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The neuron-specific
phosphoprotein
B-50 (M, 48 kDa, isoelectric
point, IEP, 4.9, which is identical
to GAP43, is a
member
of a family of growth-associated
proteins.
Protein
B-50 is a major phosphoprotein
in nerve growth cones isolated from fetal rat brain. In a growth cone particulate
fraction
(GCp), endogenous
B-50 phosphorylation
is Ca*+-dependent
and is unaffected
by CAMP. Addition
of purified
protein
kinase C (PKC) to GCP enhances
B-50 phosphorylation.
In
heat-inactivated
GCp, B-50 is one of the major substrates
of purified
PKC. Endogenous
B-50 phosphorylation
in GCP
is stimulated
in a dose-dependent
manner
by 4&phorbol
diesters,
known to activate
PKC, but not by the inactive 4aphorbol derivatives.
In synaptic
plasma membranes
(SPM) isolated
from adult
rat brain, the degree of B-50 phosphorylation
has been implicated
in the modulation
of receptor-mediated
polyphosphoinositide
(PPI) hydrolysis.
In addition
to B-50 and its kinase, PKC, the GCp fraction
was also shown to contain
all
other components
of such a modulatory
system:
the phosphatidylinositol
4-phosphate
(PIP)-kinase,
as shown
on
Western blots with affinity-purified
IgGs against PIP-kinase,
and the polyphosphoinosides,
PIP and phosphatidylinositol
4,5-bisphosphate
(PIP,), since the addition
of Y-~*P-ATP to
the GCp fraction not only results in B-50 phosphorylation
but
also in the labeling of phosphatidic
acid (PA), PIP, and PIP,.
ACTH,-,,,
which inhibits
B-50 phosphorylation
in the GCp
fraction
in a dose-dependent
manner
(IC,, = 5 x 1O-6 M),
stimulates
PIP, labeling dose-dependently
in the same preparation. This inverse relationship
between
the degree of B-50
phosphorylation
and PIP, labeling appears to be very similar
to that reported
in SPM. Therefore
we suggest
that the phosphorylation
of B-50 may be an important
factor
in signal
transduction
through
the nerve growth cone membrane.

