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represent proteins intrinsic to the membrane fraction, as op
posed to proteins of cytoplasmic origin adsorbed onto mem
branes during the process of homogenization and fractionation.
The artifactual translocation of cytoplasmic protein kinase to
membrane fraction in buffers of low ionic strength has been
described previously (13).

The induction of differentiation of the N-18 cells, initiated
either by adding Bt2cAMP or by culturing cells under serum-
limiting conditions, is accompanied by slowing of cell growth;
the possibility of a growth-dependent regulation of R, must,

therefore, be considered. DMSO (2%), while inhibiting cell
growth, had no effect in promoting neurite outgrowth of the N-

18 mouse neuroblastoma cells. Treatment of cells with 2%
DMSO did not result in an increased level of RI, when compared
to the untreated counterpart; in fact, in 4 of 10 experiments
carried out over a 6-month period, a 10 to 40% decrease in R,

was observed. Interestingly, RMwas increased in cells treated
with 2% DMSO; the magnitude of this increase varied between
50 to 200% from experiment to experiment and was observed
in both the membrane and cytosol fractions. This effect was
not mimicked by the addition of DMSO directly to the 8-N3-
[32P]cAMP-binding assay mixture. The significance of this ob

servation is not clear.
In order to investigate whether the increased incorporation

of 8-N3-[32P]cAMP into R, was attributable to an increase in the

amount of R, or to an increase in the affinity of RI for 8-N3-
[32P]cAMP, the concentration-dependent incorporation of 8-
N3-[32P]cAMP into cytosol proteins of control, Bt2cAMP-, 1%

PCS-, and 2% DMSO-treated N-18 neuroblastoma cells was
studied. Results are shown both in the forms of autoradi-
ographs and semilog dose-response curves in Fig. 2. The

apparent dissociation constants (Kds) for the incorporation of
8-N3-[32P]cAMP into R, and RMof N-18 neuroblastoma cells

were similar to values obtained for these 2 proteins from a
variety of tissues and cell types studied previously (16, 32). In
general, the Kd values for the incorporation of 8-N3-[32P]cAMP
into R, and Ru of N-18 neuroblastoma cells were 10 to 15 and
80 to 100 nM, respectively. The increased incorporation of 8-
N3-(32P]cAMP into R, of Bt?cAMP- and 1% FCS-treated cells

was evident at a saturating concentration of the ligand, indi
cating the presence of increased amounts of RI in these cell
extracts.

The Identification of R! as a Regulatory Subunit of the
Type I Species. R,, the M.W. 47,000 8-N3-[32P]cAMP-binding

protein of N-18 mouse neuroblastoma cells, has been tenta

tively identified as the regulatory subunit of the type I species

Table 2
Specific immunoprecipitation of S-Ni-fPJcAMP-labeled protein of N-18 mouse

neuroblastoma cells by antisera directed against R, '

The incorporation of 8-N3-(32P]cAMP was carried out under standard condi

tions. Differences in the amounts of radioactivity precipitated by the immune and
preimmune serum were taken as measurements of specific immunoprecipitation.
Results are expressed in arbitrary units.

Amount of 8-N3-{32P]cAMP-labeled protein in immuno-

precipitate

TreatmentMembrane

CytosolControl1.00s 1.0061

mmBt2cAMP2.33

2.451%FCS2.22 2.27

(17). This assumption is based primarily on similarity of the
apparent M.W. of these 2 proteins on SDS-PAGE (10, 17, 32).
In this study, the behavior of the RI cAMP-binding protein of N-
18 neuroblastoma cells in SDS-PAGE, isoelectric focusing,
and immunoprecipitation reaction were compared to that of
RI*. Results in Figs. 3 and 4 demonstrate identical subunit

molecular weights and isoelectric points between the R, cAMP-
binding protein of N-18 cells and the purified regulatory subunit
of the type I cAMP-dependent protein kinase. Furthermore, the
increased 8-N3-[32P]cAMP-binding activity, observed in ex

tracts of differentiated neuroblastoma cells, was precipitated
by the rabbit anti-R," antibody (Table 2), while the preimmune

serum was without effect (data not shown). Thus, based on
results obtained on subunit M.W., isoelectric point, and immu-
noreactivity, it is concluded that the R, cAMP-binding protein
of N-18 neuroblastoma cells is identical to R,*.

