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Regulation
of neurotransmitter
release
is thought
to involve modulation
of the release
probability
by protein
phosphorylation.
In order to identify novel targets for such
regulatory
processes,
we have studied the phosphorylation
of rabphilin9A
in vitro. Rabphilin-3A
is a synaptic vesicle
protein that interacts with rab3A in a GTP-dependent
manner and binds Ca*+ in a phospholipid-dependent
manner.
Here we show that rabphilin-3A
is an efficient substrate
for
Ca*+/calmodulin-dependent
protein kinase II, which phosphorylates
rat rabphilin-3A
at residue 234 and 274, and for
CAMP-dependent
protein kinase, which phosphorylates
rat
rabphilin-3A
at residue 234. This identifies
the middle region of rabphilin4A
situated between the N-terminal
rab3Abinding sequences
and the C-terminal
&-domains
involved
in Ca2+/phospholipid
binding as a regulatory
domain. Thus,
rabphilin9A
is a second phosphoprotein
on synaptic vesicles that, similar to synapsin
I, may integrate
phosphorylation signals from multiple protein kinase signaling
pathways in the cell.
[Key words: synaptic
vesicles, synaptic plasticity,
exocytosis, protein kinases, Ca2+, rab proteins,
phosphorylation]

In nerve terminals,neurotransmittersare stored in synaptic vesicles and secretedby synaptic vesicle exocytosis. Neurotransmitter secretionis acutely regulatedby Ca2+,which triggers exocytosis in a rapid (<l msec)and cooperative manner.On a longer time scale,neurotransmitterreleaseis modulatedby a variety
of regulatory processes,suchasoccur during the different forms
of short-term synaptic plasticity (Zucker, 1989), modulation by
presynaptic receptors (Takeuchi and Takeuchi, 1966; Silinsky,
1984; Scholz and Miller, 1992;Weisskopfet al., 1993), and possibly long-term potentiation (LTP) and long-term depression
(LTD) (Bekkers and Stevens, 1990; Malinow and Tsien, 1990;
Bolshakov and Siegelbaum,1994). Theseregulatory phenomena
are thought to involve covalent modificationsof proteins,in particular, by protein phosphorylation. In support of this notion,
mice carrying a mutant form of the gene for a-Caz+/calmodulinReceived July 15, 1994; revised Oct. 3, 1994; accepted Oct. 5, 1994.
We thank I. Leznicki,
A. Roth, and E. Borowicz
for excellent technical
assistance, Dr. H. Schulman (Stanford University),
Dr. M. Kennedy (California
Institute of Technology),
and Dr. R. Jahn (Yale University)
for supplying us
with purified enzymes and with antibodies; and Drs. H. McMahon
and B.
Davletov
for advice.
Correspondence
should be addressed to Thomas C. Stidhof at the above
address.
“Present address: Norwegian
Defence Research Establishment,
Division of
Environmental
Toxicology,
P.B. 25, N-2007 Kjeller, Norway.
Copyright
0 1995 Society for Neuroscience
0270-6474/95/152385-l
1$05,00/O

dependent protein kinase II (a-CaMK II) exhibit dramatic
changesin short-term synaptic plasticity even in the heterozygous state, which presumablyonly lowers the levels of enzyme
by half (Silva et al., 1992; A. Silva, personalcommunication).
LTP in mossyfiber synapses,a known presynapticform of synaptic plasticity (Zalutsky and Nicoll, 1990), is related to CAMPdependentprotein kinase (PKA) activation (Frey et al., 1993).
Pharmacologicalexperimentsusing a variety of protein kinase
inhibitors and stimulatorsalso suggesta role for protein kinases
in synaptic plasticity (Zhuo et al., 1994; reviewed in Stevens,
1993). Thus, there is significant evidence for a major role of
protein phosphorylation events in at least someforms of regulation of neurotransmitterrelease.
At leasttwo possiblemechanismscan be envisionedby which
protein phosphorylation could regulate neurotransmitterrelease.
First, protein kinasescould phosphorylateion channelsand their
associatedproteins. As a regulatory endpoint, such phosphorylation events could lead to an increaseor decreasein the intracellular Ca2+levels achieved after an action potential and thereby regulate release(for a review, seeNicoll et al., 1990). Second, protein kinasescould phosphorylate proteins involved in
the synaptic vesicle traffic. Thereby, they could modulate the
efficiency of synaptic vesicle trafficking as a function of Ca2+.
Although there is evidence in supportof both mechanisms(Takeuchi and Takeuchi, 1966; Man-Son-Hing et al., 1989; Dale and
Kandel, 1990; Scholz and Miller, 1992), the molecularbasisfor
theseprocessesis largely obscure.In particular, for the synaptic
releaseapparatus,the mechanismsunderlying the modulationof
releaseand the relevant phosphorylation targets are mostly unknown.
Several protein kinase substratesin the nerve terminal have
been extensively studied. The synapsinsconstitute a family of
phosphoproteinsthat are associatedwith synaptic vesicles (De
Camilli et al., 1983a,b; Stidhof et al., 1989) and are substrates
for at leastfour different protein kinases,CaMK I and II, PKA,
and proline-directed kinase (reviewed in Jahn and Stidhof,
1994).The abundanceand regulatedphosphorylationof the synapsinssuggestthat they function in regulating neurotransmitter
release,but their exact functions are unknown except for the
C-terminal phosphorylation site for CaMK II in synapsin I,
which appearsto act as a negative regulator during paired-pulse
facilitation (Rosahlet al., 1993). GAP-43 (alsocalled B-50) representsan abundantphosphoproteinof the nerve terminal plasmamembrane,with a possiblerole in exocytosis but no currently
known phosphorylation-dependentfunction (Dekker et al.,
1989). Dynamin I is a synaptic phosphoproteinwith the interesting property of quantitative dephosphorylationduring nerve
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Figure 1. Phosphorylation of rabphilin-3A by CAMP- and Ca*+-dependent protein kinases. Immunoprecipitates of rat brain proteins with preimmune serum (PZS, lej? lane) or with polyclonal antibodies to rabphilin3A
(Anti-Rabphilin) were incubated with or without cytosol as a source of
kinases and with Ca*+, CAMP, and cGMP as activators. Samples were analyzed by SDS-PAGE, blotted onto nitrocellulose membranes, and exposed
to film for 3 hr at -70°C with a screen.

