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To study the role of protein kinase C (PKC) and its substrates 
in neuronal function, we have investigated the in vitro endoge- 
nous phosphorylation of the neuronal phosphoprotein Fl after 
induction of synaptic plasticity by long-term potentiation (LTP). 
The protein Fl phosphorylation was found to increase 5 min 
(Routtenberg et al., 1985), 1 hr (Lovinger et al., 1986) and 3 d 
(Lovinger et al., 1985) after LTP. The characteristics of this 
protein bear close similarities to a number of proteins charac- 
terized in various neuronal systems, such as BSO (brain specific, 
synaptosome-enriched protein), pp46 (a growth cone protein), 
and GAP 43 (nerve growth and regeneration-associated pro- 
tein). A positive identification of the purified protein Fl with 
these proteins would link protein Fl to the developmental growth 
of axons, nerve regeneration, and polyphosphoinositide metab- 
olism, as well as adult plasticity. 

We have therefore purified and partially characterized native 
protein Fl so that a meaningful comparison among the prop- 
erties of these proteins can be made. Using synaptosomal plas- 
ma membrane (P,‘) as starting material, subsequent purification 
involved pH extraction, 40-80% ammonium sulfate precipita- 
tion, hydroxylapatite, and phenyl-Sepharose column chro- 
matography. This procedure achieved greater than 800-fold pu- 
rification and about 45% yield relative to P,‘. Purified protein 
Fl (M, = 47,000, p1 = 4.5) was found to be a hydrophilic mol- 
ecule and was phosphorylated by lOOO-fold purified PKC in the 
presence of phosphatidylserine (PS) and Ca2+. The K. of PS 
activation is about 15 pg/ml (-20 PM), and that of Ca*+ is about 
25 WM. Diolein and DiC:8 (a synthetic diacylglycerol) lowered 
the requirement of Ca*+ for maximal stimulation from 100 to 5 
FM. Ca2+-calmodulin kinases type I and II did not phosphory- 
late protein Fl. The phosphoamino acid analysis showed that 
97% of the total incorporated 32P-phosphate was on the serine 
residue. Phosphopeptide mapping using VS-protease generated 
2 phospho-fragments having apparent M, of 13,000 and 11,000. 
Calmodulin at 3.6 PM inhibited 95% of protein Fl phosphory- 
lation by PKC. The availability of purified native protein Fl 
should facilitate investigation of the physiological role of this 
protein in the nervous system and its functional regulation by 
PKC. 

It has been demonstrated in non-neuronal systems that protein 
kinase C (PKC) is a multifunctional regulatory enzyme capable 
of phosphorylating multiple substrates that then give rise to a 
variety of cellular responses (for review, see Nishizuka, 1984a, 
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b). For example, the PKC phosphorylation of human epidermal 
growth factor receptor (EGF-R) from A431 epidermoid carci- 
noma cells caused an inhibition of tyrosine kinase activity of 
the receptor (Davis et al., 1985a; Hunter et al., 1984) and stim- 
ulated the mitogenic response of cultured A43 1 cells (Davis et 
al., 1985b). The PKC phosphorylation of a 40,000 Da human 
platelet protein, on the other hand, was found to correlate closely 
with thrombin-induced 5-HT secretion in platelets (Imaoka et 
al., 1983; Kawahara et al., 1980). 

The functional role of PKC and its substrates in neuronal 
systems is not well understood, and the study of PKC-mediated 
events in nervous tissue has only recently been developed. Pre- 
vious observations in our laboratory indicated that the phos- 
phorylation state of a membrane-bound 47,000 Da protein, 
termed protein Fl in rat brain, was selectively altered after long- 
term potentiation (Lovinger et al., 1985, 1986; Routtenberg et 
al., 1985), a physiological model for synaptic plasticity. It was 
found that protein Fl was an endogenous PKC substrate in 
crude synaptosomal plasma membranes (Akers and Routten- 
berg, 1985) and that cytosolic PKC activity was translocated to 
plasma membrane after long-term potentiation (Akers et al., 
1986). Recently, iontophoretic application of phorbol ester 
(PMA), a PKC activator, to the hippocampus was demonstrated 
to prolong the enhanced synaptic response (Routtenberg et al., 
1986). These results have led us to suggest that protein Fl and 
PKC may be involved in long-term modulation of synaptic 
efficacy (for review, see Routtenberg, 1985a, b, 1986). 

Investigation of specific functions requires analysis of protein 
Fl and kinase C in sufficiently purified form for structure-func- 
tion and kinetic studies. To date, protein Fl (Nelson and Rout- 
tenberg, 1985) and Fl-like proteins such as GAP43 (Skene and 
Willard, 198 la) or B50 protein (Oestreicher et al., 1983) have 
been isolated only in a denatured form by SDS-PAGE or iso- 
electrofocusing techniques. In the present work, we describe the 
purification of native protein Fl from rat brain and report some 
of the physicochemical characteristics of this protein. 

