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A rapid purification method is reported far bavine brain neuregranin, & enlmodulin-binding protein kinase € (PKC) substrute. This method takes

ndvantage of the fagt thut the protein reraing soluble in 2.5% perehlorie ueid (PCAY and that it binds to a-calmodulin-Sepharose column in the

absence of enleium. Other PKC substraie proteins that remain (o be ldentified were also found ta share these two properties, suggesting that n
class of calmodulin-binding PKC substrates muy exist in the brain,

Protein kinase € subsirate; Purificution: Brain (bovine)

1. INTRODUCTION

Protein kinase C (PKC) has been shown to be a key
enzyme in mediating specific neural functions in the
central nervous system [1-5]. An understanding of the
exact function of the PKC isozymes requires the iden-
tification and charactérization’ of their in vivo
substrates, which represent the first molecular support
of the: PKC activation signal. In the brain, only two
PKC substrates have been formally identified and
characterized: neuromodulin (also called GAP-43, B50,
F1, p57, pp46) [6~9] and the MARCKS protein (also
called p87) [10~12]. These two proteins are soluble in
2.5% PCA, suggesting that PCA solubility might be a
common property of a class of PKC substrates {13]. In
bovine brain extracts, we recently identified another
low molecular weight PCA-soluble in vitro substrate
for PKC, that we called pl7 due to its apparent
molecular weight on SDS-pelyacrylamide gel [13).

An immunohistochemical study showed that pl7 is
found exclusively in the rat  forebrain and more
specifically concentrated in the perikarya and dendrites
of neurons of the cerebral cortex and hippocampus
[14]. Because pl17 immunoreactivity is often found to
be associated with granule-like structures:in dendrites
of pyramidal cells of the hippocampus at the electron
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microscopical level, we have called this pl17 protein
‘neurogranin’, The purified bovine brain neurogranin
has now been sequenced [15]. Its primary structure was

found to be identical, in at least 73 of 78 residues, to

that' of a new brain-specific protein, called RC3 [16].
Neurogranin (M; 7.8 kDa, pHi 5.6), like neuromodulin
and MARCKS protein, migrated abnormally on SDS-
PAGE with an apparent molecular mass of about twice
its true value. A comparison of the deduced amino-acid
sequence of - neurogranin - (RC3) with that of
neuromodulin revealed a striking conserved amino-acid
sequence between the two proteins (Fig. 1). This se-
quence is the predicted calmodulin-binding domain on
neuromodulin [6] and also corresponds to the PKC
phosphorylation site {17]. Hence, we demonstrate that
neurogranin binds to the calmodulin-Sepharose column
in the absence of calcium, a feature that also
characterizes neuromodulin, and we took advantage of
this last property to develop a new and rapid purifica-
tion method of neurogranin.

2. MATERIALS AND METHODS

2.1, Materials

The following materials were obtained from the indicated sources:
FPLC apparatus and Phast-System Electrophoresis apparatus from
Pharmacia; immunoblotting and protein determination reagents
from Bio-Rad; the Immobilon blotting membrane from Millipore;
phosphatidylserine from Sigma; [y-**PJATP (5 mCi/ml) from Amer-
sham, Protein kinase C was a generous gift of Dr F..Rogue‘and Dr
A. Malvyia of the “Centre de ‘Neurochimie du CNRS'. The
calmodulin-Sepharose column was prepared as previously described
[18]. Neuromodulin and neurogranin used as references during the
purification procedure were purified as previously described [13].
Polyclonal antibodies against neurogranin and neuromodulin were
prepared as previously described [14].
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Fig. 1. Identification of a consensux aminosacid sequence (bold amino-acids) between nearogranin and neuromodulin. This conwnsus xequence
corresponds to the conserves phospharylation site (w) [¥5,17], und the calmadulin-binding domain on nevromedulin (6),

2.2, Prepuration of perchloric acid-soluble proteins from bovine
brain that bind 10 the calmodulin-Sepharose calonn

