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ABSTRACT

We have compared the properties of cyclic adenosine 3':5'-monophos-

phate (cAMP)-dependent protein kinases I and II in hormone-dependent/
cAMP-sensitive (DMBA tumor) and hormone-independent/cAMP-re-
sistant (DMBA 1 tumor) rat mammary carcinomas.

cAMP-resistance was not due to (a) less total kinase in the hormone-
independent tumor, (b) grossly altered distribution between soluble and
particulate forms of the kinase (80% soluble in either tumor), (c) alter
ation in the relative proportion of isozymes I and II of the protein kinase
(the soluble and the particulate fraction from both tumors contained
about 50% of either isozyme), or (d) a decreased sensitivity towards
cAMP (both isozymes had affinities for cAMP and its derivatives that
corresponded closely with those of isozymes from normal tissues). Fur
thermore, the sensitivity of the enzymes towards thermal denaturation
was identical for samples from the two tumor types.

Subtle differences did, however, exist between the regulatory moieties
(regulatory subunit of cAMP-dependent protein kinase II (RII)) of iso
zyme II from the two tumors: (a) autophosphorylated RII from the
hormone-independent tumor migrated as a doublet corresponding to ;V/,s
54,000 and 52,000 on sodium dodecyl sulfate-polyacrylamide gels, against
A/,s 53,000 and 52,000 for RII from the hormone-dependent tumor, (b)
RII from the two tumors showed different elution profiles upon DEAE-
cellulose chromatography; (c) a considerable proportion of the soluble
RII in the hormone-independent tumor formed supramolecular aggregates
as judged by size-exclusion chromatography.

No such microheterogeneity was noted for isozyme I. This study thus
shows that the lack of cAMP-responsiveness of one tumor is related
either to a defect distal to the cAMP-dependent protein kinases or to the
appearance of the new subtype of RII in the resistant tumor. If the latter
explanation is correct, it means that the part of the RII molecule
responsible for interaction with other proteins rather than that respon
sible for cAMP-binding and control of protein kinase activity modulates
the growth-inhibiting response to cAMP.

INTRODUCTION

In eukaryotic cells, cAMP3 acts as the intracellular mediator

for a set of nonsteroid hormones (1). The action is mediated
through activation of cAK (EC 2.7.1.37) which phosphorylates
specific proteins, thereby modifying their biological activity (2).
Most mammalian cells contain two types of cAK (3), isozymes
I (cAKI) and II (cAKII). Both forms are tetrameric with two
catalytic and two regulatory cAMP-binding subunits (4). The
difference between the isozymes (2) has been traced to their
regulatory cAMP-binding subunits (RI and RII, respectively).

The role of cAMP as a regulator of growth and differentiation
is complex, the nucleotide being a stimulator of proliferation
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in some cell types and an inhibitor in others (see Ref. 5 for a
review). The hormone-dependent DMBA-induced rat mam
mary carcinoma appears to be especially sensitive to the growth-
inhibiting effect of cAMP, since tumor regression occurs under
treatment with DbcAMP (6-7). However, another autono
mously growing rat mammary carcinoma (DMBA 1) fails to
regress after ovariectomy or DbcAMP treatment (8-10). As
pointed out (11), a comparison of the cAMP-effector systems
in these two tumors may shed light on the mechanisms of the
growth-inhibiting effect of cAMP.

As a first step we have compared the cAMP-dependent
protein kinases of the two tumor types. It was of special
importance to test whether the kinase isozymes of the resistant
tumor had a normal reactivity towards cAMP and its butyr-
ylated derivatives and if the kinases of the two tumors differed
in their tendency to combine with other cellular proteins, which
might explain the lack of nuclear translocation of protein kinase
observed for the hormone-independent tumor (12).

MATERIALS AND METHODS

Chemicals. Cyclic [5':8-3H]AMP (56 Ci/mmol) and [->-32P]ATP

(4000 Ci/mmol) were from the Radiochemical Centre, Amersham,
United Kingdom. cAMP, A/6-monobutyryl-cAMP, Kemptide (phos
phate acceptor heptapeptide; leucylarginylarginylalanylserylleucylgly-
cine), benzamidine, aprotinin, and soybean trypsin inhibitor were from
Sigma Chemical Co., St. Louis, MO. 8-Piperidino-, 8-methyl-amino-,
8-thio-, and 2-trifluoromethyl-cAMP were kindly supplied by Drs. J.
P. Miller and R. H. Suva, Life Sciences Division, SRI, Menlo Park,
California. Antipain, chymostatin, leupeptin, and pepstatin were from
the Peptide Institute, Inc., 4-1-2 Ina, Minoh-shi, Osaka 562, Japan.
Protein A-Sepharose CL-4B was from Pharmacia, Uppsala, Sweden,
and reagents used for SDS-PAGE were from Bio-Rad Laboratories,
Richmond, CA.