Materials and Methods 

Materials 
Male Sprague-Dawley rats, 200-250 gm, were purchased from Harlan 
Farm, IN. Diolein and DiC:8 were obtained from Life Science Re- 
sources; phenyl-Sepharose CL-4B from Pharmacia Fine Chemicals; ac- 
rylamide, N-N-methylenebisacrylamide, Bio-gel P- 100, and hydroxyl- 
apatite from Bio-Rad; ampholine from LKB; N,N,N’,N’- 
tetramethylethylenediamine and Kodak AR x-ray film from Eastman 
Kodak: and Y’~P-ATP from ICN nharmaceuticals. All other chemical 
reagenfs were purchased from Sigma. All reagents were analytical grade. 

Methods 

Preparation of crude synaptosomal membrane fraction (P, y 
P,’ fractions were prepared by a modification of the procedure of De 
Robertis et al. (1967) as described in Akers and Routtenberg (1985). 
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All operations were done at 4°C unless otherwise specified. Twelve rat 
cortices (- 12 gm) were homogenized in 60 ml of ice-cold 0.32 M sucrose 
and 2 mM DTT using a motorized homogenizer (10 strokes). After 
resuspension with another 60 ml of the same solution, the homogenate 
was centrifuged at 1000 x g in a Sorvall RC-5B refrigerated centrifuge 
for 10 min. The supematant was subjected to a higher spin of 12,000 x 
g for 20 min before the pellet (PJ was resuspended in 60 ml of lysing 
buffer containing 10 mM EGTA and 2 mM DTT, pH 7.5. After 45 min 
of slow stirring, the suspension was spun at 17,500 x g for 20 min. The 
supematant (synaptosomal cytosol) was saved in early experiments for 
testing protein Fl and PKC activities but was discarded in later prep- 
arations. The pellet (PZ’) was resuspended in 10 ml of 1 mM Mg-acetate. 

Solubilization of Protein FI 
The pH extraction of Fl from the P,’ membrane fraction was similar 
to the process described by Oestreicher et al. (1983). Briefly, the resus- 
pended P,’ was adjusted to pH 11.5 with 1 N NaOH. The alkali extract 
was centrifuged at 130,000 x g in a Beckman L2-658 ultracentrifuge 
for 30 min. The precipitate was discarded, while the supematant was 
acidified to nH 5.5 with 1 M Na acetate-acetic acid. DH 5.0. The fraction 
was centrifuged at 58,000 x g for 20 min. The supematant, containing 
solubilized Fl, was subjected to 40-80°h ammonium sulfate precipi- 
tation. The final precipitate was spun down at 58,000 x g for 20 min, 
resuspended in a minimal amount of 5 mM KPi + 1 mM EDTA buffer, 
pH 7.5, and dialyzed overnight against the same buffer. All purification 
procedures were done at 4°C unless otherwise specified. 

Purification of protein kinase C 
Using a modified procedure of Kikkawa et al. (1982), protein kinase C 
was purified in our laboratory to apparent homogeneity (Murakami and 
Routtenberg, 1985). Whole forebrains from 24 rats were homogenized 
with a motorized homogenizer and centrifuged at 100,000 x g for 1 hr. 
CAMP, 40 PM, was added to the supematant to eliminate CAMP-de- 
pendent protein kinase (Lubben and Traugh, 1983) before it was applied 
to a DEAEcellulose column (2.5 x 16 cm), eluted with O-O.3 M NaCl. 
The active fraction was concentrated and subjected to an AcA34 gel- 
filtration column (2.5 x 95 cm). The enzyme fraction was further puri- 
fied using a hydroxylapatite column (1.5 x 2.5 cm) followed by a phe- 
nyl-Sepharose column (1 x 2 cm, 2-O M NaCl continuous gradient). 
The PKC activity was assayed by measuring the incorporation of 32P- 
ATP into lvsine-rich histone Hl (tvne III-S). The tvnical snecific activitv 
of the purified PKC used was ab&t 650 ‘nmol/&in/mg~protein. PKC 
activity was assayed essentially as in Murakami and Routtenberg (1985). 
The standard reaction mixture (final volume, 240 ~1) contained 300 fig/ 
ml histone, 500 PM Ca2+, 5 mM Mg*+ , and 30 &ml PS in 50 mM Tris, 
pH 7.5. The reactions were initiated by adding 20 ~1 of 2 mM ATP 
(specific activity 100-l 50 cpm/pmol) and were carried out up to 10 min 
at 30°C. The reactions were terminated with 50 ~1 of EGTA and EDTA 
saturated solution, and 200 pl of the reacted sample was spotted onto 
Whatman P-8 1 phosphocellulose paper. The paper was washed, and the 
radioactivity was counted with a Beckman LS 150 scintillation counter. 

Standard assays of protein Fl phosphorylation 
Protein Fl served as a substrate for purified or partially purified PKC 
(after the AcA34 gel filtration step) in the presence ofphosphatidylserine 
(PS). Ca*+. and Ma*+. The in vitro assav mixture (final volume. 60-l 10 
bl) contained 2.5 &M Mg*+ , 200 PM C&+ , and 1 d0 &ml PS in 50 mM 
Tris, pH 7.5. The appropriate amount of PKC (about 60 pmol/min 
protein kinase activity) and various preparations of protein Fl were 
added before preincubation at 30°C for 1 min. Ten microliters of 32P- 
ATP (final concentration, 5 PM; specific activity, 1.5-3 x lo5 cpm/nmol) 
were then added to start the reaction (usually 2 min at 30°C). The 
reactions were terminated by the addition of a stop solution (25 &lOO 
~1 sample volume containing 15% SDS, 10% fl-mercaptoethanol, 30% 
sucrose. 0.05% bromonhenol blue. and 25 mM EDTA in 0.186 M Tris 
HCl, pH 6.7). The samples were then boiled for 5 min and subjected 
to 10% SDS-PAGE and autoradiography. 

