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Mechanisms potentially involved in the regulation of neurite 
growth were investigated. Since both the phosphaticlylinosi- 
tol (PI) pathway and protein kinase C have been implicated 
in transmembrane signal transduction, protein and lipid 
phosphorylation reactions were examined in intact growth 
cone particles (GCPs) isolated from fetal rat brain. Three 
major substrates of Ca*+-dependent phosphorylation were 
observed: proteins of 40 and 46 kDa and an acidic 60 kDa 
species separated in 2D PAGE (~~40, pp46, and pp80ac). 
The pp40 and pp80ac substrates had similar rates of 32P 
incorporation, whereas that of pp46 was more rapid. The 
importance of protein kinase C in growth cone function is 
indicated by the enhancement of phosphorylation of the 3 
major substrates by the phorbol ester 12-U-tetradecanoyl- 
phorbol 13-acetate (TPA). An examination of the Ca2+-de- 
pendent 32P incorporation into pp40 and pp46 revealed serine 
to be the only amino acid phosphorylated under these con- 
ditions. A rapidly metabolized pool of phosphoinositides was 
observed in GCPs. This suggests the presence of the PI 
pathway’s enzymes in this fraction. lnositol trisphosphate 
(IP,) was found to stimulate the phosphorylation of pp40 and 
pp80ac, indicating a possible link between the activation of 
the PI pathway and protein phosphorylation. Our findings 
demonstrate the prominence of the PI pathway and of Ca*+- 
dependent protein phosphorylation in the growth cone and 
may suggest the involvement of these mechanisms in growth- 
factor signal transduction. 

Extension of the neurite, with a growth cone at its leading edge, 
is a major feature of neuronal differentiation. Directed neurite 
growth is likely to be controlled by growth factors and their 
corresponding signal transduction systems. NGF, acting on cer- 
tain peripheral neurons, is the best understood neurotrophic 
factor (Greene and Shooter, 1980). It is known to act exclusively 
on the distal neurite (Campenot, 1977), but the nature of its 
signal transducing system remains unclear. NGF has been ob- 
served to activate phospholipid transmethylation in peripheral 
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nerve growth cones (Pfenninger and Johnson, 1981); this en- 
zyme activity has also been detected in growth cone fragments, 
called growth cone particles (GCPs) (Pfenninger et al., 1983), 
isolated by subcellular fractionation from fetal rat brain (Garo- 
falo and Pfenninger, 1984). Further, increased polyphosphoino- 
sitide metabolism (Lakshmanan, 1978; Traynor, 1984) and pro- 
tein kinase C activity (Hama et al., 1986) appear to be involved 
in the NGF stimulation of PC1 2 cells or sympathetic neurons. 
Changes in the intracellular concentration of calcium ion have 
been implicated in the control ofgrowth cone motility (Anglister 
et al., 1982) and of the growth cone’s chemotactic response to 
NGF (Gundersen and Barrett, 1980). Calmodulin and a series 
of developmentally regulated calmodulin-binding proteins have 
been found in GCPs (Hyman and Pfenninger, 1985). Also, both 
Ca*+/calmodulin-dependent and Ca2+/phospholipid-dependent 
protein kinase activities are very prominent in GCPs (Katz et 
al., 1985). These observations are consistent with results ob- 
tained in numerous other systems, which have implicated both 
protein kinase C (Kikkawa et al., 1982; Nishizuka, 1984a) and 
the phosphorylation and breakdown of phosphatidylinositol (PI) 
(Williamson et al., 1985) in the transduction of cell surface 
signals. Ca2+/calmodulin-dependent kinase (cf. Bennet et al., 
1983; Kennedy, 1983; Kennedy et al., 1983) has also been as- 
sociated with external signal transduction (Nestler et al., 1984). 
Such kinase activities could be involved in a variety of mech- 
anisms regulating growth cone motility, membrane expansion, 
and signaling to the perikaryon. Growth factor signal transduc- 
tion systems in different neuron classes may be similar, although 
the receptors activating them are likely to be different. In this 
regard, it is reasonable to suggest that the effects of (putative) 
growth-promoting activities on CNS neurons are likely to re- 
semble those of NGF on peripheral neurons. 

In the absence of a CNS growth factor, we have focused the 
present study on (1) the further characterization of calcium- 
dependent phosphorylation reactions as they occur in GCP 
preparations in which cellular compartments are left intact, and 
(2) the description of other potential elements of a growth-fac- 
tor-activated signal transduction system. Evidence is presented 
that implicates the PI pathway in the regulation of the growth 
cone’s major protein kinases. 