Tumor Models. Primary4 (hormone-dependent, sensitive, DMBA
tumor) and transplantable (hormone-independent, resistant, DMBA 1
tumor) rat mammary carcinomas were from the National Cancer Insti
tute Laboratory. The primary mammary carcinoma was induced in
female Sprague-Dawley rats by DMBA and the transplantable DMBA
1 tumor was carried in female F344 rats as described (11). When tumor
size was 2-4 g, it was excised, cleared of necrotic areas, frozen in liquid
nitrogen, and stored at -80'C until use.

Preparation of Particulates and Soluble Fractions of Tumors. All steps
were carried out at 0Â°C.Ten tumors were weighed, pooled, minced,

and then rapidly homogenized by one of three procedures. In procedure
1 the tissue was homogenized with a Polytron mixer/emulsifier (setting
4) in 5 volumes of buffer A [15 mM Tris-HCl, pH 8.2-4 mM EDTA-0.4
HIM EGTA-0.15 M NaCl-20 mM 2-mercaptoethanol-l mM dithio-
t lireÂ¡toI, and protease inhibitors 0.1 mM pepstatin, 0.1 mM antipain,
0.1 mM chymostatin, 0.2 mM leupeptin, aprotinin (0.4 mg/ml), and
soybean trypsin inhibitor (0.5 mg/ml)]. The homogenate was centri-
fuged for 30 min at 35,000 x #.â€ž.The supernatant (soluble fraction)
was used for conventional size-exclusion chromatography and immu-

4The notations DMBA tumor, hormone-dependent tumor, sensitive tumor,

and primary tumor are used synonymously during the present communication,
as are DMBA 1 tumor, hormone-independent tumor, resistant tumor, and trans
plantable tumor.
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noquantification of RI and RII as well as temperature-stability experi

ments.
The pellet (paniculate fraction) was resuspended in the homogeni-

zation buffer, centrifuged for 40 min at 38,000 x #.â€žresuspended in
buffer with 1% Triton X-100, and gently rocked for 50 min at 0Â°C.

After centrifugation (as above) to clear the mixture, the supernatant
was used for immunoquantification of paniculate-associated RI and

RII.
Procedure 2 was done as above, except that the homogenization

buffer contained 5% (w/v) of polyethylene glycol (mean M, 6000)
instead of NaCl. The supernatant obtained with this procedure was
analyzed by ion-exchange chromatography. The NaCl was omitted so
as to lower the ionic strength. We have found that the inclusion of
polyethylene glycol in the homogenization buffer makes the micro-
somes sediment at 35,000 x g.v (30 min), and makes the pellet more
compact.

In procedure 3 homogenization was done with four strokes of a
glass/Teflon homogenizer (pestle speed, 475 rpm) in buffer B [0.1 M
K+-phosphate, pH 7.0, 0.15 M sucrose, l mM dithiothreitol, 1 HIM

EGTA, 5 raw EDTA, 0.2 mM phenylmethylsulfonylfluoride, 1 mM
benzamidine, leupeptin (0.1 mg/ml), pepstatin (0.02 mg/ml), and soy
bean trypsin inhibitor (0.5 mg/ml). The cytosol fraction was prepared
by centrifugation for l h at 100,000 x gav.This procedure was used for
high-performance size-exclusion chromatography.

Chromatographie Procedures. For ion-exchange chromatography, the
soluble fraction (homogenized according to procedure 2) was diluted
(1:5) in buffer A without polyethylene glycol and NaCl, applied to
DEAE-cellulose columns as previously described (13), and the column
washed with modified buffer A (polyethylene glycol, NaCl, pepstatin,
leupeptin, chymostatin, and antipain absent). A linear gradient of NaCl
(0-300 HIM)was applied, and fractions of 1.5 ml collected into tubes
containing 50 ^1 of bovine serum albumin (5 mg/ml) and soybean
trypsin inhibitor (3 mg/ml).

For conventional size-exclusion chromatography 5 ml of the soluble
fraction (homogenized according to procedure 1) was applied to serially
connected columns of Sephacryl S-300 (two columns; total 115 x 1.6
cm) and Sephacryl S-200 (85 x 1.6 cm) equilibrated with buffer A. The
separation was performed at 2Â°C,the elution rate was 0.2 ml/min, and

fractions of 3 ml were collected.
High-performance liquid chromatography was performed at 20Â°Con

a TSK-G 3000 SW (Toya Soda, Tokyo, Japan) and a TSK-G 4000 SW
(LKB-produkter AB, Bromma, Sweden) high-performance liquid chro
matography column (each 600 x 7.5 mm) coupled in series. The mobile
phase (0.1 M K' phosphate, pH 7.0, containing 1 mM dithiothreitol,

0.15 M sucrose, 0.5 mM EGTA, and 0.1 mM EDTA) was pumped at a
rate of 0.4 ml/min. The sample (0.5 ml) was cytosol homogenized
according to procedure 3, as described in the preceding paragraph.
Fractions of 0.4 ml were collected.

