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ABSTRACT Chromaffin cells were isolated from bovine
adrenal medullae and maintained in primary culture. After
prelabeling with 32PO4, exposure of the chromaffm cells to
acetylcholine increased the phosphorylation of a Mr -100,000
protein and a Mr =60,000 protein (tyrosine hydroxylase),
visualized after separation of total cellular proteins in
NaDodSO4/polyacrylamide gels. Immunoprecipitation with
antibodies to three known phosphoproteins ("100-kDa," "87-
kDa," and protein HI) revealed an acetylcholine-dependent
phosphorylation of these proteins. These three proteins were
also shown to be present in bovine adrenal chromaffin cells by
immunolabeling techniques. "100-kDa" is a Mr =100,000
protein selectively phosphorylated by calcium/calmodulin-
dependent protein kinase Ill, "87-kDa" is a Mr --87,000
protein selectively phosphorylated by protein kinase C, and
protein III is a phosphoprotein doublet of Mr --74,000 (ma)
and Mr -55,000 (hEb) phosphorylated by cAMP-dependent
protein kinase and calcium/calmodulin-dependent protein
kinase I. Furthermore, 100-kDa was shown to be identical to
the Mr lO00,000 protein whose phosphorylation was increased
by acetylcholine treatment. The acetylcholine-dependent in-
crease in phosphorylation of tyrosine hydroxylase, 100-kDa,
87-kDa, and proteinm required extracellular calcium and was
mimicked by nicotine, veratridine, elevated K+, and calcium
ionophore A23187, but not by muscarine. In addition, forskolin
increased the phosphorylation of tyrosine hydroxylase, 100-
kDa, and protein Ill, but not that of 87-kDa. Phorbol 12,13-
dibutyrate increased the phosphorylation of tyrosine hydrox-
ylase, 87-kDa, and protein Ill, but not that of 100-kDa. The
data demonstrate that cholinergic activation ofchromaffin cells
increases the phosphorylation of several proteins and that
several protein kinase systems may be involved in these effects.

Acetylcholine, released from the splanchnic nerve, causes
the exocytosis of catecholamines from bovine adrenal med-
ullary chromaffin cells (1-4). Cholinergic activation of chro-
maffin cells also increases the phosphorylation of a Mr
-100,000 protein and a Mr -60,000 protein (5). The Mr
-60,000 protein was shown to be tyrosine hydroxylase (6-8),
but the Mr -100,000 protein has remained uncharacterized.
We have examined chromaffin cells for the presence and

phosphorylation of several phosphoproteins whose phospho-
rylation state is known to be increased in nerve terminals by
treatments that induce transmitter release. In neuronal tis-
sues, such as synaptosomes and brain slices, depolarization
produces a calcium-dependent increase in the phosphoryl-
ation state of "87-kDa" (9) [an acidic, Mr -87,000 protein
present in a wide variety of mammalian tissues but most
prominent in brain (10)] and protein III (11-13) [a phospho-
protein doublet of Mr -74,000 (IIIa) and Mr 55,000 (IIIb)
associated with synaptic vesicles in brain (14-16)]. In addi-

tion, we have evaluated the possible identity of the Mr
-100,000 chromaffin cell protein with "100-kDa," a sub-
strate for calcium/calmodulin-dependent protein kinase III
(17, 18). Recent experiments have shown that the phospho-
rylation of 100-kDa can be regulated in other intact tissues
such as human fibroblasts (31).

MATERIALS AND METHODS
Materials. Bovine adrenal chromaffin cells were isolated,

purified and maintained as monolayers on collagen-coated
dishes (106 cells per 60-mm dish) for 4-14 days as described
(19).

'25I-labeled protein A and 32PO4 were purchased from New
England Nuclear. Acetylcholine, nicotine, muscarine, vera-
tridine, and forskolin were purchased from Sigma. Phorbol
compounds were from LC Systems. Dioctanoylglycerol was
from Avanti Polar Lipids. Staphylococcus aureus V8 prote-
ase was from Miles. Trypsin and chymotrypsin were from
Cooper. Calcium ionophore A23187 and Pansorbin were from
Calbiochem-Behring. All other chemicals were reagent grade
or better.

