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CAPS (Ca2�-dependent activator protein for secretion) func-
tions in primingCa2�-dependent vesicle exocytosis, but the reg-
ulation of CAPS activity has not been characterized. Here we
show that phosphorylation byprotein kinaseCK2 is required for
CAPS activity. Dephosphorylation eliminated CAPS activity in
reconstituting Ca2�-dependent vesicle exocytosis in permeable
and intact PC12 cells. Ser-5, -6, and -7 and Ser-1281 were iden-
tified by mass spectrometry as the major phosphorylation sites
in the 1289 residue protein. Ser-5, -6, and -7 but not Ser-1281 to
Ala substitutions abolished CAPS activity. Protein kinase CK2
phosphorylated CAPS in vitro at these sites and restored the
activity of dephosphorylated CAPS. CK2 is the likely in vivo
CAPS protein kinase based on inhibition of phosphorylation by
tetrabromo-2-benzotriazole in PC12 cells and by the identity of
in vivo and in vitro phosphorylation sites. CAPS phosphoryla-
tion by CK2 was constitutive, but the elevation of Ca2� in syn-
aptosomes increased CAPS Ser-5 and -6 dephosphorylation,
which terminates CAPS activity. These results identify a func-
tionally important N-terminal phosphorylation site that regu-
lates CAPS activity in priming vesicle exocytosis.

Regulated neurotransmitter secretion is central to intercel-
lular communication in the nervous system. Two types of
secretory vesicles mediate neurotransmitter release; that is,
synaptic vesicles that release transmitters such as glutamate at
synapses anddense-core vesicles that releasemodulatory trans-
mitters and neuropeptides at non-synaptic sites. Both types of
secretory vesicles are recruited to docking sites on the plasma
membrane where they are primed to a ready release state to
undergo fusion in response to Ca2� elevations. Many of the
proteins that mediate the targeting, docking, priming, and
Ca2�-dependent fusion of vesicles with the plasma membrane
function in both synaptic vesicle and dense-core vesicle path-
ways (1). CAPS-12 (also known as Cadps1) is a 1289-residue
protein that reconstitutes Ca2�-triggered dense-core vesicle
exocytosis in permeable neuroendocrine cells at a priming step
(2–4). CAPS is required for secretion of a subset of transmitters

in Caenorhabditis elegans (5) and Drosophila melanogaster (6)
and for priming dense-core vesicle exocytosis in neuroendo-
crine cells (7) and synaptic vesicle exocytosis in neurons (8).
Vesicle priming reactions are extensively modulated during
physiological demand (9), but mechanisms that regulate CAPS
function remain to be identified.
Reversible protein phosphorylation is amajormechanism for

the regulation of cellular processes including vesicle exocytosis.
Many proteins that function in evoked vesicle exocytosis are
phosphoproteins (10, 11). The neuronal SNARE proteins syn-
taxin 1A, VAMP-2, and SNAP-25 are phosphorylated by sev-
eral protein kinases in vitro (12–14). Protein kinase C and pro-
tein kinase A sites on SNAP-25 affect refilling rates and size,
respectively, of the primed pool of vesicles in chromaffin cells
(15, 16). Several SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor)-binding proteins such as
munc18, RIM1, and rabphilin undergo regulated phosphoryla-
tion, but it is not known whether phosphorylation affects func-
tion (10, 11, 17).
Because the function of CAPS at a priming step in vesicle

exocytosis may be regulated, we determined whether CAPS is
phosphorylated. We show that CAPS is a phosphoprotein with
functionally essential N-terminal phosphorylated Ser residues.
Ser-5, -6, and -7 in CAPS were substrates for protein kinase
CK2 in vitro and in vivo as well as for a Ca2�-dependent
dephosphorylationmechanism. The results indicate that phos-
phorylation by protein kinase CK2 is necessary for CAPS activ-
ity in priming vesicle exocytosis and that regulated dephospho-
rylation may constitute a mechanism for terminating CAPS
activity.

EXPERIMENTAL PROCEDURES

Cell Labeling, Transfection, and Immunoprecipitation—
PC12 cells and COS-1 cells were cultured and transfected by
electroporation (18, 19). Cells were incubated in phosphate-
free Dulbecco’s modified Eagle’s medium (Sigma) for 30 min
and labeled with 1 mCi of [32P]orthophosphate (GE Health-
care) for 1 h. For CK2 inhibition, 60 �M 4,5,6,7-tetrabromo-
benzotriazole (Calbiochem) was added to the labelingmedium.
Cell lysates were prepared in radioimmune precipitation assay
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1mM EDTA, 0.25% fish gelatin, 0.1% SDS, 50mMNaF, 1
mM Na4O7P2) with a protease inhibitor mixture (Roche
Applied Science) and incubatedwithCAPSpolyclonal antibody
for 1 h at 4 °C andwith proteinA-Sepharose Fast Flow beads for
an additional 2 h. Beads were washed with radioimmune pre-
cipitation assay buffer and water before boiling in sample
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buffer. CAPS was detected by Western blotting with a CAPS
pleckstrin homology (PH) domain polyclonal antibody, and
32P incorporation was detected by autoradiography. Signals
were quantified by densitometry using ImageQuant (GE
Healthcare).
Synaptosomes were prepared and stimulated as described

previously (20). Mouse brains from animals older than P21
were homogenized in 0.32 M sucrose, 5 mM Hepes-NaOH, pH
7.4, 0.1 mM EDTAwith a glass Teflon homogenizer at 900 rpm,
homogenates were centrifuged at 900 � g for 10 min, and the
supernatant was centrifuged at 14,400 � g for 20min. The syn-
aptosome pellet was resuspended in freshly aerated KHH
(Krebs-Henseleit-Hepes) buffer (118mMNaCl, 3.5mMKCl, 1.2
mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3,
10 mM Hepes-NaOH, pH 7.4, 11.5 mM glucose) or high K�

KHH buffer (same as KHH but with 94 mM NaCl, 50 mM KCl)
and incubated at 37 °C. Incubationswere terminated by centrif-
ugation at 735� g for 20min, and the pellet was resuspended in
hypotonic lysis buffer (20mMHepes, pH 7.4, 10mMNa4P2O7, 1
mM EDTA, 1 mM EGTA, 50 mM NaF, 1� protease inhibitor
mixture) and centrifuged at 200,000 � g for 1 h. Supernatants
were analyzed byWestern blotting with phosphospecific CAPS
antibody and with CAPS PH domain antibody.
Site-directed Mutagenesis of CAPS—To mutagenize Ser-5,

-6, and/or -7 to Ala in full-length CAPS cDNA, a fragment
containing nucleotides 1–1222 of the coding sequence was
excised from pCMVCAPSmyc6xHis (19) using XhoI and SacI
sites and cloned into pBluescript II KS� vector (Fermentas)
using the same restriction sites. Site-directed mutagenesis was
performed on the pBluescript II KS� CAPS XhoI-SacI con-
struct, and the mutations were confirmed by sequencing. The
fragment of CAPS flanked by XhoI and AflII sites was placed
back into the corresponding site of pCMVCAPSmyc6xHis in
place of the wild-type fragment. To mutagenize Ser-1281 to
Ala, a fragment containing nucleotides 2326–3868 of the cod-
ing sequence was excised from pCMVCAPS-myc6xHis using
Eco47III and EcoRI sites and cloned into pBluescript II KS�
vector using SmaI and EcoRI sites. The construct pBluescript II
KS� CAPS Eco47III-EcoRI was used as a template in site-di-
rected mutagenesis, and the fragment of CAPS flanked by
Eco47III and EcoRI with the mutation was placed back into the
corresponding site of pCMVCAPSmyc6xHis as above.
Protein and Antibody Preparation—The C-terminal Myc-

His6-tagged CAPS proteins used for in vitro dephosphorylation
and phosphorylation and mass spectroscopy were expressed in
Sf9 insect cells and purified as described (3). The C-terminal
Myc-His6-taggedwild-type andmutantCAPSproteins used for
secretion assays were purified from transfected COS-1 cell
lysates by nickel-nitrilotriacetic acid chromatography. Circular
dichroism was performed using the Aviv 62A DS Circular
Dichroism Spectrometer (Aviv Associates). Proteins at 1.2 �M

were scanned at 25 °C in 20 mM phosphate buffer, pH 7.4. Par-
tial proteinase K digestion was conducted by incubation for 1 h
at 25 °C at a CAPS:enzyme mass ratio of 100:1. Reactions were
terminated by adding 1 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride plus 20 mM phenylmethylsulfonyl fluoride, and sam-
ples were analyzed by 13.5% SDS-PAGE and stained with Coo-
massie Brilliant Blue.

To dephosphorylate Myc-His6-tagged CAPS, the protein
was incubated with � protein phosphatase (New England
Biolabs) in 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM

dithiothreitol, 1 mM MnCl2 for 1 h at 30 °C and purified
on nickel-nitrilotriacetic acid-agarose. To phosphorylate
CAPS, the dephosphorylated protein was incubated with
CK1, CK2, glycogen synthase kinase 3 (New England Bio-
labs), Ca2�/calmodulin-dependent protein kinase II, protein
kinase A (Sigma), or protein kinase C (Calbiochem) in the
manufacturers’ suggested buffer plus 200 �M ATP and final
specific activity of 500 �Ci/�mol [32P]ATP (GE Healthcare)
for 1 h at 30 °C. Proteins were analyzed on 7.5% SDS-PAGE
gels, and gels were exposed to a Storage Phosphor Screen
(GE Healthcare). 32P autoradiographic signals were pro-
cessed on a Typhoon 9410 (GE Healthcare), and densitome-
try was conducted using ImageQuant.
A rabbit antibody was generated against a 20-mer peptide