Antibody

PIS

Anti-Rabphilin

Kinase

CaMKiI

-

pm

Activator

-

-

-

Ca

CaMKII
-

Ca

-

85 kDa

-

85 kDa

I -

IgG

Figure 2. Phosphorylation of rabphilin-3A by the catalytic subunit of CAMP-dependent protein kinase (PKA) and by Ca*+, calmodulin-dependent
protein kinase II (C&X II). Rabphilin and control immunoprecipitates (see legend to Fig. 1) were incubated with the indicated protein kinases as
described in Experimental Procedures. Samples were subjected to SDS-PAGE, blotted onto nitrocellulose membranes, and analyzed by autoradiography (iop panel; exposure: 5 hr at -70°C with screen) and by immunoblotting with rabphilin antibodies (bottom panel) to control for the amount
of rabphilin-3A immunoprecipitated. The additional phosphoprotein bands observed in the samples incubated with CaMK II and Ca2+ are probably
due to autophosphorylated CaMK II (see also Fig. 7).
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terminal depolarization
that probably plays a role in triggering
synaptic vesicle endocytosis (Robinson et al., 1993).
These and other synaptic phosphoproteins
(e.g., AP180, synaptotagmin, and others) are candidates for mediating some regulatory functions in the synaptic vesicle cycle. However, the
currently known protein kinase targets at the synapse are clearly
insufficient to explain most of these synaptic regulatory phenomena. For example, introduction of CaMK II into presynaptic
nerve terminals causes major changes in synaptic vesicle exocytosis (Nichols et al., 1990; Llinas et al., 1991). However, the
only currently characterized synaptic CaMK II substrate is synapsin I. Although it was originally hypothesized that CaMK II
exerts its presynaptic functions in potentiating neurotransmitter
release via synapsin I, the genetic experiments clearly showed
that this is not the case (Rosahl et al., 1993). Another example
is PKA, which appears to modulate neurotransmitter
release and
to have a major function in mossy fiber LTP in the hippocampus

Figure
3. Schematic overview of the
bacterial
glutathione
S-transferase
(GS7’) fusion proteins used to map the
phosphorylation sites in rabphilin3A.
The diagram olt top depicts the domain
structure of rabphilin-3A. The_ I__-_
stmctures of GST ana of 10 GST-rabphilin
fusion proteins used in the current
study are shown in the middle, and the
legend is shown on the bottom. The locations of the phosphorylation sites
that were identified in the current study
are indicated by “P.” GST-RaphH
contains the entire N-terminal half of
rabphilin-3A.
Serine-to-alanine mutations were introduced into serine234(the
putative PK.4 phosphorylation site) in
GST-RaphI, and into serine234 and serine274 (the putative CaMK II phosphorylation site) in GST-RaphJ. A mutant
in which only the putative CaMK II
phosphorylation
site (serine*“) was
substituted was also made but the expressed protein was unstable in bacteria
and, therefore, not analyzed. However.
the corresponding mutant was also expressed as a holo-protein in COS cells
(see below).