During development of the CNS, outgrowing neurites with highly motile growth cones at their tips travel complex routes to
find their synaptic targets. These nerve growth cones, bearing
lamellipodia and filopodia, are thought to be essential for axonal
guidance during maturation of the neuronal circuitry. Soluble
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factors (Connolly et al., 1985; Meinertzhagen, 1985; Belardetti
et al., 1986) substrate adhesion (Kuwada, 1986; Van den Pol
et al., 1986) and electrical fields (Freeman et al., 1985; Cohan
and Kater, 1986) have all been reported to influence growth
cone shape and movement. Growth cones bear a great diversity
of glycoproteins, surface molecules that may contribute to their
path-finding ability, presumably by mediating intercellular interactions, including recognition (Greenberger and Pfenninger,
1986). The transduction mechanisms by which these various
signals influence the membrane are not known. Only recently,
procedures have been developed to isolate nerve growth cones
from fetal (Pfenninger et al., 1983) or neonatal (Gordon-Weeks
and Lockerbie, 1984) rat brain, which allows biochemical studies on signal-transduction systems. The first indication for the
presence of CaZ+- and CAMP-producing signal-transduction systems in isolated nerve growth cones was obtained by the group
of Pfenninger, who showed Ca2+- and CAMP-dependent phosphorylation of a number of phosphoprotein bands in fetal nerve
growth cones (Ellis et al., 1985; Katz et al., 1985).
One of the most prominent phosphoproteins in nerve growth
cones is B-50 (De Graan et al., 1985; Katz et al., 1985; Skene
et al., 1986). This neuron-specific phosphoprotein, B-50 (M, 48
kDa, IEP 4.5), belongs to a family of growth-associated proteins
(Skene and Willard, 198 1; Willard et al., 1985) and appears to
be identical to GAP43 (Jacobson et al., 1986; Zwiers et al.,
1987) GAP48 (Benowitz and Lewis, 1983; Perrone-Bizzozero
et al., 1986) pp46 (Meiri et al., 1986), and Fl (Gispen et al.,
1986). Recently, the cloning ofcomplementary DNA for GAP43
and its primary structure has been reported (Basi et al., 1987;
Kams et al., 1987). Several reports from different laboratories
indicate a developmental regulation of B-50 expression. In rat
brain the B-50 content is high at birth, but decreasesas the brain
matures and ages (Zwiers et al., 1987). In cortical cultures, metabolic labeling of B-50 is a prominent correlate of neurite outgrowth (Perrone-Bizzozero et al., 1986). Metabolic labeling during regenerative axonal sprouting showed increases in the
incorporation of label into GAP43 up to loo-fold, in contrast
to other proteins (Skene and Willard, 198 1; Redshaw and Bisby,
1984; Perry et al., 1987). Increased B-50 levels are associated
with recovery of the sciatic nerve from injury (Verhaagen et al.,
1986) and with NGF-induced neurite outgrowth in pheochromocytoma PC12 cells (Van Hooff et al., 1986). Immunocytochemical studies show strong B-50/GAP43 immunoreactivity
in outgrowing neurites of neonatal hippocampus and cerebellum
in situ (Oestreicher and Gispen, 1986), of cultured PC12 cells
(Van Hooff et al., 1986), and of cultured dorsal root ganglion
cells (Meiri et al., 1986). Moreover, neuronal sprouts of the
regenerating sciatic nerve show marked immunoreactivity with
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affinity-purified anti-B-50 IgGs, whereas intact nerves are devoid of staining (Verhaagen et al., 1986). In the developing rat
brain, 4@-phorbol 12,13-dibutyrate (PDB)-binding studies reveal high protein kinase C (PKC) levels in differentiating neurite-dense layers compared to regions with mitotic cell bodies
(Murphy et al., 1983). The association of the B-50 kinase, PKC,
with neuronal processes suggests involvement of PKC phosphorylation in neuritogenesis.
In adult rat brain, the B-50 protein has been implicated in
the modulation of receptor-mediated phosphatidylinositol4,5bisphosphate (PIP,) hydrolysis (Gispen et al., 1985b). Receptormediated breakdown of PIP, generates the second messengers
inositol trisphosphate (IP,) and diacylglycerol (DG) (Berridge
and Irvine, 1984). The formation of DG results in the activation
of PKC, and IP, is thought to mobilize Cd2+ from intracellular
stores. In synaptosomal plasma membranes (SPM) prepared
from adult rat brain, B-50 is a major substrate of PKC (Aloyo
et al., 1982, 1983) and is phosphorylated by endogenous PKC
(Eichberg et al., 1986). Receptor-mediated hydrolysis of PIP,,
resulting in activation of PKC, increases the degree of phosphorylation of B-50. Subsequently, phosphorylated B-50 is thought
to inhibit PIP-kinase activity (Van Dongen et al., 1985), thereby
modulating the amount of PIP, available for further hydrolysis
and thus closing a feedback loop. In adult rat brain, ACTH,-,,
reduces B-50 phosphorylation and concomitantly stimulates
formation of PIP, (Jolles et al., 1981). These studies indicate
that B-50 might be involved in signal transduction of neuronal
membranes in adult rat brain.
In this paper we show that B-50 is a substrate of PKC in nerve
growth cones from fetal rat brain and that these growth cones
contain the major components of the feedback system proposed
for adult SPM. Furthermore, we present evidence that, in nerve
growth cone membranes, there also exists an inverse relationship between the degree of B-50 phosphorylation and PIP, labeling.
Materials

and Methods
Growth cone particulate material (GCp) was preparedfrom fetal rat brains that wereremoved after 17-l 9 d of gestation
(Pfenningeret al., 1983; De Graan et al., 1985). SPM from adult rat
brain werepreparedasdescribedby Kristjansson et al. (1982).The GCp
or SPM preparationswereusedfreshor storedin 10%glycerolat - 80°C.
Proteinwas determinedaccordingto the method of Lowry et al. (195l),
using BSA as a standard.
Phosphoylution assay.Endogenousphosphorylationactivity in GCp
and SPM wasassayedessentiallyas describedpreviously (Kristjansson
et al., 1982).The reaction mixture consistedof 10-15 pg protein, 7.5
PM/~ &i T-~~P-ATP(spact, 3000Ci/mmol; Amersham, UK), in buffer
A (10 mM Tris-HCl, pH 7.4, 10 mM M&l,, and 0.1 mM CaCl,), in
bufferB (10 mM Na+-acetate,10mM Mg2+Iacetate,0.1 mM Ca2+-acetate,
DH 6.5) for ACTH,_,, incubations or in buffer C (20 mM HEPES. oH
Tissue fractionation.

