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Abstract 

The bag cells (BC) of Aplysia are a group of peptidergic neurons that respond to brief electrical 
stimulation by producing a prolonged afterdischarge of synchronous action potentials. We have 
demonstrated previously that the cyclic nucleotide, cyclic 3’:5’-adenosine monophosphate (cyclic 
AMP), plays a role in the genesis of the bag cell afterdischarge and that the microinjection of the 
catalytic subunit of cyclic AMP-dependent protein kinase increases the excitability of bag cell 
neurons in culture. 

In this paper, we present evidence that the phosphorylation state of at least two proteins (proteins 
BC-1 and BC-2) are enhanced after the onset of afterdischarge. One of these proteins, BC-2 
(approximately 21,000 daltons), undergoes cyclic AMP-stimulated phosphorylation in cell-free 
extracts in vitro and is the major substrate in bag cell tissues for exogenous cyclic AMP-dependent 
protein kinase catalytic subunit. This protein undergoes a substantial change in phosphorylation at 
20 min into the afterdischarge using both bag cells prelabeled with Na2H”‘P04 and a “back 
phosphorylation” (postlabeling) procedure. No change could, however, be detected early (2 min) in 
the afterdischarge with either technique for this protein. We have determined that BC-2 phospho- 
protein is apparently specific to bag cell tissue and is not the precursor to the bag cell neurosecretory 
peptide previously described. We also have determined the amino acid composition and present a 
partial sequence of the NH2 terminus obtained from 100 pmol of protein eluted from a sodium 
dodecyl sulfate-polyacrylamide gel band. 

Using the method of prelabeling phosphoproteins in bag cells with Na2H”“P04, we observed an 
82% increase in phosphorylation of a 33,000-dalton protein (BC-1) at 2 min and a 69% increase at 
20 min into the afterdischarge. In vitro labeling with [Y-~P]ATP (adenosine triphosphate) demon- 
strated that this protein undergoes cyclic AMP-dependent phosphorylation and that its phos- 
phorylation also was enhanced markedly by exogenous cyclic AMP-dependent protein kinase. BC- 
1 does not appear to be a phosphoprotein unique to bag cells and, from Coomassie blue staining, is 
a minor component in this tissue. 

We have described two proteins in bag cell tissues whose phosphorylation state is altered by both 
cyclic AMP with in vitro labeling and by afterdischarge in the intact bag cell cluster. A change in 
the phosphorylation state of these proteins may be related to the electrical events of afterdischarge 
or to its biochemical sequelae. 

Many neuronal and neuroendocrine cells undergo ex- zymes which leads to the phosphorylation of specific 
citability changes that are thought to involve cyclic nu- protein substrates. Changes in the state of protein phos- 
cleotides or calcium ions. In eucaryotic cells, the only phorylation have been hypothesized to be responsible for 
known means by which cyclic nucleotides act is by stim- altering the ionic conductances and, hence, the state of 
ulating the activity of endogenous protein kinase en- excitability of individual nerve cells (Greengard, 1978). 

It has been shown previously that the cyclic nucleotide, 
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cyclic AMP, is involved in the excitation of the pepti- 
dergic bag cell neurons of Aplysia (Kaczmarek et al., 
1978). The bag cells comprise two symmetrical clusters 
of neurons at the base of each pleurovisceral connective 
nerve. They are anatomically distinct from the remainder 
of the abdominal ganglion and their processes extend 
rostrally for about 1 cm anteriorly into the pleurovisceral 
connective nerve. Following brief electrical stimulation 
of this nerve, the bag cells are triggered into a long lasting 
(cu30-min) afterdischarge that is synchronous in all of the 
cells of a cluster (Kupfermann and Kandel, 1970). This 
afterdischarge is associated with a 200% increase in cyclic 
AMP levels within the cluster, can be initiated by cyclic 
AMP analogs in the absence of nerve stimulation, and 
is prolonged by phosphodiesterase inhibitors (Kacz- 
marek et al., 1978). We also have shown that isolated bag 
cells in cell culture respond to microinjection of cyclic 
AMP analogs or the catalytic subunit of the cyclic AMP- 
dependent protein kinase with enhanced calcium action 
potentials and that this change is associated with an 
increase in input resistance (Kaczmarek et al., 1980; 
Kaczmarek and Strumwasser, 1980). 

Recently, alterations in protein phosphorylation cor- 
related with long term potentiation of electrically evoked 
activity in the hippocampal slice (Browning et al., 1979) 
as well as with serotonin application to the isolated facial 
motor nucleus (Dolphin and Greengard, 1981) have been 
described in mammals. 

Although protein phosphorylation has been examined 
in whole abdominal ganglia from Aplysia by previous 
workers (Levitan and Barondes, 1974), a characterization 
of all of the major substrate phosphoproteins of protein 
kinase within a homogeneous population of cells, such as 
the clusters of bag cell neurons, has not been carried out 
previously. We have, therefore, investigated the sub- 
strates of protein phosphorylation in the neuroendocrine 
bag cells of Aplysia californica. 

We present evidence that there exists endogenous 
cyclic AMP-dependent protein kinase in a crude mem- 
brane fraction prepared from bag cell tissues. The protein 
kinase catalytic subunit from bovine heart, previously 
demonstrated by intracellular injection to enhance cal- 
cium action potentials in cultured bag cell neurons 
(Kaczmarek et al., 1980), is shown to phosphorylate the 
same protein substrates that are phosphorylated by the 
endogenous kinase. 