(Frey et al., 1993; Chavez-Noriega
and Stevens, 1994). Again,
the only currently known synaptic PKA substrates are synapsins
I and II, which do not appear to account for all of the regulatory
phenomena observed with PKA. Therefore, it would be of great
interest to define additional protein kinase substrates in the nerve
terminal that have properties compatible with a role in nerve
terminal regulation.
Rabphilin-3A
was identified because of its GTP-dependent
binding to rab3A (Shirataki et al., 1992). Rabphilin-3A
has a
distinct domain structure consisting of a conserved N-terminal
domain that binds rab3A, a variable middle domain, and a C-terminal region containing two C,-domains with homology to those
of synaptotagmin
(Shirataki et al., 1993; Li et al., 1994). In
addition to rab3A, rabphilin-3A
may also binds Ca2+ and phospholipids in a ternary complex (Shirataki et al., 1993; Yamaguchi et al., 1993). Recently we showed that rabphilin-3A
is a
synaptic vesicle protein, identifying it as a second potential Ca2+
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Figure 4. Phosphorylation of rabphilin-GST
fusion-proteins by endogenous kinases present in rat brain cytosol. Identical amounts of recombinant
GST proteins (proteins are identified on top and described in see Fig. 3; approximately 3 p,g protein were loaded per lane) were incubated with rat
brain cytosol and BL~~~P-ATP without additions (top panel), in the presence of CAMP (second panel), or in the presence of Ca*+ (third panel).
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sensor on synaptic vesicles in addition to synaptotagmin
(Li et
al., 1994). Furthermore, it was found that in mice lacking rab3A,
neurons that do not contain rab3C show a defect in the synaptic
targeting of rabphilin-3A,
indicating that rabphilin-3A
is targeted
to synaptic vesicles via its N-terminal binding to rab3A (Geppert
et al., 1994; Li et al., unpublished observations). Together, these
findings implicate rabphilin-3A
as a potential regulatory protein
in the nerve terminal that functionally interacts with rab3A. This
functional interaction was confirmed in experiments with rab3Adeficient mice in which rab3A deficiency leads to a 70% reduction in the levels of rabphilin-3A
(Geppert et al., 1994). In the
current study, we show that in vitro, rabphilin-3A
is an excellent
substrate for at least two protein kinases that have been shown
to regulate synaptic transmission, PKA and CaMK II. The phosphorylation sites for the two kinases were identified in the middle domain of rabphilin-3A,
suggesting that this is a regulatory
domain. The identification
of rabphilin-3A
as a substrate for
multiple protein kinases suggests that rabphilin-3A,
similar to
the synapsins, may serve as a signal integration point for multiple protein kinases in the nerve terminal.

