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Casein Kinase II Phosphorylates the Synaptic Vesicle Protein ~65 
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~65 (synaptotagmin), an abundant synaptic vesicle protein, 
has been implicated in the processes of vesicle docking and 
fusion. To characterize further the properties of this impor- 
tant neuronal protein, we have investigated its phosphory- 
lation in vitro. lmmunoprecipitation of ~65 results in copre- 
cipitation of a protein kinase that phosphorylates ~65 as well 
as syntaxin, a plasma membrane protein that interacts with 
~65. ~65 is phosphorylated on a threonine residue (Thr-126) 
within the cytoplasmic domain near the transmembrane re- 
gion. The coprecipitating protein kinase was identified as 
casein kinase II based on its catalytic properties, the se- 
quence surrounding Thr-126, and Western blot analysis of 
the anti-p65 immunoprecipitates. Affinity chromatography 
utilizing bacterially expressed fragments of ~65 demonstrat- 
ed that casein kinase II interacts with a domain of ~65 distinct 
from the phosphorylation site. In a synaptic vesicle fraction, 
the phosphorylation of ~65 is stimulated by sphingosine and 
by detergent solubilization, suggesting that ~65 phosphor- 
ylation may be subject to regulatory processes. 

[Key words: synaptic vesicles, ~65, casein kinase II, syn- 
faxin, exocyfosis, sphingosine] 

Synaptic transmission, the principal means of intercellular com- 
munication within the nervous system, is mediated by the ex- 
ocytotic release of chemical neurotransmitter. One of the central 
elements in this process are the synaptic vesicles responsible for 
the storage and stimulation-dependent release of neurotrans- 
mitter. Within the nerve terminal, synaptic vesicles undergo 
repeated cycles of regulated fusion and recycling (for reviews, 
see Kelly, 1988; Siidhof and Jahn, 1991; Trimble et al., 1991). 
In the resting terminal, synaptic vesicles are clustered near the 
presynaptic active zone, often in association with cytoskeletal 
elements. Upon nerve stimulation, calcium influx triggers the 
fusion of synaptic vesicles with the presynaptic plasma mem- 
brane, resulting in the release of neurotransmitter into the syn- 
aptic cleft. After exocytosis, the components of the synaptic 
vesicle membrane are selectively recovered by endocytosis and 
locally recycled into mature synaptic vesicles. A molecular de- 
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scription of synaptic vesicle membrane traffic, including its 
physiological regulation, is required for a more complete un- 
derstanding of synaptic transmission. 

One mechanism by which synaptic vesicle function, and in 
turn synaptic transmission, might be physiologically regulated 
is by protein phosphorylation. This has been well established 
for the peripheral synaptic vesicle protein synapsin I (DeCamilli 
and Greengard, 1986; Siidhof et al., 1989). Phosphorylation of 
synapsin I by Ca*+/calmodulin-dependent protein kinase II reg- 
ulates its interaction with both synaptic vesicles and actin fil- 
aments (Schiebler et al., 1986; Benfenati et al., 1992). This in 
turn may regulate the availability of synaptic vesicles for release 
(Llinls et al., 1985). A number of additional synaptic vesicle 
membrane proteins have been isolated and/or their cDNAs 
cloned (Trimble and Scheller, 1988; Siidhof and Jahn, 1991). 
One of these proteins is ~65 (synaptotagmin), a transmembrane 
protein with two repeats in the cytoplasmic domain homologous 
to the C2 regulatory domain of protein kinase C (Matthew et 
al., 1981; Perin et al., 1990; Wendland et al., 1991). The C2 
regulatory domain is required for interaction of phosphatidyl- 
inositol bisphosphate with protein kinase C (Huang and Huang, 
199 1; Lee and Bell, 199 1) and the stimulation-dependent trans- 
location of phospholipase A, from a soluble to a membrane- 
associated form (Clark et al., 1991). It has been proposed that 
the C2-homologous domains of ~65 may be involved in the 
interaction of synaptic vesicles with the plasma membrane (Per- 
in et al., 1990; Stidhof and Jahn, 199 1). Recent studies support 
a role for p65 in the processes of synaptic vesicle docking and/ 
or fusion (Petrenko et al., 1991; Bennett et al., 1992b; Brose et 
al., 1992). 

Because of the proposed central role of p65 in synaptic vesicle 
function and the possibility that this function might be the target 
of physiological regulation, we have investigated the in vitro 
phosphorylation of ~65. We have found that casein kinase II, 
a ubiquitous cellular protein kinase, both interacts with and 
phosphorylates ~65. 