?.4,10 ‘mM Na+-ace&e, 10 mM Mgz+-acetate, 80 rnh KCl, 1 mM EGTA,
0.9 mM Ca*+-acetate) for phorbol diester incubations (Eichberg et al.,
1986). After 5 min preincubation at 3O”C, the phosphorylation
reaction
was started by addition of ATP. ACTH,_,, was added 15 set and phorbol
diesters 75 set prior to the ATP. In some experiments, partially purified
PKC (2 ~1; Aloyo et al., 1983) was added at the start ofthe preincubation.
The final incubation volume was 25 ~1. Inactivation
of endogenous
enzyme activities was performed by heating the protein samples for 5
min at 100°C. The protein phosphorylation
reaction was stopped after
15 set by addition of a SDS-denaturing solution (Zwiers et al., 1976).
and lipid phosphorylation
by addition of 2 ml ice-cold chloroform?
methanol/l2
N HCl (200:100:0.75: vol/vol/vol)
(Jolles et al.. 1981).
Quantitative and &alitative analyses of phos~&ylation.
Denatured
proteins were separated on 11% SDS-polyacrylamide
slab gels (Kristjansson et al., 1982). After protein staining with fast green, gels were
dried and subjected to autoradiography.
‘2P-incorporation
was deter-

Cones

mined by densitometric scanning of the autoradiograms and by liquidscintillation counting of the B-50 protein excised from the gel (Wiegant
et al., 1978). Lipids were extracted from the reaction mixture and quantitatively separated by thin-layer chromatography
(TLC) (Jolles et al.,
1981). Lipid snots on TLC plates were visualized with iodine vapor
and by autoradiography.
The j*P-labeled spots were scraped from the
plates, and radioactivity was measured by liquid-scintillation
counting.

Data were analyzedby ANOVA with a supplementalt test.
Immunoprecipitation
andpeptide mapping. Immunoprecipitation
was
performed as described previously (Van Hooff et al., 1986). In brief,
phosphorylated samples were diluted in detergent containing buffer with
rabbit anti-B-50 (antiserum 8502) or preimmune serum in a final dilution of 1:200. Immunoprecipitates
were analyzed by SDS-PAGE and
autoradiography.
B-50 immunoprecipitates
from GCp and from SPM
(equal number of counts) were subjected to limited proteolysis with
Staphylococcus aureus protease V8 (SAPVI), as described previously

(Van Hooff et al., 1986).
Zmmunoblotting. GCp and SPM proteins were electrophoretically separated on 11% SDS-polyacrylamide
slab gels. Separated proteins were
transferred to nitrocellulose and stained with amido black, with affinitypurified anti-B-50 IgGs (antiserum 8 103, dilution 1:2000), affinity-purified anti-PIP-kinase IgGs (Van Dongen et al., 1986; dilution 1:2000),
or preimmune IgGs (for procedure, see Schrama et al., 1984).

Results

B-50 protein
Recently, we demonstrated that a 48 kDa phosphoprotein in
GCp is indistinguishable from B-50 in SPM in terms of molecular weight, IEP, and the cross-reactivity with anti-B-50 IgGs
(De Graan et al., 1985). The identity of this 48 kDa GCp protein
is now further substantiated by immunoprecipitation and peptide mapping (Fig. 1). Endogenous phosphorylation of GCp proteins with +2P-labeled ATP reveals 2 major phosphoprotein
bands with apparent molecular weights (M,) of 48 and 87 kDa,
respectively (Fig. 1Z,lanes A). Anti-B-50 antiserum, raised against
B-50 purified from adult rat brain, selectively precipitates the
48 kDa phosphoprotein from GCp and SPM (Fig. lZ, lanes B),
whereas preimmune serum does not (Fig. 1Z, lanes C). Limited
proteolysis of the B-50 immunoprecipitates from SPM and GCp
with SAPV8 generates identical phosphopeptide maps, with major fragments of 15 and 28 kDa, respectively (Fig. 111).The M,s
of these fragments are identical to those of the 2 major phosphofragments obtained by SAPV8 treatment ofpartially purified
(Oestreicher et al., 1984; Zwiers et al., 1985) and purified (unpublished observations) B-50. Thus, on the basis of all criteria
tested so far, the 48 kDa protein in GCp is identical to B-50 in
SPM.

