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The 14-3-3 proteins ure a fumily of acidic proteins found mainly in the brain and are suggested to have u role in monoamine synthesis based on
their ability to activate tyrosine and tryptaphan hydroxylases in the presence of type II Ca¥Ralmodulin-dependent protein kinase. Recently,
however, it has been demonstrated thut & member of the 14-3.3 family, termed Exot, stimulates Ca¥*-dependent exocytosis in permeabilized adrenal
chromafiin eclls, suggesting that this protein family may influence the protein kinuse C-mediated control of Ca¥ -dependent exocytosis. Here we
show that the 14-3-3 proteins ustivale protein kinase € at about 2-fold mare thun the known level of the activated protein kinase, i.e. the activity
of protein kinase C in the presence of Cn’* and phospholipids. This raises the possibility that the cellutar setivity of protein Kinase € is regulated
by diverse members of the 14-3-3 family und that the reported ability of Exol to reactivate Ca**-dependent exocylosis is based on its stimutatory
effect on protein Kinase € activity, The 14-3.3 fumily, therefore, appears to be 3 multifunctional regulator of cell signalling processes mediated by
two types of Cu*"-dependent prolein kinase, protein kinase C und type 1l ealmodulin-dependent protein Kinase,

Signal transduction: Ca**-dependent exocytosis: Pratein kinase C

I. INTRODUCTION

The 14-3-3 proteins are a family of acidic, dimeric
proteins with a subunit mol. wt. of ~30 kDa [1]. This
protein fumily is cistributed mainly in the brain espe-
cially in neurens, and is axonally transported to the
nerve terminals (2-4]. The 14-3-3 proteins purified from
brain or reconstituted in vitro from isolated polypep-
tides activate tyrosine and tryptophan hydroxylase (TH
and TRH) in the presence of type II calmodulin-de-
pendent protein kinase (PKII) [1,5-7]. They are also
essential for activation of TRH by cAMP-dependent
protein kinaze {8]. Due to this activity and neuronal
distribution this protein family has been suggested to
have a role in monoamine synthesis. However, evidence
is now accumulating that a subset of the family is also
expressed in various mammalian tissues [7.9], trans-
formed human epithelial amnion cells [10]. Drosophila

Abbreviations: PKII, Cu**/calmodulin-dependent protein kinase typs
I1; TH, tyrosine hydroxylase: TRH, tryptophan hydroxylase; HPLC,
high performance liquid chromatography.
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melangaster {111, and in plants [12,13], suggesting the
widespread distribution of this family among cukar-
yotic cells. In proliferating fibroblasts, the synthesis of
ong of the members of the protein family is down-regu-
lated compared to SV40 transformed cells [14].

Of the seven polypeptide types found in the bovine
brain (termed @ to #) three (B, ¥. and 7) have been
sequenced through direct protein analysis or by cloning
their complementary DNAs [1.7]. The human [15),
Drosophila[11], and plant [£2.13] homologues have also
been cloned. These polypeptides exhibit extraordinarily
high sequence conservation and have similar character-
istics to a highly acidic C-terminal region that may be
responsible for the kinase-dependent activation of TH
and TRH [1]. The scquences of the 14-3-3 proteins are
unique, however, Aitken et al. [16.17] recently found a
strong homology of the sequence of the bovine 14-3-3
protein with a shecp protein, termed KCIP, which is
purperted to inhibit the enzymatic activity of protein
kinase C (PKC). More recently, Morgan and Burgoyne
[18] isolated endogenous protein factors that stimulate
Ca* -dependent exocytosis in permecabilized adrenal
chromaffin cells, and identified one of these proteins,
termed Exol, as a member of the 14-3-3 fumily. They
suggested that Exol may influence the PKC-mediated
control of Ca**-dependent exocytosis.

In this report we have examined the effect of the
14.3-3 proteins on the activity of PKC and found that
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the 14-3-3 proteins activate PKC in the pressnce of
known ligands of this protein kinuse.