We find that the major substrate of protein phospho- 
rylation in bag cell (BC) tissue is an apparently bag cell- 
specific, membrane-associated, phosphoprotein with a 
molecular weight of approximately 21,000. This protein 
(BC-2) undergoes a major change in phosphorylation 
state during afterdischarge and therefore may be in- 
volved in either the changes in excitability that occur 
during afterdischarge or in some other aspect of neurose- 
cretion or cellular metabolism. 

In addition, another protein, BC-1 (33,000 daltons), in 
bag cells prelabeled with 32P as sodium orthophosphate 
for 22 to 24 hr undergoes an early increase in phospho- 
rylation with afterdischarge. 

Materials and Methods 

Protein kinase catalytic subunit phosphorylation 
studies. For the measurement of substrates for catalytic 

subunit in bag cell homogenates, bag cell organs (intact 
bag cell clusters and surrounding connective tissue) were 
dissected away from the remainder of the abdominal 
ganglion and the pleuroabdominal connective nerves. 
Clusters were homogenized in 50 mM sodium acetate 
buffer (pH 6.5) containing 10 mM magnesium chloride, 1 
mM zinc acetate, and 1 mM theophylline on ice. Zinc was 
included to inhibit endogenous phosphatase activity 
(Weller, 1979). The reaction was initiated within 1 to 2 
min of homogenization by adding 50 ~1 of homogenate to 
plastic tubes containing 20 ~1 of 70 PM [y-““P]ATP (25 
Ci/mM, ICN) and 25 units of catalytic subunit of protein 
kinase (Sigma) at 24°C. Controls contained an equivalent 
volume of buffer replacing protein kinase. After 1 min, 
the reaction was terminated by the addition of 75 ~1 of a 
solution containing 10% glycerol, 2% sodium dodecyl 
sulfate (SDS), 5% P-mercaptoethanol, and 0.001% brom- 
phenol blue followed by heating at 90°C for 15 min. 

Gel electrophoresis. The solubilized proteins were sep- 
arated on lo-cm-long SDS-polyacrylamide (10%) slab 
gels using Tris/glycine buffer as described by Rudolph 
and Kreuger (1979). Electrophoresis was carried out at 
100 V (constant voltage) for 4 to 5 hr. Molecular weight 
standards (lysozyme, /3-lactoglobulin, trypsinogen, pep- 
sin, ovalbumin, and bovine serum albumin) were run on 
a separate lane in every experiment in order to ascertain 
the molecular weights of the phosphoprotein substrates. 
The gels were stained with Coomassie blue to localize 
proteins, destained, and dried under vacuum. A linear 
regression analysis was conducted on the 120 molecular 
weight standard data points obtained from these gels and 
the plotted mean standard curve (Fig. 1) was found to 
approximate a straight line with a regression coefficient: 
R’ = 0.86. The dried polyacrylamide gels were subjected 
to autoradiography using Kodak XR-OMAT x-ray film. 

The stimulation of 32P incorporation into individual 
phosphoprotein bands was quantitated by scanning of 
the autoradiograms on a Joyce-Loebl microdensitometer. 

Cyclic AMP-stimulated phosphorylation studies. For 
the assay of endogenous CAMP-dependent protein kinase 
activity in bag cell tissues, we prepared a crude mem- 
brane fraction. Exploratory experiments with bag cell 
homogenates did not give consistent cyclic AMP-stimu- 
lated phosphorylation, and therefore, further experi- 
ments were restricted to the crude membrane prepara- 
tion. The bag cell organs from 6 to 10 animals were 
dissected away from the remainder of the abdominal 
ganglion and the bag cell somata (and associated glia) 
were squeezed out from the surrounding connective tis- 
sue. This bag cell tissue then was homogenized in 50 mM 
sodium acetate buffer (pH 6.5) containing 10 mu mag- 
nesium chloride and 1 mu theophylline on ice, trans- 
ferred to a polycarbonate tube at 4”C, and centrifuged 
for 45 min at 100,000 X g. The pellet obtained (crude 
membrane pellet) was resuspended in a small volume of 
the sodium acetate buffer described above. The phospho- 
rylation reaction was initiated by adding 50 ~1 of the 
crude membrane suspension to plastic tubes containing 
70 PM [y-““P]ATP and the sodium salt of cyclic 3’:5’- 
adenosine monophosphate at the appropriate concentra- 
tion. The subsequent treatments were identical to those 
described above for the protein kinase catalytic subunit. 

Inorgani?P labeling studies. Whole abdominal gan- 
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glia with attached pleurovisceral connective nerves were 
incubated at 14°C in 2 ml of (pH 7.8) filtered seawater 
(FSW) containing 0.5 mCi of Na2H”‘P04 (New England 
Nuclear) for 22 to 24 hr. This incubation period was 
chosen because previous reports (Levitan and Barondes, 
1974) indicated that shorter incubations resulted in 
highly variable phosphoprotein patterns. After incuba- 
tion, the ganglia were removed and transferred to a 
recording chamber containing 2 mM theophylline in FSW 
at 14°C. Experimental ganglia were stimulated electri- 
cally to afterdischarge by passing current (22 V, 2.5 msec; 
6 Hz, 5 to 10 set) through an extracellular suction elec- 
trode applied to the distal end of one pleuroabdominal 
connective nerve. Controls received no stimulation. At 2 
or 20 min into the afterdischarge, the ganglion was re- 
moved, and the bag cell organs were dissected free and 
immediately homogenized with a ground glass homoge- 
nizer in 10% trichloroacetic acid on ice. The resulting 
precipitate was collected by centrifugation, washed twice 
with trichloroacetic acid, and extracted with acetone/ 
ethanol to remove lipids. The pellet was resuspended in 
0.6 ml of 0.2 M sodium phosphate, pH 6.4, containing 100 
pg/ml of ribonuclease A (Sigma) and incubated at 37°C 
for 2 hr. Trichloroacetic acid was added to precipitate 
the protein and the pellet was washed twice with 10% 
trichloroacetic acid, rinsed with acetone, and resus- 
pended in sample buffer containing 10% glycerol, 2% 
sodium dodecyl sulfate, 5% P-mercaptoethanol, and 
0.001% bromphenol blue for electrophoresis as above. 