Materials and Methods 

Materials. Electrophoresis-grade reagents, gelatin, and Triton X-100 
were purchased from Bio-Rad Laboratories (Richmond, CA). CHAPS 
and octylglucoside were obtained from Boehringer Mannheim Bio- 
chemicals (Indianapolis, IN). Bovine serum albumin, glutathione-aga- 
rose, thrombin, TPCK-treated trypsin, and reagent-grade chemicals were 
obtained from Sigma Chemical Co. (St. Louis, MO). Y-labeled and 
peroxidase-conjugated anti-mouse IgG were obtained from ICN (Irvine, 
CA) and Zymed (San Francisco, CA), respectively. Prestained SDS- 
PAGE molecular weight standards were purchased from Bethesda Re- 
search Laboratories (Gaithersburg, MD) and protein A-sepharose was 
obtained from Pharmacia LKB Biotechnoloav (Piscatawav. NJ). r-‘*P- 
ATP was from DuPont/New England NucGai (Boston, MA).’ Mono- 
clonal antibody M48 (anti-p65; Matthew et al., 198 1) was provided by 
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Dr. Louis Reichardt (University of California at San Francisco). Affin- 
ity-purified ascites fluid of anti-p65 (1.5 mg/ml) was prepared by Berke- 
ley Antibody Co. (Richmond, CA). A rabbit polyclonal antibody gen- 
erated against casein kinase II (Dahmus et al., 1984) was kindly provided 
by Dr. Michael Dahmus (University of California at Davis). Synthetic 
peptides were prepared by the Protein and Nucleic Acid Facility, Beck- 
man Center, Stanford University. 

~65 immunoprecipitation. A synaptic vesicle-enriched fraction (LP2) 
from rat brain was prepared by a modification of the procedure of 
Huttner et al. (1983), as previously described (Bennett et al., 1992a). 
Protein concentrations were determined by the BCA assay (Pierce, 
Rockford, IL, Smith et al., 1985) with bovine serum albumin as a 
standard. Immunoprecipitations with anti-p65 monoclonal antibody 
M48 were performed on LP2 (1.5 mg/ml) solubilized in HKA buffer 
(10 mM HEPES-KOH pH 7.5, 140 mM potassium acetate, 1 mM MgCl,, 
0.1 mM EGTA, 0.1% gelatin, 0.1% bovine semm albumin) containing 
either 2% CHAPS, 2% Triton X-100, or 4% octylglucoside. Anti-p65 

sequence to fragments of ~65 were constructed by cloning polymerase 

recovered by cleavage with-thrombin (3 pg/ml in 50mM T& pH 8.0, 

chain reaction products of a rat ~65 cDNA into the expression vector 
pGEX-KG (Guan and Dixon, 1991). The oligonucleotide primers used 
for polymerase chain reaction included EcoRI and NcoI restriction sites 

150 mM NaCl, 2.5 mM CaCl,. 0.1% 2-mercautoethanol) for 20 min at 

permitting in-frame directional cloning of the product into EcoRI/NcoI- 
digested PGEX-KG vector. The recombinant plasmids were transfected 
into the AB 1899 strain of Escherichia co/i and fusion protein expression 
induced with 100 PM isopropyl-P-D-thiogalactopyranoside for 5 hr. The 
cells were harvested, suspended in PBS containing 0.05% Tween 20, 2 
rnM EDTA, and 0.1% 2-mercaptoethanol, and lysed by two passages 
through a French press. Cellular debris was removed by centrifugation 
at 10,000 x g for 10 min, and the fusion protein was recovered from 
the supematant by binding of the GST domain to glutathione-agarose 
beads equilibrated with PBST (PBS, 0.05% Tween 20) for 30 min at 
4°C. The beads were washed four times with PBST and either transferred 
to storage buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2.5 mM CaCI,) 
for use in affinity chromatography (see below), or the ~65 fragment was 

was prebound to protein A-Sepharose beads (l-3 ~1 antibody/d beads) 

beads/mi LP2 protein). After incubation for 211 hr at 4°C the beads 
were recovered by brief centrifugation in a microfuge and washed three 

for 2 hr urior to addition to the solubilized LP2 oreoarations (lo-20 ul 

times with HKA buffer (containina either 1% CHAPS. Triton X-100. 
or octylglucoside), and bound proteins were eluted with SDS-PAGE 
sample buffer or assayed for in vitro phosphorylation as described below. 

