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Against C-Terminal Peptide of Protein F1: A Novel
Phosphorylation at Serine 209 of the Peptide

by Protein Kinase C
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Protein F1 (GAP-43, B-50, neuromodulin, P-57), a neural tissue-specific phosphoprotein enriched
in the growth cones of elongating neurites, is suggested to be involved in synaptic plasticity,
neuronal development, and neurotransmitter release. In this study, a 21 amino acid polypeptide
(AKPKES*ARQDEGKEDPEADQE) that corresponds to the C-terminus sequence of protein F1
(from position 204-224) was synthesized and used to produce anti-protein F1 antibodies. Immuno-
blot analysis has demonstrated that the prepared antibodies recognized intact protein F1. Protein
F1 and the synthesized F1 peptide were phosphorylated in vitro by PKC. Furthermore, phosphor-
ylated protein F1 was immunoprecipitated by anti-F1 peptide antibodies demonstrating that these
antibodies recognized both native, non-phosphorylated and phosphorylated protein. The anti-pro-
tein F1 antibodies also stained the plasma membranes of cell bodies and neurites of mouse neuronal
cultures obtained from 14-day old spinal embryonic tissue. By contrast, no glial cells were stained.
These data suggest that serine 209 at the C-terminus of protein F1 may be a substrate for PKC
phosphorylation in vivo. In addition, antibodies raised against F1 peptide revealed protein F1
immunoreactivity that outlined all neurites of cultured mouse spinal neurons.
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INTRODUCTION ciated protein (4), B-50 phosphoprotein in synaptosomes
(5), P-57, the calmodulin binding protein (6), and F1,
or plasticity protein (7) by independent research groups.
As protein F1 expression is higher in developing and
regenerating neurons than in adult neurons, protein F1

may have an important role in axonal growth and regen-

Protein F1 is a major membrane component of the
neuronal growth cones in developing rat brains (1-3).
The same protein has been identified according to the

observed physiological effect as GAP-43 growth asso-
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eration (8-10). Unphosphorylated protein F1 binds cal-
modulin in the absence of calcium with the consequent
regulation of calmodulin-dependent enzymes near the
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neuronal membranes (6). Protein F1 also stimulates GTP
binding to Go, providing intracellular regulation of Go
protein that is enriched in growth cone membranes (11).
In addition, phosphorylated protein F1 inhibits phospha-
tidyl inositol 4-phosphate kinase (12) which suggests a
different signal transduction role of protein F1.

Protein F1 has an apparent Mr of 43,000 and p! of
4.3-4.6 (13,14). Although protein F1 is a very hydro-
philic protein, it is attached to the cytosolic surface of
the plasma membrane via palmitoylation of two cysteine
residues at its amino terminus (15). According to the
immunolocalization studies of protein F1 using electron
microscopy, this protein exists mainly in the presynaptic
terminals of adult brains (16). Nelson and Routtenberg
(7) and Lovinger et al. (17) have reported that phos-
phorylation of protein F1 may be involved in the estab-
lishment of synaptic long term potentiation in rat
hippocampus. This phosphorylation is catalyzed by a
calcium/phospholipid dependent protein kinase C (PKC)
(7,18,19).

Since protein F1 appears to play a central role in
neuronal regeneration and plasticity, antibodies against
this protein can be used as a tool to investigate the dis-
tribution and physiological function of protein F1 in
mammalian neurons. Peptide conjugates provide a con-
venient way to produce antibodies against different do-
mains of a protein. In this study, a 21 amino acid
polypeptide was selected from the primary sequence of
protein F1 that corresponds to its C-terminus. The se-
lected peptide (AKPKES*ARQDEGKEDPEADQE) has
a possible phosphorylation site for PKC (SAR). The pep-
tide was shown to be a good substrate for PKC and was
used to produce anti-protein F1 polyclonal antibodies in
rabbit. These antibodies showed good results on
immunoblot analysis and in immunostaining of mouse
spinal cord neurons in vitro.