Materials and Methods 
Materials. y3*P-adenosine triphosphate (+>P-ATP) was obtained from 
ICN Radiochemicals. Bovine brain calmodulin (CM), inositol tris- 
phosphate (IP,), phosphatidylserine (PS), 1,3-diolein (D), saponin, phos- 
phoserine (P-Ser), phosphotyrosine (P-Tyr), phosphothreonine (P-Thr), 
phosphatidylinositol4-monophosphate (PIP), and phosphatidylinositol 
4,5-bisphosphate (PIP,) were obtained from Sigma Chemical Co. The 
calcium ionophore A23 187 was purchased from Calbiochem. 12-O- 
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Tetradecanoylphorbol 13-acetate (TPA) was the generous gift of Dr. 
Bernard Weinstein of Columbia University, College of Physicians & 
Surgeons, New York, NY. Other reagents and chemicals, all reagent 
grade, were from Fisher. 

Methods 

Preparation of growth cone particles. GCPs were prepared according to 
the method of Pfenninger et al. (1983) separated from soluble contam- 
inants on a column of controlled-pore glass, and concentrated as de- 
scribed, with modifications detailed by Hyman and Pfenninger (1985). 
These GCP preparations were used immediately. 

Calcium-stimulated phosphorylation. The reaction mixture, in a final 
volume of 100 ~1, contained: 1 d mM HEPES (pH 7.2), 120 mM KCl, 12 
mM NaCl. 1.62 mM MaSO,. 0.4 mM EGTA. 0.7 mM CaCl,. 0.01 or 
0.02% saponin, 60-90 ig GCP protein, and’5 PM y12P-ATP (25 Ci/ 
mmol). GCPs were equilibrated on ice with buffer and saponin, then 
warmed to 30°C for 1 min. Reaction was initiated by the simultaneous 
addition of T’~P-ATP and CaCl,, and the samples were incubated at 
30°C for the specified time. The reaction was terminated by the addition 
of Laemmli 3 x sample buffer or, for samples intended for 2D PAGE, 
by addition of 11 ~1 50% mercaptoethanol and 20% NP-40. 

Phosphoamino acid analysis. Phosphorylated proteins of interest were 
excised from 5-l 5% acrylamide gels (cf. Laemmli, 1970), electroeluted 
through 5% acrylamide tube gels (90 mm long, 3 mm diameter), and 
collected in dialysis bags attached to the bottom of the tube gels. These 
dialysis bags contained a small volume of 0.025 mM Tris and 0.192 M 

glycine, pH 8.3. Electroelution was carried out at 10 mA/tube gel for 
1.5-2 hr. 

Recovery and processing of the electroeluted proteins for acid hy- 
drolysis were carried out using a method similar to that of Rees-Jones 
and Taylor (1984). The protein solutions were dialyzed overnight in a 
large volume of 100 mM HEPES containing 0.05% SDS (pH 7.6) at 4°C. 
The dialyzed proteins, adjusted to 0.5 mg/ml BSA carrier, were then 
acetone-precipitated at ~ 15°C and the precipitates washed extensively 
with - 1 PC acetone. The washed precipitates were then brought up in 
0.5 ml 6 N HCl, and incubated in boiling water for 1 min to insure 
solubilization. The solution was then sealed under N, and incubated at 
110°C for 2 hr. Following acid hydrolysis, the sample was dried down 
and the residue brought up to 200 ~1 H,O. Following roto-evaporation 
and a second H,O wash, the residue was finally brought up in 20 ~1 H,O 
containing 0.2 mg/ml P-Ser, P-Thr, and P-Tyr. Samples were spotted 
on Whatman 3M paper, and high-voltage paper electrophoresis was 
carried out in pyridine-acetate buffer, pH 3.5, at 2000 V for 1 hr (Cheng 
and Chen, 1981). The chromatogram was autoradiographed and the 
standards detected by ninhydrin staining. 

Analysis of phosphorylated lipids. Following phosphorylation incu- 
bations, reactions were terminated by addition of 2:l (vol/vol) chlo- 
roform-methanol. Extraction and thin-layer chromatography were car- 
ried out according to Sugimoto et al. (1984). For some experiments, 
extracted lipid was brought up in Laemmli sample buffer and applied 
to 5-l 5% acrylamide gradient gels. Following electrophoresis, the gels 
were dried and autoradiographed. 