Catalytic Activity of cAMP-dependnet Protein Kinase. Both
the type I and the type II cAMP-dependent protein kinase are

composed of 2 types of subunits, regulatory and catalytic (10,
11). There exists a variety of evidence suggesting a concerted
expression of these 2 subunits. (a) Regulatory and catalytic
subunits exist in equimolar concentrations in various mamma
lian tissues studied (11). (b) Both the cAMP-binding and the
catalytic activities are greatly diminished in a mutant of the S-
49 mouse lymphoma cells (12). (c) Both the cyclic nucleotide-

binding domain and the catalytic domain are contained in a
single polypeptide chain of the guanosine cyclic 3':5'-mono-

phosphate-dependent protein kinase, and the cAMP- and gua
nosine cyclic 3':5'-monophosphate-dependent protein kinases

are related (7, 15). The induction of R, by cAMP in the N-18

neuroblastoma cells and the identification of R, as a regulatory
subunit of the type I species raise an interesting question
concerning regulation of the levels of regulatory and catalytic
subunits of cAMP-dependent protein kinase in these cells.

Catalytic activity of cAMP-dependent protein kinase was
assayed using histone f2b as the substrate.The cytosolic his-
tone kinase activity of the control, 1 mw Bt2cAMP-, 1% FCS-,
and 2% DMSO-treated N-18 cells is presented in Table 3. The
cAMP-binding activity present in these cytosol preparations
expressed in the amount of [3H]cAMP bound is included. In the

differentiated cells, induced either by 1 HIM Bt2cAMP or 1%
FCS treatment, the increase in cAMP-binding activity was not
matched by an increase in the catalytic activity of cAMP-

dependent protein kinase. In fact, in 6 of 8 experiments carried
out over a 6-month period, there was a 20 to 50% decrease in
the cytosolic histone kinase activity in both the BtjcAMP- and

Table 3
Specific activities of the regulatory and the catalytic subunits of cAMP-

dependent protein kinase in cytosols of control. Bt2cAMP-, 1% FCS-, and 2%
DMSO-treated N-18 mouse neuroblastoma cells

Measurement of the amount of specifically bound [3H]cAMP was done under

standard conditions. Histone kinase activity was assayed under optimal condi
tions in the presence of 5 pul cAMP.

" One unit = 0.9 pmol of 8-N3-[32P]cAMP-labeled protein in immunoprecipitate

per mg of membrane protein used.
6 One unit =1.1 pmol of 8-N3-t3zP)cAMP-labeled protein in immunoprecipitate

per mg of cytosol protein used.

ActivityCytosolControl

1 mm Bt2cAMP
1%FCS
2% DMSORegulatory

subunit
(pmol [3H]cAMP

bound/mgprotein)3.35
Â±0.85a

8.10 Â±3.28
7.83 Â±4.16
4.01 Â±1.05Catalytic

subunit (pmol
32Ptransferred/min/

mgprotein)981

Â±168
650 Â± 79
720 Â±154
690 Â±101

Mean Â±S.E. of 4 independent measurements.
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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
cells and the likelihood that R, may exist as a distinct entity in
these cells. The possibility of the presence of excess kinase
inhibitors) (1, 30) in extracts of the differentiated cells, thus
defying detection of an increased catalytic activity, seemed
unlikely. Mixing cytosols from control and Bt2cAMP-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 Bt2cAMP-treated cells. It

appears likely that the observed decrease in cytosolic kinase
activity of the Bt2cAMP- and 1% FCS-treated cells may be
related to the growth-retarding effects of Bt2cAMP 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 I and the type II 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 I or the type II holoenzyme. Chart 1 illustrates
the elution profiles from DEAE-cellulose columns of histone
kinase and 8-N3-{32P]cAMP-binding activities of cytosol prep

arations from control, 1% PCS-, and 2% DMSO-treated neu
roblastoma cells. In the control sample, 2 peaks of cAMP-

dependent protein kinase activity, referred to as the type I and
type II kinases, were eluted at 0.05 and 0.2 M NaCI, respec
tively, with the type I being the predominant form of the 2 (ratio

cAMP-binding Protein and Differentiation

of l/ll, 3/1). In agreement with previous observations (32), a
peak of M.W. 47,000 8-N3-{32P]cAMP-binding protein coeluted

with the type I enzyme, while the M.W. 52,000 and 54,000 8-
N3-[32P]cAMP-binding proteins coeluted with the type II en

zyme. Perhaps of greater significance was the presence of a
small but distinct peak of the M.W. 47,000 8-N3-{32P]cAMP-

binding protein, unassociated with kinase activity, which was
eluted by 0.16 M NaCI in the column eluate of the control cell
extract. In the case of the 1% FCS-treated neuroblastoma
cells, the M.W. 47,000 8-N3-[32P]cAMP-binding protein, R,,

was resolved into 3 components, 2 of which appeared to be
associated with the type I 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 NaCI, 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
Bt2cAMP-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
Cells. In order to probe the possible function(s) of Ri 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 RI 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 mw Bt2cAMP or 2% DMSO to N-18 mouse

CONTROL %FCS DMSO

CO

TYPE I

-32 _.