Materials and Methods
Construction of eukaryotic expression vectors and expression of proteins in COS cells by trunsfection. For the construction of the wild-type
rabphilin-3A expression vector (pCMV854),
PCR was performed on
the full-length rat rabphilin cDNA (Li et al., 1994) using oligonucleotides A and B (seouences [redundant nucleotides in brackets]: GCCTCTAGACGGTACCATGACTGACACTGTGGT
and GCCGTCGACTAGTCGGAGGAIC.GlACIA.GlTG~A.GlTT~~ClTC~A.GlTT~T.ClTG~.
The 2.07 kb product- was digested with KpnI and Sal1 and subcloned
into the same sites of pCMV5. For construction of the expression vector
encoding rabphilin3A with a serinez24 to alanine substitution (pCMV853), PCRs were performed on the full length rat rabphilin-3A cDNA
clone with two pairs of oligonucleotides, A and C (sequence: TCCGGGCCTCCGCGGCCCTGCGTGTGGGAG)
and oligonucleotides B
and D (sequence: GCAGGGCCGCGGAGGCCCGGATGAGTA).
The
products from the two amplifications were gel purified, cut with SacII,
and ligated to each other. They were then reamplified with oligonucleotides A and B, subcloned into pCMV5 as above, and confirmed by
restriction enzyme mapping. The expression vector encoding rabphilin3A with a single point-mutation in-the putative CaMK II phosphorylation site (pCMV855) substituting serine 274to alanine was constructed
similarly with two internal oligonucleotides E and F (sequences: TGGTCTAGAGGCCTGGACTGCGTTAGCTCGCCT
and GCCTCTAGACCAGCTCCAGCCTCCATG).
exceot that the first PCR nroducts were
cut with XbaI before ligation and performing PCR again. The double
mutant (pCMV85-6) (serine 234to alanine, serine274 to alanine) was constructed by introducing the CaMK II phosphorylation site mutation as
described above into the vector encoding rabphilin-3A with the PKAsite mutation. Expression vectors were transfected into COS cells using
the DEAE-Dextran method as described (Gorman, 1985).
Construction of bacterial vectors encoding GST-fusion proteins and
expression and puriJcation of recombinant proteins. Eleven bacterial
expression vectors were constructed for this study using standard recombinant DNA techniques (Sambrook et al., 1989) by subcloning
cDNA fragments into the vector pGEX-KG (Guan and Dixon, 1991).
The following GST-rabphilin-3A
fusion proteins were encoded by the
following vectors (vector names and encoded residue numbers of rat
rabphilin-3A shown in brackets): GST-RaphA (pGEX85-6, l-181), constructed by PCR amplification of the corresponding coding region using
oligonucleotides A (see above) and G (sequence: GGGGTCGACTACGGCTCACCAGCAGGC)
and cloning the PCR product cut with
XbaI-Sal1 into the same sites of pGEX-KG; GST-RaphB (pGEX85-3,
67-226), obtained by subcloning 0.48 kb NcoI fragment of rat rabphil-
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in-3A cDNA into NcoI site of pGEX-KG; GST-RaphC (pGEX85-11;
199-361) constructed by subcloning 0.48 kb XhoI-Sal1 fragment of
pGEX85-4 (see below) into Sal1 site of pGEX-KG;
GST-RaphD
(pGEX85-13; 250-361), constructed by subcloning 0.33 kb NcoI-Sal1
fragment of pGEX85-4 (see below) into NcoI-Sal1 sites of pGEX-KG;
GST-RaphE (pGEX85-8, 38s684), constructed by PCR amplification
of the corresponding coding region using oligonucleotides H (sequence:
CGCGCTAGCAACCACACTGGGTG)
and B (see above), and cloning
the PCR product cut with NheI-Sal1 into the XbaI-Sal1 sites of pGEXKG; GST-RaphF (pGEX85-7, 380-531), constructed by PCR amplification of the corresponding coding region using oligonucleotides H
and I (sequence: GGGGTCGACTACTGCTCCTCCTCATAGAG),
and
cloning the PCR product cut with NheI-Sal1 into the XbaI-Sal1 sites of
pGEX-KG; GST-RaphG (pGEX85-5, 524-684), constructed by PCR
amplification of the corresponding coding region using oligonucleotides
J (sequence: GCGTCTAGACATGGCTCTCTATGAGGA)
and B (see
above), and cloning the PCR product cut with XbaI-Sal1 into the same
sites of pGEX-KG; GST-RaphH (pGEX85-4, l-361), constructed by
PCR amplification of the corresponding coding region using oligonucleotides A and K (sequence: GGGGTCGACTACTGGCGGGCAGGGGCCG), and cloning the PCR product cut with XbaI-Sal1 into the same
sites of pGEX-KG; GST-RaphI (pGEX85-12, l-361 with a serinez34 to
alanine point mutation), constructed by two-stage PCR analogously to
pCMV85-3 and pGEX85-4, as described above; GST-RaphJ (pGEX8515, l-361 with two point mutations: serine234 to alanine, and serine274
to alanine), constructed by two-stage PCR with pGEX85-12 as template
analogously to pCMV85-6 and pGEX85-4 as described above; GSTRaphK (pGEX85-14, l-361 with point mutations of serine2” to alanine), constructed by two-stage PCR with pGEX85-4 as template as
described above for pCMV85-5 and pGEX85-4, the protein produced
by this plasmid in different strains of bacteria was unstable and could
not be obtained in sufficient quantities for experiments. Recombinant
GST-proteins were expressed in bacteria and purified on glutathioneagarose (Sigma) as described (Smith and Johnson, 1988).
Protein assays, SDS-PAGE, and protein stains. Protein assays were
carried out using a Coomassie-blue based assay (Bio-Rad; Bradford,
1976). SDS-PAGE was performed as described (Laemmli, 1970). Gels
were either stained with Coomassie blue or transferred to nitrocellulose
filter and stained with Ponceau S (Sigma).
Antibodies, immunoblotting, and immunoprecipitations.
Previously
described polyclonal antibodies against rabphilin (Li et al., 1994) were
used in immunoblotting experiments as described (Johnston et al.,
1989). For immunoprec~pita~ons, two to four rat brains were homogenized in 15-30 ml 10 mM HEPES-NaOH DH 7.4. 0.25 M NaCl. 2 mu
EDTA in the presence of protease inhibitors (PMSE leupeptin, and pepstatin). Triton X-100 was added to 1% (v/v), the homogenate was rotated at 4°C for 20 min, and subjected to consecutive low and high
speed centrifugations (10 min at 20,000 X g and 30 min at 100,000 X
g) to obtain a protein fraction containing total rat brain solubilized proteins. Antisera (I734 rabphilin3A
immune or preimmune sera) were
added to this fraction at a final concentration of 1% (v/v), incubated
overnight at 4°C and precipitated by incubation with protein G-Sepharose (Pharmacia) for 90 min. Protein G-Sepharose with bound proteins were recovered by centrifugation (2 min at 1000 X g), washed
twice in 5 mM HEPES-NaOH pH 7.4, 125 mrvr NaCl, 0.5% Triton
X-100, and once in 10 mrvr HEPES-NaOH pH 7.4, 150 mrvr NaCl, and
resuspended in the same buffer. Immunoprecipitations of rabphilins expressed by transfection in COS cells were performed similarly except
that the transfected COS cells were directly homogenized in Triton
X-100 containing buffer and incubated with the antibody only for 2 hr
to prevent degradation by the more abundant protease in COS cell homogenates. The immunoprecipitates of rabphilin-3A bound to antibodies on protein G-Sepharose were directly used for phosphorylation experiments.
Phosphorylation experiments. Phosphorylation reactions were carried
out with rat brain cytosol to first screen for Ca2+- and cyclic nucleotidestimulated phosphorylation events, and purified kinases to positively
identify the enzymes that phosphorylate rabphilin-3A. Crude rat brain
cytosol was prepared fresh for each experiment by lysing crude syn-