EXPERIMENTAL PROCEDURES

Synthesis and Purification of F1 Peptide. Molecular cloning of
F1 ¢cDNA has revealed that protein F1 is a hydrophilic 226 amino acid
protein encoded by 1.5 kb brain-specific mRNA. A 21 amino acid
polypeptide (Mr 2300) was selected from the predicted primary struc-
ture of rat protein F1 (20), synthesized (Bio-Synthesis, Inc., Lewis-
ville, TX), and confirmed by amino acid composition analysis. The
peptide corresponds to the carboxy terminus of the protein from po-
sition 204-224.

The synthesized peptide was further purified by reversed-phase
HPLC using a Waters C18 column eluted with 0-50% acetonitrile
gradient in 0.1% trifluoroacetic acid (TFA)/H,O at a flow rate of 1
ml/min and the purified peptide was stored at —20°C.

Production of Anti-Protein F1 Antibodies. Two milligrams of the
synthetic F1 peptide and 18 mg of keyhole limpet haemocyanin (KLH,
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Calbiochem, San Diego, CA) were dissolved in 2 ml of 0.1 M phos-
phate buffer (pH 7.2). The peptide was conjugated to KLH by adding
glutaraldehyde to a final concentration of 0.6% (v/v) (21). The mixture
was incubated at room temperature for 3 hr then dialyzed against
phosphate-buffered saline (PBS) overnight at 4°C against two changes
of PBS (500 ml each). The dialyzed sample was made up to 5 ml with
PBS, and 1.5 ml of the F1 peptide-KLH conjugate was emulsified
with 1.5 ml Freund’s complete adjuvant (Calbiochem) and injected
into a rabbit. Preimmune serum was collected before immunization.

Three other preparations were made by emulsifying 0.75 ml of
the immunogen with 0.75 ml Freund’s incomplete adjuvant for each
preparation. The animal was injected weekly with the preparation. The
animal was bled after 4 weeks through ear veins. The animal was
further boosted with 1.5 ml of F1 peptide-KLH conjugate and 30-40
ml of blood were collected by cardiac puncture a week after. The
collected blood was decanted and centrifuged at 1,000 g for 20 min
then the supernatant (serum) was stored at —20°C, To isolate the
immunoglobulin G (IgG) fraction, the immune serum was dialyzed
against 0.1 M potassium phosphate (pH 7.0) overnight at 4°C and
purified by protein A affinity chromatography (Bio-Rad). The purified
1gG was dialyzed overnight against PBS and stored at —20°C.

Purification of Protein FI. Twelve male Sprague-Dawley rats
(Sasco Inc, Omaha, NE) were anesthetized using pentobarbital (Sigma,
St. Louis, MO) at a concentration of 65 mg/kg body weight. Brains
were then taken out and used as a source of protein F1. Purification
was performed according to established procedures (22). Briefly, rat
cortices (about 12 g) were homogenized in 60 ml of ice cold 0.32 M
sucrose and 2 mM DTT using Teflon-Glass homogenizer (15 strokes).
The homogenate was centrifuged in a Beckman J2-21 centrifuge at
1,000 g for 10 min and the supernatant was then centrifuged at 12,000
g for 20 min. The pellet was resuspended, centrifuged further at 17,500
g for 20 min. The supernatant was recovered as the source of PKC.
The pellet from this same step (crude synaptosomal membranes) was
resuspended in 10 ml of 1 mM magnesium acetate. Protein F1 was
solubilized by pH extraction (23), precipitated with' 40-80% ammo-
nium sulfate, resuspended in 5 mM potassium phosphate and 1 mM
EDTA (pH 7.5), and dialyzed overnight against the same buffer. The
dialyzed sample was applied to hydroxylapatite column and the frac-
tions containing protein F1 were pooled and further purified by phenyl
sepharose column. All the procedures were carried out at 4°C.