Afterdischarge-dependent phosphorylation. A second 
method that was used to investigate changes in the state 
of phosphorylation during afterdischarge was a back 
phosphorylation or postlabeling procedure similar to that 
described by Dolphin and Greengard (1981). Large ani- 
mals (reproductive tract weights, 3.0 to 7.5 gm were 
employed for this purpose due to the prominence of BC- 
2 protein in their bag cell tissues. 

Abdominal ganglia were dissected in the recording 
chamber at 14°C to prepare hemiganglia consisting of 
separate right and left sides and associated bag cell 
clusters. The cut preparation was rinsed two or three 
times with fresh FSW at 14°C and then either the left or 
right bag cell cluster was afterdischarged by stimulating 
the pleurovisceral connective with an extracellular suc- 
tion electrode (22 V, 2.5 msec; 6 Hz, 5 to 10 set). The 
remaining cluster was employed as a control. In some 
experiments, bag cell clusters in whole abdominal ganglia 
were triggered to afterdischarge and matched ganglia 
from animals with similar reproductive tract weights 
were used for controls. At either 2 or 20 min into the 
afterdischarge, the experimental and control hemiganglia 
were removed from the recording chamber, the bag cell 
organs were quickly dissected free and homogenized sep- 
arately in ground glass homogenizers containing 50 mM 
sodium acetate buffer (pH 6.5), 10 mu magnesium chlo- 
ride, 1 IIIM zinc acetate, and 1 mu theophylline on ice. 
The control and experimental bag cell organ homoge- 
nates then were incubated for 1 min with 25 units of 
protein kinase catalytic subunit (PKC) as described 
above. 

Quantitation by densitometry of autoradiograms. The 
phosphorylation changes occurring in the different ex- 
perimental conditions described in this paper were quan- 

titated by means of microdensitometry. Densitometer 
scans of the autoradiograms were carried out on a Joyce- 
Loebl microdensitometer, routinely using a 0 to 1 optical 
density scale. In all cases, the peak area was quantitated 
by cutting out and weighing the peak in question from 
the densitometer tracing on copy paper as described by 
Rudolph and Kreuger (1979). Cyclic AMP and PKC 
effects were quantitated directly using the peak area. In 
the case of tracings from prelabeled preparations, BC-1 
and BC-2 areas were expressed as a ratio relative to the 
area of an internal reference peak at 28,000 daltons (see 
Fig. 3) that could be identified routinely in all of the 
preparations and did not appear to undergo a change in 
phosphorylation state. 

In the case of the postlabeling technique, BC-1 and 
BC-2 peak areas were expressed as a ratio relative to the 
combined areas of three routinely identifiable reference 
peaks at 45,000, 62,000, and 68,000 daltons (Fig. 2). The 
two methods of choosing internal reference peaks in pre- 
and postlabeling conditions were different because 
the high optical density background in the high molecular 
weight region of the autoradiograms resulting from the 
former technique made it difficult to identify the 
45,000-, 62,000-, and 68,000-dalton peaks in every prepa- 
ration; therefore, the major phosphoprotein at 28,000 
daltons was employed as a reference peak when prela- 
beling. The three higher molecular weight peaks (45,000, 
62,000, and 68,000) were clearly identifiable in every 
postlabeling preparation, whereas the 28,000-dalton 
phosphoprotein was only a minor phosphoprotein under 
these experimental conditions. 

Protease digestion experiments. To establish the pro- 
teinaceous nature of the phosphorylated bands observed 
on the SDS-polyacrylamide gels, experiments were con- 
ducted with trypsin and pronase. Pronase (Calbiochem) 
at a concentration of 100 pg/ml and trypsin (Sigma, type 
XII) at a concentration of 50 pg/ml were incubated with 
crude membrane preparations prelabeled by incubation 
with protein kinase catalytic subunit and [y-“*P]ATP. 
Similar experiments were carried out on bag cell proteins 
prelabeled with Na2HZP04. Controls were conducted 
with the same treatment using heat-inactivated enzymes. 

Pulse-chase experiment. In order to demonstrate that 
the major phosphoprotein in bag cell tissue was not the 
prohormone precursor to the egg-laying hormone re- 
ported by Arch (1976), a double label experiment was 
conducted. Pleurovisceral ganglia were incubated for 1 
hr at 14’C in artificial sea water medium (Arch, 1972) 
supplemented with 20 mM glucose and containing 0.5 
mCi of [“Hlleucine. A crude membrane fraction was 
prepared from the bag cell clusters as described above 
and then reacted with [Y-~‘P]ATP and protein kinase 
catalytic subunit. The reaction was stopped after 1 min 
by the addition of the sample buffer described above. An 
SDS-lo% polyacrylamide gel was run and the gel tracks 
were sliced into 0.25-mm segments with a razor blade. 
These segments then were counted in Wilson’s cocktail 
(Ward et al., 1970) for ‘*P and “H using a Beckman LS- 
230 scintillation counter with corrections being made for 
count crossover. 