t
Samples were analyzed by SDS-PAGE and autoradiography [exposure times (all at -70°C with screen): top and second panel, 90 min; third panel,
25 min]. The bottom panel depicts a protein stain of an SDS-gel of the samples used for the phosphorylations to demonstrate protein purity.
Numbers on the right indicate positions of molecular weight markers.
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Figure 5. Identification of the phosphorylation sites for PKA and CaMK II in recombinant rabphilin-GST fusion proteins. A, Phosphorylation of
wild-type and mutant rabphilin-GST fusion-proteins by endogenous kinases in rat brain cytosol. A GST-rabphilin protein containing the N-terminal
half of rabphilin-3A including the phosphorylation sites for PKA and for CaMK II as mapped above (Fig. 4) was analyzed either in wild-type form
(GST-RaphH, Fig. 3) or with amino acid substitutions at serine *B (the putative PKA-site; GST-RaphI) or at serine234 and at serine*74 (the putative
CaMK II site; GST-RaphI). Recombinant proteins containing only a mutation in the CaMK II site were unstable and not used. Phosphorylations
were carried out in the presence of rat brain cytosol either without additions or after addition of CAMP or of Ca*+. The top panel shows an
autoradiogram (exposure: 2 hr at -70°C with screen) and the bottom panel a protein stain with Ponceau S of the same blot to document that all
lanes received identical amounts of the proteins. & Wild-type and phosphorylation-site mutant rabphilin-GST fusion-proteins described in A were
phosphorylated with purified proiein kinases to confirm the identity of the protein kinases phosphorylating rabphilin-3A, and analyzed as described
for A. Numbers on the right indicate positions of molecular weight markers.
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Figure 6. Phosphoamino acid analysis of the rabphilin-GST fusion protein
phosphorylated by rat brain protein kinases or by PKA. GST-RaphH (Fig. 3)
phosphorylated by endogenous protein
kinases in rat brain cytosol in the presence or absence of the indicated activators and by PKA (right lane) was
studied by acid hydrolysis and phosphoamino acid analysis. The migration
positions of inorganic phosphate (Pi)
and of phosphoamino acid standards as
well as the position of the origin are
shown on the right. The arrow points
to phosphopeptides. Similar analyses
with identical results were performed
with phosphorylated rabphilin-3A isolated by immunoprecipitation (data not
shown). Autoradiogram was exposed
for 30 hr with screen at -70°C.
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by SDS-PAGE and Coomassie-blue staining) bound to protein G-Sepharose with antibodies was phosphorylated in a reaction (50 ~1) con-
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Figure 7. Phosphorylation of wild-type rabphilin-3A and rabphilin-3A with point mutations in putative phosphorylation sites expressed by transfection in COS cells. COS cells were transfected with vectors encoding wild-type rat rabphilin-3A (pCMV85-4), rabphilin- 3A in which serine234
was substituted for alanine (pCMV85-3), rabphilin-3A in which serine274 was substituted for alanine (pCMV85-5), and rabphilin-3A with both point
mutations (pCMV85-6). Rabphilin-3A was immunoprecipitated from the cytosol of the transfected COS cells and phosphorylated by adding y3*PATP, Ca2+, and purified protein kinases as indicated. As a control, COS cells transfected with wild-type rabphilin-3A expression vector were
immunoprecipitated with preimmune serum but otherwise analyzed as the other immunoprecipitates (I& lanes labeled “Ctrl.“). Samples were
analyzed by SDS-PAGE and autoradiography [top panel; exposure at -70°C with screen for 8 hr (left half) or for 13 hr (right half)] or immunoblot
with a rubphilin-3A antibody (bottom panel) to ensure comparable levels of recombinant rabphilin-3A for the different mutants. All rabphilin-3A
immunoblots of transfected material show a doublet except for pCMV85-5. This doublet does not correlate with phosphorylation and is currently
unexplained.
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and washed twice in this buffer and once in phosphate-buffered saline
before analysis of bound proteins by SDS-PAGE followed by blotting
onto nitrocellulose membrane and autoradiography. Phosphorylation of
itnmunoprecipitated rabphilin-3A from rat brain or from transfected
COS cells by the catalytic subunit of PKA was performed in an identical
manner as described above except that the PKA catalytic subunit was
added instead of the rat brain cytosol. For the phosphorylations by
purified CaMK II, incubations contained 10 mM MgCl,, 10 mu Dn,
2.5 pg calmodulin, and 2.5 ng purified CaMK II in addition to or instead of the components listed above, and either 1 mM EGTA (control)
or 1 mu Ca*+, 0.1 mM EGTA (test) to stimulate the kinase. All phosphorylation experiments utilizing recombinant bacterial proteins expressed as GST-fusion proteins were performed analogously to those
described for immunoprecipitated rabphilin-3As except that fusion proteins bound to glutathione-agarose beads were used as substrates for the
phosphorylation reactions instead of immunoprecipitated rabphilin-3A
bound to protein G-Sepharose via antibodies. All phosphorylation reactions were started by the addition of protein kinase.
Phosphoamino acid analysis was performed by blotting phosphorylated proteins separated by SDS-PAGE onto polyvinylidene difluoride
membranes, cutting out the appropriate band, and hydrolyzing the protein in 5.7 M HCl at 110°C for 90 min. The hydrolysate was lyophilized,
resuspended in pyridine:acetic acid:water (5:50:945), spotted onto cellulose membrane sheets (Kodak) together with phosphoamino acid standards (Sigma), and analyzed by electrophoresis (1 hr at 950 V) followed
by autoradiography. Location of standards was identified by ninhydrin
treatment.