Electrophoresis procedures. Laemmli SDS-PAGE was carried out as 
described previously (Hyman and Pfenninger, 1985). Two-dimensional 
nonequilibrium pH-gradient gel electrophoresis (NEPHGE) was carried 
out according to the method of O’Farrell et al. (1977) with the modi- 
fications described by Ellis et al. (1985). Molecular weights were cali- 
brated using the following standard proteins: myosin (2 1 O,OOO), P-ga- 
lactosidase (116,000), phosphorylase B (94,000), BSA (68,000), 
ovalbumin (43,000) carbonic anhydrase (30,000), soybean trypsin in- 
hibitor (20,000), and lysozyme (14,400). Coomassie blue was used to 
stain gels (Fairbanks et al., 197 1); destaining was performed according 
to the method of Weber and Osbom (1969). Autoradiography of dried 
gels was carried out with Kodak X-Omat film at - 80°C using intensifier 
screens, for the indicated exposure times. 

Miscellaneous procedures. Protein was assayed by the method of 
Bradford (1976) or Lowry (195 1) (using BSA as a standard). Quanti- 
tation of 32P incorporation into individual proteins was performed by 
excision of the protein band from the gel, solubilization with Protosol 
(New England Nuclear), and subsequent liquid-scintillation counting. 

Results 

A meaningful examination of the endogenous phosphorylation 
reactions occurring in growth cones necessitates the isolation of 

a population of sealed GCPs in order to prevent the loss of 
important enzymatic cofactors and the mixing of cytoplasmic 
compartments. GCPs, prepared as described in Methods, were 
tested for their degree of membrane integrity, as shown in Figure 
1A. GCPs were incubated with Ca2+ and T~~P-ATP in the pres- 
ence or absence of 0.02% saponin. Thereafter, the proteins were 
separated by SDS-PAGE, the gel was dried, and an autoradio- 
gram prepared. In the presence of saponin, 3 major phospho- 
protein bands of 80, 46, and 40 kDa are observed. By contrast, 
in the absence of saponin, virtually no reaction products are 
detected, indicating that y3*P-ATP does not have access to the 
GCPs’ interior. This evidence of the integrity of GCPs indicates 
that our preparation is suitable for a study of endogenous growth 
cone phosphorylation reactions. 

Ca2+-dependent protein kinase activity 

The calcium-dependent nature of 32P incorporation into the 80, 
46, and 40 kDa substrates is demonstrated in Figure 1B. Phos- 
phorylation of saponin-permeabilized GCPs was carried out as 
described in Methods in the absence and presence of 0.3 mM 
free Ca*+. The autoradiogram of the SDS gel and subsequent 
quantitation of 32P incorporation into the major substrates show 
the phosphorylation of the 40 and 80 dKa substrates to be 
stimulated roughly 2-fold by Ca2+, and that of the 46 kDa sub- 
strate to be increased by a factor of 4. The phosphoprotein at 
52 kDa is likely to be tubulin (Katz et al., 1985). [This protein 
has been shown to comigrate in 2D gels with purified tubulin 
and to react with an anti-&tubulin antibody (P. Simkowitz, L. 
Ellis, and K. H. Pfenninger, unpublished observations)]. The 
phosphorylation of this protein is not stimulated by the presence 
of calcium ion in these experiments. 

The time course of Ca*+-stimulated 32P incorporation into 
saponin-permeabilized GCPs was examined next. Figure 2 shows 
the quantitation of the calcium-dependent phosphorylation of 
the major GCP substrates as a function of time. The calcium- 
dependent 32P incorporation was calculated as the difference 
between 32P incorporation in the presence of 0.3 mM free Caz+ 
and that occurring in the (nominal) absence of free Ca2+. The 
40 and 80 kDa substrates have quite comparable time courses 
of phosphorylation; the rate of 32P incorporation is relatively 
slow at first, but increases during the 40-set observation time. 
In contrast, the onset of phosphorylation of the 46 kDa protein 
is immediate and rapid, but 32P incorporation slows down to 
approach saturation after 20 set of reaction time. Calcium- 
stimulated phosphorylation of tubulin was observed only at the 
longest incubation time point (70 set). The finding of differential 
onsets and rates of phosphorylation of these substrates may 
suggest the presence of different calcium-dependent protein ki- 
nases in GCPs. 