Determination of Endogenously Bound cAMP. One ml of DEAE- or
Sephacryl-separated fraction was mixed with glacial acetic acid to a
final concentration of 0.3 M. After heating for 15 min at 90Â°C,the

mixture was neutralized and centrifuged for 10 min at 10,000 x glv.
cAMP in the supernatant was assayed as previously described (13).

Determination of cAMP-stimulated Protein Kinase Activity. The rou
tine incubations and the measurement of the amount of 32Ptransferred

to kemptide were essentially as described (14). Fractions of cytosols
separated by Sephacryl (20 /Â¿I)were incubated for 5 min at 30Â°Cin 15

mM HEPES-NaOH, pH 7.0, with 10 mM Mg acetate, 0.3 mM EGTA,
0.1 mM EDTA, 20 Â¿JM[-y-32P]ATP(1 /tCi/ml), 20 mM 2-mercaptoeth-

anol, 0.1 mM kemptide, and 0.5 mg/ml of bovine serum albumin (total
incubation volume, 60 /d). The incubations were in the absence and
presence (2 n\i) of cAMP, and the reactions were terminated by spotting
on phosphocellulose strips (15).

Quantification of RI and RII Isoproteins. The preparation of isore-
ceptor-specific rabbit anti-RI- and rabbit anti-RII-antibodies has pre
viously been described (13). Samples (0.1 ml) of soluble fractions,
chromatographically separated fractions, or of Triton-extracted partic-
ulates were incubated in 15 mM HEPES-NaOH, pH 7.0 containing 2
mM EDTA, 0.4 mM l-methyl-3-isobutyl-xanthine, 0.1 mM adenosine,
0.1 mM AMP, 10 mM benzamidine, 0.5 mg/ml bovine serum albumin,

20 mM 2-mercaptoethanol, 0.5 mM dithiothreitol, and 0.4 n\t [3H]

cAMP (final incubation volume, 0.8 ml). The first 30 min of incubation
were at 37Â°Cto achieve exchange between endogenously bound cAMP
and added 3H-labeled cAMP. After another 30 min at 0Â°Cthe incubate

was divided into three portions. One portion served for the determina
tion of total [3H]cAMP bound by the ammonium sulfate precipitation

procedure (16, 17). The other portions served for the determination of
[3H]cAMP bound to RI and RII, respectively, and Protein A-Sepharose
complexed with isozyme-specific antibody were added to each tube.
After rocking and washing in polypropylene columns (details of which
are given in Refs. 13, 18, and 19), the [3H]cAMP retained on the
columns (representing the cAMP-binding capacity of RI and RII,

respectively) was quantitatively eluted with acetic acid, and the amount
of isotope was determined by scintillation counting.

Temperature Stability of cAMP Binding. Samples of the cytosol
fraction were incubated in buffer A with 0.15 M NaCl in the presence
of 1 HIMadenosine, 1 mM AMP, and 2.5 >JM[3H]cAMP for 2 h at 0Â°C.

In some experiments, aimed to test the stability of the cAMP-receptor

complex at various temperatures, the incubates were transferred to 37
or 56Â°Cand aliquots (100 ;<1)removed at various periods of time and

immediately squirted into a tube containing 5 ml ice-cold 90% ammo
nium sulfate. The amount of [3H]cAMP bound was determined as

previously described (16, 17). In another set of experiments we wanted
to text the susceptibility of cAMP-binding capacity to thermal inacti-
vation. The binding proteins were first saturated with [3H]cAMP (in
cubation with 1 ÃÃM[3H]cAMP for 30 min at 37Â°Cand l h at 0Â°C).

Aliquots (100 ftl) were incubated (in the absence or presence of unÃa
beled cAMP) for 15 min at various temperatures, after which each
sample was recooled for 15 min at 0Â°Cbefore 5 ml ice-cold 90%

ammonium sulfate was added and the remaining bound nucleotide
determined as described above.

Determination of cAMP Analogue Affinities and Activating Potencies
for Protein Kinase Isozymes. RI and RII (obtained by DEAE-cellulose
chromatography as described in Fig. 1) were incubated with 100 UM
[3H]cAMP and various concentrations of unlabeled cAMP analogues.
The incubations were for 30 min at 37Â°Cin 15 mM HEPES-NaOH,

pH 7.0, with 0.15 M KC1, 5 mM EDTA, 20 mM 2-mercaptoethanol, 2
mg/ml of bovine serum albumin, and 2 mg/ml of a heat-stable protein
fraction. The concentration of the regulatory cAMP-binding subunits
was 3-6 nM (with respect to cAMP-binding capacity). Each analogue
was tested at 10 different concentrations covering a 512-fold concen
tration range. [3H]cAMP bound to sites A and B was determined as

previously described (20), and the ratio of /fÂ¡cAMP/#Â¡analogue(which
is a measure of the relative affinity compared to cAMP of an analogue
for a binding site) was calculated.

