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‘ract: B-50 is a brain-specific phosphoprotein, the
pl sphorylation state of which may play a role in the
lation of (poly)phosphoinositide metabolism. Several
ki ses were tested for their ability to phosphorylate pu-
ri d B-50 protein. Only calcium-activated, phospho-
i -dependent protein kinase (kinase C) and B-50 pro-
tc  kinase were able to use B-50 protein as a substrate.
hermore, kinase C specifically phosphorylates B-50
w n added to synaptic plasma membranes. We further
¢/ -acterized the sensitivity of kinase C and B-50 kinase

to ACTH (and various fragments), phospholipids, chlor-
promazine, and proteolytic activation. Since the sensitiv-
ities of both kinases were similar, we conclude that B-50
protein kinase is a calcium-dependent, phospholipid-
stimulated protein kinase of the same type as kinase C.
Key Words: Kinase C—Phosphoprotein B-50—ACTH—
Chlorpromazine—Phospholipids. Aloyo V. J. et al.
Phosphorylation of B-50 protein by calcium-activated,
phospholipid-dependent protein kinase and B-50 protein
kinase. J. Neurochem. 41, 649-653 (1983).

-50 protein is a membrane-bound, brain-specific
ssphoprotein which is apparently presynaptically
ited (Sorensen et al., 1981; Kristjansson et al.,
2). Treatment both in vivo and in vitro with the
aviorally active peptide ACTH,_,4 leads to
nges in the degree of phosphorylation of the B-
yrotein in rat brain (Zwiers et al., 1976; 1977).
viously, data were obtained that suggest that the
sphorylation state of the B-50 protein plays a
ilatory role in phosphatidyl myo-inositol 4-phos-
te (DPI) phosphorylation (Jolles et al., 1980).
-50 protein is phosphorylated by a calcium-sen-
s ve, cyclic nucleotide-independent protein Ki-
1 e, which has been isolated and purified together
v th the B-50 protein from rat brain membranes
(¢ :spen et al., 1979; Zwiers et al., 1980).
n recent years there have been several reports
o the partial purification and characterization of
¢ clic nucleotide-independent protein kinases from
I
’
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brain (Inoue et al., 1977; Greengard, 1979; Zwiers
al., 1980; Miyamoto et al., 1981). One of these,

o

a calcium-dependent, phospholipid-sensitive pro-
tein kinase (also called kinase C) has been partially
purified from the cytosolic fraction of rat brain
(Inoue et al., 1977). The activity of this Kinase 1s
enhanced by either a calcium-dependent protease
(Inoue et al., 1977) or by any of several phospho-
lipids (Takai et al., 1979). Although this kinase was
originally isolated from the soluble fraction of rat
brain, it has recently been found in the particulate
fraction as well (Kuo et al., 1980). It appears that
in the presence of calcium the soluble kinase binds
to membranes, resulting in its activation (Takai et
al., 1979).

During our studies on the regulation of endoge-
nous B-50 phosphorylation in synaptosomal mem-
branes, we noted several apparent similarities with
the reported properties of kinase C. This paper de-
tails the experiments that led us to conclude that B-
50 protein kinase shares many properties with Ki-
nase C and is also a phospholipid-dependent protein
Kinase.
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Abbreviations used: ASPs,_g,, Proteins precipitated by am-

monium sulfate between 57 and 82% of saturation; PS, Phos-
phatidyl serine; SPM, Synaptic plasma membranes.
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MATERIALS AND METHODS

Kinase C was prepared as described by Inoue et al.
(1977) from the soluble fraction of whole brains (minus
cerebellum) of female Wistar rats of approximately 150 g
body weight, by means of DEAE-cellulose and gel filtra-
tion chromatography. The peak of the kinase C activity
eluted from the Sephadex G-100 column was used for all
further experiments. The kinase was activated by reac-
tion with either trypsin or calcium-dependent protease
(Inoue et al., 1977), or by the addition of phosphatidyl
serine (PS) (Takai et al., 1979). Rat brain calcium-depen-
dent protease was partially purified by the method of Inoue
et al. (1977), by DEAE-cellulose and Sephadex G-100
chromatography. Protease activity was assayed by the
ability of the preparation to activate kinase C in the pres-
ence of calcium (Inoue et al., 1977).

B-50 protein and its corresponding kinase were purified
from the membrane fraction of rat brain by the procedure
of Zwiers et al. (1980). The Triton X-100-solubilized frac-
tion was separated by DEAE/cellulose chromatography,
on a linear NaCl gradient. The fractions containing en-
dogenous B-50 protein-phosphorylating activity were
pooled and further fractionated by ammonium sulfate pre-
cipitation (Zwiers et al., 1980). The proteins precipating
between 57 and 82% saturation (ASPs,_g,) were used. Pu-
rified B-50 protein and B-50 protein kinase were prepared
trom ASPs;_g, by isoelectric focusing (Zwiers et al. , 1980).