All the purification steps were performed at +4¢C, Seventy bovine
brains were . homogenized in- 40 mM © citric  acid, 0.5 mM
phenylmethylsulfonyl fluoride (1 kg wet tissue/2 liters homogeniza:
tion buffer) and centrifuged for 18 min at 5000 x g, After centrifuga-
tion, supernatants were pooled. Solutions of 2.0 M Tris-HCl and of
0.5 MEDTA in 2.0 M Tris-HCI were added to give a final coneentra-
tlon of 60 mM Tris-HCl and 10 mM EDTA. The pH, which was 4.3
in the initial supernatant, was brought to 7.8 with 10 N NaOH. The
resulting extract was then passed through a Cybacron Blue column,
previously equilibrated with 20 MM Tris-HCI, pH 2.5, This
chromatographic step does not improve the purification of
neurogranin, but was included to allow the concomitant purification
of fibroblast growth factors that remain bound to the Cybacran Blue
column {19). The column flow-through was collected and brought to
70% amimonium sulfate, incubated for 2 h' and centrifuged for
30 min at 13000 x g. The resulting pellet was resuspended in 50 mM
Tris-HCl,: pH 6.8, S0mM NaCl, 2aM EDTA, 0.2 mM
phenylmethylsulfonyl fluoride and 10 mM DTT using a Dounce
homogenizer, The protein solution was brought to 2.5% PCA and
immediately centrifuged for 20 min at 13000 x g. The supernatant
was collected and made to 20% saturation with trichloroacetic acid
for 30 min. A white precipitate formed and was pelletied by cen-
trifugation for 40 min at 13000 %' g. The pellet was dissolved in 2 M
Tris-HCl, pH 7.5, 50 mM EDTA, 10 mM DTT and dialysed over-
night against 50 mM Tris-HCI, pH 7.6, 100 mM NaCl, $ mM ED.
TA, 5 mM DTT (Buffer A). Half of the dialysed protein solution was
loaded on a calmodulin-Sepharose column (50 mg calmodulin/20 ml
Sepharose) equilibrated with buffer A, After extensive washing of the
column, the bound proteins were eluted with Ca**-containing buffer
made of 50 mM Tris-HCI, pH 7.5, 5 mM CaCl,, 0.5 M NaCl. The
elution of the protein was followed by SDS-PAGE using the Phast-
System apparatus and silver staining of the gel. After extensive
dialysis against 20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 5§ mM DTT,
the protein solution (60 ml) was stored at —20°C,

2.3, Electrophoresis

Proteins were analyzed on one-dimensional gels containing:12%
acrylamide/0.36% bisacrylamide using the buffer system of Laemmli
[20]). Gels were stained with Coomassie blue,

2.4, Phosphorylation assay

Proteins were incubated with purified PKC in 40 mM Tris-HCI,
pH 7.2, 0.1 mM free Ca%*, 0.05 mM phosphatidylserine for 1 min at
35°C. The phosphorylation reaction was initiated by adding 5§ mM
MgCl; and 100 M [y-**P]ATP. The reaction was terminated by the
addition of SDS-stop solution (5% SDS, 25% glycerol, 0.5 M Tris-
HCI, 10 mM DTT, pH 6.8) and heated for 5 min at 100°C, The pro-
teins were separated by 0.1% SDS-12% PAGE and submitied to an
autoradiographic procedure by using Hyper film HP (Amersham In-
ternational).
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2.5, Immunoblotting
Immunoblots were performed as previously deseribed (4]

3. RESULTS

3.1. Characterization of the PCA-soluble calmodulin-
binding proteins

Fig. 2a shows the electrophoretic pattern of the
PCA-soluble proteins that bound to the calmodulin-
Sepharose column in the abserice of calcium and which
were eluted from the column with a buffer containing
calcium (lane 1). The major protein which migrated
with an apparent molecular mass of 46 kDa (N) can be
assigned, without ambiguity: to neuromodulin, ‘an
abundant brain specific PKC substrate that binds to
calmodulin-Sepharose column in the absence of
calcium [6,13), The 46 kDa protein co-migrated with
purified neuromodulin (Fig. 2a, lane 2) and showed
strong immunoreactivity against neuromodulin an-
tibodies (Fig. 2b, lanes 1,2). Several other Coomassie
blue stained proteins, which migrated with lower elec-
trophoretic mobility than neuromodulin, could be seen
on the gel (Fig. 2a, lane 1). Most of these proteins
reacted positively with neuromodulin antibodies, when
used at low dilution (1:500) in Western blot analysis
(Fig. 2b, lane 2), suggesting that they might correspond
to proteolytic products of neuromocdulin generated dur-
ing the purification procedure, or alternatively that
they correspond to other calmodulin-binding proteins
that share common : antigenic epitopes  with
neuromodulin. Two other proteins, which cross-
reacted with neuromodulin antibodies and which did
not bind to the calmodulin-Sepharose column, wer.
also visualized on the Western blot (Fig. 2b, lane 3).