comprising amino acids 1–19 of CAPS with phospho-Ser at
positions 5 and 6 and a C-terminal Cys residue for conjugation
to KLH (MLDPpSpSSEEESDEILEEESC, pS is phosphoserine).
Phosphopeptides and cognate unphosphorylated peptideswere
synthesized at the University ofWisconsin Biotechnology Cen-
ter (Madison, WI), and antisera were generated by Harlan
(Madison,WI). Rabbit serumwas purified on protein A-Sepha-
rose Fast Flow (Sigma) and applied to a SulfoLink coupling gel
(Pierce) affinity column saturated with the non-phosphoryla-
ted CAPS-(1–19) peptide. The flow-through was applied to a
SulfoLink coupling gel affinity column saturated with CAPS-
(1–19) phosphopeptide. The phosphospecific antibody was
eluted with 100 mM glycine, pH 3.0, neutralized with 1 M Tris-
HCl, pH 8.0, and dialyzed against phosphate-buffered saline.
Permeable PC12 Cell Secretion Assays—Two permeable cell

assays were used to detect Ca2�-dependent vesicle exocytosis.
These assays effectively measure the priming activity of CAPS
(4). To assay for the Ca2�-triggered release of [3H]norepineph-
rine, PC12 cells were labeled with 0.5 �Ci/ml [3H]norepineph-
rine (GE Healthcare) plus 0.5 mM sodium ascorbate for 16 h at
37 °C andpermeabilized by passage through a ball homogenizer
(18). The permeable cells were preincubated with 1 mg/ml rat
brain cytosol plus 2mMMgATP and washed. [3H]Norepineph-
rine release was determined by incubating permeable cells with
CAPS plus 10�MCa2� for 3min at 30 °C. In a second assay, the
Ca2�-triggered release of norepinephrine was measured by
rotating disc electrode voltammetry as described previously (4).
PC12 cells were incubated with 1.5 mM norepinephrine and 0.5
mM sodium ascorbate for 16 h at 37 °C and subsequently pro-
cessed as in the first assay. Ca2� plus CAPS-triggered norepi-
nephrine release was measured at 35 °C as norepinephrine oxi-
dized at the surface of the rotating disc electrode.
CAPS Down-regulation and Rescue—CAPS was down-regu-

lated in PC12 cells by transfection with a pSHAG plasmid (21)
containing a hairpin sequence targeted to nucleotides 3839–
3866 of CAPS mRNA. Rescue constructs were generated in a
pcDNA3.1 CAPS plasmid by introducing four silent mutations
into the target sequence. Constructs were subcloned into tag
red fluorescent protein-containing plasmids to monitor suc-
cessful re-expression of CAPS by fluorescence. Studies of
evoked dense-core vesicle exocytosis were conducted in PC12
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cells expressing brain-derived neurotrophic factor-enhanced
green fluorescent protein by total internal reflection fluores-
cence microscopy as previously described (22).
Mass Spectrometry—CAPSpeptides resulting from complete

tryptic digestion were subjected to Ga(III)-immobilized metal
affinity chromatography (23) to enrich for phosphopeptides.
Phosphopeptides were incubated for 15 min at 37 °C with
or without alkaline phosphatase (Calbiochem) (24). For
phosphopeptide enrichment of native dephosphorylated
and re-phosphorylated CAPS tryptic peptides, a Ga(III)-based
phosphopeptide isolation kit (Pierce) was used as per the man-
ufacturer’s instructions. For matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF), samples were pre-
pared with a ZipTip C18 (Millipore) and mixed with matrix (2
mg/ml 2�,4�,6�-trihydroxyacetophenone, 10 mM ammonium
citrate, 25% acetonitrile, 0.2% trifluoroacetic acid). Phos-
phopeptide analysis was performed on aVoyager-STR (Applied
Biosystems) in reflectron mode with a mass range from 900–
4000 Da at a laser power of 2000–2300 arbitrary units and an
acceleration voltage of 25 kV. Tandem mass spectrometry was
performed on aQ-STARQTOFwith aMALDI source (Applied
Biosystems). For additional sequence confirmation, tryptic
peptides were analyzed with capillary reverse phase high per-
formance liquid chromatography in-line with an electrospray
ionization LCQ Deca ion-trap mass spectrometer (Thermo
Finnigan) using a guided single ion monitoring approach as
previously described (25, 26).

RESULTS

Phosphorylation Is Essential for CAPS Activity—To deter-
mine whether CAPS is a phosphoprotein, PC12 cells were
labeled with [32P]orthophosphate, and CAPS was immunopre-
cipitated from cell lysates. Immunoprecipitation of CAPS was
specific (not shown), and autoradiography revealed that CAPS
was phosphorylated (Fig. 1A). CAPS phosphorylation appeared
to be constitutive because cells were not stimulated during 32P-
labeling. We determined whether CAPS phosphorylation was
required for its activity. CAPS proteins are tested for activity by

their ability to restore Ca2�-
dependent vesicle exocytosis in per-
meable PC12 cells (4, 18). A recom-
binant CAPS protein produced in
insect Sf9 cells was purified and
dephosphorylated with �-protein
phosphatase. CAPS is a �300-kDa
dimer (2), and phosphatase-treated
CAPS migrated more slowly on
native gels due to the loss of phos-
phate (Fig. 1B). In addition to the
mobility shift of the dimer, dephos-
phorylation increased the amount
of a CAPS tetramer. Dephosphoryl-
ated CAPS was found to exhibit a
complete loss of activity in reconsti-
tuting Ca2�-dependent exocytosis
in permeable PC12 cells (Fig. 1C).
A loss in the activity of CAPS