B-50 phosphorylation
In adult rat brain, B-50 is phosphorylated by the Ca2+- and
phospholipid-dependent PKC (Aloyo et al., 1982, 1983). To
investigate whether B-50 in GCp is also a substrate of PKC,
GCp proteins were phosphorylated with and without exogenous
PKC. Endogenous B-50 phosphorylation in GCp and SPM (Fig.
2, lanes A) is enhanced by the addition of purified PKC (Fig.
2, lanes B). In heat-inactivated GCp and SPM, the B-50 protein
is one of the major substrates of purified PKC (Fig. 2, lanes C).
In GCp the phosphorylation of several other phosphoprotein
bands also increases upon addition of PKC. The estimated M,s
of these PKC substrates in GCp are 87, 40-45, and 35 kDa.
SPM also contains the 87 kDa PKC substrate, which might be
the 87 kDa PKC substrate described by Wu et al. (1982), and,
in addition, contains 2 low-molecular-weight PKC substrates
(A&, f 18 and + 22 kDa, respectively). The 35 kDa PKC substrate
in GCp is not present in SPM. Although these data show that
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Immunoprecipitation and phosphopeptidemapping of B-50 from GCp and SPM. I, Autoradiogram of phosphorylatedGCp and SPM
proteins.Proteins(10 &assay, storedat -80°C) werephosphorylatedwith 32P-ATP,separatedon 11%SDS-gels,and subjectedto autoradiography,
before(lanesA) and after (lanesB) immunoprecipitation with anti-B-50 antiserum or (lanesc) preimmune serum.ZZ,Autoradiogram of SAPV8treatedphosphorylatedGCp and SPM B-50 immunoprecipitates (Z, lanesB).
Figure 1.

B-50 in GCp is a substrate of PKC, they do not prove that PKC
is the endogenous kinase.
To provide more evidence that PKC is the endogenous B-50
kinase, we tested the effect of phorbol diesters, known to stimulate PKC, on B-50 phosphorylation in GCp. PDB stimulated
B-50 phosphorylation in a dose-dependent manner (Fig. 3). The
minimal effective dose of PDB was lo-* M. 4ar-Phorbol 12,13didecanoate (4a-PDD), which does not stimulate PKC activity,
has no effect on B-50 phosphorylation (Fig. 3).

Modulation by ACTH
In adult rat brain SPM, B-50 phosphorylation is inhibited by
addition of ACTH,,,.
B-50 phosphorylation in GCp is also
inhibited by ACTH,,, (Fig. 4). Half-maximal inhibition (ICY,,)

Table 1. Effect of ACTH,.,

Addition (M)

PA

ACTH
0
10-s
3 x 10-S
10-d

1.95 rt
1.34 k
1.29 -t
1.71 +

on PPI metabolism

0.18
0.30
0.10
0.26

in GCp

%

PIP

100

6.22
5.63
5.11
5.37

69
66
88

in GCp is reached at 5 x lo+ M. The IC,, for ACTH,,,-induced
inhibition of B-50 phosphorylation in SPM (2 x 1OV M) does
not differ significantly from that in GCp (Fig. 4), since statistical
analysis of the regression lines revealed no difference in slope
or intercept. This indicates that the mechanism of the ACTHinduced inhibition of B-50 phosphorylation in GCp and SPM
is similar. Subsequently, we tested the effect of ACTH analogs
and fragments, which are known to stimulate peripheral nerve
regeneration (Bijlsma et al., 198 l), on B-50 phosphorylation in
GCp. ACTH,-,6, (u-MSH, and ORG2766 (10-4-10-5 M) do not
affect B-50 phosphorylation in GCp (results not shown). B-50
phosphorylation in SPM is inhibited by ACTI-&-,, and ACTH,-,,
(Zwiers et al., 1978), but not by a-MSH or ORG2766 (unpublished observations).