The CAMP-dependent kinase assay was performed according to Ueda 
and Greengard (1977) with some modifications. CAMP dependent ki- 
nase (Sigma), 5 pg, was incubated with 1 pg of purified Fl or 10 fig of 
synapsin I, 10 mM Mg2+, 5 PM 32P-ATP, and 50 mM Tris, pH 7.5 (final 
volume, 70 ~1) in the presence or absence of 20 PM CAMP at 30°C for 
various time periods. Purified synapsin I was used as a control. 
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Figure I. Autoradiograph showing synaptic membrane enrichment of 
protein Fl. The pHE fraction, derived from P2’, did not contain any 
kinase activity (lane I), while the synaptosomal cytosol (SC) fraction 
did not contain protein Fl (lane 2). However, when the 2 fractions were 
combined, a phosphorylated band appeared right at the 47 kDa region 
(lane 3). The phosphorylation of this protein band was further stimu- 
lated by the addition of 100 &ml PS (lane 4). Note that PS stimulates 
the phosphorylation of some substrates but inhibits that of others. Lanes 
1 and 2 contain 25 pg protein; lanes 3 and 4, 50 pg protein. The pHE 
fraction was precipitated with 80% ammonium sulfate before phosphor- 
ylation. The samples were phosphorylated for 15 set at 30°C. 

SDS-PAGE, autoradiography and quantitative estimation of 
incorporation of 3ZP-phosphate into protein 
Ten percent SDS-PAGE (1.5 mm thick) was performed according to 
the procedure of Laemmli (Ames, 1974). The electrophoresis was carried 
out in 0.05 M Tris, 0.384 M glycine buffer at 60 V until the bromphenol 
blue dye passed the 3% stacking gel (about 1 hr) and then at 160 V until 
the dye reached the bottom of the gel. Following electrophoresis, the 
slab gel was stained with Coomassie Brilliant Blue R250 and dried with 
a gel dryer (model 224, Bio-Rad). The dried gel was subjected to au- 
toradiography using Kodak Royal X-Omat AR film. Microdensitometry 
was done as reported earlier (Morgan and Routtenberg, 1981). Auto- 
radiographs were scanned with an EC-Apparatus 920 microdensitom- 
eter. Phosphotylation was expressed as total densitometric area (minus 
background) occupied by the peak corresponding to each individual 
protein. A computer program tailored to calculate the area and height 
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Figure 2. Autoradiograph showing the elution profile of phosphopro- 
teins from the hydroxylapatite column. An aliquot of 60 pl of each 
fraction was used for a 2 min reaction under standard phosphorylation 
conditions. Lanes l-4 represent fractions eluted from O-5, 5-30, 30- 
75, and 75-400 mM KPi, pH 7.5, gradient, respectively. Arrow indicates 
the expected position of protein F 1. 

under each peak was used in all analyses. Computer-assigned values 
were arbitrary but proportional to the intensities of protein phosphor- 
ylation within a given autoradiograph. The protein Fl band in some 
samples was cut off from the gel, using the autoradiograph as a guide; 
it was then eluted and the radioactivity was determined. 

Protein determination 
Protein determination was carried out by the method of Lowry et al 
(195 1) with BSA as the protein standard. For samples containing less 
than 0.05 mg/ml of protein, the amido black filtration assay (Schaffner 
and Weissmann, 1973) of protein determination was used. 

Two-dimensional electrophoresis (IEF-SDS) 
The isoelectrofocusing method of isoelectric point determination was 
carried out according to a modified procedure of O’Farrell et al. (1977). 
The IEF dimension was run on a modified Haake-Buchler Polyanalyst 
according to Nelson and Routtenberg (1985), in which the original 
grommets were replaced by serum caps with holes drilled to accom- 
modate 200 ~1 microcapillary pipettes (Fisher). The well-forming combs 
in the second dimension were custom-made to provide a wide center 
for the accommodation of the tube gels. 