NHz-terminal amino acid sequence analysis of pro- 
tein BC-2. In order to characterize the bag cell-specific 
substrate of phosphorylation (BC-2) as fully as possible 
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from the small amount of material available, we em- 
ployed a new, highly sensitive protein sequenator devel- 
oped at California Institute of Technology. This device 
is two orders of magnitude more sensitive than the next 
most sensitive protein sequenator in existence and allows 
the determination of the amino acid sequence from a 
single protein band excised from an SDS-polyacrylamide 
gel (Hewick et al., 1981). A crude membrane pellet was 
prepared from bag cell clusters pooled from 30 animals. 
This pellet was resuspended in 200 ~1 of sample buffer 
heated at 90°C for 15 min. Sodium thioglycolate was 
added to a final concentration of 5 mM. The sample then 
was electrophoresed on an SDS-lo% polyacrylamide gel, 
followed by Coomassie blue staining. The Coomassie 
blue-stained BC-2 band was excised from the gel and 
eluted electrophoretically by the method of Hunkapiller 
et al. (1982): the excised gel fragments in 0.05 M Tris/ 
acetate buffer (pH 7.8) containing 0.01% SDS were placed 
in an apparatus for the electrophoresis (60 V, 16 hr) of 
the protein into a collection tube capped with a.disc of 
Spectrapor dialysis membrane (Spectrum Medical In- 
dustries, CA; 6,000- to 8,000-dalton cutoff). The 200 ~1 of 
sample concentrate was salt-exchanged by electrodialysis 
(50 V, 8 hr) against 0.05 M ammonium bicarbonate con- 
taining 0.1% SDS (Hunkapiller et al., 1982). An aliquot 
of the eluted sample was run on an SDS-12% polyacryl- 
amide gel and stained with Coomassie blue to ascertain 
purity. A single band was observed with an approximate 
molecular weight of 20,000 to 22,000. An aliquot of the 
eluted protein was divided into two samples, one of which 
was hydrolyzed, the other was untreated, and these then 
were subjected to amino acid analysis (Smyth et al., 
1963) on a Durrum D500 amino acid analyzer. Fifty 
microliters of the eluted sample was loaded into the 
cartridge of the new highly sensitive gas-liquid solid 
phase sequenator developed at California Institute of 
Technology (Hewick et al., 1981) and sequenced for 22 
cycles. We estimate (based on amino acid analysis) that 
the sample used for sequencing contained approximately 
100 pm01 of protein. 

Results 

Afterdischarge-dependent phosphorylation. When 
bag cells are stimulated to afterdischarge in FSW at 
14’C, there is a significant change in the phosphorylation 
of two proteins, BC-1 and BC-2. One of these, BC-2, a 
protein with a molecular weight of 20,600 (+400), under- 
goes a significant increase in phosphorylation with both 
pre- and postlabeling techniques. The range of molecular 
weights determined for phosphoprotein BC-2 from 24 
separate SDS-lo% polyacrylamide gels determined from 
experiments over a 2-year period was 18,500 to 24,000. 

This afterdischarge-dependent phosphorylation 
change was seen as a 73% (+_9%) decrease in the phos- 
phorylation of the BC-2 protein substrate in bag cell 
organ homogenates from abdominal ganglia allowed to 
afterdischarge for 20 min when back-phosphorylated 
with protein kinase catalytic subunit. No change in phos- 
phorylation of the minor phosphoprotein band BC-1 was 
detected in these experiments. The result from a single 
hemiganglion experiment is shown in Figure 2. The 
change in the phosphorylation state of BC-2 with after- 
discharge was significant (p < 0.05; N = 4) with a paired 
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Figure 1. Averaged molecular weight standard curve. The 

abscissa represents the relative mobility (R,,) of the protein 
band relative to the gel front. The ordinate shows the molecular 
weight. The molecular weight standard curve represents the 
mean values (*SD) of the mobility of the molecular weight 
(MW) markers (P-lactoglobulin, trypsinogen, pepsin, ovalbu- 
min, and bovine serum albumin) from 24 separate SDS-105% 
polyacrylamide gels run over a 2-year period. The plotted 
straight line represents the best fit linear regression to this 
data (I?’ = 0.86). The mean molecular weights obtained for BC- 
1 and BC-2 were calculated from their relative mobilities on 
the same 24 polyacrylamide gels as the standard curve. (BC-1 
represents the mean calculated from the 21 polyacrylamide gels 
on which it was visible.) 

t test analysis. There was no difference in the density of 
the Coomassie blue-stained BC-2 protein band from the 
afterdischarged and control bag cell organs upon visual 
inspection. In two cases out of four, a change in the 
phosphorylation of a protein running near the front (ap- 
proximately 12,000 to 14,000 daltons) also was observed 
(see Fig. 2). These back phosphorylation labeling studies 
conducted with exogenous protein kinase indicate that 
BC-2 undergoes a substantial increase in phosphorylation 
during afterdischarge, and consequently, there are fewer 
sites available for phosphorylation upon incubation with 
radiolabeled ATP. Experiments also were conducted at 
a time point 2 min into the afterdischarge, when cyclic 
AMP concentrations are known to peak (Kaczmarek et 
al., 1978), but no detectable change in phosphorylation 
of any of the bands was observed (N = 4). There was no 
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Figure 2. Afterdischarge-dependent phosphorylation: postlabeled preparation. The hemiganglion preparation where the left 
bag cell cluster was stimulated electrically to afterdischarge and then dissected at 20 min into the afterdischarge and “back- 
phosphorylated” with protein kinase is shown. The densitometer traces shown illustrate the change in phosphorylation of BC-2 
with afterdischarge (AD) compared with the control (C) from the undischarged cluster. The inset photograph shows the 
autoradiogram (left two tracks) from which the densitometer traces were made and the corresponding Coomassie blue protein- 
stained gel (right two tracks). The three reference phosphoprotein bands used in quantitating the changes in BC-2 (see “Materials 
and Methods”) are denoted by asterisks. O.D., optical density. 

significant change in phosphorylation of BC-2 at this 
time point (25 + 17% increase). 