upon dephosphorylation might be
due to an overall structural change in the protein. When we
compared phosphorylated and dephosphorylated CAPS pro-
teins by circular dichroism, phosphorylated CAPS was �33%
�-helical, whereas dephosphorylated CAPS was �23% �-heli-
cal (not shown). This indicated that dephosphorylation of
CAPS results in some reduction in secondary structure. Lim-
ited proteolysis studies were used to identify protein conforma-
tional changes (27). Limited digestion of CAPS by proteinase K
generated a discrete set of 20–35-kDa core fragments from
phosphorylatedCAPS, and this patternwas essentially identical
for dephosphorylated CAPS (not shown). This suggested that
CAPS dephosphorylation did not result in major conforma-
tional changes. Overall, the results indicated that CAPS
dephosphorylation dramatically reduced its activity, promoted
its oligomerization, and reduced its secondary structure.
Identification of CAPS Phosphorylation Sites—Mass spec-

trometry was used to map phosphorylation sites on CAPS.
Purified CAPS produced in Sf9 insect cells was digested with
trypsin, and phosphopeptides were enriched by chromatogra-
phy on Ga(III)-immobilized metal affinity columns (23). Alka-
line phosphatase treatment (24) combined with MALDI-TOF
mass spectrometry (MS) was used to identify CAPS phos-
phopeptides. Several CAPSpeptides treatedwith alkaline phos-
phatase exhibited mass shifts of �80 Da and multiples of �80
Da (HPO3

�) (Fig. 2A). Comparison of the MALDI-TOF MS
spectra identified three single-charged peptides that corre-
sponded to dephosphorylated CAPS 1–21 (m/z � 2381.8 and
2397.7) and CAPS 1280–1309 (m/z � 3431.4) (Fig. 3A). CAPS
1280–1309 corresponded to CAPS 1280–1289 with a linker
sequence.
CAPS 1–21 was triple or quadruple-phosphorylated,

whereas CAPS 1280–1309 was single-phosphorylated (Fig.
2A). CAPS 1–21 had additional N-terminal acetylation or Met
residue oxidation modifications as confirmed by liquid chro-
matography-electrospray ionization-tandem mass spectrome-
try (MS/MS) using guided single ion monitoring (not shown).
There were five possible phosphorylation sites in triple- or
quadruple-phosphorylated CAPS 1–21 (MLDPSSSEEES-

FIGURE 1. Phosphorylation is essential for CAPS activity. A, CAPS was immunoprecipitated from extracts of
32P-labeled PC12 cells and analyzed on 7.5% SDS gels for Western blotting with CAPS antibody (Ab, left lane) or
by autoradiography for 32P (right lane). B, recombinant CAPS purified from Sf9 cells (right lane) was incubated
with �-protein phosphatase (�PP, left lane) and analyzed by electrophoresis on native 6% polyacrylamide gels
and Coomassie staining. Bands from the bottom to top correspond to native phosphorylated dimer (phospho),
dephosphorylated dimer (dephospho), and higher molecular weight tetramer. C, native phosphorylated (E)
but not dephosphorylated CAPS (F) restores Ca2�-triggered release of [3H]norepinephrine from permeable
PC12 cells. Permeable cells were prepared as described under “Experimental Procedures” and incubated for 3
min at 30 °C with 10 �M Ca2� plus the indicated concentrations of CAPS. Mean values of duplicate determina-
tions with the indicated ranges correspond to the CAPS-dependent component of norepinephrine release
with maximal value set at 100% for wild type CAPS.
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DEILEEESGK).MALDI-QTOFMS/MS analysis of CAPS 1–21
indicated it was phosphorylated at Ser-5, -6, and -7 but not at
Ser-11 or Ser-19 (Fig. 2B). The collision-induced dissociation
spectrum showed neutral loss of H3PO4 via � elimination only
on y-ions containing Ser-5, -6, or -7. By contrast, CAPS 1280–
1309 (DSDEEDEEDD�linker) was singly phosphorylated on
the one possible phosphorylation site corresponding to Ser-
1281 (not shown). These data indicated that CAPS phosphoryl-
ation sites were located at the extreme N and C termini of the
protein corresponding to Ser-5, -6, and -7 and Ser-1281,
respectively (Fig. 2C).
Effect of Ser-5, -6, and -7 Mutation on CAPS Activity—To

determine which phosphoacceptor Ser residues were essential
for CAPS activity, site-directedmutagenesis was used to gener-
ate Ala for Ser substitutions. The nonphosphorylatable Ala
mutant proteins expressed in COS-1 cells were purified and
tested for reconstituting activity inCa2�-dependent exocytosis.
CAPS activity was impaired when Ser-5, -6, and -7 were indi-
vidually substituted with Ala (Fig. 3A). A severe loss of activity
was observed for the triple S5A/S6A/S7A mutant (Fig. 3A). By
contrast, there was no loss of activity for the S1281A mutant
(Fig. 3A) or S11A or S19A mutants (not shown). The results
indicated that Ser-5, -6 and -7 but not Ser-1281 phosphoryla-
tion was essential for CAPS activity. We also generated poten-
tial phosphomimetic CAPS mutants in which Ser-5, -6, and -7
were substituted with Glu or Asp residues. The activity of a
S5E/S6E mutant was greater than that of the S5A/S6A mutant
but less than that of wild-type protein (Fig. 3B). However, activ-