Immunoblot Analysis of Protein F1. Fractions enriched in protein
FI (10 pg) were boiled for 3 min in sample buffer (0.125 M Tris-
HCl, 2% sodivm-dodecyl sulfate (SDS), 5% B-mercaptoethanol, 20%
glycerol, and 0.0025% bromophenol blue). SDS-polyacrylamide gels
(1 mm thick) were prepared according to the method of Laemmli (24).
Proteins were resolved by 10% SDS-polyacrylamide gel electropho-
resis (SDS-PAGE). The gel was then either stained with Coomassie
brilliant blue (R-250, Bio-Rad, Richmond, CA) or proteins were elec-
trophoretically transferred to a nitrocellulose membrane (Bio-Rad) in
25 mM Tris-HCI (pH 8.3), 192 mM glycine, and 20% methanol for
2 hr at a constant current of 150 mA with a mini Trans-Blot cell (Bio-
Rad). After transfer, the nitrocellulose membrane was blocked for 1
hr in 3% gelatin added. to buffer A (20 mM Tris-HCl, pH 7.6; 0.5 M
NaCl, and 0.05% Tween-20). The membrane was then washed 3 times
with buffer A and incubated overnight at 4°C with anti-protein F1
antibodies at a dilution of 1:400 in buffer A containing 0.1% gelatin.
The nitrocellulose membrane was then washed with buffer A followed
by a 2 hr incubation with 1:1,000 dilution of sheep anti-rabbit IgG
conjugated to horseradish peroxidase (Sigma) in buffer A and 0.1%
gelatin. Immunoreactive bands were visualized by treatment with 4-
chloro-1-naphthol (Bio-Rad) and 3% H,0, in buffer A. Immunoblot-
ting was performed according to manufacturer’s protocol.
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Purification of Protein Kinase C. Protein kinase C was purified
according to the method of Murakami et al. (25). Briefly, whole brains
of 12 Sprague-Dawley rats were homogenized in 6 volumes of ice cold
20 mM Tris-HCl buffer (pH 7.5) containing 0.3 M sucrose, 2 mM
EDTA, 10 mM EGTA, and 2 mM DTT with Teflon-Glass homoge-
nizer. The homogenate was centrifuged at 100,000 g for 1 hr (Beckman
L5-50B ultracentrifuge). The supernatant was made 40 pM with re-
spect to cAMP, to decrease contamination of cAMP-dependent protein
kinase, and applied to DEAE-sepharose column (2.5 X 9 cm) previ-
ously equilibrated with 20 mM Tris-HCI buffer (pH 7.5) containing 5
mM EGTA, 2 mM EDTA, 2 mM DTT, and 40 pM cAMP. The
column was then washed with 20 mM Tris-HCl buffer (pH 7.5) con-
taining 1 mM EGTA, 1 mM EDTA, and 2 mM DTT. The column
was eluted with 600 m! of 0-0.3 M NaCl linear gradient in 20 mM
Tris-HCl buffer (pH 7.5) containing 1 mM EGTA, 1 mM EDTA, and
2mM DTT at a flow rate of 1 ml/min. The active fractions (containing
PKC) were pooled and concentrated down to 3 ml with an Amicon-
Ultrafiltration cell {(Amicon, Beverly, MA). The sample was applied
to an Ultrogel AcA-44 column (2.5 X 112 cm) previously equilibrated
with 20 mM Tris-HCl buffer (pH 7.5) containing 0.5 mM EGTA, 0.5
mM EDTA, and 2 mM DTT. Elution was performed using the same
buffer at a flow rate of 0.5 ml/min (all procedures were carried out at
4°C). Fractions with high PKC activity were pooled, concentrated, and
stored in glycerol (1:1) at —80°C. Activity was maintained for at least
6 months following purification.

Protein Kinase C Assay. PKC activity was determined by sub-
tracting the amount of 32PO, transferred from [y-32P] ATP (ICN Ra-
dioactive Chemicals, Irvine, CA) to histone type V-S (Sigma) in absence
of phospholipid, from the amount of *?P-incorporated in presence of
the phospholipid (26). The reaction mixture (final volume 100 pl)
included 50 pl of the eluted fractions containing PKC, 40 pg of hi-
stone, 5 mM Mg?+, 0.75 mM Ca?+, in the presence and absence of
25 g phosphatidyl serine (Avanti Polar-Lipids, Inc., Pelham, AL)
and 3 pg of L-a-1-0leoyl-2-acetoyl-sn-3-glycerol (OAG, Avanti Polar-
Lipids, Inc, Pelham, AL) in 20 mM Tris, pH 7.6. The reaction was
then initiated by adding.5 ul of [y-**P] ATP (final concentration 65
uM, specific activity 225 cpm/pmol). The reaction was allowed to
proceed for 10 min at 30°C then terminated by the addition of 80 ul
of 60% TCA. An aliquot (80.1) was spotted onto Whatman P-81 filter
paper {Whatman, Hillsboro, OR) which was then washed in 30% acetic
acid for 15 min, 15% acetic acid for 10 min (3 times), and acetone
for 5 min. Filter paper was then dried and radioactivity retained de-
termined by liquid scintillation counting (Beckman, LS 5000TD,
Beckman Instruments Inc, Fullerton, CA). The typical protein kinase
activity of the partially purified PKC was 170 pmol/min.