B.

A^cx
30IO 15 20 25 30 35 5 O 20 25 5 IO 15 20 25

FRACTION NUMBER FRACTION NUMBER FRACTION NUMBER

Chart 1. Elution profiles of cAMP-dependent protein kinase and 8-N3-{32P)cAMP-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-cellulose columns
(0.9 x 4 cm) preequilibrated in 10 mM Tris-HCI (pH 7.4), 50 fig PMSF per ml, and 1 rrtM EDTA. Columns were washed with 6 ml of the same buffer, and proteins were
then eluted by a linear gradient of 0 to 0.3 M NaCI (15 ml each) in the same buffer. Aliquots of individual fractions were assayed for histone kinase activity in the
absence (O) or presence (â€¢)of 5 JIM cAMP (Ai and the incorporation of 8-N3-[3?P]cAMP into R, (â€¢)and RÂ»O (B). Results on histone kinase and 8-N3-{32P)cAMP-
binding activities are presented in pmol of 32P transferred per min per fraction and pmol of 8-N3-{32P]cAMP incorporated per fraction, respectively.
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Table 4
Correlation ol cell growth, differentiation, and changes in intracellular cAMP 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

TreatmentControl1

HIMBtzCAMP1%FCS2%

DMSODoublingtime

(hr)22313028Satura

tion den
sity(x10"8/21sq

cm)5.82.82.43.4%ofcells
withneurites5908510Acetylcho-

linesterase
(nmol/min/mgprotein)7.162.533.614.78-N3-{32P]cAMP incorpo

rated (pmol/mgprotein)(pmol/mg
protein)5.32>18095.014.07Ri2.657.726.422.10RÂ»1.061.521.441.90Histone

ki-

nase (pmol
32P trans

ferred/min/mgprotein)981650720690Phosphodi-
esterase
(pmol/min/mgprotein)24.074.648.017.6

neuroblastoma cells or the culturing of cells in a medium
containing 1% PCS 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 Bt2cAMP and 1% PCS treatment was associated
with the expression of differentiated functions, namely, neurite
extension and increased acetylcholinesterase activity. Con
comitant increases in intracellular cAMP concentration, Ft,
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 I and type II
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 Ri 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 Ri in neuroblastoma cells is similar to that of
RI*. These include (a) identical electrophoretic mobilities on
SDS-PAGE and isoelectric focusing gels and (Â£>)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
Bt2cAMP to the growth medium or by culturing cells in medium
containing 1% PCS. 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

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
Bt2cAMP 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 acetylcholinesterase 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 cAMP-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.

REFERENCES

1. Ashby, C. D., and Walsh, D. A. Characterization of the interaction of a
protein inhibitor with adenosine 3':5'-monophosphate-dependent protein

kinase: interaction with the catalytic subunit of the protein kinase. J. Biol.
Chem., 247. 6637-6642, 1972.

2. Beavo, J. A., Bechtel, P. J., and Krebs, E. G. Preparation of homogeneous
cyclic AMP-dependent protein kinase(s) and its subunits from rabbit skeletal
muscle. Methods Enzymol., 38. 299-308, 1974.

3. Bourne, H., Tomkins, G. M., and Dion, S. Regulation of phosphodiesterase
synthesis: requirement for cAMP-dependent protein kinase. Science (Wash.
D. C.), 183.: 952-954. 1973.

4. Cartwright, I. L., Hutchinson, D. W., and Armstrong, U. W. The reaction
between thiols and 8-azidoadenosine derivative. Nucleic Acids Res., 3.
2331-2339, 1976.

5. Chen, J. S., Fa, A. D., DiLuzio, A., and Calissano, P. Liposome-induced
morphological differentiation of murine neuroblastoma. Nature (Lond.), 263:
604-606, 1976.

6. Garvey. J., Campbell, D., Cremer, N., and Sussdort. D. (eds.). Methods in
Immunology. Reading, Mass.: W. A. Benjamin, Inc., 1977.