ity of S5E/S6E was completely eliminated by dephosphoryla-
tion (Fig. 3B). This indicated that Glu (Fig. 3B) and Asp (not
shown) residues were not phosphomimetic, presumably due to
differences in the charge density or size of their side chains
compared with phospho-Ser. Asp and Glu substitutions at
Ser-5 and-6 did, however, appear to preserve consensus sites
for Ser-7 phosphorylation.
DephosphorylatedCAPS and the nonphosphorylatable S5A/

S6A/S7A CAPS mutant were found to not only lack reconsti-
tuting activity in Ca2�-dependent exocytosis but also to exert
dominant inhibitory effects. The S5A/S6A/S7A CAPS mutant
inhibited wild-type CAPS activity completely at a 1:1 molar
ratio (Fig. 3C). At a 5:1 molar ratio of S5A/S6A/S7A to wild-
type CAPS, Ca2�-triggered secretion was reduced below the
level of the Ca2� alone control (Fig. 3C). This resulted from the
inhibition of the activity of endogenous residual CAPS that is
present in the permeable cells. The dominant negative activity
of S5A/S6A/S7A CAPS may be related to the effect that Ser-5,
-6, and -7 dephosphorylation has on the CAPS dimer-tetramer
equilibrium (see Fig. 1B).
To determine whether CAPS is phosphorylated at Ser-5 and

-6 in neuroendocrine cells, a phosphospecific antibody was
generated to CAPS 1–19 (MLDPSpSpSEEESDEILEEES). The
phosphospecific antibody reacted with recombinant wild type
but not with dephosphorylated CAPS (Fig. 3D). The phos-
phospecific antibody also reacted with CAPS in PC12 cell
lysates, indicating that Ser-5 and/or Ser-6 were phosphorylated
in endogenous CAPS. Quantitative immunoblotting studies

FIGURE 2. CAPS is phosphorylated at N- and C-terminal Ser residues. A, MALDI-TOF spectra of CAPS phosphopeptides. Phosphopeptides enriched from
CAPS tryptic peptides by Ga(III)- immobilized metal ion affinity chromatography were incubated without (upper panel) or with (lower panel) alkaline phospha-
tase before MALDI-TOF to detect mass shifts of �80 Da (HPO3

�) or multiples of �80 Da. B, MALDI-QTOF MS/MS spectrum of triply phosphorylated CAPS
residues 1–21 (2622.9 atomic mass units (amu)) with a summary of Ser phosphorylations detected by neutral loss of H3PO4 by �-elimination (�-elim). C, sche-
matic figure of CAPS indicating phosphorylation sites relative to other functional domains. Functional domains correspond to C2 (protein kinase C C2-like), PH,
and MH (munc 13 homology).
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(not shown) indicated that at least 50% of CAPS in PC12 cell
lysates was phosphorylated. We were unable to confirm phos-
phorylation of CAPS at Ser-7 in PC12 cells because technical

limitations precluded generation of
an antibody specific for all three
phospho-Ser residues. The absolute
conservation of the three N-termi-
nal Ser phosphoacceptors across
CAPS isoforms in different species
(Fig. 3E) is consistent with an essen-
tial role for phosphorylatable Ser-5,
-6, and -7 in CAPS function.
To assess the requirement for

Ser-5, -6, and -7 phosphorylation in
CAPS activity in vivo, we conducted
studies of evoked dense-core vesicle
exocytosis in PC12 cells expressing
a CAPS short hairpin RNA plasmid.
The short hairpin RNA plasmid
reduced CAPS protein levels to 5%
that of control levels and reduced
evoked dense-core vesicle exocyto-
sis to �20% that of control levels
(Fig. 4A). Re-expression of wild-
type CAPS fully restored evoked
vesicle exocytosis (Fig. 4B). By con-
trast, re-expression of S5A/S6A/
S7ACAPSwas completely unable to
restore evoked vesicle exocytosis
even though it was expressed at the
same level as wild-type CAPS (Fig.
4B). These results confirm the
requirement for CAPS in evoked
dense-core vesicle exocytosis and
reveal that phosphorylatable Ser
residues at positions 5, 6, or 7 are
essential for CAPS function in vivo.
Phosphorylation of CAPS by Pro-

tein Kinase CK2—The Netphos 2.0
program (28, 29) identified the con-
text of multiple acidic residues near
Ser-5, -6, and -7 and Ser-1281 of
CAPS as fitting the consensus
(S/T)XX(D/E/pS/pY) for sites phos-
phorylated by protein kinase CK2.
This prediction was tested by con-
ducting in vitro phosphorylation
studies with protein kinases using
dephosphorylated CAPS as sub-
strate. DephosphorylatedCAPSwas
a substrate for protein kinases CK1
and CK2, whereas no significant
phosphorylation of dephosphoryla-
ted CAPS by Ca2�-calmodulin-de-
pendent protein kinase II, glycogen
synthase kinase 3, or protein kinase
A was detected (Fig. 5A). Previous
studies (30) showed that native