In vitro phosphorylation assays. Anti-p65 immunoprecipitates from 
detergent-solubilized LP2 (0.5 mg ofprotein) were prepared as described 
above. The immune complexes were resuspended in 90 ~1 of reaction 
buffer (50 mM Tris pH 7.5, 10 mM MgCl,, 0.7 mM CaCl,, 0.4 mM 
EGTA) containina 1% CHAPS and oreincubated at 30°C for I min. 
Exogenous bacte&lly expressed ~65 fragments (20 hLg/ml) or synthetic 
peptides (0.5 mM) were included in the reaction mixture as indicated. 
The phosphorylation reaction was initiated by addition of 10 pl of y-)*P- 
ATP (0.2 mM, 50 PCilml). Following incubation for 5 min at 30°C the 
reaction was terminated by addition of 400 pl of ice-cold HKA buffer 
containing 1% CHAPS, 20 mM EDTA, 1 mM EGTA. The immune 
complexes were recovered by brief centrifugation in a microfuge and 
eluted with SDS-PAGE sample buffer. Proteins remaining in the su- 
pematant fractions were recovered by trichloroacetic acid precipitation 
and solubilized in SDS-PAGE sample buffer. Following SDS-PAGE, 
the total protein patterns were determined by Coomassie blue staining, 
and the pattern of protein phosphorylation was detected by autora- 
diography. For quantitation of ~65 phosphorylation, the region of the 
gel containing ~65 was excised and radioactivity was quantitated by 
Cerenkov counting (6 1% counting efficiency). The total amount of ~65 
present in the immunoprecipitates was estimated from the Coomassie 
blue-stained gel by comparison with known amounts of bovine serum 
albumin. Quantitation of synthetic peptide phosphorylation was per- 
formed as described by Racker and Sen (199 1). 

room temperature. 
~65 afinity chromatography. Quick-frozen rat brains (Bioproducts, 

Indianapolis. IN). stored at -70°C. were immersed for 9 min in room 
temperature homogenization buffer (10 mM Tris pH 7.5, 160 mM NaCl, 
20 mM CaCl,; 3 ml/brain) and homogenized in a Teflon/glass homog- 
enizer. The homogenate was subjected to centrifugation first at 10,000 
x g for 15 min at 2°C and then at 100,000 x g for 50 min at 2°C. The 
pellet obtained from the second centrifugation (P2) was resuspended in 
10 mM Tris pH 7.5, 160 mM NaCI, 10 mM CaCl,, 1.3% Triton X-100 
at a protein concentration of 2.5 ma/ml and incubated at room tem- 
perature for 10 min on a rotary shaker. Insoluble material was removed 
by centrifugation at 100,000 x g for 50 min at 2°C. Affinity columns 
were prepared by adding GST-~65 fusion proteins bound to glutathione- 
agarose beads (0.5 ml bed volume) to a 2 ml PolyPrep column (Bio- 
Rad, Richmond, CA). Solubilized P2 (11 ml) was loaded on the column 
at a rate of 12 ml/hr, and the column was then washed four times with 
2.5 ml of wash buffer (10 mM Tris pH 7.5, 160 mM NaCl, 2 mM CaCI,, 
0.1% Tween 20) at a flow rate of 36 ml/hr. After the final wash, the 
beads were resuspended in 150 pl elution buffer (10 mM Tris, pH 7.5, 
250 mM NaCI, 2 mM CaCl,, 10 rnrvr EGTA) and transferred to a 5 ml 
snap-cap tube. An additional 1 ml of elution buffer was used to rinse 
the column before being added to the bead suspension. The beads were 
then incubated for 8 min on a rotary shaker at room temperature. The 
eluant was collected by gravity filtration over a fresh PolyPrep column 
and eluted proteins recovered by precipitation with trichloroacetic acid. 

SDS-PAGE and Western blotting. SDS-PAGE was performed by the 
method of Laemmli (1970). The stacking gel (10 x 90 x 1.5 mm) 
contained 4.8% acrylamide, 0.2% bisacrylamide, and the resolving gel 
(55 x 90 x 1.5 mm) contained 12% acrylamide, 0.2% bisacrylamide. 
Proteins resolved by SDS-PAGE were electrophoretically transferred to 
nitrocellulose in 384 mM glycine, 50 mM Tris base, and 20% methanol 
(Towbin et al., 1979). The nitrocellulose filters were incubated with 
blockina buffer (10 mM Tris-HCl DH 7.5. 150 mM NaCl. 1% bovine 
serum gbumin,‘0.5% Tween 20) for 30 min and then transferred to 
anti-casein kinase II antiserum (1: 1000 in blocking buffer) for 2 hr. The 
blots were washed three times for 5 min with blocking buffer and then 
incubated either with 1251-labeled (l-2 &i/ml) or peroxidase-conjugated 
anti-rabbit secondary antibodies for 2 hr. The blots were again washed 
three times for 5 min each, blotted dry, and exposed to XAR-5 film 
(Y-secondary) or processed with ECL reagents (Amersham, Arlington 
Heights, IL; peroxidase-secondary). 