Phosphoamino acid analysis 
Purified protein Fl was subjected to standard phosphorylation assay 
under optimal conditions; electrophoresis and autoradiography were as 
described above. The band identified as protein Fl was sliced out from 
the dried gel. After swelling and rinsing with distilled water, the cutoff 
band was smashed using a-homogenizer piston and incubated at 37°C 
ovemiaht in 250 ~1 of 0.5% SDS. The sample was then spun in an 
Eppendorf micromge (model no. 54 13) for 5 mitt, and the supematant 
was removed. The pellet and 25 ~1 of the supematant were counted in 

a scintillation counter in order to estimate the extraction efficiency. The 
rest of the supematant was lyophilized before treatment with 100 pl of 
10 mg/ml protease K in 50rn~ Tris, pH 7.5, at 37°C overnight. The 
diaested samole was lvouhilized aaain. and 250 1~1 of 6 N HCl was then 
added to hydrolyze the-peptides at 1’10°C for 6 hr. The hydrolysates 
were lyophilized and resuspended with 30 ~1 of distilled water containing 
1 mg/ml each of phosphoserine, phosphotyrosine, and phosphothreo- 
nine. The samples were subjected to paper electrophoresis in a 4% acetic 
acid, 0.9% formic acid buffer, pH 2.4, at 500 V for 16 hr, using a 
Beckman model R paper electrophoresis cell (Miles et al., 1981). The 
electrophoresed samples were stained with II ninhydrin and subjected 
to autoradiography. Stained phosphoserine, phosphotyrosine, and phos- 
phothreonine bands were then cut off for scintillation counting to obtain 
a quantitative comparison of the phosphoamino acids. 

Phosphopeptide mapping 
The procedure for 1 -dimensional phosphopeptide mapping on purified 
protein Fl was modified from Cleveland et al. (1977). Phosphorylated 
Fl was sliced out and eluted as noted in the previous section, except 
that distilled H,O was used instead of 0.5% SDS. After elution, the 
samples were lyophilized and resuspended in 50 ~1 of 200 &ml Staph- 
vlococcus aureus V-8 orotease in a 50 mM Tris buffer. DH 7.5. The 
proteolysis was allowed to proceed for 2 hr at 37°C. After proteolysis, 
the samples were loaded onto a 20% SDS-PAGE (bis : acryl = 1:lOO) 
and electrophoresed as described for the 10% gels. 

Results 

Purification scheme 
Procedures prior to 40-80% ammonium sulfate precipitation 
were described above. The criteria for identification of protein 
Fl are its molecular mass, isoelectric point, and ability to serve 
as a protein kinase C substrate. 

Protein Fl is enriched in the synaptosomal membrane frac- 
tion (P2’). Figure 1 shows the effective lysing procedure of P, 
using 10 mM EGTA to retain protein Fl in the P,’ membrane. 
pHE was the fraction obtained from pH extraction procedure 
described in Materials and Methods and was derived from P,‘. 
The pH extraction procedure deactivated all endogenous kinases 
(Fig. 1; Ueda and Greengard, 1977). All subsequent steps, there- 
fore, required exogenous kinase C for the phosphotylation of 
protein Fl . The supematant of lysed P, (synaptosomal cytosol, 
SC), though containing kinase C activity (specific activity, 96 
nmol/min/mg protein, using histone as the substrate protein), 
did not show substantial endogenous phosphorylation in the 
47,000 Da region, while the combined pHE and SC fractions 
showed PS-enhanced phosphorylation of protein Fl (Fig. 1). 

Further purification after the ammonium sulfate precipitation 
step was achieved by hydroxylapatite (HP) fractionation. The 
resuspended precipitate was dialyzed overnight against a 5 mM 
KPi + 1 mM EDTA buffer, pH 7.5, before being applied to a 
1.5 x 4.2 cm HP column previously equilibrated with 5 mM 
KPi, pH 7.5. Three bed volumes of each step gradient (30, 75, 
and 400 mM KPi, pH 7.5), in increasing concentrations, were 
applied sequentially to the column at a flow rate of about 10 
ml/hr, and l-bed-volume fractions were collected. Protein Fl 
was detected using the standard in vitro phosphorylation assay, 
followed by 10% SDS gel electrophoresis and autoradiography, 
as described in Materials and Methods. 

Protein Fl was found to elute from the HP column between 
30 and 75 mM KPi. The results were later confirmed by 
2-dimensional electrofocusing gels (see Fig. 8). Figure 2 shows 
the profiles of phosphoproteins eluted from HP fractionation 
by step gradients of KPi. Most of the phosphoproteins were 
eluted in the 75-400 mM KPi eluate, but considerable amounts 
of phosphoproteins were still present in the 30-75 mM KPi 
eluate. Typically, the second fraction of each step gradient con- 
tained the most protein and was used to represent the respective 
gradient elution. 

The second and third fractions of the HP 30-75 mM KPi 
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Figure 3. Elution profile of phenylSepharose column. A, Autoradio- 
graph showing the elution profile of phosphoproteins and protein Fl 
elution. Fraction I was the elution volume of excluded material. Frac- 
tions 2-12 represent KC1 gradients as indicated in B. Aliquots of 60 ~1 
of each fraction were used for phosphorylation under standard condi- 
tions. B, Densitometric measurement of A showing that over 40% of 
total phospho-Fl was eluted at the void volume and the rest in the first 
2 fractions of the 1.5 M KC1 gradient. 

gradient eluate were combined and applied to a phenylSeph- 
arose CL4B hydrophobic column (1 x 2.5 cm) previously 
equilibrated with 2 M KC1 in 50 mM Tris, pH 7.5. KCl, 1.5 M, 

was added to the HP eluate before loading. Three bed volumes 
of each step gradient (1.5 M KCl, 1 M KCl, 0 M KCl, and 1 mM 
EGTA, all containing 20 mM Tris, pH 7.5) were applied, in 
decreasing concentrations of KCl, at a flow rate of 10 ml/hr, 
and 1 -bed-volume fractions were collected. 