CAPS is a substrate for protein kinase C. We confirmed that
native CAPS was phosphorylated by protein kinase C (not
shown); however, dephosphorylated CAPS was not a sub-

FIGURE 3. Phosphorylation of Ser-5, -6, and -7 is essential for CAPS activity. A, reconstituting activity of S5A,
S6A, S7A, S5A/S6A/S7A, and S1281A CAPS mutants. Each mutant was expressed in COS-1 cells as a C-terminal
Myc-His6-tagged protein and purified. [3H]Norepinephrine release from permeable PC12 cells was measured
as in Fig. 1C. Maximal release promoted by wild-type CAPS was set as 100%, and release with Ca2� alone was set
as 0%. Values are the means of duplicate determinations with indicated ranges. WT, wild type. B, reconstituting
activity of S5E/S6E CAPS was compared with that of the S5A/S6A mutant. Dephosphorylation of S5E/S6E
(S5-6E*) reduced activity. C, dominant negative activity of S5A/S6A/S7A mutant CAPS. The effect of adding the
mutant CAPS proteins to wild-type CAPS proteins in 1:1 or 5:1 ratio on norepinephrine release from permeable
PC12 cells was measured by rotating disk electrode assay. D, detection of phosphorylated CAPS with phos-
phospecific antibody (Ab). Phosphospecific antibody generated against CAPS 1–19 with phospho-Ser-5 and -6
(upper panel) and a general CAPS antibody (lower panel) were used in Western blotting with PC12 cell lysate
(lane 1), recombinant phosphorylated CAPS (lane 2), and dephosphorylated CAPS (lane 3). E, comparison of
CAPS N-terminal amino acid sequences indicates conservation of Ser-5, -6, and -7.

FIGURE 4. Phosphoacceptor Ser-5, -6, and -7 residues are essential for in vivo CAPS activity in evoked
vesicle exocytosis. A, CAPS was down-regulated in PC12 cells by transfection of an short hairpin RNA plasmid
(lower panel) resulting in a 5-fold reduction in the number of exocytic events evoked by 56 mM K� depolariza-
tion (upper panel). GAPDH, glyceraldehyde-3-phosphate dehydrogenase; WT, wild type. B, transfection with a
pcDNA3.1-CAPS-tag red fluorescent protein harboring silent mutations enabled re-expression of wild-type or
S5A/S6A/S7A CAPS in down-regulated PC12 cells (lower panel). Wild-type CAPS expression restored evoked
exocytosis, whereas S5A/S6A/S7A CAPS expression failed to do so (upper panel). Error bars indicate S.E. for n �
13–17 cells. AFM, arbitrary fluorescence units.
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strate for protein kinase C (Fig. 5A). Phosphorylation of
native CAPS by protein kinase C did not affect CAPS activity
(not shown).
The phosphorylation of dephosphorylated CAPS catalyzed

by CK2 was more extensive than that by CK1 (Fig. 5A). The
stoichiometry of CAPS phosphorylation in vitro by CK2 was
estimated to be �2 mol of Pi incorporated per mol CAPS (Fig.
5B). Native gel electrophoresis indicated that CK2 phosphoryl-
ation of dephosphorylated CAPS fully restored the mobility of

the CAPS dimer and reduced CAPS
tetramerization (Fig. 5C). By con-
trast, CK1 promoted only a partial
mobility shift of the dimer (Fig. 5C).
Mass spectrometry confirmed that
CK2 phosphorylated CAPS in vitro
at the same sites phosphorylated in
native CAPS (Fig. 5, E and F). Both
native and CK2-phosphorylated
CAPS contained single-charged
peptides with masses of 2622, 2638,
2702, 2718 (Fig. 5E), and 3512 (Fig.
5F), which correspond to phospho-
rylated CAPS 1–21 and CAPS
1280–1289 with linker, respec-
tively. These peptides were absent
in dephosphorylated CAPS (not
shown). The results indicated that
sites phosphorylated byCK2 in vitro
correspond to sites phosphorylated
in vivo.
Consistentwith the ability of CK2

to restore the native properties and
phosphorylation of dephosphoryla-
ted CAPS, we found that phospho-
rylation by CK2 fully restored the
activity of dephosphorylated CAPS
in reconstituting Ca2�-dependent
exocytosis (Fig. 5D). This con-
trasted with CK1-mediated phos-
phorylation, which failed to restore
CAPS activity (Fig. 5D). Collec-
tively, the results indicate that phos-
phorylation by protein kinase CK2
is both necessary and sufficient for
CAPS activity.
To determine whether CK2 was

the major protein kinase that medi-
ates in vivo CAPS phosphorylation,
the selective CK2 inhibitor tetra-
bromo-2-benzotriazole (31, 32) was
used in 32P-labeling of PC12 cells.
Tetrabromo-2-benzotriazole treat-
ment reduced the 32P-labeling of
CAPS by�70% (Fig. 6A). This result
indicated that CK2 is likely themain
protein kinase responsible for CAPS
phosphorylation in vivo.
Regulation of CAPSDephosphory-

lation—CAPS is an abundant brain protein (2) that was shown
to be required for Ca2�-triggered catecholamine secretion
from brain synaptosome preparations (33, 34). To determine
whether the phosphorylation state of CAPS was altered during
Ca2�-triggered exocytosis, we prepared synaptosomes for
probingwith the Ser(P)-5- and -6-specific CAPS antibody. Syn-
aptosomes were stimulated with depolarizing high K� buffers
to promote Ca2� influx and neurotransmitter release. CAPS
levels, detected with a pan-specific antibody, were maintained