Determination of Levels of 100-kDa, 87-kDa, and Protein III
in Chromaffin Cells by Immunolabeling. After rinsing with
Hepes-buffered saline, chromaffin cells were solubilized in
1% NaDodSO4. Various amounts of chromaffin cell protein
and appropriate tissue standards were subjected to NaDod-
S04/polyacrylamide gel electrophoresis and electrophoreti-
cally transferred to nitrocellulose (BA83, Schleicher &
Schuell). The nitrocellulose sheets were incubated (20) with
rabbit antibodies either to purified rat pancreas 100-kDa
(provided by A. Nairn), to purified bovine brain 87-kDa
(provided by K. Albert), or to purified bovine brain protein
III (15). The sheets were then incubated with 1251I-labeled
protein A (21), and the immunoreactivity was visualized by
autoradiography. The 1251I in the bands was quantitated with
a Micromedic 2/200 gamma counter. Concentrations of the
different proteins in chromaffin cells were then calculated on
the basis of known tissue standard values [100-kDa, rat
pancreas, 17 ,g/mg of protein (18); 87-kDa, bovine brain, 2
,ug/mg of protein (K. Albert and P.G., unpublished data);
protein IIa, bovine brain, 0.45 ,ug/mg of protein (15); and
protein IIb, bovine brain, 0.95 ,ug/mg of protein (15)].

Protein Phosphorylation in Intact Chromaffin Cells. Chro-
maffin cells were rinsed and prelabeled (60 min, 37°C) in
Hepes-buffered saline (150 mM NaCI/10mM Hepes/5.5 mM
D-glucose/5 mM KCI/1 mM MgSO4/1 mM CaC12, pH 7.4)
containing 32P04 (1 mCi/2 ml per 60-mm dish; 1 Ci = 37
GBq). The cells were then incubated with appropriate test
substances, as indicated in Results. After incubation, the
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FIG. 1. Immunolabeling of 100-kDa, 87-kDa, and protein III from
chromaffin cells. Chromaffin cell proteins (20, 40, and 60 ,ug, in lanes
1-3, respectively), solubilized in 1% NaDodSO4, were separated in
NaDodSO4/polyacrylamide gels and transferred to nitrocellulose.
The nitrocellulose sheets were incubated with rabbit antibodies and
developed with 251I-labeled protein A as described in Materials and
Methods. The resultant autoradiograms are shown.

medium was aspirated and the cells were solubilized in 1%
NaDodSO4/1 mM EDTA, pH 8. Aliquots were subjected to
NaDodSO4/polyacrylamide gel electrophoresis either direct-
ly or after immunoprecipitation with antibodies to 100-kDa,
87-kDa, or protein III. After autoradiography of stained and
dried gels, 32p incorporation was quantitated either by liquid
scintillation counting or with an AMBIS beta scanner (Ad-
vanced Microbiology Systems).

Immunoprecipitation. Aliquots of the solubilized samples
were adjusted to 150 mM NaCl, 50 mM NaF, 10 mM Hepes
(pH 7.4), 2 mM EDTA, 2 mM EGTA, 2.5% Nonidet P-40, and
0.5% NaDodSO4 and then precleared with Pansorbin. After
incubation with antibody, antigen-antibody complexes were
precipitated with fresh Pansorbin and subjected to NaDod-
S04/polyacrylamide gel electrophoresis. As evidenced by
immunolabeling of the immunoprecipitates, as described
above, recoveries of 87-kDa and protein III were 4100%.
Recovery of 100-kDa by immunoprecipitation was not com-
plete; however, a constant amount (-=30%) was recovered
from each sample.

Other Procedures. Protein was determined as described
(22). NaDodSO4/polyacrylamide gel electrophoresis was
performed with 7.5% slab gels, using the method of Laemmli
(23). Two-dimensional polyacrylamide gel electrophoresis
(24), one-dimensional partial proteolysis maps using S. au-
reus V8 protease (25, 26), and phospho amino acid analysis
after limit tryptic/chymotryptic digestion (27, 28) were per-
formed as described.

RESULTS
100-kDa, 87-kDa, and Protein Ill in Chromaffin Cells. Fig.

1 illustrates, by immunolabeling, the presence of 100-kDa,

Table 1. Determination of the levels of 100-kDa, 87-kDa, and
protein III in chromaffin cells by immunolabeling

Level

Substrate ,ug/mg of protein Molecules per cell*
100-kDa 2.4 1.4 x 106
87-kDa 0.9 6.2 x 105
Protein I11a 0.16 1.3 x 10'
Protein IIb 0.10 1.1 X 105
*Calculated on the basis ofapparent molecular weight in NaDodSO4/
polyacrylamide gel electrophoresis and 10' cells per mg of protein.