A previous study has shown the presence of 2 discrete cal- 
cium-dependent protein kinase activities in GCPs (Katz et al., 
1985). By the addition of exogenous calmodulin, a Ca2+/CM- 
dependent kinase was demonstrated to phosphorylate the 46 
kDa protein and a basic 80 kDa GCP protein identified as 
synapsin I. Similarly, the addition of PS/D in the presence of 
Triton X- 100 was shown to enhance the incorporation of 3ZP 
into the 40 and acidic 80 kDa species (pp40 and pp80ac) by a 
kinase with the properties of protein kinase C. Protein kinase 
C is known to be stimulated by the tumor-promoting phorbol 
ester TPA (Castagna et al., 1982). It was, therefore, of interest 
to determine which substrates showed increased phosphoryla- 
tion as a result of TPA stimulation in the saponin-permeabilized 
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Figure 1. Major calcium-dependent protein kinase substrates of GCPs. 
A, Autoradiographic exposure of phosphoproteins of sealed and sapo- 
nin-permeabilized GCPs separated by SDS-PAGE. GCPs (100 fig) were 
phosphorylated in the absence (lane I) or presence (lane 2) of 0.02% 
saponin. Reactions were carried out in the presence of 0.3 mM free Ca2+ 
for 20 set, as described in Methods. The positions of molecular-weight 
standards are indicated by dashes. B, Autoradiography of phosphopro- 
teins of sanonin-nermeabilized GCPs senarated bv SDS-PAGE. GCPs 
( 100 pg) were phosphorylated in the absence of freeCa2+ (0.4 mM EGTA, 
lane I) or 0.3 mM free Ca*+ (lane 2), as described in Methods. SDS- 
PAGE and quantitation of 32P incorporation into individual protein 
bands was carried out as described in Methods. The incorporation of 
)*P into major GCP substrates under the 2 conditions is as-follows (in 
cpm): 80 kDa-lane 1,670, lane 2, 1485; 52 kDa-lane 1,296, lane 2, 
331; 46 kDa-lane 1, 333, lane 2, 1200; 40 kDa-lane 1, 289, lane 2, 
551. 
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Figure 2. Time course of Ca2+-stimulated ,*P incorporation into sapo- 
nin-permeabilized GCPs. GCPs were phosphorylated in the presence 
of 0.4 mM EGTA or 0.3 mM free Ca2+ for the specified times at 30°C. 
Following SDS-PAGE, the phosphoproteins were excised and counted. 
Calcium-stimulated 32P incorporation is calculated as the difference be- 
tween the counts incorporated in the presence of 0.3 mM free Ca2+ and 
those incorporated in the presence of 0.4 mM EGTA. 

GCP system. Shown in Figure 3 are autoradiograms of 2D 
NEPHGE gels of GCPs phosphorylated in the presence of 0.3 
mM free Ca2+ without (A) or with (B) the addition of 4 &ml 
TPA. In these conditions, Figure 3A shows primarily the sub- 
strates of Ca2+/CM-dependent kinase, and Figure 3B shows, in 
addition, C-kinase substrates. 3zP incorporation into the basic 
80 kDa substrate, identified as synapsin I (Fig. 3, arrow), is not 
enhanced by the addition of TPA, nor is the phosphorylation 
of the 52 kDa protein (believed to be tubulin) increased. How- 
ever, 3zP incorporation into other proteins is stimulated by TPA, 
as indicated by quantitative analysis (data not shown): for pp40 
and pp46 (Fig. 3, arrowheads), the increase is 2-fold, whereas 
for pp80ac (arrowhead) we find a 3-fold enhancement. One 
can identify pp46 on the basis of its electrophoretic mobility 
relative to pp40 and the putative tubulin complex, of its typical 
microheterogeneity (Katz et al., 198.5), and of its phosphopep- 
tide map (not shown; cf. Katz et al., 1985). Numerous other, 
minor GCP substrates exhibit increased phosphorylation due 
to TPA, they include a group of 3 proteins in the molecular- 
weight range of 29-3 1 kDa. This result shows pp40 and pp80ac, 
substrates of the Ca*+/phospholipid dependent kinase (Katz et 
al., 1985), to have enhanced 32P incorporation in the presence 
of TPA. In addition, phosphorylation of pp46, a substrate of 
Ca*+/CM-dependent kinase (Katz et al., 1985) is also stimulated 
in the presence of TPA. 