Immunoprecipitation of Protein F1. Immunoprecipitation of ra-
diolabeled protein F1 was achieved by incubation in the presence of
purified anti-protein F1 antibodies for 4 hr at 4°C. Prewashed stan-
dardized pansorbin (Calbiochem) (45 1) was added, incubated for a
further 1 hr at 4°C, and the conjugated antibodies sedimented by cen-
trifugation (12,000 g) for 5 min at 4°C. The pellet was washed 3 times
with NET buffer (150 mM NaCl, S mM EDTA, 50 mM Tris-HCI, pH
7.5, 0.05% NP-40) and finally resuspended in sample buffer. The
mixture was boiled for 3 min then proteins were resolved by electro-
phoresis (10% gels, constant voltage of 200 V). The gel was then
stained (Coomassie blue), dried, and exposed overnight to X-ray film
(Kodak).

Cell Culture. Dissociated spinal tissue from 13-14-day mouse
embryos was cultured according to the method of Ransom et al. (27)
with some modifications. Cells were seeded on flamed, poly-L-lysine
(10 mg/ml, Sigma) coated coverslips affixed to the bottom of the 60
mm culture dishes (Corning Inc, Corning, NY) with silicone rubber
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Fig. 1. Purification of unphosphorylated and phosphorylated F1 pep-
tide by reversed-phase HPLC. The phosphorylation of F1 peptide was
catalyzed by PKC, then the reaction mixture was applied to AG1X8
column (Bio-Rad) and the phosphopeptide was eluted with 15% acetic
acid. The phosphopeptide generated above was purified by reversed-
phase HPLC using a Waters C18 column eluted with 0~50% aceton-
itrile gradient (flow rate of 1 ml/min) as described in experimental
procedures. (A) elution profile of phosphorylated F1 peptide. (B) Ra-
dioactivity of the fractions of HPLC elution profile of *2P-phosphor-
ylated F1 peptide.

(Dow Corning, Midland, MI). Spinal neurons were dissociated in pa-
pain (Boehringer Mannheim, Indianapolis, IN) for 15 min then seeded
and maintained initially in minimal essential medium (MEM, GIBCO
BRL, Gaithersburg, MD) containing 10% fetal bovine serum and 10%
horse serum (HyClone Lab, Logan, Utah). Thereafter, cells were fed
2-times a week with MEM containing 10% horse serum. When the
cultures were confluent, glial growth was inhibited by the addition of
fluoro-deoxyuridine plus uridine (Sigma). The cells were grown at
37°C in an atmosphere of 90% air and 10% CO,.

Immunocytochemical Stain. Spinal neuronal cultures (27) were
fixed with 4% paraformaldehyde in PBS, pH 7.4, for 20 min at room
temperature followed by a rinse with PBS. Cultures were preincubated
with goat serum (blocking agent) for 30 min, rinsed with PBS and
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then reacted with a 1:1000 dilution of purified anti-protein F1 anti-
bodies or with IgG from preimmune rabbit serum for 30 min at 37°C.
Cultures were rinsed with PBS followed by incubation with biotiny-
lated anti-rabbit IgG and stained with streptavidin conjugated to mul-
tiple alkaline phosphatase molecules and naphthol AS-MX phosphate
(BioGenex Laboratories, CA) according to the manufacturer’s proce-
dures.

Protein Assay. Protein concentration of the samples was estimated
by the Bradford method (Bio-Rad, Richmond, CA) using bovine serum
albumin as standard.