k
f
f
t

0.56
0.63
0.46
0.92

%

PIP*

100

0.63
1.03
1.16
2.32

90
82
86

zk 0.09
k 0.07
f 0.08
+ 0.19

100
164*
184*
368*

Results are expressed as fmol phosphate/fig protein per 15 set + SEM and as the percentage of control incubation
without ACTH (%). n = 6.
* Significantly different from controls without ACTH,,,; p < 0.0 1.
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Figure 2. Effects of exogenous PKC
on B-50 phosphorylation in GCp and

SPM. Proteins (10 &lane, stored at
- 80°C)werephosphoxylatedin the absence(lanesA), x)rin the presence(lanes
B) of 2 111purified PKC or (lanes C)
with purified PKC after heat-inactivation, separatedon 1II SDS-gelsand
subjected to autoradiography.Molecular-weightmarkers (Mw) areindicated on the left.

autoradiogram

In adult rat brain, ACTH,-,, not only influences B-50 phosphorylation, but also increases the PIP, labeling. This increase
in PIP, labeling is not caused by a direct effect of ACTH on
PIP-kinase, but rather by an indirect effect on PIP-kinase elicited
by a decrease in the phosphorylation state of B-50 (Gispen et
al., 1985b). The presence of PIP-kinase, the rate-limiting enzyme in PIP, formation, was investigated in GCp using affinitypurified rabbit IgGs directed against PIP-kinase that was puri-

fied from adult rat brain. Immunostaining of Western blots that
were loaded with SDS-PAGE-separated SPM and GCp proteins
(Fig. 5, lanes A, protein pattern) shows immunostaining of a 45
kDa protein in both preparations (Fig. 5, lanes B). Incubation
of identical blots with anti-B-50 IgGs shows that the 45 kDa
band is distinct from B-50 (Fig. 5, lanes C). Preimmune IgGs
do not cross-react with any of the GCp or SPM proteins (Fig.
5, lanes D). This selective staining shows that PIP-kinase is
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PDB stimulation of endogenousB-50 phosphorylation in
GCp. GCp proteins (10 pg, freshly prepared)were phosphorylatedin
the presenceof different concentrationsof PDB or 4~PDD. The B-50
band was excisedfrom the SDS-geland analyzedfor 32P-incorporation
by liquid scintillation counting. Data are expressedas percentageof
Figure 3.

controls k S.E.M. (n = 6). *Significantly different from control incubations without phorbol diesters (p < 0.05).

[ACTH] 5

Figure 4. Dose-responsecurves of the ACTH,..,,-induced inhibition

of B-SOphosphorylation in GCp and in SPM. Proteins (10 pg, freshly
prepared)were phosphorylatedin the presenceof different concentrations of ACTH,,,. The B-SO band was excised from the SDS-gel and
analyzed for 3ZP-incorporation by liquid-scintillation
expressed as percentage inhibition as compared
ACTH,_,, + SEM.

counting. Data are
to controls without
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present in GCp. This is confirmed by the fact that endogenous
phosphorylation of GCp with r-32P-labeled ATP results in 32Pincorporation into PIP, (Fig. 6, Table 1). Other polyphosphoinositides (PPIs) labeled are phosphatidic acid (PA) and PIP.
32P-incorporation in PIP is much higher than in PIP,. The addition of ACTH,-,, to GCp enhances the 32P-labeling of PIP, in
a dose-dependent manner, without affecting PA or PIP labeling
(Fig. 6, Table 1). At 1O-5 M ACTH,,,, PIP, labeling increases
with 64%, whereas in SPM, the same concentration induces only
a slight, though significant, increase in PIP, labeling (Oestreicher
et al., 1983).
Discussion
The enhanced B-50 level in neuronal tissue during neurite outgrowth (Meiri et al., 1986; Van Hooff et al., 1986; Verhaagen
et al., 1986; Zwiers et al., 1987) suggestsa specific role for B-50
in this process. In adult rat brain, B-50 is localized mainly in
presynaptic terminals (Gispen et al., 1985a). It is, therefore, not
very surprising that the growing axon tip or growth cone contains
a similar 48 kDa protein. Having compared these 2 proteins by
means of l-dimensional (M,) and 2-dimensional (IEP) separation systems (De Graan et al., 1985), phosphopeptide mapping,
immunostaining, and immunoprecipitation, we conclude that
B-50 in GCp and SPM is identical.
Phosphorylation studies with exogenous PKC in native and
heat-inactivated GCp strongly indicate that B-50 in GCp is a
PKC substrate. The identity of the endogenous B-50 kinase is
further substantiated by addition of phorbol diesters known to
stimulate PKC activity (for a recent review, see Kikkawa and
Nishizuka, 1986). 4P-Phorbol diesters increase the B-50 phosphorylation in GCp in a dose-dependent manner (Fig. 3), with
an effective dose range similar to that reported for B-50 in SPM
(Eichberg et al., 1986). Furthermore, B-50 phosphorylation in
GCp is dependent on the presence of Ca*+, but is not affected

