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1% FCS-treated N-18 neuroblastoma cells when compared to
that of the control. The results suggest a dissociated expres-
sion of the regulatory and the catalytic subunits of cAMP-
dependent protein kinase in the differentiated neuroblastoma
celis and the likelihood that R, may exist as a distinct entity in
these cells. The possibility of the presence of excess kinase
inhibitor(s) (1, 30) in extracts of the differentiated cells, thus
defying detection of an increased catalytic activity, seemed
unlikely. Mixing cytosols from control and Bt.cAMP-treated
cells gave additive histone kinase activity, suggesting the ab-
sence of either a free kinase activator in extracts of control
cells or an inhibitor in extracts of Bt.cAMP-treated cells. It
appears likely that the observed decrease in cytosolic kinase
activity of the Bt.cAMP- and 1% FCS-treated cells may be
related to the growth-retarding effects of Bt,cAMP and low-
serum medium. This is based on the observation that the
treatment of cells with 2% DMSO, while ineffective in promoting
either morphological or biochemical differentiation, resulted in
decreased cell growth and cAMP-dependent protein kinase
activity.

DEAE-cellulose column chromatography has been used
widely for the separation of the type | and the type Il CAMP-
dependent protein kinases in cell extracts; it has also been
used for the resolution of free regulatory subunits of CAMP-
dependent protein kinase from their respective holoenzymes.
In this study, DEAE-cellulose column chromatography was
used to examine the presence of free CAMP-binding protein in
extracts of N-18 neuroblastoma cells and to resolve it from
either the type | or the type Il holoenzyme. Chart 1 illustrates
the elution profiles from DEAE-cellulose columns of histone
kinase and 8-Ns{32PJcAMP-binding activities of cytosol prep-
arations from control, 1% FCS-, and 2% DMSO-treated neu-
roblastoma cells. In the control sample, 2 peaks of cAMP-
dependent protein kinase activity, referred to as the type | and
type Il kinases, were eluted at 0.05 and 0.2 m NaCl, respec-
tively, with the type | being the predominant form of the 2 (ratio
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of I/1l, 3/1). In agreement with previous observations (32), a
peak of M.W. 47,000 8-N3{*’PJcAMP-binding protein coeluted
with the type | enzyme, while the M.W. 52,000 and 54,000 8-
N3{32P}cAMP-binding proteins coeluted with the type Il en-
zyme. Perhaps of greater significance was the presence of a
small but distinct peak of the M.W. 47,000 8-Ns{**P}JcAMP-
binding protein, unassociated with kinase activity, which was
eluted by 0.16 m NaCl in the column eluate of the control celi
extract. In the case of the 1% FCS-treated neuroblastoma
cells, the M.W. 47,000 8-N;{*?P}JcAMP-binding protein, R,
was resolved into 3 components, 2 of which appeared to be
associated with the type | kinase peak. The increase in R,,
observed in cytosol of the 1% FCS-treated cells, can be as-
cribed primarily to an increase in the component eluted at 0.15
to 0.18 M NaCl, which appeared not to be associated with
histone kinase activity. Results qualitatively similar to that of
the 1% FCS-treated sample were obtained with the cytosol of
Bt.cAMP-treated cells. In agreement with results obtained with
the crude cytosol preparations, no increase in the R, peak was
observed in the DEAE-cellulose column eluate of the DMSO-
treated sample when compared to that of the control.

Correlation of Rl Induction and the Expression of Specific
Differentiated Functions in N-18 Mouse Neuroblastoma
Celis. In order to probe the possible function(s) of R, in the
differentiation of N-18 mouse neuroblastoma cells, one possi-
ble approach is to examine the various experimental manipu-
lations which result in increased levels of R, i.e., to correlate
the expression of R, with other differentiated functions char-
acteristic of mature neurons. A limited version of such an
attempt is presented in Table 4. Four categories of changes
were described: (a) cell growth; (b) morphological changes,
characterized by neurite formation; (c) biochemical changes,
as illustrated by increased acetylcholinesterase activity; and
(d) changes in cAMP level and those proteins involved in cAMP
action and metabolism.

The addition of 1 mM Bt,cAMP or 2% DMSO to N-18 mouse
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Chart 1. Elution profiles of cCAMP-dependent protein kinase and 8-N3s{*?PlcAMP-binding activity from DEAE-cellulose column using cytosols of control, 1%
FCS-, and 2% DMSO-treated N-18 mouse neuroblastoma cells. Cytosol preparations, containing 3 mg protein, were loaded onto 3 similar DEAE-celluiose columns
(0.9 x 4 cm) preequilibrated in 10 mm Tris-HCI (pH 7.4), 50 ug PMSF per mi, and 1 mm EDTA. Columns were washed with 6 ml of the same buffer, and proteins were
then eluted by a linear gradient of O to 0.3 M NaCl (15 ml each) in the same buffer. Aliquots of individual fractions were assayed for histone kinase activity in the

ab (O) or pr

e (@) of 5 um CAMP (A) and the incorporation of 8-N;{**PJcAMP into R, () and Ry (C)) (B). Results on histone kinase and 8-Ny-{>?PJcAMP-

binding activities are presented in pmol of **P transferred per min per fraction and pmol of 8-Na-{>?PJcAMP incorporated per fraction, respectively.
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Table 4

Correlation of cell growth, differentiation, and changes in intracellular cCAMP concentration and proteins involved in cAMP function and metabolism in N-18 mouse
neuroblastoma cells

All assays were carried out under standard conditions according to the described methods. The results are representative of 3 separate experiments.