RESULTS

Phosphorylation of Synthetic F1 Peptide by PKC
(Figures 1-3). In order to test whether F1 peptide is a
substrate for rat brain PKC, F1 peptide, purified by re-
versed-phase HPLC, was incubated with purified PKC
in the presence of [y-32P] ATP. The reaction was al-
lowed to proceed for 20 min at 30°C then the reaction
mixture was applied to AG1X8 column (Bio-Rad), to
remove extraneous [y->?P] ATP, and the peptide was
eluted with 15% acetic acid. Reversed-phase HPLC
analysis (C18 column using 0-50% acetonitrile gradient)
of this mixture revealed a further peptide which eluted
with a smaller retention time (Fig. 1A) relative to the
native peptide. This is consistent with the introduction
of a phosphate group in the peptide. Liquid scintillation
spectrometric analysis of eluted fractions confirmed that
this peptide with earlier elution time corresponded with
the phosphorylated peptide.

The radioactive fractions (Fig. 1B) were pooled,
concentrated by centrifugal vacuum concentrator (RC
10.10 Jouan Inc., Winchester, VA), and the phospho-
peptide was analyzed by SDS-PAGE (20% gel). A single
band was observed following Coomassie blue staining
(Fig. 2A). By autoradiography (Fig. 2B), it was deter-
mined that all radioactivity was associated with this band
which co-migrated with purified non-phosphorylated F1
peptide. These data suggest that F1 peptide is a substrate
for protein kinase C.

In order to demonstrate that the phosphorylation of
F1 peptide represented a specific effect, the concentra-
tion of F1 peptide was varied in the reaction mixture.
As shown in Fig. 3, the phosphorylation of F1 peptide
by PKC was linearly dependent on F1 peptide concen-
tration. From this data, it was determined that PKC
phosphorylated F1 peptide has a Km of approximately
0.25 uM which is consistent with the proposal that F1
peptide is a good substrate for PKC.

Immunoblotting of Protein F1 (Figure 4). The syn-
thetic peptide was then used to generate polyclonal an-
tibodies (see methods). These antibodies were shown
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Fig. 2. SDS-PAGE analysis and autoradiogram of F1 peptide. F1
peptide, purified by reversed-phase HPLC, was used as substrate for
PKC partially purified from rat brain. The reaction mixture was pur-
ified using AG1X8 (Bio-Rad). The phosphopeptide was further puri-
fied by reversed-phase HPLC using C18 column eluted with 0-50%
acetonitrile gradient in 0.1% TFA/H,O. Radioactive fractions were
pooled, concentrated, and electrophoresed on 20% SDS-PAGE. The
gel was dried and exposed to X-ray film (Kodak) at —80°C. Figure
2A represents a Coomassie blue stain of phosphorylated F1 peptide
(1), unphosphorylated F1 peptide (2), and a molecular weight marker
peptide (3) of Mr 2000. Figure 2B is an autoradiogram of the phos-
phorylated F1 peptide (1).

initially to have strong reactivity with purified F1 peptide
(data not shown). In order to test the ability of these
antibodies to recognize intact protein F1, immunoblot
analysis of protein F1 obtained from various stages of
purification (ammonium sulfate precipitate, and frac-
tions eluted from hydroxylapatite and phenyl sepharose
columns) was performed. A single strong band (Mr
43,000) can be seen on immunoblotting of protein F1
eluted from phenyl sepharose column (Fig. 4) revealing
that anti-F1 peptide antibodies can recognize the intact
protein F1 from rat brain. Immunoblot analysis of crude
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Fig. 3. Concentration-dependent phosphorylation of F1 peptide by
PKC. The phosphorylation was carried out in a reaction mixture (final
volume 100 pwl) containing 0.75 mM Ca?+, 5 mM Mg?+, 25 ug phos-
phatidyl serine and 3 pg OAG in 20 mM Tris-HCl, pH 7.6, and 65
uM [y-**P] ATP, and different concentrations of F1 peptide (10-50
g). The reaction was allowed to proceed for 10 min at 30°C, then
stopped by adding 80 wl of 60% TCA. A fraction of the reaction
mixture was spotted on P-81 filter. The filter was washed in acetic
acid and acetone, dried and radioactivity was counted by liquid scin-
tillation counter.

brain homogenate also revealed strong immunoreactivity
to a protein of molecular weight similar to protein F1
(data not shown).

