺) and PDBustimulated synaptosomes from wild-type (WT) or RalA28N synaptosomes were immunoblotted with phosphorylation-specific antibodies
to either ERK or Akt.

FIG. 8. RalA28N expression reduces both PDBu and depolarization-induced phosphorylation of synapsin. (A) Synapsin was immunoprecipitated from [32P]H3PO4-labeled wild-type (WT) and mutant synaptosomes stimulated with PDBu, as described in the legend to Fig. 6
for MARCKs. The percentage of increase in phorbol-induced phosphate incorporation averaged from three independent experiments is
also shown. (B) Labeled synaptosomes were also depolarized by exposure to 50 mM K⫹ for 5 min, and synapsin was immunoprecipitated
and analyzed as described for panel A. (C) Total synapsin in wild-type
and mutant synaptosomes was detected by immunoblotting synaptosomal lysates.

site for exocytic vesicles (24, 47). The eight proteins that make
up this complex are Sec3p, Sec5p, Sec6p, Sec8p, Sec10p,
Sec15p, Exo70p, and Exo84p, and mammalian counterparts for
each of the proteins have been identified (30). Thus, it is
plausible that an analogous function for these complexes in
mammalian cells is to regulate the RRP of synaptic vesicles in
neurons. In fact, Sec6/8 complexes have been detected in the
plasma membrane of synaptosomes (isolated synaptic endings)
from adult animals, where it has been suggested that this protein complex has a role in synaptic vesicle docking (5). In a
study of developing neurons, Sec6/8 complexes were found at
the highest levels in regions of the brain undergoing synaptogenesis and in regions of cultured neurons where synapses will
subsequently develop. In contrast, the level of Sec6/8 was
downregulated in mature synapses (21). This led to the hypothesis that the main function of the Sec6/8 complex is in formation of synapses rather than in their function once formed (21).
However, since there are thought to be only one or two dozen
docked vesicles at each central nervous system synapse (44),
the level of Sec6/8 required to participate in the modulation of
the equilibrium between the reserve pool and the docked pool
of synaptic vesicles in mature synapses may be quite low.
Both Ral proteins and their binding partner, the Sec6/8
(exocyst) complex, are present at easily measurable levels in
synaptosomes from adult mice (25; unpublished observations). Thus, it is reasonable to speculate that the interaction
between Ral, which resides on the cytoplasmic side of vesicles
(4), and the Sec6/8 exocyst complex, which resides on the inner
surface of the plasma membrane (25), could promote the recruitment of synaptic vesicles from the reserve pool in the
cytoplasm to the plasma membrane in response to stimuli like
phorbol esters and calcium. The Ral-Sec6/8 complex may also
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FIG. 6. Ral28N expression reduces phorbol-induced SNAP-25
phosphorylation. (A) SNAP-25 was immunoprecipitated from
32
[ P]H3PO4-labeled wild-type (WT) and mutant synaptosomes stimulated with PDBU and analyzed as described for MARCKS in the
legend to Fig. 6. (B) The average percentage of increase in SNAP-25
phosphorylation upon PDBu treatment from three independent experiments is shown. (C) Total SNAP-25 in wild-type and mutant synaptosomes was detected by immunoblotting of synaptosomal lysates.
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participate in targeting the components of the vesicle, like
synapsin to phorbol and calcium-responsive kinases in the
plasma membrane, which could explain the defect in synapsin
phosphorylation in RalA28N mice described above. Unfortunately, we have been unable to add additional support to this
model by detecting a complex between Ral and Sec6/8 proteins
in synaptosomes, possibly because the majority of the Sec6/8
complex (25) and a large fraction of Ral is in the detergentinsoluble fraction of synaptosomes (data not shown). This observation is consistent with previous results suggesting that the
Sec6/8 complex is associated with cytoskeletal elements associated with the plasma membrane (25). In addition, as described above only a very small fraction (⬍5%) of synaptic
vesicles are docked at any one time at the plasma membrane
(46); thus, only a very small fraction of Ral in the synaptic
ending would be expected to be bound to the Sec6/8 complex.
While Ral proteins are present in higher eukaryotes, such as
mammals, drosophila, and Caenorhabditis elegans, they do not
exist in yeast. In yeast, other GTPase family members have
been shown to interact with the exocyst complex, such as Rho3
(39), Rho1 (17), and Rab3 (20). Thus, although Ral may play
a role in targeting vesicles to the plasma membrane, it is clear

that Ral proteins are not needed for the basic processes of
polarized exocytosis that yeast perform. Perhaps the appearance of Ral proteins in evolution coincided with the requirement for regulated secretion, allowing extracellular signals
(e.g., those that activate PKC or raise Ca2⫹) to modulate the
maximal rate of exocytosis, since refilling of the RRP after
depletion is likely to be an important physiological parameter
that dictates synaptic strength during bursts of activity.
Regardless of the mechanism underlying Ral effects, the
present study implicates the Ral-GTPase signaling cascade in a
key aspect of neurosecretion. The size of the RRP of vesicles
is an important factor contributing to synaptic strength. For
example, the rate of refilling of the RRP, which is normally
enhanced by calcium influx, likely determines how extensively
synapses fatigue during bursts of action potentials (45). Other
signals, such as metabotropic glutamate autoreceptors coupled
to phospholipase C enhance the RRP and synaptic strength
(32). The transgenic mouse model we have developed has
revealed an important role for Ral signaling in both of these
signaling systems that modulate neuronal activity. This model
may also be useful to study the consequence of suppressing the
enhancement of the RRP by calcium and PKC pathways on
higher-order neuronal functions that are thought to rely on
changes in presynaptic plasticity.
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