Phosphorylation of crude LP2 (500 pg) was carried out as described 
above in a reaction volume of 500 ~1. Exogenous lipids (dissolved at 
10 mg/ml in dimethyl sulfoxide) and detergent were added as indicated. 
The reactions were terminated bv addition of 500 ul ice-cold stoo buffer 
(50 mM Tris pH 7.5, 40 mM EDTA, 4 mM EGTA, 4% octylglucoside). 
Ten percent of each sample was subjected to precipitation with trichlo- 
roacetic acid, and the remainder was subjected to immunoprecipitation 
with anti-p65 prior to analysis bv SDS-PAGE and autoradioaravhv. 

Tryptic bhoiphopeptide mapping. In vitro phosphorylated-p65 and 
fragment 123 were resolved by SDS-PAGE, localized by autoradiog- 
raphy, and excised. The gel slices were washed sequentially for 1 hr with 
each of the following: (1) 20% isopropanol, 10% acetic acid; (2) 20% 
isopropanol; and (3) 10% methanol. The gel slices were dried under 
vacuum. swollen in 100 ul of 50 mM NH,HCO, CDH 7.9) containing 50 
wg of T&K-treated t&sin, and incubated at 37°C for 4 hr. One mil- 
liliter of 50 mM NH,HCO, (pH 7.9) containing 50 pg of TPCK-treated 

Results and Discussion 

Phosphorylation of p65 by a copurifying protein kinase 
trypsin was added and the incubation continued for an additional 12 
hr at 37°C. The gel slice eluates were lyophilized, suspended in 100 pl 

To determine if the synaptic vesicle protein p65 is an in vitro 

buffer A (0.1% trifluoroacetic acid), and loaded onto a Cl8 reverse- protein kinase substrate, a synaptic vesicle-enriched fraction 

phase HPLC column equilibrated with 5% buffer B (0.085% trifluo- (LP2) from rat brain was solubilized in octylglucoside and sub- 
roacetic acid, 70% acetonitrile, 30% H,O). The column was developed jetted to immunoprecipitation with anti-p65 monoclonal an- 
at a flow rate of 200 pl/min with the following gradient: O-5 min, 5% 
buffer B; 5-50 min, 5-55% buffer B; 50-55 min, 55-75% buffer B; 55- 

tibody. The immunoprecipitate was then subjected to in vitro 

60 min, 75-95% buffer B. Labeled peptides were detected in fractions 
phosphorylation by addition ofyJ2P-ATP and resolved by SDS- 

by Cerenkov counting. PAGE, and phosphoproteins were detected by autoradiography. 
Fusion protein production and purification. Recombinant plasmids As shown in Figure 1, p65 was the most prominent phosphor- 

encoding glutathione S-transferase (GST) linked by a thrombin-cleavage ylated protein. Since p65 has no homology to the catalytic do- 
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Figure 1. Phosphorylation of p65 by a copurifying protein kinase. p65 
was isolated by immunoprecipitation from an octylglucoside-solubilized 
synaptic vesicle-enriched fraction and the immunoprecipitate phos- 
phorylated in vitro as described in Materials and Methods. The phos- 
phorylation reaction was resolved by SDS-PAGE and analyzed by 
Coomassie blue staining (A) and autoradiography (B). The positions of 
molecular weight standards, ~65, syntaxin (p35), and the heavy (IgG- 
H) and light (IgG-L) chains of anti-p65 are indicated. 

mains of protein kinases (Hanks and Quinn, 199 l), the observed The domain of p65 phosphorylated was determined by eval- 
phosphorylation of p65 must be due to a coprecipitated protein uating the ability of soluble fragments of ~65 to serve as sub- 
kinase. A protein that interacts with ~65, the plasma membrane- strates for the coprecipitated kinase. Fragments of the cyto- 
associated protein syntaxin (~35; Bennett et al., 1992b), was plasmic domain of ~65 (Fig. 2A) were prepared by expression 
also phosphorylated. Phosphoamino acid analysis revealed that in bacteria as GST fusion proteins and subsequent purification 
~65 was phosphorylated on threonine residues. No increase in by glutathione-agarose chromatography and thrombin cleavage. 
~65 phosphorylation was detected upon addition of the catalytic The soluble ~65 fragments were then added to anti-p65 im- 
subunit of CAMP-dependent protein kinase, protein kinase C munoprecipitates, incubated in the presence of T-‘~P-ATP, and 
in the presence of calcium and phospholipid, or Ca2+/calmo- analyzed by SDS-PAGE and autoradiography (Fig. 2B). The 
dulin-dependent protein kinase II in the presence of calcium fragment of p65 including cytoplasmic domains 1,2, and 3 (123; 
and calmodulin (data not shown). This suggests that these three amino acids 96-265) was a substrate for the coimmunoprecip- 
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Figure 2. Identification ofthe domain ofp65 phosphorylated. A, Sche- 
matic diagram of p65 (top) and fragments of p65 (Us, 123,23, and 345) 
generated by expression in bacteria as GST fusion proteins. The location 
of the transmembrane domain (M) and the two cytoplasmic repeats 
homologous to the C2 regulatory domain of protein kinase C (PKC-A 
and PKC-B) are indicated. B, Soluble fragments of ~65 (123, 23, and 
345; 20 &ml) were added to anti-p65 immunoprecipitates and sub- 
jected to in vitro phosphorylation as described in Materials and Methods. 
The immune complex, retained on the protein ASepharose beads (B), 
and supematant (5’) were separated, resolved by SDS-PAGE, and an- 
alyzed by autoradiography. The positions of ~65 and ~65 fragments are 
indicated. C, Phosphopeptides generated by trypsin digestion of ~65 
and fragment 123 were resolved by reverse-phase HPLC as described 
in Materials and Methods. Radioactivity recovered in the fractions 
collected during elution was monitored by Cerenkov counting. 