AcCho - + - + - + - +

FIG. 2. Effect of acetylcholine on protein phosphorylation in
chromaffin cells. After prelabeling with 32P04, chromaffin cells were
incubated for 1 min in the absence (-) or presence (+) of 100 ,uM
acetylcholine (AcCho). Chromaffin cell proteins were solubilized in
NaDodSO4 and then separated in NaDodSO4/polyacrylamide gels
either before (Total) or after (Immunoprecipitates) immunoprecipi-
tation with antibodies to 100-kDa, 87-kDa, or protein III. The
resultant autoradiograms are presented.

87-kDa, and protein III in 4-day-old cultures of purified
chromaffin cells. Calculations of the levels of these proteins
are presented in Table 1. The levels of these proteins
remained relatively constant over the period of time in
culture (4-14 days) used in these studies (data not shown).

Phosphorylation of Tyrosine Hydroxylase, 100-kDa, 87-
kDa, and Protein m in Intact Chromaffmi CeUs. In cells
prelabeled with 32PO4, addition of acetylcholine (100 ,uM, 60
sec) caused an increase in 32p incorporation into two proteins
of Mr -100,000 and Mr -60,000 that were present in
NaDodSO4 extracts of total chromaffin cell protein (Fig. 2).
In rare cases, as that of the experiment shown in Fig. 2,
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FIG. 3. Phospho amino acid analysis of the Mr "100,000 chro-
maffin cell phosphoprotein. After prelabeling with 32P04, chromaffin
cells were incubated in the absence (lane a) or presence (lane b) of
acetylcholine (100 ,M, 60 sec). Chromaffin cell proteins were
solubilized and separated in NaDodSO4/polyacrylamide gels. After
autoradiography, the Mr -100,000 protein bands were excised and
digested with trypsin/chymotrypsin (27). The digests were hydro-
lyzed in 6 M HCl and electrophoresed as described (28). The
resultant autoradiogram is shown. Ser(P), phosphoserine; Thr(P),
phosphothreonine; Tyr(P), phosphotyrosine.
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FIG. 4. Partial proteolysis of 87-kDa, protein II1a, and protein
IIb from chromaffin cells with S. aureus V8 protease. After
prelabeling with 32PO4, chromaffin cells were incubated in the
absence (-) or presence (+) of acetylcholine (AcCho, 100 uM, 60
sec). Chromaffin cell proteins were solubilized and then separated in
NaDodSO4/polyacrylamide gels after immunoprecipitation with an-
tibodies to 87-kDa or protein III. Immunoprecipitated 87-kDa,
protein lIIa, and protein IIb were excised and subjected to limited
proteolysis during NaDodSO4/15% polyacrylamide gel electropho-
resis. The resultant autoradiogram is shown.

acetylcholine also caused an increase in 32P incorporation
into a protein of Mr 96,000. Immunoprecipitation with anti-
bodies to 100-kDa, 87-kDa, and protein III revealed that
acetylcholine also increased 32P incorporation into 100-kDa,
87-kDa, and protein III (Fig. 2).

Identification of the Mr -100,000 Chromaffmi Cell Phospho-
protein as 100-kDa. Phosphorylation of the Mr -60,000
protein was described previously (5), and the protein has
been identified as tyrosine hydroxylase (6-8). Phosphoryl-
ation of the Mr -100,000 protein was also described previ-
ously (5), but the protein was not characterized. Several lines
of evidence indicate that the Mr =100,000 phosphoprotein
evident in total cell extracts is 100-kDa. (i) Although immu-
noprecipitation of 100-kDa was incomplete, the relative
amount recovered was determined by immunolabeling. From
this value it was possible to calculate the total amount of 32p
incorporated into 100-kDa. This value agreed with the value

determined for 32P incorporation into the Mr -100,000
phosphoprotein in the total chromaffin cell extract. (ii) After
cells were labeled with 32P04 and treated with acetylcholine,
total cell extracts were subjected to either one-dimensional
NaDodSO4/polyacrylamide gel electrophoresis or two-di-
mensional (Triton/urea, NaDodSO4) polyacrylamide gel
electrophoresis. Immunoblots developed with antibodies to
100-kDa and peroxidase-coupled anti-rabbit IgG (instead of
1251-labeled protein A) colocalized the Mr _100,000 32P
incorporation and 100-kDa immunoreactivity (data not
shown). (iii) Purified 100-kDa is phosphorylated in vitro by
calcium/calmodulin-dependent protein kinase III only on
phosphothreonine residues (17, 18). Phospho amino acid
analysis of the Mr -100,000 region of gels from total chro-
maffin cell extracts showed that, although both [32P]phos-
phoserine and [32P]phosphothreonine were present in the Mr
-100,000 region, acetylcholine increased 32p incorporation
only into phosphothreonine (Fig. 3). Furthermore, in the case
of immunoprecipitated 100-kDa, only phosphothreonine was
detected (data not shown). The increase in 100-kDa phos-
phorylation produced by acetylcholine did not appear to
result from 100-kDa phosphorylation in the small number of
endothelial cells that may contaminate chromaffin cell prep-
arations. Neither acetylcholine nor elevated K+ increased
100-kDa phosphorylation in cultured endothelial cells (ref. 32
and data not shown).