Since protein Fl is found in a membrane fraction and phenyl- 
Sepharose preferentially binds to the hydrophobic region of pro- 
tein molecules (Walsh et al., 1984), it was expected that it would 

Molecular Weight (wl OS31 

111 
Figure 4. Purified fractions of protein Fl. A, Coomassie-stained gel 
of a phenylSepharose-purified fraction; approx. 2 pg protein. Protein 
Fl was identified by its apparent molecular weight, autoradiography, 
and subsequent isoelectrofocusing. B, Corresponding autoradiograph. 
Arrows indicate the expected positions of protein FI and PKC. PKC 
autophosphorylation was sometimes seen in phosphorylated samples. 
Occasionally there is a small amount of contaminating phosphoproteins 
from the PKC fraction. C, Densitometric scan of B. 

bind to the column under hydrophobic conditions. However, 
protein Fl was eluted at the void volume and the first two 
fractions of 1.5 M KC1 eluate (Fig. 3A, B), suggesting the highly 
hydrophilic nature of this molecule. Figure 3A further showed 
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Table 1. Purification of protein Fl from rat brain cortex= 

Sp. act. Purification 

Vol Protein Activityb (pmol/mg yield 

Step (ml) (mg) (pmol) protein) Fold % 

P,’ 30 795 17,170 21 - - 

pHE’ 20 31.4 17,170 546 26 100 

40-80% ASPd 10 24 17,216 717 34 100 

HP eluatee 22.5 1.5 10,146 6764 322 59 

Ph.-Seph. eluate’ 27 0.45 7780 17,290 823 45 

y Standard in vitro phosphorylation conditions as described in Materials and 
Methods. 
b Activity was derived from densitometric scan. Arbitrary units were generated 
by a’computer program according to the relative intensity of densitometric peaks 
in autoradiographs. The numbers were converted back to picomoles ofincorporated 
phosphate as follows: Protein Fl was sliced from gel lanes containing the most 
purified fractions and counted for radioactivity. The cpm was coverted to picomoles 
of phosphate using the ‘*P-ATP stock used in the phosphorylation assay as a 
standard. 
c The activity of pHE (pH-extracted fraction) was used for P1’, assuming 100% 
recovery since there are numerous interfering factors in P*’ and the phosphorylation 
conditions are drastically different from those of the other fractions. 
d ASP, ammonium sulfate precipitated fraction. 
s HP eluate, 30-75 mm KPi eluted fraction from hydroxylapatite column. 
‘Ph.-Seph. eluate, phenyl-Sepharose CL-4B column eluate containing protein Fl. 

that protein Fl was the only major PKC-dependent phospho- 
protein present in these 3 fractions. All other phosphoproteins 
appeared in later fractions. Figure 3B shows the corresponding 
densitometric measurements, indicating that 93% of total phos- 
pho-Fl was found in the first 3 fractions and about 40% was 
eluted in the first fraction alone. These 3 fractions, either sep- 
arate or combined, were used in all subsequent experiments 
unless otherwise specified. 

The hydrophobicity of proteins such as calmodulin (Gopa- 
lakrishna and Anderson, 1982) or PKC (Walsh et al., 1984) 
changes when Ca2+ is present. However, the addition of 1 mM 
Ca2+ to the HP fraction, when applied to the phenyl-Sepharose 
column and subsequently eluted with gradients containing 1 mM 
Ca2+, did not change the elution pattern, indicating that the 
hydrophobic&y of protein Fl was unaffected by Ca2+. A few 
contaminating proteins (a major band of 55,000 Da and some 
minor bands) were still present in the phenyl-Sepharose-purified 
fraction. Figure 4 shows a Coomassie-stained gel pattern of the 
purified fraction, the corresponding autoradiograph, and the 
densitometric scan. 

An attempt to further purify protein Fl using a P-200 gel 
filtration column (exclusion limit, 200,000 Da) did not produce 
increased purity. Interestingly, protein Fl was eluted at the void 
volume of the column (data not shown). This raised the pos- 
sibility that the copurified protein bands may belong to a mac- 
romolecular complex containing protein Fl . The relationship 
of protein Fl to other peptides in these purified fractions re- 
mains to be elucidated. 

Table 1 shows the typical results of purification and yield. 
Protein Fl appeared to be purified > 800 x with respect to the 
P,’ membrane fraction and with a yield of 45%. It was difficult 
to estimate the degree of purification before the P,’ fraction due 
to numerous interfering factors such as endogenous PKC, excess 
phospholipids, phosphatases, and the inaccessibility to the 
membrane by PKC. 

The partially purified protein Fl could be stored at -20°C in 
Tris or phosphate buffers at pH 7.5 for at least 2 months without 
losing substrate activity. Repeated freezing and thawing and 
lyophilization also did not seem to diminish its ability to serve 
as a PKC substrate. 