Figure 5. Immunostaining of Western

blots of GCp and SPM proteins with
anti-PIP-kinaseandanti-B-50 antibodies. GCp proteins (left lanes, A-D, 10
pg) and SPM proteins (right lanes, AD, 10 pg) were separatedon 11%SDSgels, blotted onto nitrocellulose, and
subjectedto amido black staining(lanes
A), immunostaining with affinity-purifiedanti-PIP-kinaseIgGs(lanesB), with
affinity-purified anti-B-50 IgGs (lanes
C), or with preimmune IgGs (lanesD).
Molecular-weight markers (MB”) are
indicated on the left.

by addition of CAMP (Ellis et al., 1985; Katz et al., 1985; and
C. 0. M. Van Hooff, unpublished observations). It can be concluded that, as in SPM, B-50 is an endogenous substrate of PKC
in GCP. However, the possibility cannot be excluded that other
kinases, like the calcium+almodulin
protein kinase, as suggested by Katz et al. (1985), also phosphorylate B-50.
In adult rat brain, an inverse relationship was demonstrated,
in a variety of paradigms, between changes in B-50 phosphorylation and the degree of PIP, labeling (De Graan et al., 1986).
On the basis of this inverse relationship, the presynaptic localization of B-50 (Gispen et al., 1985a), and the copurification of
B-50, B-50-kinase, and PIP-kinase after extraction from SPM
(Jolles et al., 1980), we have proposed a feedback model (Gispen
et al., 1985b). Receptor-mediated breakdown of PIP, will generate the second messengers IP, and DG (Bet-ridge and Irvine,
1984), of which the latter is known to enhance B-50 phosphorylation by activating PKC. A higher degree of B-50 phosphorylation inhibits PIP-kinase activity (Gispen et al., 1985b), thus
decreasing the amount of PIP, near the receptor, which will be
available for further hydrolysis. Our data indicate that all components of such a feedback system, including B-50, PKC, PIPkinase, and PIP,, are present in GCp. Moreover, in GCp a first
messenger, like ACTH, is able to modulate inversely B-50 phosphorylation and PIP, formation in a dose-dependent manner
(Figs. 4, 6, Table 1).
The fact that the dose-response curves for the inhibition of
B-50 phosphorylation by ACTH in SPM and GCp are parallel
indicates that the mechanism of action of ACTH in both developing and mature nerve terminal membranes is similar (Fig.
4). However, the physiological significance of this ACTH effect
on B-50 phosphorylation is not well understood. In the peripheral nervous system, melanocortins such as ACTH are known
to accelerate recovery from a crush lesion, e.g., in the sciatic
nerve (Bijlsma et al., 198 1). A prerequisite for this neurotrophic
effect is application of the peptide during the early phase of
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Figure 6. Effect of ACTH,,, on PPI
metabolism in GCp. GCp (10 pg protein, freshly prepared) were phosphorylated with Y-)~P-ATP in the presence of
different concentrations of ACTH,_,,.
Lipids were extracted, separated by thinlayer chromatography,
and 32P-incorporation was visualized by autoradiography (exposure time, 20 hr).
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recovery, when active sprouting occurs. The mechanism by which
these peptides exert their neurotrophic effects is not yet known.
One might speculate that B-50 phosphorylation and PPI tumover are part of a signal-transduction mechanism by which the
trophic action of ACTH is translated to the neuron. However,
the peptide-structure requirements for the effect on neurite
sprouting and on growth cone PKC inhibition differ and seem
to suggestthat the 2 events are not causally related. Apart from
melanocortins, other growth cone guidance factors, such as soluble growth factors and surface proteins, may employ signaltransduction pathways involving the PKUB-50 system.
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