Experiments also were conducted with whole abdomi- 
nal ganglia prelabeled for 22 to 24 hr with inorganic 32P. 
The pattern of phosphoproteins of bag cell organs labeled 
in this manner was similar, but not identical, to that 
obtained under in vitro labeling conditions with protein 
kinase. Bag cell organs prelabeled in this manner were 
stimulated electrically to afterdischarge and dissected at 
time points of 2 and 20 min into the afterdischarge, and 
their protein phosphorylation patterns were compared to 
unstimulated controls. The two phosphoproteins that 
appeared to undergo reproducible changes in phospho- 
rylation were a 33,000-dalton (32,500 + 600) and the BC- 
2 protein (Fig. 3). The 33,000-dalton band (BC-1) in- 
creased in phosphorylation by 82% (p < 0.005) at 2 min 
into the afterdischarge and it appeared to remain ele- 
vated at 20 min (Table I). The BC-2 protein was observed 
to undergo a change (92%; p < 0.025) in phosphorylation 
at 20 min into the afterdischarge, but no significant 
change at the 2-min time point. A control band of 45,000 
daltons analyzed in a similar manner did not undergo a 
significant change in phosphorylation at either time point 
(Table I). High molecular weight (>lOO,OOO) phospho- 
proteins were difficult to quantitate as a result of the 

often intense but diffuse labeling of these bands with long 
32P-prelabeling incubation periods. 

Protein kinase catalytic subunit-stimulated phospho- 
rylation. In a series of five separate experiments, the 
effect of exogenously added protein kinase catalytic sub- 
unit on the phosphorylation of bag cell proteins in a 
homogenate of bag cell organs was studied (Fig. 4). All of 
the major labeled bands were found to be trypsin- and 
pronase-sensitive. The three protein substrates showing 
the greatest increase in phosphorylation (as quantitated 
by an increase in the densitometric area of individual 
peaks of an autoradiogram) were the BC-1, BC-2, and 
lOO,OOO-dalton bands. We repeated this procedure for the 
other regions of the nervous system and found that the 
lOO,OOO-dalton phosphoprotein occurs in the connective 
tissue surrounding the cluster but not in the bag cell 
tissues (Table II). This phosphoprotein may be the 
lOO,OOO-dalton paramyosin described in Aplysia muscle 
(Mandelbaum, 1980). The BC-2 substrate is a major band 
both on gels stained for protein with Coomassie blue and 
on autoradiograms showing the basal phosphorylation 
state. The regional distribution of this band (Table II) 
shows that it is found within the bag cell cluster as well 
as the pleurovisceral connective nerve where bag cell 
processes extend and appears to be relatively specific to 
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Figure 3. Afterdischarge-dependent phosphorylation: prelabeled preparation. The densitometer traces shown illustrate the 
change in phosphorylation of BC-1 and BC-2 with afterdischarge (AD) compared with the undischarged control (C) in abdominal 
ganglia prelabeled with 32P as NazH32P04 for 22 to 24 hr. The inset photograph shows the autoradiogram from which the 
densitometer traces were made. An asterisk is used to denote the reference peak (see “Materials and Methods”) employed to 
quantitate the changes in BC-1 and BC-2. O.D., optical density. 

Homogenized bag ccl I organ: TABLE I 
Results of a study ofphosphorylation changes during afterdischarge 

of phosphoproteins prelabeled for 22 to 24 hr with inorganic 32P 
Data are plotted as the percentage of change (+SEM) in the area 

under the peak on a densitometer scan relative to a 28,000-dalton 
reference peak observed not to change with afterdischarge. The number 
of separate experiments is shown in parentheses. The BC-1 and BC-2 
phosphoproteins were observed to undergo significant increases in 

phosphorylation during afterdischarge. The 45,OWdalton phosphopro- 
tein is included as a representative phosphoprotein that did not undergo 
a change in phosphorylation during afterdischarge. Statistical signifi- 
cance was calculated using a one-tailed paired t test. 

Phosphorylation Change 
Protein (44,) 

2 min 20 min 

% 
BC-2 -19 f 28 (5) 92 + 23” (4) 
BC-1 82 + 14’ (8) 69 f 43’ (4) 
45.ooo -11 -I 12 (8) -9 f. 32 (4) 

“p < 0.02. 
hp < 0.005. 
‘p < 0.05. 

these tissues. Treatment with PKC results in a significant 
increase in the phosphorylation of this band on autora- 
diograms relative to other major bands, such as the 
62,000- and 68,000-dalton bands. The BC-1 phosphopro- 
tein is a minor band on both protein-stained gels and 

PKC stimulation 

700- 

5 600- - 
5 
? 500- 

2 
a 0 400- 

ii 

al 300- 
6 
sf 
0 
c 

zoo- 

s IOO- 

I 

J-ml 
45K 62K 68K IOOK BC-2 BC-I 

Figure 4. Protein kinase catalytic subunit stimulation of 
protein phosphorylation: the increase in area under the peak 
on a densitometer scan of the autoradiogram. The histogram 
represents the data from five separate experiments (-+SEM). 
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T 

- 

autoradiograms of the basal phosphorylation state in bag 
cell organs but undergoes a substantial increase in phos- 
phorylation upon treatment with PKC. The increase was 
difficult to quantitate due to the very small amount of 
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phosphorylation observed in this band under basal con- 
ditions (Fig. 5). 