Results
In order to study the phosphorylation
of synaptic proteins implicated in regulating synaptic vesicle traffic, we isolated candidate proteins by immunoprecipitation,
mixed them with rat
brain cytosol as a protein kinase source, and studied their phosphorylation as a function of cyclic nucleotides and Ca*+. Using
this approach, we observed a dramatic increase in the phosphorylation of rabphilin-3A
as a function of cyclic nucleotides
and of Ca*+ (Fig. 1). Immunoprecipitates
obtained with preimmune serum as a control exhibited no phosphorylated
band at
the molecular weight of rabphilin-3A.
CAMP, cGMP, and Ca2+
triggered phosphorylation
of rabphilin-3A,
suggesting that it is
a substrate for CAMP- and cGMP-dependent
protein kinases and
for a Ca*+-stimulated
kinase. Ca2+-stimulated
phosphorylation
of rabphilin-3A
is approximately
twice as effective as that triggered by cyclic nucleotides. Addition of Y~~P-ATP to immunoprecipitated rabphilin-3A
without cytosol also caused rabphilin3A phosphorylation.
However, this background phosphorylation
was variable between experiments (compare the second lane in
Fig. 1 with third lane in Fig. 2), and recombinant rabphilin-3A
showed no phosphorylation
in the absence of added kinases
(data not shown, see below), suggesting that rabphilin-3A
does