PKC - 

FI - 

-97K 

-68K 

PKC + + 
PS - + 

Figure 5. Autoradiograph showing phosphatidylserine (PS) depen- 
dency of Fl phosphorylation by PKC. Only when PKC and PS (100 
&ml) were both present was Fl phosphorylation observed. In the 
absence of PKC, PS by itself did not phosphorylate Fl (data not shown). 
Ca*+ 200~~ andMg 2+, 5 mM, were present in both samples. Reaction 
time’was 1 &in at 37°C. Arrows indicated the expected positions of 
PKC and Fl. 

Protein Fl as a protein kinase C substrate 
Protein Fl phosphorylation by purified, exogenous PKC was 
phosphatidylserine and Ca2+ dependent. Figure 5 shows the PS 
requirement for Fl phosphorylation. The K. of PS activation is 
about 15 &ml (about 19 PM, assuming an average molecular 
weight of PS = 800; Fig. 6A), in good agreement with the K. of 
PS when histone was used as a substrate (Murakami and Rout- 
tenberg, 1985), and that of Ca2+ is about 25 PM (Fig. 6B), using 
the densitometric measurements described in Materials and 
Methods. 

The maximal stimulation occurred with about 30 min of in- 
cubation at 30°C in the presence of 100 &ml PS and 200 FM 

Ca2+ (Fig. 7A). A 2 min reaction time was subsequently adopted 
for standard reactions since it gave substantial stimulation and 
was well within the linear range of the time course curve. Phos- 
phate, 22 pmollrcg purified protein, or approximately 1 mol 
phosphate/m01 Fl , was incorporated, assuming homogeneity 
(Fig. 7A). However, protein Fl could have up to 2 phosphor- 
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ylation sites per molecule since the purified fraction contains 
only about 50-60% of the protein and no other PKC substrates 
are present in the fraction. The rate of Fl phosphorylation is 
comparable to that of histone H 1, a known PKC substrate (Fig. 
7, A, B). Diolein, 2 MM, or 2 PM of the synthetic diacylglycerol 
1,2-dioctanoylglycerol (DiC:8) in the presence of PKC and 100 
&ml PS lowered the requirement of Ca*+ for maximal phos- 
phorylation of protein Fl by PKC from 100 to 5 PM. 

Isoelectric point 
Figure 8 presents an autoradiograph from IEF-SDS 2-dimen- 
sional gel analysis which shows that protein Fl is an acidic 
protein with an isoelectric point of 4.5. Figure 8 also shows the 
distinctive microheterogeneity of phospho-F 1, which suggests 
multiple-site phosphorylation of this protein. These character- 
istics of purified Fl are similar to previous results from our 
laboratory obtained from crude synaptosomal plasma mem- 
branes (Nelson and Routtenberg, 1985). It should be noted that 
the B-50 protein (pZ also about 4.5) was reported to have mul- 
tiple forms (Zwiers et al., 1985). 
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Figure 6. PS and Ca2+ dependence 
curves. A, PS dependence curve of 
protein Fl phosphorylation by PKC. 
Purified protein Fl fraction (- 1 pg/ 
sample) was phosphorylated in the 
presence of O-200 &ml PS. All sam- 
ples contained 200 KM Ca*+. Other 
conditions were the same as standard 
assay. Measurements were derived 
from densitometric scanning of au- 
toradiographs. B, Ca2+ dependence 
curve of protein Fl phosphorylation 
by PKC. PS, 100 &ml was used in 
all samples, and Ca2+ concentration 
ranged from 0 to 200 PM. EGTA was 
used as a Ca2+ buffer at low Ca2+ con- 
centrations (i 10 PM). 

Calmodulin inhibition of protein Fl phosphorylation 
We have found that protein Fl phosphorylation by PKC was 
inhibited by calmodulin. In the presence of 200 PM Ca2+, 3.6 
PM (80 pLg/ml) calmodulin could inhibit 95% of the Fl phos- 
phorylation under standard assay conditions (Fig. 9). The ex- 
periment was repeated using histone as a substrate in order to 
demonstrate that calmodulin was an inhibitor of PKC. Under 
the standard kinase assay conditions (see Materials and Meth- 
ods), 95 &ml CaM inhibited about 80% of histone (1 &ml) 
phosphorylation by PKC. Increased substrate concentration (300 
Z.&ml histone) reversed calmodulin’s inhibitory effect. The in- 
hibition of both PKC substrates by calmodulin suggests that it 
directly interacts with PKC. It is possible that CaM serves as 
an intracellular regulator of PKC substrates, including protein 
F 1 (see Discussion). 