Cyclic AMP-stimulated phosphorylation. In a study 
(N = 7) of endogenous cyclic AMP-stimulated protein 
kinase in crude membrane preparations from bag cell 

TABLE II 
Distribution ofphosphoproteins in CNS 

Homogenates were prepared of each of the regions of the Aplysia 
nervous system and phosphorylated with [y-“‘P]ATP and the catalytic 
subunit of protein kinase as described under “Materials and Methods.” 
Bag cell organs consisted of the bag cell cluster and surrounding 

connective tissue, including axons of passage in the underlying connec- 
tive nerve. Isolated bag cell clusters consisted of bag cell somata 
separated from the surrounding connective tissue. The other head 
ganglia were prepared from ganglion homogenates separated from 
surrounding connective tissues. The approximate amount of the phos- 
phoprotein detected in autoradiograms is denoted by the number of 

“+” svmbols; a “-” indicates that the band could not be detected. 

M, 
Isolated” 
Bag Cell 
Cluster 

Bag Cell 
Organ 

Pleuro- 
visceral 

Connective 

Pleural- 
Pedal” 

Cerebral” 

Ganglia Ganglmn 

122,000 + + + + 
100,ooo - ++ ++ - - 

68,000 + +++ +++ +++ + 
62,000 ++ +++ +++ +++ + 
45,000 + + + + 

BC-1 + + + + - 

BC-2 +++ ++ -I- - - 

o Connective tissue removed. 

CYCLIC AMP, PKC 

1 
d 
6 

tissues, a cyclic AMP dose-dependent increase in the 
phosphorylation of all of the major bands was observed 
(Figs. 5 and 6). The phosphoproteins undergoing the 
greatest increase in phosphorylation were the BC-2 and 
68,000-dalton bands. As shown in Table II, the 68,000- 
dalton phosphoprotein is widely distributed throughout 
the nervous system and is not enriched in bag cells. 
Moreover, recent studies of the regional distribution of 
phosphoproteins show that the 68,000-dalton substrate is 
not found in the connective tissue sheath of the pleu- 
roabdominal connective nerve but is enriched in the 
nerve trunk (K. R. Jennings, L. K. Kaczmarek, and F. 
Strumwasser, unpublished observations). This phospho- 
protein may be the one described earlier in pleurovisceral 
connective nerve by Ram and Ehrlich (1978). The BC-1 
protein appeared to undergo the smallest cyclic AMP- 
stimulated phosphorylation change observed although 
the magnitude of this change was difficult to quantitate 
for the reasons mentioned above. 

The protein phosphorylation reaction also was con- 
ducted in a sodium acetate buffer medium containing 1 
mM EGTA in the presence or absence of 4 mu calcium 
chloride. Calcium was found to inhibit both basal and 
CAMP-stimulated protein phosphorylation activity, a 
finding that also has been reported in other systems 
(Lemay et al., 1974). Cyclic AMP-stimulated phospho- 
rylation was inhibited by more than 50% under these 
conditions. EGTA alone enhanced the phosphorylation 
rate over controls lacking EGTA. Under the reaction 

PKC CA C 
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e-BC-1-0 / it 
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Figure 5. Cyclic AMP- and protein kinase-stimulated phosphorylation. The densitometer traces show the increase in 
phosphorylation with 10e4 M cyclic AMP of proteins in a crude membrane preparation of bag cell tissues. The inset photograph 
shows the autoradiogram from which the densitometer traces were made. In addition, the leftmost track shows the effect of a 
high concentration (50 to 100 units) of protein kinase catalytic subunit on the phosphorylation of these substrate proteins on the 

same gel. O.D., optical density. 
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Figure 6. Cyclic AMP stimulation of protein phosphorylation 
in bag cell membrane preparations. The percentage of increase 
in phosphorylation represents the increase in the area under 
the peak in a densitometer scan of the autoradiogram. The 
histogram represents the data from seven separate experiments 
(+SEM). 

conditions used to study the kinase activity in bag cell 
tissues, it may be that the endogenous calcium ion in- 
hibits the observed basal phosphorylation rate. 

Characterization of the BC-Zprotein. The BC-2 pro- 
tein, which we have shown to undergo a significant 
increase in phosphorylation during afterdischarge and 
which is the major substrate for both endogenous and 
exogenous protein kinase in bag cell tissues was charac- 
terized further. As noted above, it was detectable as a 
distinct phosphoprotein on autoradiograms prepared 
from pleuroabdominal connective nerves and bag cell 
clusters but not pleural-pedal or cerebral ganglia (Table 
II). An SDS-polyacrylamide gel was run with bag cell 
tissues labeled by the two methods ([y-“SP]ATP and ““P 
as sodium orthophosphate) and the bands identifiable as 
BC-1 and BC-2 appeared to run with identical electro- 
phoretic mobilities under both labeling schemes. 

In order to demonstrate that BC-2 was not identical to 
the 29,000-dalton egg-laying hormone (ELH) precursor 
earlier reported by Arch (1976), double label experiments 
were conducted using [“Hlleucine to follow newly syn- 
thesized protein. The ““P-labeled phosphoprotein mi- 
grated faster and ran separately from the “H-labeled 
protein described as pro-ELH by Arch (Fig. 7B). 