Immunoprecipitation of Protein F1 (Figure 5). The
generated anti-F1 peptide antibodies were next used to
immunoprecipitate protein F1 from partially purified
preparation of brain homogenate that had been incubated
in the presence of purified PKC and [y->2P] ATP. The
mixture was then analyzed on SDS-PAGE (10% gels)
and proteins were visualized with Coomassie blue stain-
ing. Following autoradiography of the dried. gels, a pro-
tein of Mr 43,000 that corresponded to protein F1 was
shown to be phosphorylated under these conditions (Fig.
5E). Another band was detected at Mr ~ 32,000 which
is probably a proteolytic product of protein F1 (28). These
results indicate that anti-protein F1 antibodies may rec-
ognize both the phosphorylated and unphosphorylated
forms of protein F1.

Immunolocalization of Protein F1 (Figure 6). Since
the protein F1 sequence is highly conserved in mam-
mals, the antibodies raised against the C-terminus pep-
tide of rat protein F1 counld also be useful for the detection
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Fig. 4. SDS-PAGE and Western Blot Analysis of protein F1. Protein
F1 purified at different steps was electrophoresed on 10% SDS-PAGE.
Proteins were electrophoretically transferred to nitrocellulose and de-
tected with anti-protein F1 polyclonal antibodies as described in ex-
perimental procedures. The molecular weight markers used are:
phosphorylase B (97,400), Bovine serum albumin (66,200), Ovalbu-
min (45,000), Carbonic anhydrase (31,000), Soyabean inhibitor (21,500),
and Lysozyme (14,400). Lanes (A), (B), (C), (D), and (E) are Coom-
assie blue stained SDS-PAGE of proteins in: 40-80% ammonium sul-
fate precipitate, 0-30 mM, 30-75 mM, and 75-400 mM potassium
phosphate (pH 7.2) fractions eluted from hydroxylapatite column, and
void volume eluted from phenyl sepharose column respectively. Lane
(F) represents immunoblotting of protein F1 purified through phenyl
sepharose column.

of protein F1 in growing cell cultures. To test this, 3-
week old cultures of mouse spinal neurons (dissociated
from 14-day old mouse embryos) were fixed then reacted
with anti-protein F1 antibodies or preimmune rabbit IgG.
Following staining, cultured mouse spinal neurons re-
vealed protein F1 immunoreactivity in neurites and cell
body membranes (Fig. 6B). Glial cells, however, are
not stained. In contrast, preimmune rabbit IgG treated
cells did not show any immunoreactivity (Fig. 6C).

DISCUSSION

In this study a peptide based on the primary se-
quence of protein F1 has been used to generate poly-
clonal antibodies against this protein. This peptide was
selected because it shares sequence homology in human,
bovine, rat, and mouse protein F1 (29). Furthermore, it
contains a potential PKC phosphorylation site (serine
209) the function of which is not known. It is reasoned,
therefore, that antibodies raised against this sequence
may provide tools to answer the function of the phos-
phorylation of this site.

Data from this study indicated that serine 209 near
the C-terminus of protein F1 can be phosphorylated by
PKC in vifro in a concentration-dependent manner. The
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Fig. 5. Phosphorylation and immunoprecipitation of protein F1. Am-
monium sulfate extract from rat brain was used as a substrate for PKC
purified from the same tissne (as described in experimental proce-
dures). Sample buffer was added to stop the reaction and the sample
was purified on SDS-PAGE. The gel was then stained, dried and
exposed to X-ray film. In a different experiment, anti-protein F1 an-
tibodies were added at the end of the phosphorylation and the immune
complex was separated using pansorbin and the proteins were analyzed
by electrophoresis. The molecular weight markers used are: phos-
phorylase B (97,400), Bovine serum albumin (66,200), Ovalbumin
(45,000), Carbonic anhydrase (31,000), Soyabean inhibitor (21,500),
and Lysozyme (14,400). (A) and (B) are Coomassie staining of SDS-
PAGE of ammonium sulfate precipitate and the F1 phosphorylation
mixture respectively. (C) is an autoradiogram of F1 phosphorylation
mixture. (D) is a Coomassie blue staining of SDS-PAGE analysis of
protein F1 immunoprecipitated from ammonium sulfate precipitate (a
strong band at Mr ~ 45,000 represents the heavy chain of the antibody)
and (E) is an autoradiogram of the dried gel.