Site of phosphorylation and phosphopeptide mapping 
In order to determine the nature of the phosphoamino acid 
residues on protein Fl, the phosphorylated protein was acid 

Figure 7. Time dependence ofphos- 
phorylation. A, Rate of protein Fl 
phosphorylation by PKC. Approxi- 
mately 1 pg protein per sample. PS, 
100 fidrnl; Ca2+, 200 PM’ and j*P- 
ATP, 25 PM, were present in all sam- 
ples. Phosphate incorporation (in 
pmol) was calculated from dpm counts 
in excised Fl bands. B, Rate of his- 
tone H 1 (type III-S) phosphorylation 
by PKC. Histone content, 20 pgkam- 
ple. The protein/enzyme ratio and 
other conditions were the same as for 
A except that phosphocellulose paper 
assay (see Materials and Methods) was 
used instead of SDS-PAGE. 
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Figure 8. Two-dimensional gel showing the isoelectric point and microheterogeneity of phospho-Fl . A, Purified Fl fraction, 1 pg, phosphorylated 
under standard assay conditions but without PS. No PKC-stimulated protein Fl phosphorylation was found at the expected position (arrow). B, 
Same as A except that 100 &ml PS was added. Protein Fl was phosphorylated and showed a distinctive microheterogeneity that featured an 
elongated band with 1 tail tilting upward toward the alkali end. The pl was found to be 4.5. C, Same as B except that 5 pg of the HP 30-75 mM 
KPi eluate was used instead. Arrows indicated the expected position of protein Fl. 

hydrolyzed after separation from PKC using SDS-PAGE (see 
Materials and Methods). This step was necessary since PKC was 
autophosphorylated during the reaction. Of the total 32P-phos- 
phate incorporated into protein Fl, most was associated with 
the serine residue. Quantitative comparison by counting the 
cutoff phosphoamino acid bands showed that 97% of the in- 
corporated phosphate was associated with phosphoserine and 

o,.,., ., ., ., ., ., \* ., 

0 10 20 30 40 50 60 70 80 

Calmodulln (pg/ml) 

Figure 9. Calmodulin inhibition of Fl phosphorylation. Between 0 
and 80 &ml calmodulin was added to the otherwise standard phos- 
phorylation conditions. Free Ca *+, 200 PM, was present during the re- 
action. At 80 &ml, calmodulin inhibited almost 100% of the Fl 
phosphorylation by PKC. 

3% with other amino acids. The autoradiograph showed no 
detectable radioactive phosphate in either tyrosine or threonine 
(Fig. 10). 

For phosphopeptide mapping, phenyl-Sepharose-purified 
protein Fl was phosphorylated under optimal conditions and 
subjected to SDS electrophoresis. Protein Fl bands were iden- 
tified by autoradiography and excised from dried gel. After 
swelling and elution of protein from the gel slices, phospho-Fl 
was proteolyzed using 200 &ml S. uurm V8 protease as 
described in Materials and Methods. The proteolyzed fragments 
were run on a 20% gel. The subsequent autoradiography showed 
2 phospho-fragments having apparent molecular masses of 
13,000 and 11,000 (Fig. 11). The 11,000 Da band seemed to 
be much broader than the 13,000 Da band (see Discussion). 
Molecular masses were calculated from the gel mobility of the 
fragments with respect to marker proteins of known molecular 
weight. 

Other properties 
Following the procedure of Swallow et al. (1977), a concanavalin 
A column was used to test if protein Fl was a glycoprotein. 
Protein Fl did not bind to the column (data not shown), arguing 
against the possibility that it is a glycoprotein. 

Exogenous CAMP-dependent kinase did not stimulate phos- 
phorylation of purified protein Fl (data not shown). Some evi- 
dence indicates that calmodulin stimulates protein Fl phos- 
phorylation in crude synaptosomal membranes (Nelson et al., 
1985), which raises the possibility that protein Fl may be a 
substrate of a Ca-calmodulin kinase as well. We have tested 
purified Ca-calmodulin kinase type II (gift of Dr. M. Kennedy) 
and partially purified Ca-calmodulin kinase type I (according 
to the procedure of Kennedy and Greengard, 198 1) as possible 
candidates. However, no phosphorylation of protein Fl by either 
of these kinases was observed (data not shown). 

Discussion 
A number of nerve-associated phosphoproteins described by 
different laboratories are remarkably similar to the physical and 
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Figure 10. Autoradiograph showing the phosphoamino acid residues 
of phospho-Fl. Some 97% of the radioactive phosphate was incorpo- 
rated into the serine residues as a consequence of Fl phosphorylation 
by PKC. Judging from the autoradiograph, there was no labeling at the 
threonine site. 

biochemical characteristics of protein Fl. These proteins in- 
clude rat brain B-50 protein (Oestreicher et al., 1983; Zwiers et 
al., 1980), GAP43 (Skene, 1984; Skene and Willard, 1981a, b), 
and fetal growth cone pp46 phosphoprotein (Katz et al., 1985; 
Pfenninger et al., 1983). In recent collaborative studies, protein 
Fl was found to cross-react with anti-B50 (Gispen et al., 1986) 
and anti-GAP 43 (Snipes et al., 1986) antisera and to have 
similar, if not identical, properties to pp46 (Nelson et al., 1985). 
Thus, based on existing evidence of co-identification, protein 
Fl is likely to be involved in nerve growth and regeneration, as 
well as in synaptic plasticity (Routtenberg, 1985a). 