2. EXPERIMENTAL

The & chain was isolited by reverse-phase HPLC of bovine brain
14-3-3 protein and waus renatured us in {7) for aciiviiy measure menis.
The renutured $-chain formed 4 dimer with a rélative moleculir musx
of ca, 60,000 us exumined by two-dimensioni! electrophoresis without
chuotrophic agents [9]. PRC was purified {rom rut brain extracts
cusentindly as in [19). PKC ustivily was assayed in « mixture (100 u1)
containing 28 mM Tris-HCl (pH 2.3), 10 mM ML, 0.5 mp/m)
histone (type HIs, Sigma), S04M (- PJATP (1,000 cpnvpmol, Amer-
sham Corp.), and either | mM EGTA or 0.5 mM CaCl;, 50 yg/ml
phesphatydylserine, | gg/mi diolein, and appropriste amounts of the
renatured &y protein. The: reuction wis initiated ut 30°C for 3 min und
wus stapped by the addition of 10%: (w/v) trichloroacttic ueid (1 ml).
The mixture wax poured onto i nitrovellulose disk (TM-2: Toyo Mem-
brune Filters, Tokyo) und the disk was wished and eounted.

The amino ucid sequence of the  ¢hain was determined by the
analysis of seven CNBr fragments und sisteen frugments derived by
lysylendapeptidase digestion of pyridylethylated § chuin (1 g each).
ux well as of' several subfrugiments produced by secandary chymotryps
tic cleavage of the CNBr or lysylendopeptidase {ragmenis. The frag-
ments were isolated by reverse-phase chromatography on a Phenyl-
SPWRP column (4.6 x 75 mm: Tosoh, Tokyo) ar on a Lichrosorb
RP-8, sclect B column (4.6 x 250 mm; Merck, Germany} by ¢lution
with u lincar gradient of CH,CN (10-60%. viv) in 0.1% (viv) tris
fluoroicetic ucid. Where necessary. the fragments were further puri-
fied by re-chiromatography using 0.08% (v/v) heptafluorobutyric acid
in pluce of trifluoroacetic ueid. The amino acid sequence of isoluted
frugments wus determincd with u model 477A automated sequencer
(Applied Biosystems, Foster City, CA).

3. RESULTS AND DISCUSSION

Among the seven polypeptide types, a-», of the 14-3-
3 protein {1] we have chosen the ¢ chain for analysis
because it is most abundant in our bovine brain prepa-
ration. Thus, the effect of the dimeric {5 protein on the
activity of PKC wus examined by an assay system sim-
ilar to that used for the identification of KCIP (Fig. 1
and its legend), which was reported to be a potent inhib-
itor of PKC with un amino acid sequence highly homeol-
ogous with 14-3-3 [16.17]. Despite the sequence similar-
ity with KCIP, the {, protein added to the assay mixture
stimulated the activity of PKC to about 2-fold more
than the level of the activated PKC measured in the
presence of known ligands of this protein kinase. The
effect was dose-dependent, and the concentration of
14-3-3 necessary for half-maximal activation (V,,,/2) of
PKC was 0.77 4M. This concentration is almost equal
to the reported concentration at which KCIP exhibits
50% inhibition of PKC activity [17]. The {; protein also
activated the phosphatylserine-activated PKC in the ab-
sence of diolein. However, the activation did not occur
in an assay mixture without Ca®* or without phosphol-
ipids, where the activity of PKC remained at a basal
level even in the presence of excess amount of the £,
protein (Fig. 1). Subsequent phosphoprotein analysis of
the assay mixture by reverse-phase HPLC (Fig. 2) or by
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Fig. 1. Effect of the {w-type 14-3-3 protein on the uctivity of PKC in
the presence (@) und ubsence £9) of Ca** and phospholipids. The data
are from triplicate determinitions.

autoradiography following polyacrylamide gel clectro-
phoresis demonstrated heavy incorporation of *P into
the substrate, histone, but no significant radiouctivity
was detected in the £ chain. Because direct phosphoryl-
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Fig. 2. Analysis of phosphorylated protein, A PKC assay mixture
containing the £ protein (10 ug) was prepared as described in section
2, ineubated for 3 min at 30°C in the presence of Cu** and phosphiol-
ipids, and a portior. of the reaction mixture was applicd 10 a reverse-
phase Vydac C, column (6.0 x 150 mm). The column was cluted with
a linear gradient of CH,CN (10-60%, viv) in 0.1% triflucroacaiic acid
and 1 ml aliquots were callected and counted for P, Pealz were
identified from the retention time of each component as well as by
amino ucid unalysis of polypeptides recovered from HPLC,
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Fig. 3. Alignment of the amino acid sequences Gingle-letier notation) of 14-3.3 proteins with Exol and KCIP, The sequences of the 14-3-3 8-, y-,
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and 5 chain (8, y. ) were frena {1,7) and the partial sequences of Exol (E) and KCIP (1) were from [18] and [16], respectively. Amino ucid sequences