not autophosphorylate
but that an unidentified protein kinase can
coimmunoprecipitate
with rabphilin-3A.
To determine which protein kinases are responsible for the
CAMP- and Ca*+-stimulated
phosphorylation
of rabphilin-3A,
we incubated immunoprecipitated
rabphilin-3A
with the catalytic subunit of PKA and with purified CaMK II (Fig. 2). Both
phosphorylated
rabphilin-3A,
with Ca’+-dependent
CaMK II
phosphorylation,
again exceeding PKA phosphorylation.
Thus,
rabphilin-3A
is a likely target for both PKA and CaMK II.
Rabphilin-3A
has a distinct domain structure with three overall regions: an N-terminal sequence that binds rab3A, an intermediate region of undetermined
function, and a C-terminal region with two C,-domains that probably mediate Ca*+/phospholipid binding (Yamaguchi et al., 1993; Li et al., 1994). To localize the phosphorylation
sites for PKA and for CaMK II in
the structure of rabphilin-3A,
we constructed a series of recombinant glutathione S-transferase (GST) fusion proteins with rabphilin-3A
that cover rabphilin-3A
(Fig. 3). These proteins were
expressed in bacteria, purified, and used in phosphorylation
reactions with rat brain cytosol in the presence and absence of
CAMP and Ca*+ as activators (Fig. 4). Low levels of phosphorylation were observed with two of the seven GST-rabphilin
fusion proteins (GST-RaphC
and D) in the absence of CAMP or
Ca2+. Upon addition of CAMP, only GST-RaphC was strongly
phosphorylated,
whereas addition of Ca2+ stimulated phosphorylation of GST-RaphC and GST-RaphD (Fig. 4). Ca*+ also stimulated weak phosphorylation
of GST-RaphE.
The rabphilin-3A
sequences expressed in GST-RaphC
and
GST-RaphD
are from the middle region of rabphilin-3A,
with
GST-RaphD containing the C-terminal half of the rabphilin-3A
insert of GST-RaphC (Fig. 3). The selective phosphorylation
of
GST-RaphC
and GST-RaphD
by CAMP- and Ca*+-stimulated
protein kinases in rat brain localizes the major phosphorylation
sites in rabphilin-3A
to the middle region of rabphilin-3A,
suggesting that this middle region represents a regulatory domain.
The fact that CAMP stimulates phosphorylation
of GST-RaphC
but not of GST-RaphD suggests that the CAMP-dependent
phosphorylation
site of rabphilin-3A
is localized to the N-terminal
part of the rabphilin insert in GST-RaphC. Conversely, efficient
Ca2+-stimulated phosphorylation
of both GST-RaphC and GSTRaphD indicates that the Ca Z+-dependent phosphorylation
site
of rabphilin-3A
is localized in the C-terminal half of the GSTRaphC insert.
We, therefore, analyzed the sequences of rat and bovine rabphilin-3A,
in particular, its middle region, for PKA and CaMK
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a target for PKA and for background phosphorylation,and serine274as a target for a Ca2+-stimulatedkinase, possibly CaMK
sequences
II. To test this hypothesisdirectly, the samewild-type and mutant GST-rabphilin proteins were phosphorylatedwith purified
protein kinases,with the resultsconfirming the assignments
(Fig.
CAMP-dependent
proteinkinase
5B).
R-R-x-S/T-x
Optimalconsensus
sequence’,*
The experimentswith recombinantGST-rabphilin fusion proR-R-L-S-D
Synapsin1”(6-10)
teins suggestthat serine234
and serine274
representthe phosphorR-R-L-S-D
SynapsinII’ (7-l 1)
ylation
sites
for
PKA
and
CaMK
II,
respectively,
in rabphilinRabphilin-3A4,6
(231-235)
R-R-A-%-E
3A.
To
provide
further
evidence
for
this
conclusion,
we perkinase
II
Ca2+/calmodulin-dependent
protein
formed phosphoaminoacid analyseson phosphorylatedrabphilR-x-x-S/T-x
Optimalconsensus
sequence2,5
ins. The phosphoamino acid analyses were conducted on
R-Q-AX
SynapsinI3 (site 1) (563-567)
immunoprecipitated rabphilin-3A as well as on recombinant
R-Q-A-S-Q
SynapsinIs (site2) (600-604)
GST-rabphilin fusion proteins phosphorylated either with rat
R-A-N-S-V
Rabphilin-3A4,6
(271-275)
brain cytosol as a source of protein kinasesor with purified
Sequences
areshown in single-letter
aminoacid code, withthe phosphorylated
protein kinase A. A representativeexperiment is shownin Figamino acid shown in boldface and underlined. Residue numbers arc given after
the sequences, with the residue numbers referring to the rat proteins. All of
ure 6, revealing that under different stimulation conditions and
the rabphilin-3A
phosphorylation
sites are conserved between bovine and rat
with rat brain cytosol as a protein kinasesource,phosphoserine
rabphilin-3A.
is the only phosphoaminoacid observed.
’ Kemp et al. (1977).
Our experiment suggeststhat rabphilin-3A contains phos* Kennelly and Krebs (1991).
phorylation sites for PKA and CaMK II that are localized to
7 Siidhof et al. (1989).
4 Shirataki et al. (1993).
serine234
and serine274.
However, the localization of thesephos5 Hanson and Schulman (1992).
phorylation sites was achieved with recombinantbacterial pro6 Li et al. (1994).
teins incorporating only parts of rabphilin-3A, and the question
arisesif thesephosphorylation sitesare alsousedin native, fulllength rabphilin, and if they are the only phosphorylation sites
II phosphorylationconsensussites(Kennelly and Krebs, 1991).
in rabphilin-3A for thesekinases.To addressthesequestions,we
A perfect match with PKA phosphorylation site consensusseconstructedeukaryotic expressionvectors that encodewild-type
quenceswasfound at position 234 for rat rabphilin-3A, and with
and mutant rabphilins.Four vectors were made:a wild-type rabCaMK II phosphorylation site consensussequencesat position
philin-3A vector (pCMV85-4), vectors encoding mutant rab274 of rat rabphilin-3A (Table 1). The sequencesof these sites philin-3As with serine to alanine substitutions at serine234
are similar to the sitesfor theseenzymes observedin synapsins (pCMV85-3) or at serine274
(pCMV85-5), or a vector encoding
(Siidhof et al., 1989) and are completely conservedbetween rat
double mutant rabphilin-3A with both amino acid substitutions
and bovine rabphilin-3A (Shirataki et al., 1993; Li et al., 1994).
(pCMV85-6). The vectors were transfectedinto COS cells and
Their location correspondsexactly to the phosphorylation patthe expressedrabphilin-3A was immunoprecipitatedand phostern with CAMP- and Ca2+-stimulatedprotein kinasesobserved
phorylated by addition of purified protein kinases(Fig. 7).
with the pGEX-Raph proteins (Fig. 4), indicating that they may
The resultsdemonstratethat the singleaminoacid substitution
be used.
of serine2”4
to alaninecompletely abolishesPKA-mediatedphosTo test if the phosphorylation sitesidentified by the sequence phorylation of rabphilin-3A, demonstratingthat this is the major
analysis are actually the sites used by CaMK II and PKA in
site in rabphilin-3A recognized by PKA. CaMK II phosphoryrabphilin-3A, we mutated thesesites in a GST-rabphilin fusion
lation is diminishedbut not abolishedby this mutation and even
protein containing the entire N-terminal half of rabphilin-3A
more strongly affected by the substitutionof serine274
to alanine.
(GST-RaphH, Fig. 3). Both putative phosphorylation siteswere
However, only in the double mutant with both serinesubstitumutatedindividually by changingserineto alanine,and a double
tions is it almost completely abolished(Fig. 7). Thus, serine234
mutant containing both amino acid substitutionswas also conrepresentthe primary phosphorylation site for PKA, and both
structed.Expressionof the recombinantproteins revealed instaserine234
and serine274
constitutephosphorylationsitesfor CaMK
bility of the protein with the singlepoint mutation in the putative
II, with serine274
being the major site for CaMK II.
CaMK II site, but the double mutant protein containing point
mutationsin both CaMK II and PKA sites and the mutant proDiscussion
tein with a single mutation in the putative PKA site were stable
Synaptic transmissionis highly regulated.One of the fundamenand could be analyzed (GST-RaphI and J, respectively).
tal questionsin understanding synaptic transmissionis what
The purified GST-rabphilin proteinswere mixed with rat brain
mechanismsmediatedifferent types of regulation. Protein phoscytosol, and phosphorylation was analyzed as a function of acphorylation probably plays a major role in modulatinga variety
tivation by CAMP and Ca*+ (Fig. 5A). In the absenceof actiof aspectsof neurotransmission,including neurotransmitterrevators, cytosol mediated a low degree of phosphorylation of
leaseby synaptic vesicle exocytosis. However, the mechanisms
wild-type rabphilin-3A but not of either mutant. CAMP stimuby which protein kinasemight regulateneurotransmitterrelease
lated phosphorylation of wild-type protein but not of the two
are largely unknown. As a first step towards defining potential
mutants,both of which carry the mutation in the putative PKA
regulatory targetsfor protein kinasesin the nerve terminal, we
site. Stimulation by Ca2+causeddramatically increasedphoshave studiedthe in vitro phosphorylationof rabphilin-3A. In an
phorylation of the wild-type protein and of the mutant protein
initial screenof synaptic protein kinasesubstrates,rabphilin-3A
with a single point mutation in the putative PKA site but not of
was identified as a major substratefor several protein kinases.
the double mutant. Theseresults suggestthat serine234
servesas
Table 1. Comparison of pbospborrlation
rabpbilin-3A
with those of tbeSsy&psins