serine/threonine protein kinases are not responsible for the ob- 
served phosphorylation of ~65. The stoichiometry of p65 phos- 
phorylation by the copurifying protein kinase was maximally 1 
mol of phosphate per mole of ~65. 
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Table 1. Identification of the p65 phosphorylation site 

Phosphorylation 
Substrate Sequence rate (pmol/min) 

~65 domain 1 96-GGKNAINMlCDVKDLGK;MKDQALKDDDAEzGLzDGEEK-133 
Peptide A YKDLGKTMKDQALK 0 
Peptide B YDDDAETGL'JDGEEK 14.1 
Peptide C YDDDAEAGLTDGEEK 30.5 
Peptide D YDDDAETGLADGEEK 0.8 

Synthetic peptides corresponding to different regions of p65 domain 1 were added at a concentration of 0.5 rnM to in 
vitro phosphorylation reactions of anti-p65 immunoprecipitates. Following the reaction, residual Y-~~P-ATP was hydro- 
lyzed by boiling in 1 M HCl and peptides were separated by extraction in 0.55% (w/v) ammonium molybdate, 0.5 M 
perchloric acid, 22% (v/v) isobutanol, 22% (v/v) benzene as described by Racker and Sen (1991). Phosphopeptides 
recovered in the aqueous phase were quantitated by Cerenkov counting. The tyrosine residue at the amino-terminus of 
each peptide was included to allow spectrophotometric quantitation of pcptide concentrations. Potential phosphorylation 
sites (threonine residues) are underlined. 

itated kinase, while fragments including domains 2 and 3 (23; 
amino acids 130-265) or 3, 4, and 5 (345; amino acids 248- 
42 1) were not phosphorylated. A portion of fragments 123 and 
23 became associated with the anti-p6Yprotein A-sepharose 
beads during the phosphorylation reaction, as determined by 
Coomassie blue staining. However, only fragment 123 (both the 
bead-associated and soluble populations) was phosphorylated, 
suggesting that stable interaction with the anti-p65 beads was 
neither necessary nor sufficient for phosphorylation. Tryptic 
phosphopeptide mapping by reverse-phase HPLC of both in 
vitro phosphorylated ~65 and fragment 123 yielded a single 
coeluting radioactive peak (Fig. 2C), suggesting that an identical 
site is phosphorylated on each protein. 

The fact that ~65 fragment 123 is phosphorylated and frag- 
ment 23 is not suggests that the ~65 phosphorylation site is 
located within cytoplasmic domain 1 (amino acids 96-130) 
immediately adjacent to the transmembrane domain. The ami- 
no acid sequence of domain 1 (Table 1) includes three threonine 
residues (at positions 112, 125, and 128) that are potential phos- 
phorylation sites. To determine which of these sites is phos- 
phorylated by the coprecipitated kinase, synthetic peptides cor- 
responding to portions of domain 1 were tested as kinase 
substrates (Table 1). Peptide A, which includes only Thr-112, 
was not detectably phosphorylated, while peptide B, which in- 
cludes Thr- 125 and Thr- 128, was a good substrate. Replacement 
of Thr- 125 with Ala (peptide C) resulted in a twofold increase 
in the phosphorylation rate (relative to peptide B), while re- 
placement of Thr-128 with Ala (peptide D) resulted in a 15- 
fold reduction in the phosphorylation rate. Peptides B and C 
also dramatically reduced the phosphorylation of p65 (by acting 
as competitive substrates) while peptides A and D had no effect 
on ~65 phosphorylation (data not shown). These results dem- 
onstrate that Thr-128 of rat ~65 is the site phosphorylated by 
a copurifying protein kinase. This threonine residue is conserved 
among all mammalian ~65 isoforms identified to date (Perin et 
al., 1990, 199 1; Geppert et al., 199 1; Tugal et al., 199 l), as well 
as two forms of ~65 from the marine ray Discopyge ommata 
(Wendland et al., 1991). 