The BC-2 protein was isolated from an SDS-polyacryl- 
amide gel and analyzed on a gas-liquid solid phase se- 
quenator as described under “Materials and Methods.” 
A partial sequence of the first 23 residues of the NHz- 
terminal region of 100 pmol of the protein was obtained 
(Fig. 7A). This analysis was repeated on a second, inde- 

pendently isolated BC-2 band, confirming this partial 
sequence. This region seems to be hydrophobic in char- 
acter. The protein sample also was subjected to amino 
acid analysis twice and the amino acid compositions from 
each run are shown in Table III. Much less sample was 
available for the second amino acid analysis (run 2), and 
therefore, the values obtained are less reliable. The data 
from the two runs were not averaged but are shown 
separately in Table III. A computer search was con- 
ducted to determine if the partial sequence obtained was 
similar to that found in any previously described proteins. 
There was no significant homology between the partial 
sequence of the first 23 residues of this protein and any 
of the 1,612 sequenced proteins examined in the search. 

Discussion 

Cyclic AMP-stimulated phosphorylation is brought 
about by the action of the tetrameric enzyme, cyclic 
AMP-dependent protein kinase (Rubin and Rosen, 1975). 
On binding cyclic AMP to the two regulatory subunits, 
the tetramer dissociates, releasing the two catalytic sub- 
units which then transfer the terminal phosphate of ATP 
to serine and threonine residues of substrate proteins. 
Many tissues in diverse organisms have been shown to 
possess this enzyme (Greengard, 1978). Of particular 
interest to the neurobiologist are those systems where 
protein kinase action is thought to bring about a change 
in the state of membrane excitability. 

A number of neural systems, both invertebrate (Paris 
et al., 1980; Neary et al., 1980) and vertebrate (Browning 
et al., 1979; Greengard, 1978), have been investigated in 
an attempt to address the role of protein phosphorylation 
in membrane excitability. One of the major difficulties in 
studying neural systems such as these is the heteroge- 
neity of the cellular population under investigation. Non- 
neural preparations, such as the turkey erythrocyte 
(Greengard, 1978) and cultured adrenal medulla cells 
(Amy and Kirshner, 1981), have provided relatively ho- 
mogeneous populations of cells for the study of the 
relationship between phosphorylated proteins and their 
putative functions, such as ion flux and secretion. The 
bag cells of Aplysia represent a neural system where the 
cellular homogeneity makes it particularly suitable for 
the study of biochemical events and their relationship to 
membrane excitability (Strumwasser et al., 1981). All 
neurons in the bag cell cluster are coupled electrically by 
means of gap junctions (Kaczmarek et al., 1979) and 
afterdischarge synchronously in response to brief electri- 
cal stimulation. We have presented previously biochem- 
ical and electrophysiological evidence for a role of cyclic 
AMP in the excitability changes during afterdischarge. 

In this paper, we have investigated protein phospho- 
rylation in the bag cell neurons and its relationship to 
afterdischarge. We have demonstrated that cyclic AMP 
can act on an endogenous kinase in bag cell tissue to 
stimulate the phosphorylation of specific proteins. Two 
proteins were shown to undergo significant changes in 
the phosphorylation state associated with afterdischarge. 
The regional distribution of all of the major phosphopro- 
teins found in bag cell tissues was investigated and only 
BC-2 appeared to be relatively specific to bag cell tissues 
(Table II). This protein was the major substrate for both 
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Figure 7. Characterization of the BC-2 protein. A, Amino acid sequence of the BC-2 phosphoprotein isolated from crude 
membrane preparations of bag cell tissues. The data presented are the result of two separate experiments. I?, Pulse-chase 
experiment with [3H]leucine labeling of the precursor to ELH. The radioactivity profile obtained on a SDS-lo% polyacrylamide 
gel by sectioning is illustrated. The solid line shows the 3H counts obtained; the dotted line shows the counts due to 32P label. The 
approximate molecular weights (based on molecular weight standards) of the two labeled proteins are shown. The data shown 
represent one of three separate experiments with similar results. 

cyclic AMP-stimulated phosphorylation and phospho- 
rylation stimulated by added catalytic subunit of cyclic 
AMP-dependent protein kinase. Whether the change in 
phosphorylation state which occurs in this protein during 
afterdischarge is a direct consequence of the increase in 
cyclic AMP levels during afterdischarge (Kaczmarek et 
al., 1978) cannot, however, be determined at present. 
Although a protein may serve as a substrate for cyclic 
AMP-dependent protein kinase in vitro, this does not 
ensure that its phosphorylation in uiuo is solely under 
the control of this enzyme. Other mechanisms, such as 
calcium-dependent phosphorylation, may be the primary 
regulators of the phosphorylation state for a particular 
protein (Schuhnan and Greengard, 1978a, b). It is possi- 
ble that the BC-2 protein, which did not undergo an 
increase in phosphorylation at 2 min into the afterdis- 
charge (when cyclic AMP levels peak), may undergo a 
later Ca2+-dependent phosphorylation. In the bag cell 
studies reported here, we found that exogenous calcium 
did alter phosphorylation in cell-free preparations in 
vitro. Studies are planned to investigate this phenome- 
non in more detail. 

Under both of the labeling paradigms that we have 
used, prolonged prelabeling with ortho[32P]phosphate 
and rapid “back phosphorylation” with PKC, we ob- 

served a phosphoprotein with an apparent molecular 
weight of 33,000 (BC-1). Although the former method 
showed the phosphorylation state to alter at the onset of 
afterdischarge, no change in phosphorylation could be 
detected using the latter method. The small amount of 
phosphorylation of the BC-1 band in a homogenate of 
bag cell tissues under basal conditions may account for 
the difficulty of quantitating this change with the back 
phosphorylation technique. 