Characteristics of Chromaffin Cell 87-kDa and Protein Ill.

As shown in Figs. 1 and 2, chromaffin cell 87-kDa and protein
III crossreacted with antibodies specific for purified 87-kDa
and protein III. In addition, other similarities were observed.
When purified 87-kDa is phosphorylated with protein kinase
C and subjected to partial proteolysis with S. aureus V8
protease, a Mr -13,000 phosphopeptide is produced (9, 29).
Partial proteolysis of chromaffin cell 87-kDa with S. aureus

V8 protease also produced a Mr -13,000 32P-labeled peptide,
the phosphorylation of which was increased by acetylcholine
treatment (Fig. 4). When purified protein III is phosphoryl-
ated with cAMP-dependent protein kinase and subjected to
partial proteolysis with S. aureus V8 protease, a prominent
Mr -18,000 phosphopeptide and a minor Mr -9,000 phos-
phopeptide are produced (14, 15). Partial proteolysis of

Table 2. Comparison of the effects of acetylcholine and other secretagogues on protein
phosphorylation in chromaffin cells

32P incorporation, % control

Tyrosine Protein Protein
Test substance hydroxylase 100-kDa 87-kDa l1a IIb

Acetylcholine (100 ,tM) 305 505 186 238 175
Nicotine (50 MLM) 285 480 180 222 173
Muscarine (100 ,uM) 112 100 98 104 103
Veratridine (150 AM) 273 450 184 196 168
Elevated K+ (40 mM) 290 430 178 231 162
A23187 (10 AM) 180 240 150 185 146

After prelabeling with 32P04, chromaffin cells were incubated with the indicated test substances for
2 min at room temperature, with the exception of A23187, which was present for 10 min at 37TC.

Table 3. Effect of EGTA on acetylcholine-dependent protein phosphorylation in chromaffin cells

32p incorporation, % control

Tyrosine Protein Protein
Treatment hydroxylase 100-kDa 87-kDa 1Ila I1Ib

AcCho alone 312 495 182 222 180
EGTA before AcCho 101 107 99 98 104
EGTA after AcCho 290 160 103 112 108

After prelabeling with 32P04, chromaffin cells were incubated with 50 MM acetylcholine (AcCho) at
room temperature for 5 min. As indicated, some cells were incubated with EGTA (1.2 mM) either 1 min
prior to addition of acetylcholine or 1 min after addition of acetylcholine.

Neurobiology: Haycock et al.
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Table 4. Comparison of the effects of acetylcholine, phorboi dibutyrate, and forskolin on protein phosphorylation in
chromaffin cells

32p incorporation, % control

Tyrosine Protein Protein
Test substance hydroxylase 100-kDa 87-kDa I11a IIb

Acetylcholine 330 480 165 245 175
Phorbol dibutyrate 285 94 310 199 145
Forskolin 160 220 98 180 140

After prelabeling with 32P04, chromaffin cells were incubated with acetylcholine (100 uM, 60 sec), phorbol 12,13-
dibutyrate (1 tLM, 10 min), or forskolin (10 uMM, 10 min) at 370C.

chromaffin cell proteins i11a and IlIb (Fig. 4) also produced
a major Mr -18,000 32P-labeled peptide and, in the case of
protein IIIa, a minor Mr -9,000 32P-labeled peptide. The
phosphorylation of these peptides was increased by acetyl-
choline treatment.