The domain phosphorylated on the other major phospho- 
protein in the anti-p65 immunoprecipitate, syntaxin, was eval- 
uated by methods similar to those described above for ~65. 
Bacterially expressed fragments of syntaxin were assayed for 
their abilities to serve as substrates for the anti-p65 immuno- 
precipitated kinase. A fragment that included the amino-ter- 
minal 75 amino acids of syntaxin was phosphorylated, while a 

fragment that included amino acid 76 through the carboxyl- 
terminal was not (data not shown). Within the first 75 amino 
acids of syntaxin, one potential phosphorylation site, Ser-14, 
exhibited flanking sequences that were very similar to those 
surrounding Thr- 128 of ~65, suggesting that Ser- 14 may be the 
phosphorylation site on syntaxin. 

Identijication of the copurifying protein kinase as casein 
kinase II 

The sequences surrounding Thr- 128 of p65 (and Ser- 14 of syn- 
taxin) match the consensus sequence for casein kinase II sub- 
strates [(S/T)XX(E/D); Pearson and Kemp, 199 11. Casein kinase 
II is a ubiquitous protein kinase present in both the cytoplasm 
and nucleus (for review, see Tauzon and Traugh, 1991). It is 
composed of 38-42 kDa catalytic subunits (a and cu’) and a 26 
kDa regulatory subunit (p), and phosphorylates a broad range 
of physiological substrates. A number of properties distinguish 
casein kinase II from other protein kinases including stimulation 
by polyanions and physiological salt concentrations, inhibition 
by low concentrations of heparin, and the ability to utilize GTP 
as a phosphate donor. The protein kinase that copurifies with 
~65 displays each of these catalytic properties (data not shown), 
suggesting that it may be casein kinase II. To investigate this 
possibility further, we tested the anti-p65 immunoprecipitates 
for the presence of casein kinase II by Western blotting. The 
immunoprecipitation of the kinase activity capable of phos- 
phorylating ~65, syntaxin, and exogenous fragment 123 was 
dependent on the detergent used for solubilization of the syn- 
aptic vesicle preparation (Fig. 3A). Relatively low levels of ki- 
nase activity were recovered following CHAPS solubilization, 
intermediate levels following Triton X- 100 solubilization, and 
high levels following octylglucoside solubilization. The differ- 
ences in apparent kinase activity were not due to differential 
recoveries of ~65 (Bennett et al., 1992a) or a ~65 phosphatase 
activity, as assayed by the dephosphorylation of phosphopeptide 
123 (data not shown). Western blot analysis of the immuno- 
precipitated samples revealed the presence of the catalytic sub- 
units of casein kinase II (Fig. 3B). The amount of casein kinase 
II recovered in the immunoprecipitates correlated with the level 
of kinase activity as detected by in vitro phosphorylation, with 
lowest amounts recovered following CHAPS solubilization, in- 
termediate amounts following Triton X- 100 solubilization, and 
highest amounts (12.5% ofthe total casein kinase II in the vesicle 
fraction) following octylglucoside solubilization. This result 
strongly supports the possibility that casein kinase II is respon- 
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sible for the observed phosphorylation of ~65. Casein kinase II 
is not an abundant protein in anti-p65 immunoprecipitates, as 
detected by Coomassie blue staining (see Fig. IA), indicating 
that its copurification with p65 is not stoichiometric. However, 
the stoichiometric phosphorylation of ~65 indicates that each 
casein kinase II molecule is capable of phosphorylating multiple 
~65 molecules. 

The phosphorylation of ~65 by a copurifying protein kinase 
has been noted previously (Petrenko et al., 199 1). Although not 
studied in detail, this phosphorylation was found to occur on 
an unspecified threonine residue within the cytoplasmic domain 
of ~65, consistent with the phosphorylation of Thr- 128 that we 
have documented. The protein kinase responsible for the phos- 
phorylation of ~65 observed by Petrenko et al. (199 1) utilized 
GTP as a phosphate donor, again consistent with our finding 
that casein kinase II phosphorylates ~65. One apparent differ- 
ence between our findings is the calcium sensitivity of p65 phos- 
phorylation. Petrenko et al. (1991) reported that ~65 phos- 
phorylation is stimulated by calcium, while we found it to be 
independent of calcium (data not shown), as is the activity of 
casein kinase II (Tauzon and Traugh, 199 1). The reason for this 
difference remains to be established. 