Phosphoamino acids 

In light of evidence linking tyrosine kinases and growth-control 
processes (Ushiro and Cohen, 1980; Pike et al., 1983; Frackelton 
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Figure 3. Analysis of phorbol ester stimulation of GCP phosphorylation by 2D nonequilibrium pH-gradient gel electrophoresis (NEPHGE). A, 
Autoradiogram of GCP proteins (100 pg) phosphorylated in the presence of 0.3 mM free Ca2+ and separated by 2D NEPHGE. B, Autoradiogram 
of GCP proteins (100 wg) phosphorylated in the presence of 0.3 mM free Ca*+ and 4 &ml TPA. Major substrates whose phosphorylation is 
stimulated are indicated by arrowheads. The position of a basic substrate of approximately 80 kDa, tentatively identified as synapsin I, is indicated 
by an arrow. The pH range resolved in the first dimension spans approximately pH 4.0 (left) to 9.5 (right). The positions of molecular-weight 
standards are indicated on the left 

et al., 1984; Hirata et al., 1984; Nemenoffet al., 1984; Petruzzelli 
et al., 1984; Rees-Jones et al., 1984), it is of interest to study 
the identity of the phosphorylated amino acid residues of the 
40 and 46 kDa substrates. The results of this determination are 
shown in Figure 4. GCPs were phosphorylated in the presence 
of 0.3 mM free Ca2+ under the standard reaction conditions, and 
the individual substrates were isolated as described in Materials 
and Methods. High-voltage paper electrophoresis of acid hy- 
drolysates of pp40 and pp46 was undertaken to resolve P-Ser, 
P-Thr, and P-Tyr. The autoradiogram of such a chromatogram 
shows only P-Ser in both substrates. Thus, it is unlikely that a 
tyrosine kinase phosphorylates these proteins under the exper- 
imental conditions used. 

Phospholipid phosphorylation 
A close examination of phosphorylated substrates of GCPs by 
SDS-PAGE reveals a diffuse radiolabeled band that migrates 
below the dye front (Fig. 5A, arrowhead). The unusual electro- 
phoretic mobility of this 32P-labeled material suggests that it is 

a lipid substrate for phosphorylation in GCPs. For this reason, 
the lipid phosphorylation products of GCPs were examined. 
Growth cone particles were phosphorylated under the standard 
conditions, and the reaction was terminated by the addition of 
chloroform-methanol, 2: 1 (vol/vol). Following extraction, thin- 
layer chromatography showed 3*P incorporation into spots co- 
migrating with phosphatidic acid (PA) and/or PI, PIP, and PIP, 
(Fig. 5B). When phosphorylated lipid extracts of GCPs are dried 
under N,, resuspended, and run on SDS-PAGE, the electro- 
phoretic mobility of the lipid is observed to be identical to that 
of the diffuse )*P-labeled band seen in polyacrylamide gels of 
phosphorylated GCPs (Fig. 5A, lane 2). This evidence indicates 
that GCPs contain the enzymes necessary for the phosphoryla- 
tion of PI, which, in part, comprise the PI pathway. 

Inositol phosphate and protein phosphorylation 
If the PI pathway were to function in GCPs as part of a Ca2+- 
triggering system, then IP,, recently shown to be involved in 
releasing calcium from nonmitochondrial intracellular stores 
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Figure 4. Phosphoamino acid analysis of pp40 and pp46. SDS-PAGE 
was carried out with 750 wg GCPs phosphorylated in the presence of 
0.3 mM free Ca2+. Both pp40 and pp46 were excised and electroeluted. 
Sample preparation and separation of phosphoamino acids by high- 
voltage paper chromatography were performed as described in Methods. 
The autoradiogram of the chromatogram was exposed for 24 hr. Lane 
I, pp40 digest; lane 2, pp46 digest. The positions of standard P-Ser, 
P-Thr, and P-Tyr are indicated on the right. Or, Origin. 