Effects of Other Secretagogues on Protein Phosphorylation
in Chromaffin Cells. As shown in Table 2, nicotine,
veratridine, elevated K+, and calcium ionophore A23187 (but
not muscarine) mimicked the effects of acetylcholine on
protein phosphorylation. Thus, the phosphorylation of tyro-
sine hydroxylase, 100-kDa, 87-kDa, and protein III is asso-
ciated with conditions that promote catecholamine secretion
in bovine chromaffin cells. The ability of nicotine, but not
muscarine, to phosphorylate these proteins reflects the
nicotinic nature of cholinergic stimulus-secretion coupling in
these cells. The ability of veratridine, elevated K+, and
A23187 to mimic acetylcholine in increasing the phosphoryl-
ation of these proteins suggests that the effect of acetylcho-
line on the phosphorylation of these proteins is due to an
increase in calcium influx.
Calcium-Dependence of Protein Phosphorylation in Chro-

maffin Cells. Acetylcholine required extracellular calcium to
increase the phosphorylation of tyrosine hydroxylase, 100-
kDa, 87-kDa, and protein III, as shown by the fact that the
addition ofEGTA prior to acetylcholine prevented the effects
of the neurotransmitter on phosphorylation (Table 3). Also,
the effects of acetylcholine on 100-kDa, 87-kDa, and protein
III phosphorylation could be reversed by EGTA. Thus, as
shown in Table 3, the acetylcholine-induced phosphorylation
of 100-kDa, 87-kDa, and protein III (but not that of tyrosine
hydroxylase) was reversed by a 4-min treatment with EGTA,
added 1 min after acetylcholine. Catecholamine release was
similarly affected by EGTA, added either before or after
acetylcholine (data not shown).

Effects of Pharmacological Agents on Protein Phosphoryl-
ation in Chromaffin Cells. Treatment of chromaffin cells with
phorbol 12,13-dibutyrate (1 ,uM, 10 min) increased the phos-
phorylation of tyrosine hydroxylase, 87-kDa, and protein III,
but not that of 100-kDa (Table 4). Treatment of chromaffin
cells with forskolin (10 ,M, 10 min) increased the phospho-
rylation of tyrosine hydroxylase, 100-kDa, and protein III,
but not that of 87-kDa (Table 4). Phorbol 12-myristate
13-acetate (1 ,uM) and dioctanoylglycerol (10 AM), but not
4a-phorbol 12,13-dibutyrate (1 ,M), produced effects similar
to those of phorbol 12,13-dibutyrate (data not shown).

DISCUSSION
An increase in intracellular calcium appears to be a common
factor in the ability of secretagogues to increase the phos-
phorylation of 100-kDa, 87-kDa, and protein III. Thus, it
seems likely that phosphorylation of these proteins reflects a
set of biochemical sequelae consequent to calcium influx.
Each of these proteins is, in fact, a substrate for a specific
calcium-dependent protein kinase: 100-kDa is a specific
substrate for calcium/calmodulin-dependent protein kinase
III (18), 87-kDa is a specific substrate for protein kinase C

(29), and protein III is a specific substrate for calcium/
calmodulin-dependent protein kinase I (30). Thus, one pos-
sibility suggested by the present data is that cholinergic
activation of chromaffin cells activates an array of calcium-
dependent protein kinases, the activation of each leading to
the phosphorylation of kinase-specific substrates: 100-kDa
phosphorylation suggests that acetylcholine increases calci-
um/calmodulin-dependent protein kinase III activity, 87-kDa
phosphorylation suggests that acetylcholine increases pro-
tein kinase C activity, and protein III phosphorylation sug-
gests that acetylcholine increases calcium/calmodulin-de-
pendent protein kinase I activity [and/or cAMP-dependent
protein kinase activity (14, 15)].
However, as indicated by the pattern of effects of phorbol

dibutyrate and forskolin, these postulated effects of acetyl-
choline on the various protein kinases may not all be
mediated directly. For instance, although forskolin did not
influence 87-kDa phosphorylation (indicating a failure of
cAMP to influence protein kinase C), it did increase 100-kDa
phosphorylation. Thus, a positive influence of cAMP-depen-
dent processes upon calcium/calmodulin-dependent protein
kinase III seems likely. Similarly, although phorbol dibutyr-
ate did not increase 100-kDa phosphorylation (indicating a
lack of effect of protein kinase C activity on calcium/
calmodulin-dependent protein kinase III), it did increase
protein III phosphorylation. Thus, a positive influence of
protein kinase C activity on calcium/calmodulin-dependent
protein -kinase I and/or cAMP-dependent protein kinase
seems likely. Such data emphasize that activation of chro-
maffin (or other) cells may increase activity in multiple
second messenger-related pathways and that these pathways
are capable of interacting in situ.

Note Added in Proof. Nairn and Palfrey (32) recently showed that
100-kDa is elongation factor 2, a protein that catalyzes the translo-
cation of peptidyl-tRNA on the ribosome.
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