The coimmunoprecipitation of casein kinase II with ~65 rais- 
es the possibility that there may be a direct interaction between 
the two proteins. To investigate this possibility, fragments of 
the cytoplasmic domain of ~65 [including fragments 123, 345, 
and 11s (amino acids 96-421); Fig. 2A] were prepared by ex- 
pression in bacteria as GST fusion proteins, bound to gluta- 
thione-agarose beads, and used as ligands for affinity chroma- 
tography. A detergent-solubilized preparation of rat brain 
membranes was passed over the immobilized p65-containing 
columns and, after extensive washing, p65-binding proteins were 
eluted with 0.25 M NaCl. Western blot analysis of the column 
eluates (Fig. 4) demonstrated that casein kinase II bound spe- 
cifically to ~65 fragment 345, but not to fragments 123 or 11s. 
Similar results were obtained using a rat brain cytosol fraction 
as the source of casein kinase II and by assaying for the presence 
of casein kinase II by phosphorylation of peptide C (data not 
shown). The fact that fragment 345 bound casein kinase II while 
fragment 11s did not, even though the sequence of fragment 345 
is entirely contained within fragment IIs, suggests that the pu- 
tative casein kinase II binding site on fragment 11s is lost due 
to improper folding or blockage by the GST domain of the fusion 
protein. This possibility is supported by the observation that 
addition of bacterially expressed fragment 345 to a vesicle-en- 
riched fraction greatly decreases the recovery of casein kinase 
II following detergent solubilization and immunoprecipitation 
with anti-p65 (data not shown). Since the fragment of ~65 in- 
teracting with casein kinase II (345) is distinct from the fragment 
containing the phosphorylation site (123), the casein kinase II- 
~65 interaction does not simply represent an enzyme-substrate 
interaction. 

The copurification of casein kinase II with substrate proteins 
has been observed previously. For example, immunoprecipi- 
tation of the tumor suppressor protein ~53, which is phos- 
phorylated by casein kinase II on Ser-389, results in the copre- 
cipitation of casein kinase II (Meek et al., 1990). Casein kinase 
II also copurifies with clathrin-coated vesicles (Takahashi et al., 
1985; Bar-Zvi and Branton, 1986), where it is associated with 
the 47 kDa subunit of the HA1 adaptor complex (MCresse et 
al., 1990). Among the in vitro substrates for casein kinase II in 
the clathrin-coated vesicle are the ,&light chain of clathrin (Bar- 
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Figure 3. Coprecipitation of casein kinase II with anti-p65. In vitro 
phosphorylations (A) and anti-casein kinase II Western blots(B) ofanti- 
~65 immunoprecipitates were performed as described in Materials and 
Methods. The synaptic vesicle>nriched fraction was solubilized in ei- 
ther CHAPS (lane I j. Triton X-100 (lane 2). or octvlelucoside (lane 3) 
prior to imm;noprecipitation. The p~ospho’&lation;~actions w&e per: 
formed in the presence of exogenous fragment 123. The positions of 
~65, syntaxin (p35), and fragment 123 (A), and the (Y- and ol’-subunits 
of casein kinase II (B) are indicated. The P-subunit of casein kinase II 
was obscured by the light chain of anti-p65 and is not shown. 

Zvi and Branton, 1986) and the cytoplasmic domain of the 
cation-independent mannose 6-phosphate receptor (Mtresse et 
al., 1990). The interaction between a kinase and its substrate is 
one mechanism by which the activity of a broad substrate spec- 
ificity kinase might be limited. Indeed, the type II regulatory 
subunit of CAMP-dependent protein kinase interacts with cer- 
tain substrates and thereby localizes the catalytic subunit near 
a limited set of potential targets (Scott et al., 1990). 

Regulation of ~65 phosphorylation by casein kinase II 

Although purified casein kinase II appears to be constitutively 
active, in vivo regulation of casein kinase II activity has been 
demonstrated. In cell culture, casein kinase II activity rapidly 
increases in response to insulin, insulin-like growth factor I, and 
epidermal growth factor (Sommercom and Krebs, 1987; Klar- 
lund and Czech, 1988; Ackerman and Osherhoff, 1989). Of 
particular interest with regard to the phosphorylation of ~65 
and syntaxin is a recent report demonstrating rapid activation 
of casein kinase II during long-term potentiation in hippocampal 
slices (Charriaut-Marlangue et al., 199 1). Long-term potentia- 
tion, a form of synaptic plasticity thought to mimic the mod- 
ulation of synaptic efficacy involved in the process of learning 
and memory, is likely to involve both pre- and postsynaptic 
mechanisms (Madison et al., 1991). The long-term potentia- 
tion-associated activation of a protein kinase capable of phos- 
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Figure 4. Interaction of casein kinase II with p65 fragments. A solu- 
bilized rat brain membrane preparation was passed over affinity col- 
umns containing immobilized p65 fragments as described in Materials 
and Methods. The starting membrane fraction (lane 1) and the eluates 
from columns containing immobilized fragment 123 (lane 2), fragment 
345 (lane 3), and fragment 11s (lane 4) were resolved by SDS-PAGE 
and analyzed by Western blotting with anti-casein lcinase II antibody. 
The positions of the a- and P-subunits of casein kinase II are indicated. 