Cell Growth Differentiation Intracellular CAMP Proteins induced in CAMP function and metabolism
Histone ki-
Satura- Acetyicho- nase (pmol Phosphodi-

tion den- linesterase 32p trans-  esterase

sity (X % of (nmol/ 8-N3{3?P}cAMP incorpo- ferred/ (pmol/

Doubling 107°/21 cells with min/mg rated (pmol/mg protein) min/mg min/mg

Treatment time (hr) sqcm) neurites protein) (pmol/mg protein) R, Re protein) protein)
Control 22 5.8 5 71 5.32 2.65 1.06 281 24.0
1 mm Bt.cAMP 31 2.8 90 62.5 >180 7.72 1.52 650 74.6
1% FCS 30 24 85 33.6 95.01 6.42 1.44 720 48.0
2% DMSO 28 3.4 10 14.7 4.07 2.10 1.90 690 17.6

neuroblastoma cells or the culturing of cells in a medium
containing 1% FCS all resulted in a slowing of cell growth, as
determined by growth rate during the logarithmic phase and
saturation density at the stationary phase of cell growth. DMSO,
while inhibiting cell growth, was ineffective in inducing neurite
outgrowth or acetylcholinesterase activity, suggesting that
morphological differentiation is not a direct consequence of the
inhibition of cell growth. On the other hand, the inhibition of
cell growth by Bt.cAMP and 1% FCS treatment was associated
with the expression of differentiated functions, namely, neurite
extension and increased acetylcholinesterase activity. Con-
comitant increases in intracellular cAMP concentration, R,
cAMP-binding protein, and cAMP phosphodiesterase activity
were Observed. Absence of these changes in the DMSO-
treated N-18 neuroblastoma cells further supports the relat-
edness of these processes and cell differentiation.

DISCUSSION

As. with many other types of tissues, the neuroblastoma
round cells were found to possess both the type | and type Il
cAMP-dependent protein kinases. Yet, unlike many of the
tissues studied where greater than 90% of the cAMP-binding
activity was found to associate with cAMP-dependent protein
kinase activity, about 10 to 30% of R, in the N-18 neuroblas-
toma round cells was found to elute as a distinct entity from
the DEAE-cellulose column, unassociated with protein kinase
activity; it is this discrete peak of R, that increases during
differentiation of the N-18 cells. Several lines of evidence
indicate that the R, in neuroblastoma cells is similar to that of
Ri*. These include (a) identical electrophoretic mobilities on
SDS-PAGE and isoelectric focusing gels and (b) immuno-
cross-reactivity of these 2 proteins, as determined by an im-
munoprecipitation assay.

The induction of R, appears to be correlated with the mor-
phological appearance of neurites and the biochemical expres-
sion of increased acetylcholinesterase activity. Results dem-
onstrated the concerted expression of all 3 functions in differ-
entiated neuroblastoma cells, induced either by the addition of
Bt.CAMP to the growth medium or by culturing cells in medium
containing 1% FCS. These results suggest that R, may be used
as a quantitative index of differentiation of the N-18 mouse
neuroblastoma cells.

It appears unlikely that neurite extension and induction of R,
in the N-18 cells are causally related to the slowing of growth
in the differentiating cells. The addition of 2% DMSO to cultures
of the N-18 mouse neuroblastoma cells inhibited cell growth
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but was without effect in either promoting neurite outgrowth or
increasing acetylcholinesterase and R, CAMP-binding activities.
Similar results were obtained when 1% DMSO was used. A
previous study has also described the ineffectiveness of DMSO
in inducing the morphological and biochemical maturation of a
clonal line of mouse neuroblastoma cells (NB41A3) while
Bt.cAMP was effective (5). In contrast, studies by Kimhi et al.
(14) demonstrated the effects of DMSO (either 1 or 2%) in
producing morphologically and electrically differentiated cul-
tures of C-1300 mouse neuroblastoma cells; there was no
clear correlation of these properties with the level of induction
of either acetylicholinesterase or tyrosine hydroxylase. In a
more recent study, it was noted that the addition of 1 to 1.5%
DMSO to the NS20Y mouse neuroblastoma cells did not cause
an increase in choline acetyltransferase activity (a differen-
tiated phenotype in these cells), although ‘‘some morphological
effects consistent with differentiation were observed’ (9).
These results suggest that DMSO is ineffective in promoting
biochemical differentiation of mouse neuroblastoma cells and
that it may have different effects in promoting morphological
differentiation of different clones of mouse neuroblastoma cells.