(Streb et al., 1983; Gershengorn et al., 1984; Joseph et al., 1984; 
Sureshk et al., 1984; O’Rourke et al., 1985) would be expected 
to have an effect on calcium-dependent phosphorylation in GCPs. 
This possibility was studied by carrying out phosphorylation 
reactions in saponin-treated GCPs in the presence or absence 
of exogenous IP,. The effect of IP, on protein phosphorylation 
was also examined in GCPs whose internal calcium stores had 
been depleted by pretreatment with the Ca2+ ionophore A23 187. 
Phosphorylated proteins were separated by SDS-PAGE, local- 
ized by autoradiography, and cut out of the gels for liquid- 
scintillation counting. Values for 32P incorporation into protein 
bands of 80, 52 (presumably tubulin), 46, and 40 kDa were 
normalized for each band. This was done by the arbitrary as- 
signment of 100% incorporation to that labeling observed in 
GCPs with free CaZ+ buffered at 1 I.LM in the absence of exogenous 
IP,. Mean counts of 3 independent experiments (performed in 
duplicate) f SDS (error bars) are shown in Figure 6. Exogenous 
IP, stimulated the incorporation of 32P into proteins of 80 and 
40 kDa. Student’s t test showed experimental values to be dif- 
ferent from controls at a probability level ofp < 0.05. However, 
no effect was observed on the phosphorylation of pp46 or (pu- 
tative) tubulin. In GCPs pretreated with A23 187 to deplete 
internal calcium stores, there was no evidence for IP, stimula- 
tion of protein phosphorylation. 

Discussion 
In light of the implication of the PI pathway (Davis et al., 1984; 
Watson et al., 1984; Yano et al., 1984; Williamson et al., 1985) 
and protein kinase C (Drust and Martin, 1984; Nishizuka, 1984a; 
Vilgrain et al., 1984; Fearon and Tashjian, 1985) in transmem- 
brane signaling, both protein and lipid phosphorylation reac- 
tions were examined in GCPs. Morphological and biochemical 
evidence strongly supports the view that the GCP fraction is 
indeed largely composed of growth cone-derived elements (for 
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Figure 5. Lipids phosphorylated in GCPs. A, Autoradiogram of an SDS 
gel of GCPs (100 pg) phosphorylated in the absence of free Ca*+ (lane 
3) or the presence of 0.3 mM free Caz+ (lane 4). Shown for comparison 
in lane I is -y32P-ATP. Lane 2 contains a lipid extract prepared from 
GCPs phosphorylated in the presence of 0.3 mM free Ca*+ (arrowhead). 
The positions of the molecular-weight standards are indicated on the 
left. B, Autoradiographic exposure of a thin-layer chromatogram of 
lipids extracted from phosphorylated GCPs with chloroform-methanol. 
Lane 1 contains a lipid extract of GCPs phosphorylated in the absence 
of free Ca2+; lane 2 contains a similar extract of GCPs phosphorylated 
in the presence of 0.3 mM Ca2+. The positions of standard PA, PI, PIP, 
and PIP, are indicated on the right. Or, Origin. 

a recent discussion ofthis issue, see Pfenninger, 1986). However, 
the GCPs isolated from whole fetal brain derive from a heter- 
ogeneous neuron population and are, like all subcellular frac- 
tions, contaminated to some degree by other elements. There- 
fore, this study can focus only on the predominant components 
of growth cones-those shared by their majority. 

The analysis of a complex signal transduction cascade re- 
quired a GCP system that remained sealed throughout the frac- 
tionation in order to eliminate artifacts due to depletion of any 
intrinsic factors necessary for kinase activity and/or due to mix- 
ing of cytoplasmic compartments. The GCPs, isolated as de- 
scribed above, are sealed on the basis of their ability to exclude 
Y~~P-ATP. Such GCPs take up 3ZP as orthophosphate and in- 
corporate it into ATP and protein (data not shown). However, 
our studies on protein and lipid phosphorylation necessitated 
high levels of radiolabeling, a short time scale, and well-defined 
conditions; thus, the experiments were carried out with Y’~P- 
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Figure 6. IP, stimulation of GCP phosphorylation. Growth cone par- 
ticles were phosphorylated in the presence of 0.01% saponin for 20 set 
with or without 1 PM inositol &phosphate (IP,). Free calcium was 
buffered to 0.1 or 1 .O FM, and one set of samples was pre-equilibrated 
in the presence of 10 PM A23 187. Samples were elecrophoresed in 5- 
15% acrylamide gels. Following Coomassie staining and autoradiog- 
raphy, the protein bands were excised and their radioactivity assessed 
by liquid-scintillation counting. Values from separate experiments were 
normalized by assignment of 100% incorporation to GCP samples phos- 
phorylated in the presence of 1 FM free Ca2+ in the absence of IP,. 

ATP. Only at the onset of the incubation with the radioactive 
precursor were GCPs permeabilized with a small concentration 
(O.Ol-0.02%) of saponin, in order to allow access of the label 
to their interior. Saponin is believed to affect primarily the 
cholesterol-containing plasmalemma, and the short exposure of 
GCPs to saponin is likely to minimize changes in their com- 
position. 