FIGURE 5. CK2 phosphorylates CAPS in vitro and restores activity. A, in vitro phosphorylation of CAPS by
Ca2�/calmodulin-dependent protein kinase II, CK1, CK2, glycogen synthase kinase 3, protein kinase A (PKA),
and protein kinase C (PKC). Dephosphorylated CAPS was incubated with the indicated enzymes in the presence
of [32P]ATP. Proteins separated by 7.5% SDS-PAGE were analyzed by phosphorimaging (upper panel) and
Coomassie G250 staining (lower panel). B, the approximate stoichiometry of phosphorylation of 20 �g of
dephospho-CAPS by 50 units of CK2 was determined at the indicated incubation times at 30 °C. C, CAPS
proteins were analyzed by 6% acrylamide native gel electrophoresis and staining with Coomassie G250. Phos-
phorylated dimer, dephosphorylated dimer, and tetramer are indicated by arrowheads from bottom to top.
D, activity of CAPS phosphorylated by CK1 or CK2. Dephosphorylated CAPS (F) incubated with either CK1 (�)
or CK2 (f) plus MgATP were re-purified and tested for activity in Ca2�-dependent [3H]norepinephrine release
from permeable PC12 cells. Maximal release promoted by native phosphorylated CAPS (E) was set as 100%,
and release with Ca2� alone was set as 0%. Values are the mean of duplicate determination with indicated
ranges. E and F, native phosphorylated CAPS (upper panels) and dephosphorylated CAPS incubated with CK2
and MgATP (lower panels) were compared by MALDI-TOF after trypsin digestion. MALDI-TOF spectra corre-
sponding to CAPS 1–21 (E) and CAPS 1280 –1309 (F) are shown.
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during the incubation period in both control and stimulated
synaptosomes (Fig. 6B). By contrast, CAPS reactive with the
phosphospecific antibody rapidly decreased in depolarized but
not in unstimulated synaptosomes (Fig. 6B). The results indi-
cate that CAPS undergoes rapid activity-dependent dephos-
phorylation in response to depolarization. Because dephospho-
rylation at the N-terminal Ser residues inactivates CAPS for
Ca2�-dependent exocytosis, the dephosphorylation mecha-
nism revealed by these studies suggests possible negative feed-
back control of CAPS activity in response to strong stimulation.

DISCUSSION

CAPS is part of the machinery required for priming Ca2�-
dependent vesicle exocytosis (2, 4, 6, 7). The major conclusion
of the current work is that phosphorylation of CAPS at Ser-5,
-6, and -7 by protein kinase CK2 is essential for CAPS activity.
Dephosphorylation in vitro by �-protein phosphatase com-
pletely abolishedCAPS activity in reconstitutingCa2�-depend-
ent vesicle exocytosis in permeable PC12 cells. Moreover, a
non-phosphorylatable S5A/S6A/S7A CAPS mutant was inca-
pable of rescuing CAPS function in permeable or intact PC12
cells. Mass spectrometry revealed that active insect cell-gener-
ated recombinant CAPS was multiply phosphorylated at Ser-5,
-6, and -7 and at Ser-1281. These residues fall within consensus
sites for protein kinase CK2, and in vitro studies confirmed that
CK2phosphorylated these sites and fully restored the activity of
dephosphorylated CAPS. Ser to Ala substitutions showed that
theN-terminal triple-phosphorylated site, but not the C-termi-
nal phosphorylation site, was essential forCAPS activity. In vivo
CAPS phosphorylation occurs at sites corresponding to those
catalyzed by CK2 in vitro, indicating that CK2 corresponds to
the CAPS protein kinase. Collectively, the results show that

phosphorylation of CAPS at Ser-5, -6, and -7 by protein kinase
CK2 is necessary and sufficient for CAPS function in Ca2�-de-
pendent dense-core vesicle exocytosis.
By contrast, CK2-mediated phosphorylation of Ser-1281was

not essential for CAPS function in priming vesicle exocytosis.
However, Ser-1281 phosphorylation may regulate other
aspects of CAPS function. C-terminal sequences in CAPS are
essential for interactions with dense-core vesicles (19). These
couldmediate the reportedCAPS stimulation of catecholamine
loading by vesicular amine transporter in chromaffin cells (35).
Intriguingly, the C terminus of vesicular amine transporter is
also a substrate for CK2 (36).
Protein kinase CK2 is a Ser/Thr kinase ubiquitously ex-