7. Geahlen, R., and Krebs, E. G. Regulatory subunit of the type I cAMP-
dependent protein kinase as an inhibitor and substrate of the cGMP-de-
pendent protein kinase. J. Biol. Chem., 255. 1164-1169, 1980.

8. Oilman, A. G. A protein binding assay for adenosine 3':5'-cyclic monophos-
phate. Proc. Nati. Acad. Sei. U. S. A., 67: 305-312, 1970.

9. Grouse, L. D., Schraer, B. K., Lefendoz, C. H., Zulsair, M. Y.. and Nelson,
P. E. Neuroblastoma differentiation involved both the disappearance of old
and the appearance of polyribosomes. J. Biol. Chem., 255. 3871-3877,

1980.
10. Hofmann, F., Beavo, J., Bechtel, P., and Krebs, E. G. Comparison of

adenosine 3':5'-monophosphate-dependent protein kinase from rabbit skel
etal and bovine muscle. J. Biol. Chem., 250: 7795-7801, 1975.

11. Hofmann. F., Bechtel, P. J., and Krebs, E. G. Concentrations of cyclic AMP-
dependent protein kinase subunits in various tissues. J. Biol. Chem., 252.
1441-1447, 1977.

12. Insel, P. A., Bourne, H. R., Coffino, P., and Tomkins, G. M. Cyclic AMP-
dependent protein kinase: pivotal role in regulation of enzyme induction and
growth. Science (Wash. D. C.), Â»90:896-898. 1975.

13. Keely. S. L., Corbin, J. D., and Park, C. K. On the sensitivity of translocation
of heart cAMP-dependent protein kinase. Proc. Nati. Acad. Sei. U. S. A.,
72. 1501-1504. 1975.

CONTRO. BTgCAMP I % PCS DMSO

cAMP -4- -+-+- +

14. Kimhi, Y., Palfrey, C.. Spector, I.. Barak, Y., and Littauer, U. Z. Maturation
of neuroblastoma cells in the presence of dimethylsulfoxide. Proc. Nati.
Acad. Sei. U. S. A., 73. 462-466, 1976.

15. Lincoln, T. M., Flockhart. D. A., and Corbin, J. D. Studies on the structure
and mechanism of activation of the guanosine 3':5'-monophosphate-de-
pendent protein kinase. J. Biol. Chem., 253: 6002-6009, 1979.

16. Liu. A. Y.-C. Role of cyclic AMP-dependent protein kinase in the induction
of tyrosine aminotransferase. J. Biol. Chem.. 255: 4421-4429, 1980.

17. Liu, A. Y.-C., Fiske, W. W., and Chen, K. Y. Regulation of cyclic adenosine
3':5'-monophosphate-binding protein in N-18 mouse neuroblastoma cells.
Cancer Res., 40: 4100-4108, 1980.

18. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. Protein
measurement with the Folin phenol reagent. J. Biol. Chem., )93: 265-275.

1951.
19. Nimmo, H. G., and Cohen, P. Hormonal control of protein phosphorylation.

Adv. Cyclic Nucleotide Res.. 8: 145-266, 1977.
20. Pastan, I., and Adhya, S. Cyclic adenosine 5'-monophosphate in Escherichia

coli. Bacteriol. Rev., 40: 527-551, 1976.
21. Post. R. L., and Sen, A. K. 32P-Labeling of a (Na*-K*)-ATPase intermediate.

Methods Enzymol., 10:773-776. 1967.
22. Prasad, K. N. Differentiation of neuroblastoma cells in culture. Biol. Rev.,

50: 129-165, 1975.
23. Prasad, K. N., and Hsie. A. Morphological differentiation of mouse neuro

blastoma cells induced in vitro by dibutyryl adenosine 3':5'-monophosphate.

Nat. New Biol., 233: 141-142, 1971.
24. Prashad. N., Rosenberg, R. N., Wischmeyer. B.. Ulrich. C., and Sparkman.

D. Induction of adenosine 3':5'-monophosphate binding proteins by N6,O2'-
dibutyryl adenosine 3':5'-monophosphate in mouse neuroblastoma cells.
Analysis by two-dimensional gel electrophoresis. Biochemistry, 18: 2717-

2725, 1975.
25. Rubin. C. S., and Rosen, O. M. Protein phosphorylation. Annu. Rev. Bio-

chem., 44: 831 -887, 1975.
26. Ruoho, A. E., Kiefer, H., Roeder, P. E., and Singer, S. J. The mechanism of

photoaffinity labeling. Proc. Nati. Acad. Sei. U. S. A., 70: 2567-2571,1973.
27. Schubert, D., Harris, A. J., Heinemann, S., Kidokoro, Y.. Patrick. J., and

Steinbach, J. H. Differentiation and interaction of clonal cell lines of nerve
and muscle. Curr. Top. Neurobiol., 1: 55-84, 1973.