The major Ca*+-dependent phosphorylation substrates in bro- 
ken GCPs have been described previously as proteins of 40,46, 
and 80 kDa (Katz et al., 1985). This report identified both Ca2+/ 
CM- and Caz+-phospholipid-dependent kinase activities; pp40 
and pp80ac were found to be substrates of a Ca2+/phospholipid- 
dependent kinase, whereas pp46 was that of a Ca2+/CM-depen- 
dent kinase. These kinases are active in the saponin-permeabil- 
ized system we have described, showing similar substrate spec- 
ificities. However, the onset and saturation of calcium-stimulated 
phosphorylation of pp46 occur considerably more rapidly than 
those of pp40 and pp80ac. This can be explained only in part 
by differences in substrate and/or enzyme activity. 

Phorbol esters are compounds known to activate protein ki- 
nase C (Castagna et al., 1982), and C-kinase has been proposed 
as the phorbol ester receptor (Kikkawa et al., 1983; Niedel et 
al., 1983). Several reports have detailed the effects of phorbol 
esters on the phosphorylation of C-kinase substrates, such as 
the epidermal growth factor (EGF) receptor (Davis and Czech, 
1984) and an 80 kDa protein of 3T3 cells (Rozengurt et al., 
1983). Autoradiography of GCP phosphoproteins separated by 
2D PAGE shows that the phorbol ester TPA enhances phos- 
phorylation of the previously described substrates of Ca2+/phos- 
pholipid-dependent kinase (pp40 and pp80ac), as expected. In 
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addition, the substrate of a CaZ+/CM-stimulated kinase, pp46, 
also exhibits augmented phosphorylation in the presence of TPA. 
[The observation of TPA-stimulated pp46 phosphorylation is 
consistent with the results of another study of this substrate, 
which has shown pp46 phosphorylation to be increased by phos- 
pholipid (Nelson et al., 1985), depending on the in vitro reaction 
conditions (relatively high levels of Triton X-100 (0.1%) are a 
prerequisite).] That the stimulation of phosphorylation by TPA 
is not a nonspecific phenomenon affecting all GCP phospho- 
proteins is shown by the absence of any effect on ,*P incorpo- 
ration into several proteins, including a basic 80 kDa species, 
identified as synapsin I. The extent to which &CM-kinase and 
C-kinase phosphorylate pp46 in vivo cannot be assessed on the 
basis of the data available to us now, nor can we exclude the 
possibility that the effect of one of the kinases on the substrate 
is indirect. However, the somewhat unusual dual specificity of 
this substrate suggests its involvement in a complex, calcium- 
dependent cascade, with effects converging on it and/or feeding 
back upon it. This view gains support from the difference in 
time course between phosphorylation of the C-kinase and that 
of the calcium/CM-kinase substrates. The apparently complex 
interactions of pp46 with regulatory components of the growth 
cone are of particular interest, in view of this protein’s promi- 
nence in growth, regeneration, and plasticity. While its function 
is unknown, pp46 is almost certainly identical to the growth- 
associated protein GAP43 (Meiri et al., 1986; see also Skene et 
al., 1986) and to protein F 1, whose phosphorylation is increased 
with long-term potentiation in the hippocampus (Nelson et al., 
1985; Pfenninger, 1986; R. B. Nelson, A. Routtenberg, C. Hy- 
man, and K. H. Pfenninger, unpublished observations; see also 
DeGraan et al., 1985). The fact that protein kinase C affects the 
3 major phosphoproteins of GCPs, as well as several minor 
ones, suggests that this kinase plays a prominent role in growth 
cone function. 

Further information on the nature of protein kinases in GCPs 
can be obtained by phosphoamino acid analysis of the sub- 
strates. In the 46 and 40 kDa phosphoproteins, only P-Ser was 
detected in our assays. P-Tyr, not associated with either the 
Ca*+/CM- or Ca2+/phospholipid-dependent kinase activities, was 
not detectable in the digests of GCP proteins phosphorylated 
under the conditions described in this study. 