Fig. 2c shows an autoradiogram  illustrating the
phosphorylation by. PKC of the PCA-soluble proteins
which bound to the calmodulin-Sepharose column. In
the absence of PKC cofactors (phosphatidylserine and
Ca?*) most of the Coomassie blue stained proteins
(Fig. 2a, lane 1) showed a slight **P incorporation
(Fig. 2¢, lane 1), while their phosphorylation was
strongly stimulated when phosphatidylserine and Ca**
were present in the phosphorylation assay mixture
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Fig. 2. Characterization of the PCA-soluble calmodulin-binding
proteins from bovine brain, (a) Comparison of the electirophoretic
mobilities (0.1% SDS-12% PAGE) of the PCA-soluble proteins that
bound to the calmodulin-Sepharose column in the absence of Ca**
(lane 1) with that of purified neuromodulin (lane 2), (b) Western blot
analysis, using neuromodulin . antibodies; purified bovine
neuromodulin used as standard (Jane'1); proteins that bound to the
column (lane 2); proteins that did not bind to ‘the calmodulin-
Sepharose column in the absence of Ca** (lane 3); and total PCA-
soluble proteins (lane 4). . (¢) Autoradiogram. showing the
phosphorylation by PKC of the proteins that bound to. the
calmodulin-Sepharose column in the absence of Ca®*. The
phosphorylation assay was performed in the absence (lane 1) or
presence (lane 2) of Ca** and phosphatidylserine. N and n indicate
neuromodulin and neurogranin, respectively. In a and c, * indicates
the position of proteins that cross-reacted with neuromodulin
antibodies, In the margins the positions of molecular 'weight
standards are indicated, ‘

(Fig. 2¢, lane 2), suggesting that they indeed represent
PKC substrates.

3.2. Purification of neurogranin
On Fig. 2, ‘n’ indicates the position of a minor pro-
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tein that bound to calmadulin-Sepharose column in the
absence of calcium and which migrated with an ap-
parent molecular mass of 17 kDa (Fig. 2a). This pro-
tein did not react specifically with neuromodulin
antibodies on Western blot but was a good substrate
for PKC (Fig. 2¢). A bovine brain PKC substrate with
an apparent molecular mass of 17 kDa, solublein 2.5%
PCA, has been previously described [13] and subse-~
quently called neurogranin [14]. The primary structure
and cellular distribution  in adult rat brain: of
neurogranin is identical to those described for RC3, a
new brain-specific protein. Its structure was deduced
from a sequence of the ¢cDNA of a rat cortex-enriched
mRNA [16]. Western blot analysis using neurogranin
antibodies revealed that among all the calmodulin-
binding proteins present on the Coomassie blue stained
gel (Fig, 2a) only the 17 kDa bands reacted with
neurogranin antibodies, suggesting that it likely cos-
responds to neurogranin (Fig. 3b). :

The purification to homogeneity of neurogranin was
achieved by two further chromatographic steps using
the  FPLC system. - The PCA-soluble calmodulin-
binding proteins were first passed onto a Mono Q col-
umn equilibrated with 40 mM Tris-HCl buffer, pH 7.5,
2 mM DTT and the proteins were eluted with a NaCl
gradient. Fig. 3a shows the Coomassie blue staining of
a SDS-PAGE gel used to analyse the eluted protein
fractions after 1 h of incubation with 10 mM DTT.
Dithiothreitol was used to reduce dimer and higher
oligomer formation of neurogranin, occurring spon-
taneously during the c¢hromatographic procedure.
Fig. 3b- shows a Western blot analysis of the
neurogranin-containing fractions with neurogranin an-
tibodies. Neurogranin (n) was eluted first from the
Mono Q column at approximately 0.08~0.11.M NaCl
(fractions 24—28) but was still contaminated by other
proteins, Neuromodulin (N) was eluted at 0.2 M NacCl
(fractions 36-39) and appeared homogeneous. Note,
however, the presence of a faint protein band that co-
purified with neuromodulin and which migrated just
below neuromodulin, This protein band might possibly
result from posttraductional modification of the pro-
tein. In this line, it is interesting to note that slight dif-
ferences in SDS-PAGE electrophoresis mobility have
been observed between neuromodulin isolated from
two different cell types of the rat nervous system [21].

The neurogranin-containing fractions: were then
pooled together, adjusted to 0.1% trifluorosacetic acid
and loaded onto a ProRPC column equilibrated with
H,G and 0.1% trifluoroacetic acid. After washing the
column with' equilibrating buffer the' proteins ' were
eluted with an acetonitrile gradient. «

The eluted fractions (1 ml) were immediately
neutralized with aliquots of 1 M Tris-base solution and
analysed by SDS-PAGE after incubation for 1'h with
10 mM DTT. Fig. 4 shows the Coomassie blue stained
gel. The ProRPC column dllowed the separation of the
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Fig. 3. SDS-PAGE analysis after separation of neuromodulin and neurogranin on a Mono Q column, (a) The dialysed PCA-soluble calmodulin-
binding proteins were splitinto 6 x 10 mi aliquots and loaded separately on a mono Q column equilibrated with 20 mM Tris-HCL, pH 7.5, 2 mM
DTT. After washing the column with 4 ml of equilibrating buffer the proteins were eluted with a NaCl gradient from 0 to 0.3 M NaCl within
30 min. The flow rate was 1 mi/min. Fractions (1 ml) were collected and analysed by 0.1% SDS-12% PAGE and Conmassie Blue staining of
the gel.. In lanes N and n, purified neuromodulin (N) and neurogranin- (n) are used as standards. (b) Western blot analysis using neurogranin
antibodies (1: 1000 dilution) of the neurogranin-containing fractions (fractions 24-26, 28 and 30); n corresponds to purified neurogranin {15}
used as standard, S, and Sz correspond to the crude PCA-soluble protein extract and to the loading sample, respectively, In the left margins,
the positions of the molecular weight standards are indicated,

protein contaminants from neurogranin that were
eluted at approximately 20% acetonitrile (fractions
26~29). The purified neurogranin showed identical im-
munological and physicochemical properties to that.of
the neurogranin (pl7) protein previously described
{13].