28. Staros, J. V., Bayley, H., Standring. D. N., and Knowles, J. K. Reduction of
aryl azides by thiols: implications for the use of photoaffinity reagents.
Biochem. Biophys. Res. Commun., 80: 568-572, 1978.

29. Thompson. W. J., Brooker, G.. and Appleman, M. N. Assay of cyclic
nucleotide phosphodiesterases with radioactive substrates. Methods En
zymol.. 38: 205-212, 1974.

30. Walsh, D. A.. Ashby, D. A., Gonzalez, C. D.. Calkins, C.. Fischer. E. H.. and
Krebs. E. G. Purification and characterization of a protein inhibitor of
adenosine 3':5'-monophosphate-dependent protein kinases. J. Biol. Chem.,
246: 1977-1985, 1971.

31. Walter, U., Costa. M.. Breakefield, X. O., and Greengard, P. Presence of
free cyclic AMP receptor protein and regulation of its level by cyclic AMP in
neuroblastoma-glioma hybrid cells. Proc. Nati. Acad. Sci. U.S.A.. 76: 3251-

3255, 1979.
32. Walter, U., Uno, I., Liu, A. Y.-C., and Greengard, P. Identification, charac

terization, and quantitative measurement of cyclic AMP-receptor proteins in
cytosol of various tissue using a photoaffinity ligand. J. Biol. Chem., 252:
6494-6500, 1977.

33. Witt, J. J., and Roskoski, R. Rapid protein kinase assay using phosphocel-
lulose paper absorption. Anal. Biochem.. 66: 253-258, 1975.

CONTROL BT2cAMP I % PCS DMSO

cAMP -4--+â€” +- +
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MEMBRANE 1A CYTOSOL 1 BFig. 1. Autoradiographs illustrating the incorporation of 8-N H '''P|cAMP into membrane (Ai and cytosol (B) proteins of control, Bt..cAMP-. 1% FCS-. and 2%

DMSO-treated N-18 mouse neuroblastoma cells. The incorporation of 8-N3-{32P]cAMP was done under standard conditions using 1 /ÃŒM8-N3-{32P]cAMP, in the
presence of 0.25 HIM 2-mercaptoethanol and 0.5 mM IBMX, with or without 20 JIM cAMP. Each channel contained 200 jig protein. The radioactive bands with
apparent M.W. of 47.000, 52.000, and 54,000 are indicated. The terms R, and RÂ»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-N3-i32P)cAMP into cytosol
proteins of control, Bt2cAMP-, 1% FCS-, and 2% DMSO-treated N-18 mouse neuroblastoma cells. The incorporation of 8-N3-{32P]cAMP was done under standard
conditions in the presence of 0.25 ITIM2-mercaptoethanol and 0.5 IDM IBMX. (The presence of 0.25 mM 2-mercaptoethanol in the binding assay mixture inhibited the
incorporation of 8-N3-[32P]cAMP into R, and RÂ«by approximately 45 and 25%. respectively.) Each channel contained 200 /jg protein. Ka is defined as the concentration
of o-N ,-| '''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 RI from control (AÃŒ,Bt2cAMP-
treated N-18 mouse neuroblastoma cells (B), and R,* (C) on a SDS 5 to 15%
polyacrylamide slab gel. The incorporation of 8-N3-[32PJcAMP was done under
standard conditions using 1 Â«M8-N3-[32P]cAMP in the presence of 0.25 mM 2-
mercaptoethanol and 0.5 mM IBMX. The specific activity of 8-N3-{32P]cAMP used

for the incorporation into cytosol proteins was 5 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 jig, respectively.
Fig. 4. Isoelectric focusing of the 8-N3-[32P]cAMP-labeled proteins of control

and BtzcAMP-treated N-18 mouse neuroblastoma cells and R,' and RÂ»'. The
incorporation of 8-N3-(32P)cAMP was carried out under standard conditions with
50 /ig cytosol protein and 1 (iM 8-N3-{32P]cAMP. in the presence of 0.25 mM 2-
mercaptoethanol and 0.5 mM IBMX. The 8-N3-{32P]cAMP-labeled RI' and regu
latory subunit of the type II cAMP-dopendent 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 pM electrode. The arrow identifies the
position on the gel of the sample application strips.
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