synthesized F1 peptide proved to be a good substrate of
PKC (Km = 0.25 uM) and therefore raises the possi-
bility that serine 209 on the intact protein may be a
substrate in vivo. On the other hand, the PKC phos-
phorylation of serine 209 on the intact protein might not
occur due to possible conformational differences be-
tween the synthetic peptide and the native protein F1.
Hence, the physiological significance of the phosphor-
ylation of serine 209 in vivo is yet to be determined.
Several groups reported that PKC phosphorylation oc-
curs exclusively at serine residues (22,29,30), whereas
site-directed mutagenesis studies confirmed PKC phos-
phorylation at serine 41 (31). Although protein F1 can
also be phosphorylated in vitro by casein kinase II at
serines 192 and 193 (major sites) and threonines 88, 89,
or 95 (minor sites) (32), no biological significance of
casein kinase II catalyzed phosphorylation is known. Re-
cently, Spencer et al. (33) reported that protein F1 is
phosphorylated in cultured neurons and rat brains on
three sites serine 41, serine 96, and threonine 172. These
results suggest that protein F1 can be phosphorylated at
different sites and this phosphorylation may play impor-
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tant functions. In vitro PKC phosphorylation of protein
F1 inhibits calmodulin binding to the protein (34) and
correlates with the persistence of long term potentiation
(35). Inhibition of PKC phosphorylation also inhibited
calcium-dependent neurotransmitter release from rat cor-
tical synaptosomes (36).

The selected peptide has been shown in this study
to be a potent immunogen for the production of anti-
protein F1 antibodies. The antibodies showed strong im-
mune reactivity to protein F1 on immunoblotting analy-
sis. In addition, the antibodies were successfully used to
immunoprecipitate phosphorylated protein F1 from a
partially purified brain extract where two bands appeared
on the autoradiogram, one detected at Mr ~ 43,000 (the
expected molecular weight of protein F1). The second
band was detected at Mr ~ 32,000 that is suspected to
result from the action of a protease reported to cleave
protein F1 at the N-terminal side of serine 41 (28).

Anti-protein F1 antibodies stained spinal neurons in
cultures. Neuronal membranes and neurites exhibited
strong reactivity to the antibodies while glial cells did
not exhibit specific immunoreactivity (Fig. 6B). Pre-
vious immunolocalization studies with mature neuronal
cultures reported protein F1 to exist mainly in growth
cones, the growing tips of axons (2, 37). However, Burry
et al. (38) reported that in one day old cultures of neo-
natal rat cerebellum, all membranes of cell bodies and
neurites stained for protein F1 antibodies, but that cell
body staining was greatly reduced by 10 days. In a dif-
ferent study, protein F1 immunoreactivity has been dem-
onstrated in all neuronal plasma membranes of cultured
hippocampal pyramidal neurons (39).

The antibodies raised against the protein F1 C-ter-
minus peptide are currently being used to quantitate the
expression of protein F1 in cultured mouse spinal neu-
rons derived from embryonic spinal cord tissue. By using
an enzyme-linked immunosorbent assay (40) it is hoped
that protein F1 may be employed as a developmental
marker via comparisons of protein F1 levels in vitro with
those associated with different developmental stages in
vivo.

The same antibody, or possibly antibodies produced
against the functional domain of protein F1 (residues 41—
51), that contains the major PKC phosphorylation site
in vivo and calmodulin binding domain, might also be
used to investigate the physiological roles supported by
this protein. Specifically, it would be of great interest to
determine changes in synaptic functions or effects on the
spontaneous electrical activity of neuronal networks (41).
Pilot experiments in this direction have shown that phos-
pholipid-mediated delivery of anti-protein F1 antibodies
(42) into cultured mouse spinal neurons causes excessive
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neuronal death. Antibody transfer via liposomes or the
use of antisense oligonucleotides to block protein F1
synthesis may be less damaging to neurons in cultures
and are presently under consideration.
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