pressed in vertebrate tissues with particularly high levels in
brain (37, 38) where CAPS is also most highly expressed (2, 39,
40). Numerous CK2 substrates have been suggested to function
in synaptic transmission and synaptic plasticity (37). Proteins
required for Ca2�-dependent vesicle exocytosis such as synap-
totagmin-1, syntaxin 1A, andVAMP-2 are in vitro substrates of
CK2 (12, 14, 41). Of these, only syntaxin 1A was shown to be
phosphorylated at a CK2 site in vivo (42), but whether syntaxin
1A phosphorylation by CK2 is required for function in vesicle
exocytosis was not determined (43).
CAPS is the first protein involved in vesicle exocytosis whose

activity has been shown to be dependent on CK2 phosphoryla-
tion. Thus, the regulation of CK2 activity could be an important
mechanism tomodulate the priming of vesicle exocytosis. Glu-
tamate N-methyl-D-aspartate receptor activation leads to a
Ca2�-dependent increase in CK2 activity (44) that may be
mediated by Ca2�-calmodulin-dependent protein kinase II
phosphorylation of CK2 (45). Neurotrophins such as brain-
derived neurotrophic factor also acutely enhance CK2 activity
in neurons (46). Increased CK2 activity may enhance CAPS
priming activity in evoked vesicle exocytosis. We were, how-
ever, unable to identify conditions in which CK2-mediated
phosphorylation of CAPS was enhanced or regulated. Instead,
at least 50% of CAPS was found to be phosphorylated in PC12
cells under resting conditions, suggesting that CAPS phospho-
rylation by CK2 may be constitutive rather than regulated.
Recent studies indicated that the size of the primed vesicle

pool in insulin-secreting pancreatic � cells was dependent on
the level of diphosphoinositol pentakisphosphate (48), which
non-enzymatically pyrophosphorylates proteins on phospho-
Ser residues within CK2 consensus sites (49).Whether CAPS is
further activated by diphosphoinositol pentakisphosphate-
mediated pyrophosphorylation to enhance vesicle priming will
require further study.
Studies in synaptosomes revealed a regulated dephospho-

rylation mechanism for CAPS. Several synaptic proteins
required for vesicle endocytosis such as dynamin, amphi-
physin, synaptojanin, and phosphatidylinositol 5-kinase
undergo rapid Ca2�-triggered dephosphorylation in a phos-
phatase PP2B/calcineurin-dependent mechanism that acti-
vates endocytic retrieval (47). The depolarization-evoked
dephosphorylation at Ser-5 and -6 detected by the phos-
phospecific antibody would terminate CAPS activity for reg-
ulated exocytosis in parallel with the activation of the endo-
cytic machinery for compensatory endocytosis. Whether

FIGURE 6. CK2 phosphorylates CAPS in vivo. A, CAPS phosphorylation was
inhibited in PC12 cells treated with a specific CK2 inhibitor. PC12 cells were
labeled with [32P]orthophosphate for 1 h in the absence or presence of 60 �M

tetrabromo-2-benzotriazole (TBB). CAPS immunoprecipitates were analyzed
by 7.5% SDS-PAGE and autoradiography or Western blotting with a general
CAPS antibody (Ab). Densitometric scanning of autoradiogram and Western
blot was used to assess relative phosphorylation. Values are the mean of
triplicate determinations with the indicated S.D. Tetrabromo-2-benzotriazole
inhibited CAPS phosphorylation by 70%. B, CAPS dephosphorylation was
promoted by Ca2� influx in synaptosomes. Mouse brain synaptosomes were
incubated under control conditions (�) or stimulated with high K� (Œ) for the
indicated times. Synaptosomes were hypotonically lysed, and supernatant
fractions were analyzed by Western blotting with Ser(P)-5 and -6 phos-
phospecific antibody or general CAPS antibody. For the graphic representa-
tion the signal at the zero time point is set as 100%, and values are the mean
of duplicate determination with indicated ranges.
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PP2B/calcineurin mediates Ca2�-dependent CAPS dephos-
phorylation requires further study. Preliminary in vitro stud-
ies with purified phosphatases showed that the N-terminal
phosphorylation sites of CAPS were resistant to dephospho-
rylation by phosphatases PP1, PP2A, and PP2B/calcineurin.3
Phosphatidylinositol 4,5-diphosphate is essential for priming

evoked vesicle exocytosis (50) and serves as a co-factor for
CAPSmembrane recruitment and activation (4, 19, 51). Protein
kinase CK2was reported to be inhibited by the binding of phos-
phatidylinositol 4,5-diphosphate (52). CAPS might be locally
inactivated after it functions in exocytosis by the simultaneous
inhibition of CK2 activity and Ca2�-dependent activation of a
protein phosphatase. It will be important to determine whether
CAPS phosphorylation is dynamic and whether a phosphoryl-
ation/dephosphorylation cycle is coupled to the regulation of
its activity in vesicle exocytosis.
In summary, our results indicate that CAPS is phosphoryla-

ted by CK2 and that this phosphorylation is essential for CAPS
activity. In addition to the pleckstrin homology andC2domains
that have been identified as essential for CAPS function (5, 19,
51), this study characterizes a functionally important N-termi-
nal phosphorylation domain in CAPS.
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