The bag cell neurons undergo a number of character- 
istic changes in excitability following brief electrical stim- 
ulation. The onset of afterdischarge is composed of a l- 
to 2-min bout of high frequency firing followed by a 
prolonged period of lower frequency firing of broad action 
potentials with a predominant calcium component 
(Strumwasser et al., 1981; Acosta-Urquidi and Dudek, 
1981). Upon cessation of afterdischarge, these neurons 
remain refractory for a period of many hours (Kupfer- 
mann and Kandel, 1970). The extracellular application of 
cyclic AMP analogues can trigger this complete sequence 
without electrical stimulation (Kaczmarek et al., 1978). 
The fact that BC-2 undergoes a large change in phospho- 
rylation at 20 min into the afterdischarge but no signifi- 
cant change at 2 min suggests that it may be associated 
with one of the later phases of afterdischarge. It will be 
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TABLE III 

Amino acid composition of the BC-2protein 
The data shown in this table were calculated by subtracting the 

values obtained for the unhydrolyzed sample from the hydrolyzed 
sample. Run 1 shows the amino acid composition data from the aliquot 

that also was subjected to protein sequencing (see Fig. 7A). Run 2 
shows the composition data obtained from a separate sample containing 
much less material. 

Run1 Run2 Run 1 Run 2 
mol/lOO mol mo1/100 mol 

Asx 13.20 11.82 Met 0.69 0.95 

Thr 1.80 3.43" Be 2.80 4.28 
Ser 2.76 4.20" Leu 7.64 9.20 
Glx 11.48 13.04" Phe 4.68 4.53 
Pro 4.92 4.24 Tyr 2.08 0.91 
GUY 9.52 n.d.h His 2.12 3.09 
Ala 11.52 10.29 LYS 6.76 6.04 
Val 8.20 7.59 Arg 9.52 5.37 

CYS nd. n.d. 

n These values are anomalously high in run 2 due to the presence of 
substantial contamination by these residues in the unhydrolyzed pro- 
tein sample (see “Materials and Methods”). 

’ n.d., not determined. 

interesting to determine the complete time course of 
phosphorylation changes for both the BC-1 and BC-2 
proteins. 

Whether these proteins that we have studied are in- 
deed substrates for the electrical changes induced by 
CAMP and protein kinase in bag cells cannot be deter- 
mined at present. They also could be involved in a host 
of other cellular functions, including peptide processing, 
intermediary metabolism, or secretory function, although 
we have shown that BC-2 is not the precursor to ELH 
previously described (Arch, 1976; Loh et al., 1977). That 
the BC-2 protein is not a secreted one is suggested by 
the fact that there is no apparent change in the density 
of the Coomassie blue protein staining of the band on 
polyacrylamide gels of bag cell clusters made to afterdis- 
charge. 

In testing the hypothesis that a cyclic AMP-dependent 
phosphorylation of protein controls the excitability of 
bag cell neurons, we have shown previously that microin- 
jection of the catalytic subunit of cyclic AMP-dependent 
protein kinase into individual bag cells enhances their 
calcium action potentials in a manner consistent with a 
decrease in membrane conductance to potassium ions 
(Kaczmarek et al., 1980; Kaczmarek and Strumwasser, 
1981a). Similar results have been reported for the en- 
hancement of spike duration in sensory neurons initially 
primed with tetraethylammonium chloride in Aplysia 
(Castellucci et al., 1980). We have demonstrated a par- 
allel increase in both cyclic AMP levels and intracellu- 
larly recorded spike broadening during afterdischarge in 
the intact bag cell clusters (Strumwasser et al., 1981). 
Recent studies (Kaczmarek and Strumwasser, 1981b) on 
voltage-clamped individual bag cell neurons in culture 
suggest that cyclic AMP acts by decreasing a calcium- 
dependent potassium conductance. It may be, therefore, 
that one of the two phosphorylation substrates reported 
in this paper (BC-1 or BC-2) is linked functionally to a 
potassium conductance and may play a role in spike 
broadening and enhancement of calcium influx. It is 

therefore of interest that Alkon and colleagues (Alkon, 
1980; Neary et al., 1980) have characterized a long lasting 
depolarization in type B photoreceptors of the mollusc, 
Hermissenda, associated with behavioral conditioning. 
They attribute this depolarization to a decrease in potas- 
sium conductance and find that it correlates with a 
change in the phosphorylation of two proteins with mo- 
lecular weights of 20,000 and 23,000. In view of the similar 
electrical changes in these cells and in bag cells, it will be 
important to determine if these phosphoproteins are 
related to the approximately 21,000-dalton protein that 
we observe in bag cells. The sequence data presented in 
this paper may make such a comparison possible. 

BC-2 also could be related to the 22,000-dalton protein 
phospholamban that has been found in cardiac sarco- 
plasmic reticulum (Tada et al., 1975). Phospholamban 
appears to play a role in the control of intracellular 
calcium ion concentrations by altering the activity of 
Ca”-ATPase. Control of intracellular calcium would be 
expected to be very important during bag cell afterdis- 
charge and could influence the potassium conductance 
indirectly through calcium-activated potassium channels 
(Meech, 1972). 

We have met many of the requirements that are 
needed to demonstrate that protein phosphorylation me- 
diated by cyclic AMP influences the electrical properties 
of the bag cell neurons (Kaczmarek et al., 1980). It 
remains to be determined which phosphoproteins are 
related causally to the electrical events of afterdischarge 
and subsequent refractoriness and whether these sub- 
strates are uniquely distributed among different classes 
of neurons. 
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