The functional significance of the presence of a free CAMP-
binding protein in the neuroblastoma cells and its marked
increase during cell differentiation is not clear. Of the many
possible and plausible models, 2 will be discussed. The first is
that cAMP-binding protein(s) may not function solely to regulate
and inhibit the catalytic activity of cCAMP-dependent protein
kinase in eukaryotic cells, i.e., that cAMP-binding protein(s)
may have intrinsic enzymatic and/or structural functions,
whose activity is modulated by the binding of CAMP. A well-
studied example of this sort is illustrated by the presence of a
cAMP receptor protein in prokaryotes, whose function is to
regulate the expression of various genes (20). In this regard,
the recent report of increased cAMP binding to chromatin of
differentiated neuroblastoma cells is particularly enlightening
(24). Alternatively, it is possible that the cAMP-binding protein
may serve as a scavenger of free CAMP in the mouse neuro-
blastoma cells, to prevent the prolonged activation of intracel-
lular cAMP-dependent protein kinase. The induction of this
free cAMP-binding protein under conditions which increase
intracellular cAMP concentration and the concomitant increase
in cAMP phosphodiesterase activity would be compatible with
such a hypothesis. The hypothesis should be given some
consideration in view of the dynamic nature of proteins involved
in cAMP metabolism. A number of studies on the S-49 mouse
lymphoma cells have demonstrated that phosphodiesterase
activity could be adaptive, being specifically increased when
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the intracellular cAMP level is elevated (3). These results
provide important insights into the significance of phosphodi-
esterase activity in the control of CAMP levels. Far from being
the simple kinetic brake as originally conceived, a number of
discoveries in recent years have pointed to the complexity of
the system. In the case of the N-18 mouse neuroblastoma
cells, it is conceivable that CAMP is capable of regulating its
own level not only through the regulation of phosphodiesterase
activity but also through regulation of the level of a free CAMP-
binding protein which serves as a sink for a pool of excess
CAMP.
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Fig. 1. Autoradiographs illustrating the incorporation of 8-Ns{>?PJcAMP into membrane (A) and cytosol (B) proteins of control, Bt.cAMP-, 1% FCS-, and 2%
DMSO-treated N-18 mouse neuroblastoma cells. The incorporation of 8-Ns{**P}cAMP was done under standard conditions using 1 um 8-Ns{**PlcAMP, in the
presence of 0.25 mm 2-mercaptoethanol and 0.5 mm IBMX, with or without 20 um cAMP. Each channel contained 200 ug protein. The radioactive bands with
apparent M.W. of 47,000, 52,000, and 54,000 are indicated. The terms R, and R, are used to identify the M.W. 47,000 and the M.W. 52,000 and 54,000 proteins,

respectively.
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Fig. 2. Autoradiographs and semilog dose-response plots showing the concentration-dependent photoactivated incorporation of 8-Ns-{>*PJcAMP into cytosol
proteins of control, Bt.cAMP-, 1% FCS-, and 2% DMSO-treated N-18 mouse neuroblastoma cells. The incorporation of 8-N.{>>PlcAMP was done under standard
conditions in the presence of 0.25 mm 2-mercaptoethanol and 0.5 mm IBMX. (The presence of 0.25 mm 2-mercaptoethanol in the binding assay mixture inhibited the
incorporation of 8-Ns-{**P}cAMP into R, and R, by approximately 45 and 25%, respectively.) Each channel contained 200 ug protein. K, is defined as the concentration
of 8-Nx{>*P)cAMP required to give half-maximal incorporation of the ligand into a specific protein.
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Fig. 3. Comparison of electrophoretic mobility of R, from control (A), Bt.cCAMP-
treated N-18 mouse neuroblastoma cells (B), and R,* (C) on a SDS 5 to 15%
polyacrylamide slab gel. The incorporation of 8-N,{*?PJcAMP was done under
standard conditions using 1 um 8-N>{*’PJcAMP in the presence of 0.25 mm 2-
mercaptoethanol and 0.5 mm IBMX. The specific activity of 8-Ns{**P}cAMP used
for the incorporation into cytosol proteins was S times higher than that used for
the incorporation into the purified regulatory subunit, R,*. The amounts of protein
used for Lanes A, B, and C were 200, 200, and <1 ug, respectively.

Fig. 4. Isoelectric focusing of the 8-Ns-{**PlcAMP-labeled proteins of control
and Bt:cAMP-treated N-18 mouse neuroblastoma cells and R,* and Rs*. The
incorporation of 8-Ns-{>*PJcAMP was carried out under standard conditions with
50 ug cytosol protein and 1 um 8-N3-{*?P)cAMP, in the presence of 0.26 mm 2-
mercaptoethanol and 0.5 mm IBMX. The 8-Ns{*?PjcAMP-labeled R,* and regu-
latory subunit of the type Il CAMP-dependent protein kinase from bovine cardiac
muscle were used as markers for the identification of R, of N-18 neuroblastoma
cells. Isoelectric focusing was carried out on a pH 3.5 to 9.5 LKB polyacrylamide
gel plate at 20 watts for 2 hr. The pH gradient of the gel at the end of the focusing
procedure was determined by a surface pH electrode. The arrow identifies the
position on the gel of the sample application strips.
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