are pumbered from the Neterminus of the # chain, x refers to a blosking group of the N-terminus. Amino acids identical in all polypeptides are

shaded, Note that in all of the polypeptide chains there ure serine residues that have ihe potential for PKC-, PKl1l-, and cAMPikinase-dependent

phosphorylatien (indicuted by arrows), ulthough these residuex were not phosphorylated by PKII (7] or PKC (present study), at least under the

conditions employed. Also found in the sequences is o 'pscudo-substrate’ sequence, GARR, which was assumed to be a site by which KCIP may
cxert its inhibitory effect on PKC [16] (indicuted by usterisks).

ation experiments of the £, protein with PKC also indi-
cated that the §, protein is not a substrate of PKC, we
concluded that the increased PKC activity is due to
activation of PKC by the 14-3-3 {, protein.

To characterize the { chain in further detail we have
determined its amine acid scquence (Fig. 3). As ex-
pected from its known activity towards TRH [7), the {
chain is highly homologous (74-87% identity) with the
other polypeptides found in the 14-3-3 proteins, thereby
confirming that the § chain is a member of the 14.3-3
famnily. The alignment also demonstrates the high de-
gree of sequence homology among bovine 14-3-3, sheep
KCIP, and Excl. Despite the difference in animal
source, the 14-3-3 proteins share 69-74% identical resi-
dues with KCIP, which are comparable to the structural
variations within the different 14-3-3 chains. We exam-
ined the activities of two other isoforms, 3. and &., one
of which is closely related and the other most distantly
related to the £, isoform in amino acid sequence (Fig.
3 and Isobe et al., unpublished results), and found that
both proteins activate PKC to a similar extent as the ¢,
protein (results not shown),

Besides the activity reported here, previous observa-
tions also suggested that the 14-3-3 proteins have a
more diverse physiological function than the predicted
role in monoamine synthesis; (i) 14-3-3 represents ca,
19 of total cytosolic protein in the brain [3] which is
apparently more abundant than that expected from
rather small populations of monoamine synthetic neu-
rons in the brain; (ii) a low level of 14-3-3 has been
detected in a wide variety of tissues and cells, including
those in which the activity of TH or TRH is not detect-
able al a significant level [3,5,9]: (iii) the different types
of 14-3-3 probably arisc from different genes the expres-
sion of which is controlled differently among the tissues
[7]. In addition to these observations, in situ hybridiza-
tion histochernistry using a rat cDNA encoding the 5
chain revealed that the 77 chain is expressed, not only in
the monoamine-synthetic neurons, but also in many
other neurons which do not synthesize either catechol-
amine or serotonin [20]. These observations, coupled
with the results described above, suggest that the diverse
members of the 14-3-3 family are involved in PKC-
mediated signal transduction processes through their
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stimulatory or inhibitory effect on the enzymatic activ-
ity of PKC, ulthough we have currently been unable to
identify a KCIP equivalent of 14-3-3 that irhibits the
PKC activity. We note that the tissue distribution of
14-3-3 almost parallels the known distribution of PKC
[9).

The present study demonstrates that some. if nat all,
of the isoforms of the 14-3.3 family activate PKC. Be-
cause activation of PKC increases Ca**-dependent ex-
ocytosis in chromaffin cells {20-22), we propose that
Exol exerts its effect on Ca*"-dependent exocytosis by
activation of PKC. Thus, in monouamine synthetic cells,
such as chromaffin cells and some populations of neu-
rons, 14-3-3 can accelerate Ca**-dependent exocytosis
by dual pathways. one by stimulation of cxocytosis
through activation of PKC and the other by stimulation
of monoamine synthesis through activation of TH or
TRH in concert with the action of PKII.
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