Protein Fl is undoubtedly associated with synaptosomal 
membranes (Fig. 1). However, based on the phenyl-Sepharose 
column elution profile, protein Fl, unlike PKC, was observed 
to be a very hydrophilic molecule. It is possible that protein Fl 
is a hydrophilic subunit of a macromolecular complex. This 
possibility was consistent with our observation that protein Fl, 
a 47,000 Da protein, was eluted at the void volume of a P-200 
gel-filtration column. However, several attempts using analyt- 
ical gels without SDS to resolve this issue have failed to yield 
a higher-molecular weight complex. An alternative explanation 
may be that protein Fl exists as a complex of 47,000 Da sub- 
units. Further effort will be made to clarify this point. 

Protein Fl was observed to be phosphorylated almost exclu- 
sively on phosphoserine. Kawahara et al. (1980) described a 
membrane-bound 40,000 Da PKC-stimulated platelet phos- 
phoprotein, the phosphorylation of which is closely correlated 
with secretion of 5-HT and platelet granule constituents. This 
protein has since been purified by Imaoka et al. (1983), who 
referred to it as P47, and the phosphoamino acid residues were 
found to be mostly serine. On the other hand, it was recently 
found that the amino acid residues of human EGF-R phosphor- 

Figure 11. S. aureu.s V-8 protease phosphopeptide mapping. Auto- 
radiograph showing radioactive fragments of protein Fl as separated 
by a 20% SDS gel. The molecular masses of the phosphopeptides were 
calculated from the mobility of marker proteins with known molecular 
weight. Arrows indicate the approximate positions of the 2 phospho- 
fragments. The marker proteins used were albumin (68,000 Da), fu- 
marase (47,000 Da), carbonic anhydrase (29,000 Da) and cu-lactoal- 
bumin (14,200 Da). 

ylated by PKC was primarily threonine (Cachet et al., 1984; 
Hunter et al., 1984; Iwashita and Fox, 1984), in contrast with 
P47 and protein Fl. EGF-R internalization can be induced by 
PMA-induced PKC phosphorylation of a specific threonine site 
near the cytosolic membrane surface (Beguinot et al., 1985). 
Such internalization differed from EGF-induced internalization, 
which led to the degradation of the receptor in lysosomes. Dif- 
ferent classes of PKC substrates related, for example, to recep- 
tors or secretion may, in turn, be related to specific patterns of 
amino acid residues being phosphorylated. Unfortunately, in- 
sufficient evidence is available to relate specificity for phos- 
phoamino acid residues of PKC substrates to their functional 
role. Using myelin basic protein as a model substrate, Kishimoto 
et al. (1985) have recently initiated the study of PKC substrate 
specificity and its relation to functional consequence. 

Proteolysis using V8-protease yielded 2 broad bands of ap- 
proximate M, of 13,000 and 11,000 (Fig. 11). A possible ex- 
planation for the broadness was revealed in recent experiments 
from our laboratory using 2-dimensional gel analysis of the 
phosphofragments, which indicated that there were several poly- 
peptides of slightly different molecular weights and isoelectric 
points derived from each of these bands (R. B. Nelson and A. 
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Routtenberg, unpublished observations). The lower-molecular- 
weight region contained a greater diversity of phosphorylation 
spots, which could explain why the lower band was broader. 
This observation could be related to the multiple phosphory- 
lation site phenomenon of protein B-50 described by Zwiers et 
al. (1985). 

Calmodulin, 3.5 PM, inhibited 90% of protein Fl phosphor- 
ylation by PKC. It is likely that calmodulin affects PKC, rather 
than protein F 1, in view of reports by others showing calmodulin 
inhibition of other PKC substrates (Albert et al., 1984). Kojima 
et al. (1984) recently proposed a 2-branch involvement of the 
angiotensin II-stimulated aldosterone secretion system in ad- 
renal glomerulosa cells. The calmodulin branch, activated by 
transient rises in free cytosolic Ca2+, was responsible for the 
initial phase of aldosterone secretion, while the PKC branch, 
regulated by transient increases in intramembrane diacylglyc- 
erol, was responsible for the sustained phase of this cellular 
event. Such an interpretation is relevant to the finding in our 
laboratory that a selective increase of in vitro endogenous pro- 
tein Fl phosphorylation was seen 5 min and 1 hr, but not 1 
min, after long-term potentiation (Lovinger et al., 1985, 1986; 
Routtenberg et al., 1985) and the concurrent translocation of 
PKC activity from cytosol to plasma membrane (Akers et al., 
1986). These observations, along with the recent demonstration 
of phorbol ester enhancement of synaptic plasticity (Routten- 
berg et al., 1986) suggest that the increase in endogenous Fl 
phosphorylation is due to an increase in membrane PKC activity 
and that PKC-mediated system(s) may be responsible for the 
sustained or long-term phase of the process. Calmodulin, in 
addition to its activation of kinases, could be responsible for 
inhibition of PKC activation and, thus, protein Fl phosphor- 
ylation in the early phase of long-term potentiation. 

Purification by relatively nondenaturing methods has the po- 
tential advantage that the isolated protein may retain its bioac- 
tivity. Isolation and characterization of protein Fl will also 
permit the immunological identification with protein molecules 
characterized by others and the study of the underlying mech- 
anism responsible for the observed increase of in vitro phos- 
phorylation after long-term potentiation. Such convergent in- 
formation may then lead to the elucidation of its specific 
physiological role in the nervous system. 
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