Light synaptic plasma membranes (SPM) were pre-
pared from rat brain cortex by the method of Terenius
(1973) as detailed in Bar et al. (1982). Cyclic AMP-de-
pendent protein kinases (Type I, rabbit muscle, Sigma
P4890; Type II, beef heart, Sigma P5511: catalytic sub-
unit, beef heart, Sigma P2645) were obtained from Sigma
Chemical Co. (St. Louis, MO, U.S.A.).

Protein was determined by the method of Lowry et al.
(1951).

RESULTS

Kinase C and three different preparations of cyclic
AMP-dependent protein kinase (Type I, rabbit
muscle; Type I, beef heart; catalytic subunit from
beef heart) were compared for their ability to use
purified B-50 protein as a substrate. Table 1 shows
that the B-50 protein is poorly phosphorylated by
the cyclic AMP-dependent kinases, whereas kinase
C does phosphorylate B-50. Addition of kinase C
(but not the catalytic subunit from beef heart cyclic
AMP-dependent protein kinase—data not shown) to
SPM results in a threefold increase of B-50 protein
phosphorylation (Fig. 1A). Analysis by two-dimen-
sional gel electrophoresis of the SPM proteins phos-
phorylated with or without added kinase C confirms
that the protein phosphorylated is indeed B-50 pro-
tein (molecular weight 48,000; IEP 4.5: Fig. 1B).
However, the phosphorylation of other membrane
proteins (for example, the protein of molecular
weight 78,000, IEP 4.0 in Fig. 1B) is not s1gnifi-
cantly increased by the presence of kinase C.

Because of these results we further compared the
properties of B-50 protein kinase with those of ki-
nase C. As previously reported (Inoue et al., 1977:
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Zwiers et al., 1980), we have observed that bo

kinases are cyclic nucleotide-independent (data n
shown). In addition, we have confirmed the obsc -
vation of Mori et al. (1980) that chlorpromazine i -

hibits kinase C. Chlorpromazine is also an inhibit

of B-50 phosphorylation in ASPs;_g, (Table 2).
B-50 protein phosphorylation in both SPM and

ASPs7_g, is inhibited by several ACTH fragmer

(Zwiers et al., 1978; 1980). Addition of ACTH .,
kinase C also results in dose-dependent inhibiti

of B-50 phosphorylation (Fig. 2). From the dos -
response curves of the inhibiton of B-50 phosphc -

ylation by ACTH_,4 shown in Fig. 2, a concent
tion resulting in 50% inhibition (ICsy) of 0.82 p

ACTH,_»4 for kinase C and 0.99 uM ACTH,_,, i
ASPs7_g, can be calculated. B-50 phosphorylati

by kinase C is also inhibited by (Lys!7,Lys!" -

ACTHs_lg, but not by ACTHI_IO. A similar patte

of B-50 inhibition in ASPss_gy has previously be
reported by Zwiers et al. (1980).

The sensitivity of the B-50 protein kinase to phc -

pholipid activation was determined by measuri
the endogenous B-50 protein phosphorylation in bc
the DEAE-cellulose eluate fractions and the ASP
g2 fraction with and without added PS. As discuss

Uy

in detail previously (Zwiers et al., 1979), the ¢ -

dogenous B-50 protein-phosphorylating activity

eluted from the DEAE-cellulose column at appro -
imately 0.2 M NaCl. Figure 3 shows that this ¢ -

tivity is markedly stimulated by the addition of |

)

(20 pg/ml final concentration). This same conce -

tration of PS results in an approximately fourf«
stimulation of B-50 protein phosphorylation in t
ASPs7_g, fraction (Table 2). Furthermore, additi

of PS to highly purified B-50 protein kinase pi -
pared from ASPs;_g, by isoelectric focusing—po! -

TABLE 1. Ability of several kinases to phosphorylat
B-50 protein

Activity
Kinase (fmol/min)
cAMP-dependent (beef heart) (0.60 wg) 0.36 = 0.13
cAMP-dependent (rabbit muscle) (2.33 pg) 0.10 = 0.20
Catalytic subunit of cAMP-dependent kinase
(beef heart) (0.056 wg) 0.06 = 0.21
Kinase C (1.56 ug total protein) 37.90 = 0.81