4. DISCUSSION

Here, we reported a rapid purification method for

186

neurogranin from bovine brain taking advantage of its
solubility in 2.5% PCA [13] and its binding to
calmodulin-Sepharose column. The PCA precipitation
step provided a high degree: of purification for both
neurogranin and neuromodulin, but this step also ex-
posed the proteins to acidic conditions. Nevertheless,
PCA treatment of rat brain extract modified neither the
electrophoretic mobility nor the immunoreactivity of
the proteins, as revealed by Western blotting [14]. The
PCA treatment of the purified proteins did not increase
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Fig. 4. SDS-PAGE analysis after purification of neurogranin by reversed-phase chromatography. The neurogranin-containing fractions from the
mono Q column were paoled together (7.ml), adjusted to 0,1% trifluoroacetic acid, and loaded onto # ProRPC column equilibrated with 0.1%
trifluoroacetic acid in Ha20. The column was then washed with 8 ml of equilibrating buffer and the proteins were 2luted with an acetonitrile
gradient from O to 30% acetonitrile within 40 min, The flow rats wasg 0.5 mli/min, Fractions (1. ml) were collected, immediately neutralized with
aliquots of 1,0 M Tris-base solution, and analysed by 0.1% SDS-12% PAGE. n, purified neurogranin used as standard; S, loading sample.

or decrease the ability of PKC to phosphorylate the
proteins and did not produce chemical proteolysis of
the purified proteins (data not shown). However, the
PCA treatment of the proteins did not affect the func-
tional properties of the proteins, since neuromodulin
and neurogranin were still able to bind to calmodulin-
Sepharose. The calmodulin-Sepharose column step fur-
ther provided a high degree of purification of the pro-
teins. Most of the neuromodulin (Fig. 2b) and
neurogranin (not shown) bound to the column in the
absence of calcium, whereas the majority of PCA-
soluble proteins did not, including several other PKC
substrates, like the MARCKS protein (data not shown).
The binding ‘of neurogranin to the calmodulin-
Sepharose column was expected because of the ex-
istence of a conserved amino acid sequence between
neuromodulin and neurogranin (see Fig. 1) that was
previously characterized as the calmodulin binding do-
main on neuromodulin [6]. The amount of purified
neuromodulin was about 20 times higher than that of
neurogranin. This agrees with the Western blot analysis
of rat brain extracts, that showed neuromodulin im-
munoreactivity to be abundant in the rat brain, whereas
neurogranin appeared as minor immunoreactive bands
and only in specific regions of the central nervous
system {14].

The calmodulin-Sepharose affinity chromatographic
step also allowed the identification of other minor pro-
teins on SDS-PAGE, which cross-reacted - with
neuromodulin antibodies and which were proved to be
PKC substrates (Fig. 2¢). Whether or not these proteins
represent new PKC substrates or proteolytic products
of neuromodulin remains to be investigated. One argu-
ment for the possibility that some of these proteins are
true PKC substrates are the observations that some of
these proteins are present at concentrations equivalent
to that .of neurogranin. Furthermore, the only pro-
teolytic product of neuromodulin so far identified, call-
ed B60 [22], which lacks the first 41 amino acids out of
226, but which still possesses the putative calmodulin-
binding sequence, has lost its calmodulin. binding
capacity. This suggests that the native conformation of
the protein is probably required for calmodulin affini-
ty. B60 probably corresponds to the major im-
munoreactive band seen on Fig.2b in  the
calmodulin-Sepharose flow-through fraction (lane 3).

The calmodulin-binding domain on neuromodulin
also corresponds to the PKC phosphorylation site do-
main on neuromodulin [17], which is also the case for
neurogranin [15]. It is therefore most plausible, that
such a consensus sequence represents a' conserved
amino-acid sequence for PKC phosphorylation site in a
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class of brain specific calmodulin-binding PKC
substrates.

The possibility that other calmodulin-binding PKC
substrates, which belong to the neuromodulin-
neurogranin family may also exist in peripheral tissues,
is sustained by the recent identification of at least three
PKC substrates (M, 170000, 80000 and <40000 Da) in
adipocytes, that selectively bind to calmodulin-
Sepharose in the absence of caleium [23].
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