The evidence linking the activation of cell surface receptors 
and the breakdown of polyphosphoinositides with the stimu- 
lation of protein kinase C (cf. Lapetina et al., 1984; Nishizuka, 
1984a; Fearon and Tashjian, 1985) prompted the examination 
of GCPs for phosphoinositides. If, upon binding of a ligand such 
as a growth factor to the growth cone membrane, polyphos- 
phoinositides are rapidly formed and broken down, then GCPs 
would be expected to have, as intrinsic constituents, PI-kinase 
activity(ies). Accordingly, after phosphorylation reactions in vi- 
tro, the reaction product PIP, should be readily detectable. The 
finding of a radiolabeled, diffuse band below the dye front in 
SDS-PAGE, used to separate GCP phosphoproteins, suggested 
the presence of a phosphorylated lipid. A 32P-labeled lipid frac- 
tion extracted from phosphorylated GCPs was indeed found to 
comigrate with this band. More significantly, )*P-labeled com- 
ponents of this lipid extract comigrate with PIP and PIP, when 
analyzed by thin-layer chromatography. The kinetics of the ap- 
pearance of PIP and PIP, are very rapid, and the amounts of 
,*P incorporated are high, comparable to those found in the 
major polypeptide substrates. This demonstrates the presence 
and the high level of activity of a PI-kinase in GCPs. 
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Inositol trisphosphate (IP,) is a degradation product, along 
with diacylglycerol (DAG), of receptor-activated PIP, cleavage 
by phospholipase (Thomas et al., 1984). DAG is known to 
activate protein kinase C (Kishimoto et al., 1980; Nishizuka, 
1984b). IP, release in GCPs can be stimulated with a factor 
derived from fetal brain; this will be the topic of a separate 
research report (Garofalo and Pfenninger, 1986). There is a 
rapidly growing body of evidence for the role of IP, in the 
liberation of calcium from intracellular, nonmitochondrial stores 
(Streb et al., 1983; Gershengorn et al., 1984; Joseph et al., 1984; 
Suresh et al., 1984; Thomas et al., 1984; O’Rourke et al., 1985). 
This release is proposed as the mechanism for the rise in intra- 
cellular calcium levels in response to receptor binding. Follow- 
ing this rationale, it would be expected that IP, would have a 
stimulatory effect on Ca2+-activated phosphorylation reactions 
in GCPs. In the saponin-permeabilized GCP system, at low- 
buffered calcium concentrations (0.1 and 1 PM), exogenous IP, 
was shown to stimulate the 32P incorporation into pp40 and 
pp80ac C-kinase substrates. The 46 kDa protein, a Ca2+/CM- 
stimulated phosphorylation and C-kinase substrate, and a 52 
kDa substrate, presumably tubulin, were not affected by exog- 
enous IP,. 

If calcium stores in GCPs were depleted by ionophore treat- 
ment prior to exposure with IP,, there was no longer a stimu- 
latory effect of IP, on phosphorylation in this system. This sug- 
gests that IP, may stimulate C-kinase in GCPs via the release 
of calcium from an intracellular compartment. However, we do 
not know at present whether the selective activation of C-kinase 
is due to the particular experimental conditions used and rep- 
resents the situation in vivo accurately. It is important to note 
that pp46 is different from pp80ac and pp40 in several respects. 
These differences include the fact that pp46 is a membrane 
(presumably plasmalemmal) protein, whereas the latter sub- 
strates are found in soluble GCP subfractions (Ellis et al., 1985; 
Katz et al., 1985). Thus, these substrates and/or their calcium/ 
CM- and C-kinases may not be equally accessible to the intra- 
cellularly liberated calcium. Also, this calcium may be limited 
in its effect on the various kinases under the buffering conditions 
used in these experiments (omission of calcium buffering pro- 
duces greatly variable results). Evidence for IP, stimulation of 
phosphorylation of C-kinase substrates has been presented pre- 
viously in the saponin-permeabilized platelet system (Lapetina 
et al., 1984; Watson et al., 1984). 

The present data indicate that one of the growth cone’s major 
developmentally regulated membrane proteins, pp46, is (di- 
rectly or indirectly) phosphorylated by Ca2+/calmodulin- and 
C-kinase, and that the PI pathway may be linked, probably 
causally to protein phosphorylation in GCPs. These compo- 
nents may function to transduce a humoral signal to an enzy- 
matic cascade involving calcium-dependent protein phosphor- 
ylation in the growth cone. In view of the proposed role of 
polyphosphoinositide metabolism and C-kinase activity in 
growth regulation in other cell systems and in NGF activation 
of peripheral neurons, PI phosphorylation and breakdown and 
C-kinase activation in GCPs may be dependent on a CNS growth- 
promoting factor. The search for such a factor, i.e., an agonist 
for this PI/C-kinase system, is in progress in this laboratory (cf. 
Garofalo and Pfenninger, 1988). 
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