The kinases were assayed with 0.3 pug B-50 as the substrate under !
following conditions: buffer A (10 mM sodium acetate, 10 mM magnesiu
acetate, 0.1 mM calcium acetate, 6 mM Tris-HCI, pH 7.4), 10 uM Al
2 wCi [y-*P]ATP, final volume 25 wl. The mixture was prewarmed at 30
for 5 min, and then the reaction was initiated by the addition of ATP. Af
5 min, the reaction was terminated by the addition of a denaturing so!
tion, giving a final concentration of 2% sodium dodecyl sulfate. The pr
teins were separated by sodium dodecyl sulfate PAGE. and the Incorp
ration of [**P]phosphate into B-50 protein was determined by liquid sc!

tillation counting of the excised gel band. In this experiment, | fm!
phosphate corresponds to 17 dpm of [*?P)]phosphate. Cyclic AMP (5 p'/

final concentration) was added to the cyclic AMP-dependent protein |
nases and PS (20 pg/ml final concentration) was added to kinase C. Und

iIdentical conditions the amount of each kinase indicated in the table ¢

fected the incorporation of 5-6 pmol phosphate/min into 30 wg histone
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I 3. 1. Phosphorylation of SPM proteins by kinase C. The endogenous phosphorylation of SPM proteins was determined using

0 ng of rat brain SPM protein, 10 pM ATP, 22 pCi [v~32P]ATP in buffer containing 10 mM Tris-HCI, 10 mM sodium acetate,
mM magnesium acetate, and 1 mM calcium acetate, pH 7.4, final volume 275 wl without (—) or with (+) 11 png (total protein)
yase C preparation. After a 15-s incubation, the phosphorylation reaction was stopped by either adding a denaturing solution
ntaining sodium dodecyl sulfate or by immersion in liquid nitrogen. (A, left) The proteins from duplicate incubations stopped

. sodium dodecyl! sulfate were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (PAGE). Phosphory-
ed proteins were detected by autoradiography. B-50 protein and the molecular weights of several standard proteins are

- dicated. (B, right) The proteins from the reaction stopped by liquid nitrogen were separated by two-dimensional gel electro-
oresis (first dimension: isoelectric focusing PAGE; second dimension: sodium dodecyl! sulfate PAGE). Phosphorylated pro-
ns were detected by autoradiography. The pH of the isoelectric focusing gel lanes is indicated at the top of the figure, and
> molecular weights of the two major phosphoproteins are indicated on the side. The incorporation of phosphate into B-50
otein (48K) was 0.57 += 0.07 pmol without kinase C and 1.55 = 0.21 pmol with kinase C; for the 78K protein, the incorporation
s 0.12 + 0.03 pmol and 0.15 = 0.03 pmol, respectively, mean = SEM (n = 3).

rylamide gel electrophoresis also results in a stim-
ation of kinase activity (Fig. 4).

We have confirmed the result of Inoue et al. (1977)
at partially purified rat brain calcium-dependent
otease activates kinase C in the presence of cal-

TABLE 2. Effects of various treatments on the
endogenous B-50 phosphorylation in ASPs;_g

Relative amount
of incorporation

Treatment into B-50 protein
None 1.0
Addition of chlorpromazine 0.5
Addition of PS 4.1
\ddition of PS and chlorpromazine 1.6
’reincubation with protease 3.8

'he ASPs,_g, was assayed for endogenous phosphorylation of B-50 pro-
n under the following conditions: ASPs;_g, proteins (2.5 pg total protein)
buffer A, 10 wuM ATP, 2 pnCi [y-?PJATP, pH 7.4, final volume 25 ul.
e mixture was prewarmed for 5 min at 30°C, and then the reaction
s initiated by the addition of ATP. After incubation for 15 s, the reaction
's terminated and the incorporation of [*?P]phosphate into B-50 protein
s determined as described in Table 1. PS and chlorpromazine were
'ded at a final concentration of 20 wg/ml and 100 wM, respectively. The
SPs,_g» was preincubated at 30°C with the partially purified calcium-
‘:pendent protease (8 pg total protein) in the presence of 2 mM Ca*? Tor
) min before assaying.

cium (data not shown). Similarly, preincubation of

ASPs-_g, with the same protease preparation results
in a nearly fourfold stimulation of B-50 protein

phosphorylation (Table 2).