site sequences of
and of optimal consensus
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et al. * Phosphorylation

of Rabphilin-3A

Two protein kinases that phosphorylate
rabphilin-3A
and the
sites in rabphilin-3A
that they phosphorylate
were identified.
The structure of rabphilin-3A
predicts the presence of three
major regions, of which the N- and C-terminal
domains have
functions in mediating rab3A binding and Ca2+/phospholipid
binding, respectively. However, the function of the middle region, the least conserved of the three regions of rabphilin-3A
(Li et al., 1994) is unclear. As indicated in the domain model
shown in Figure 8, our studies now reveal that this middle region
of rabphilin-3A
contains phosphorylation
sites for PKA and
CaMK II, suggesting that it may act as a regulatory domain.
Rabphilin-3A
has several properties in common with synaptotagmin: both proteins are synaptic vesicle Ca2+-binding
proteins with C-terminal
Ca2+-binding
domains and N-terminal
membrane attachment sequences. Furthermore, synaptotagmin is
also a phosphoprotein
with phosphorylation
sites N-terminal to
the Ca2+-binding domains. In spite of these similarities illustrated in Figure 8, there are obvious differences: synaptotagmin
is
an intrinsic membrane protein, whereas rabphilin-3A
is only
loosely attached to membranes, probably via rab3A, and synaptotagmin is only phosphorylated
by casein kinase II, whereas
rabphilin-3A
is phosphorylated
by at least two kinases, PKA and
CaMK II, and may also be phosphorylated
by cGMP-dependent
protein kinases and other Ca 2+-dependent protein kinases.
Our studies were restricted to phosphorylation
of rabphilin3A in vitro. It is unknown if rabphilin-3A
is also phosphorylated
in vivo but the sites defined in the current study ideally conform
to the consensus phosphorylation
sites used by these kinases in
vivo (Table 1). Rabphilin-3A
appears to be an excellent substrate
for these kinases in vitro, suggesting that rabphilin-3A
probably
also is a substrate for these kinase in vivo, although this will
have to be investigated in future experiments.
The phosphorylation
of rabphilin-3A
by two different protein
kinases at closely linked sites is intriguing.
The biochemical
properties of rabphilin-3A
are suggestive of a regulatory role in
neurotransmission
(Yamaguchi et al., 1993; Geppert et al., 1994;
Li et al., 1994). As a Ca2+ binding protein localized to synaptic
vesicles, rabphilin-3A
may participate in a Ca2+-regulated aspect
of synaptic vesicle function. Indeed, experiments with mice deficient in rab3A demonstrated that in synapses lacking rab3A
and rab3C (which may be redundant with rab3A at some synapses but is not present at most synapses), rabphilin-3A
is not
transported to synapses. Physiological
measurements on such
synapses revealed a potential defect in synaptic vesicle recycling, suggesting a possible role for rabphilin-3A
in a Ca*+dependent step in synaptic vesicle recycling (Geppert et al.,
1994). The regulation of such an activity by protein phosphorylation would be an attractive mechanism to modulate synaptic
vesicle exocytosis as a function of Ca*+ in nerve terminals.
The phosphorylation
of rabphilin-3A
by multiple protein kinases is reminiscent of that of synapsin I which is also a peripheral membrane protein of synaptic vesicles that is a substrate
for PKA and CaMK II (reviewed in Greengard et al., 1993; Jahn
and Stidhof, 1994). Currently rabphilin-3A
and synapsin I are
the only characterized major synaptic CaMK II and PKA substrates. Both are abundant synaptic proteins, suggesting a potential regulatory role for phosphorylation
in the synaptic vesicle
pathway. Cah4K II has demonstrated
major effects on neurotransmitter release (Llinas et al., 1991) that, based on the genetics, are clearly not mediated by synapsin I (Rosahl et al.,
1993). PKA also has been implicated in several synaptic regulatory processes (Frey et al., 1993; Chavez-Noriega
and Stevens,

1994). Our results suggest that rabphilin-3A
may be one of the
targets by which the regulatory effects of CaMK II and PKA
could be mediated. This will have to be addressed in future
experiments using mice lacking rab3A (which exhibit a major
decrease in rabphilin-3A
levels in most synapses but not a complete loss of rabphilin-3A;
Geppert et al., 1994; Li et al., 1994)
and mice that are completely deficient in rabphilin-3A.
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