phorylating two proteins (~65 and syntaxin) potentially in- 
volved in neurotransmitter release is an intriguing finding. 
Although the biochemical mechanism underlying the regulation 
of casein kinase II activity has not been established, a recent 
report has shown that sphingosine can stimulate purified casein 
kinase II in vitro (McDonald et al., 199 1). Sphingosine, a basic 
structural component of sphingolipids, is a potent inhibitor of 
protein kinase C (Hannun et al., 1986) and may serve as a second 
messenger, generated from sphingolipid metabolism, capable of 
modulating a variety of cellular activities (Hannun and Bell, 
1989). 

To characterize further the in vitro phosphorylation of ~65, 
we tested the effects of sphingosine, as well as other lipids and 
detergents, on p65 phosphorylation in a complex membrane 
preparation. A synaptic vesicle-enriched fraction, plus lipids or 
detergent, was incubated in the presence of y-32P-ATP, and the 
phosphorylation patterns of the total sample (Fig. 54) as well 

as anti-p65 immunoprecipitates (Fig. SS) were compared. Rel- 
atively little phosphorylation of ~65 was detected with no ad- 
ditions (lane 1). Upon addition of 30 &ml sphingosine (lane 
2) ~65 phosphorylation was stimulated without a dramatic ef- 
fect on the total phosphorylation pattern. This suggests that the 
stimulation of casein kinase II by sphingosine observed with 
the purified enzyme (McDonald et al., 199 1) can also occur in 
a complex membrane preparation. No stimulation of p65 phos- 
phorylation was observed upon addition of 30 &ml ceramide, 
sphingomyelin, phosphatidylcholine, or octylglucoside (lanes 3- 
6), demonstrating that the sphingosine stimulation was lipid 
specific, and not a detergent effect. However, when the vesicle 
preparation was incubated with solubilizing concentrations of 
octylglucoside (1.6%), a striking and specific increase in the 
phosphorylation of both ~65 and syntaxin was observed (lane 
7). Even though ~65 and syntaxin represent only minor con- 
stituents of the vesicle preparation (as visualized by Coomassie 
blue staining), following octylglucoside solubilization they are 
among the dominant phosphoproteins. Other detergents, in- 
cluding CHAPS and Triton X-100, had the same effect as oc- 
tylglucoside on ~65 phosphorylation (data not shown; Petrenko 
et al., 1991). Detergent solubilization of the synaptic vesicle- 
enriched fraction also resulted in increased phosphorylation of 
two exogenous substrates, fragment 123 and peptide C (data 
not shown). This suggests that the observed increase in ~65 
phosphorylation may be due to stimulation of the kinase itself. 
The apparent detergent stimulation of casein kinase II could 
occur by several mechanisms, including (1) physical disruption 
of the native membrane structure, (2) removal or inactivation 
of an inhibitory compound or phosphatase, or (3) activation of 
or increased accessibility to a stimulatory compound. The mech- 
anism and physiological relevance of the detergent stimulation 
of casein kinase II will be the topic of further experimentation. 

We have demonstrated that ~65 interacts with and is phos- 
phorylated by casein kinase II. This phosphorylation, initially 
detected in anti-p65 immunoprecipitates, can occur in the na- 
tive membrane environment in response to sphingosine and is 
strongly stimulated by detergent solubilization. We are now in 
a position to address the following important and interrelated 
questions regarding the phosphorylation of p65: (1) is ~65 phos- 
phorylated in vivo; (2) if so, how is this phosphorylation regu- 

A B 
Figure 5. ~65 phosphorylation in a 
synaptic vesicle preparation. A synap- 1234567 1234567 
tic vesicleenriched fraction was phos- 
phorylated in vitro as described in Ma- 
terials and Methods. One-tenth of each 
reaction was analyzed directly by SDS- 
PAGE (A), while the remainder was im- 
munoprecipitated with anti-p65 prior 
to SDS-PAGE analysis (B). The phos- 
phorylation reactions were performed 
with no additions (lane I) or with the 
following additions: lane 2, 30 &ml 
sphingosine; lane 3,30 pg/ml ceramide; 
lane 4, 30 pg/rnl sphingomyelin; lane 
5, 30 rcg/ml phosphatidylcholine; lane 
6, 30 rcg/ml octylglucoside; and lane 7, 
1.6% octylglucoside. The positions of 

43- 

29 - 
x de& 

18-' 
molecular weight standards, ~65, and 
syntaxin (~35) are indicated. 14-: 
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lated; and (3) what are the physiological consequences of ~65 
phosphorylation? 
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