100 -

Percent Inhibition
b
O

0 ff I | |
03 10 30

ACTH, _,, concentration (M)

FIG. 2. Inhibition of kinase C (®) and B-50 protein kinase (O)
by ACTH1_24. Kinase C (0.9 pg total protein), with 0.3 ug of
B-50 protein as the substrate, and ASPs7g2 (2.5 pg total pro-
tein) were assayed under the conditions used in Table 1,
except that the Ca2* concentration was 30 pM. ACTH124 was
added 10 s prior to the addition of the ATP. The incorporation
of [32P]phosphate in B-50 was determined as in Table 1 (mean
+ SEM: n = 3). Regression analysis showed that the two
lines are not significantly different (F = 6.68; p < 0.05)
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FIG. 3. Purification of B-50 protein and |
50 kinase by DEAE-cellulose chromato
raphy. The fractions (4 ml) were assaye
for endogenous phosphorylation of B-£
protein under the following conditions: f
wl of each fraction, buffer A, 10 uM AT!
2 nCi [y—32P]ATP, with () or without (
0.5 ng PS, pH 7.4, final volume 25 wl. Tt
mixture was prewarmed at 30°C for 5 mi
200 o and then the reaction was initiated by t!

addition of ATP. After incubating at 30°

for 10 min, the reaction was terminate

and the incorporation of [*°P]phospha
100 into B-50 protein was determined as
Table 1. The optical density at 280 nm (¢
and the NaCl concentration (---) were d
termined for each fraction.
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DISCUSSION

B-50 protein kinase as first described by Zwiers
et al. (1980) 1s characterized by its ability to phos-
phorylate B-50 protein. Therefore, we have com-
pared several kinases for their ability to phosphor-
ylate B-50. Of the kinases tested, only kinase C was
able to use purified B-50 protein as a substrate. Fur-
thermore, when added to SPM, kinase C 1s able to
phosphorylate B-50, but not several other proteins.
A further characteristic of B-50 protein kinase 1s the
inhibition of its activity by ACTH and other be-
haviorally active neuropeptides (Zwiers et al.,
1980; 1981). Similar to B-50 protein kinase, kinase
C (using B-50 protein as substrate) was inhibited by
ACTH]_24 and (LYS”,LYS]B)-ACTH5_13, but not by
ACTH,_,o. This same structure-activity relationship
was found when endogenous B-50 phosphorylation
was assayed in SPM (Zwiers et al., 1978).

The distinguishing characteristics of kinase C ai
its activation by PS and the Ca’*-dependent pr«
tease and its inhibition by chlorpromazine (Inoue «
al., 1977; Takai et al., 1979; Mori et al., 1980). W
report here that B-50 protein kinase is also activate
by both PS and the Ca’*-dependent protease. |
addition, chlorpromazine is an inhibitor of B-50 pr
tein kinase activity. Furthermore, both B-50 prote
kinase and kinase C are cyclic nucleotide-indepe
dent protein kinases (Inoue et al., 1977; Zwiers ¢
al., 1980).

We conclude that B-50 protein kinase 1s a pho
pholipid-sensitive protein kinase that i1s very simil:
to kinase C. In this regard it must be noted th
Papanikolaou et al. (1982) have also reported
phospholipid-sensitive protein kinase which uses |
brinogen as a substrate. This enzyme was also show
to be very similar to kinase C (Papanikolaou et al
1982). It may be that there exist many phospholipi:

pH 4.7 5.5 5.9
06, ¢ | |
180
&
FIG. 4. Effects of PS on isoelectric fo- L
cusing-purified B-50 protein Kinase. &
ASPs7_g> (200 ng total protein) was ap- & 1404
plied to a polyacrylamide isoelectric fo- P
cusing gel (pH range 4-6). After focusing < 1204
overnight, the gel was cut into 0.5-cm © ®
sections and soaked in buffer A. The ex- a 100+
tracted material was assayed for kinase .E
activity as in Fig. 3, with histone as a sub- ~ 804 .
strate, with (O) or without (@) PS (20 ng/ o
ml final concentration). The pH of corre- — 60+ g_ _ S A
; ; " ‘ O @
sponding gel slices is indicated at the top. = |
A
20 -
ey T I I | e
11 12 13 14 15 16 17
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¢ nsitive protein kinases, each having its own spe-
¢ f1c substrate, e.g., B-50 protein kinase or fibri-
rgen kinase. However, the same kinase C may
¢ 1st 1In many tissues, as reported by Kuo et al.
( 980) and the restricted localization of the sub-
< rate proteins may determine which proteins are
r 1osphorylated when kinase C 1s activated. Kinase
( has been shown to phosphorylate a variety of
< bstrate proteins of nuclear, cytoplasmic, and
r embrane origin (Wrenn et al., 1980; Nishizuka,
| 80). Wise et al. (1982) have recently reported that
r yelin basic protein 1s a substrate for kinase C. We
| 've not observed this phenomenon, since our
r eparation of SPM is virtually free of myelin con-
{ mination (Burbach et al., 1981:; Oestreicher et al.,

82). Our evidence points to B-50 protein as a sub-
< rate for kinase C in SPM: however, further work
| necessary to determine whether B-50 protein 1s
t ¢ natural substrate for kinase C 1n rat brain mem-
| anes.
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