In another set of experiments, we tested the ability of cAMP and 7V6-
monobutyryl-cAMP to activate protein kinases from various fractions
of molecular sieve separated proteins. The incubation conditions and
the calculation of apparent activation constants were as detailed in (14,
21).

32P-labeIing of RII and Separation of Phosphoforms of RII. Soluble
fractions (final volume 3.0 ml) were incubated with 1 /Â¿M[-y-32P]ATP

in a buffer containing 50 mM Na2HPO4, pH 7.0, 10 mM Mg acetate, 6
mM NaF, 1 mM EDTA, 0.5 mM EGTA, 1 mM benzamidine, and 0.5
mg/ml soybean trypsin inhibitor. After a 15-min incubation at 0Â°C,the

reactions were terminated by the addition of either 0.3 ml final sample
buffer (62.5 mM Tris-HCl, pH 6.8-2% SDS-10% glycerol-5% 2-mer
captoethanol) or 180 /il buffer A with 1 mM ATP, 500 mM NaF, and
120 til of a slurry containing protein A-Sepharose CL-4B (100 Â¿il)and
anti-RII antibody (20 ^1). The latter mixture was gently rocked for 2 h
at 2Â°C,after which immunoimmobilized 32P-RH was separated from

phosphoproteins not recognized by antiserum by three sequential cycles
of washing and low-speed centrifugal ions. 32P-RII was obtained in a

soluble form by treating the final pellet with sample buffer. The proteins
were separated by slab SDS-PAGE according to Laemmli (22), using
10% acrylamide in the separation gel. Labeled proteins were detected
by direct autoradiography of dried gels by using Kodak XAR film
(Eastman Kodak Co., Rochester, NY).
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RESULTS AND DISCUSSION

Concentration of Protein Kinase Subunits in Rat Mammary
Carcinomas. The subunits (regulatory and catalytic) of cAMP-
dependent protein kinases are normally expressed at a propor
tion of 1:1 (23). However, several other cell lines show a
disproportionately high expression of the regulatory subunit of
protein kinase (24-30). It has been suggested that this free
regulatory subunit may serve as a "sink" for cAMP and thus

make the cells less sensitive to cyclic nucleotides. As a first
approach, we tested to determine if the presence of dispropor
tionately high amounts of free regulatory subunit could explain
the hormone- and cyclic nucleotide insensitivity of DMBA 1
tumor versus DMBA tumor. We found no difference in the
relationship between protein kinase activity and cAMP-binding
capacity of the particulates or soluble fractions of either tumor,
and the ratio was the same as for purified protein kinase
holoenzymes from rat muscle and rat liver (not shown). The
cAMP binding capacity was similar for the two tumors (Table
1), being about the same as for rat liver hepatocytes (18). We
therefore conclude that both tumors contained normal levels of
cAMP-dependent protein kinase, the subunits of which were
equally expressed.

The biological significance of the presence of two distinct
isozyme forms of cAMP-dependent protein kinase still remains
enigmatic. One of the more consistant findings in the search
for separate biological functions for the two isozymes has been
the increased proportion of protein kinase I in rapidly prolif
erating versus quiescent cells (31). For the two tumors, the
amounts of RI and RII were measured in the paniculate and
soluble fractions using a recently developed immunoquantifi-
cation procedure ( 13,18). Several such experiments gave RI:RII
ratios in the range 0.9-1.1 for either type of tumor. This near
equivalence of RI and RII was noted both in the paniculate and
soluble fractions. It can thus be concluded that both tumors
have a similar complement of the kinase regulatory subunits.
The results obtained are summarized in Table 1.

Chromatographie and Electrophoretic Separation of RI and
Subtypes of RII. DEAE-cellulose chromatography of tumor
extracts showed several peaks of cAMP-binding activity (Fig.
1). By use of type-specific antibodies the binding activity due to
RI could be distinguished from that due to RII. RI eluted in
two peaks (la, Ib). The second peak eluted at 0.13 M NaCl for
both tumors, whereas the first eluted at 0.07 and 0.05 M NaCl
for DMBA tumor and transplanted tumor, respectively (Fig.
1).

This difference may be explained by a higher amount of
proteolytic activity in primary versus transplanted tumor. We
found that DEAE-cellulose fractionation of either tumor in the

Table 1 Comparison of cAMP-binding capacity and relative amounts ofRI and
RII in paniculate and soluble fractions of DMBA and DMBA I tumors

cAMP-binding capacity and the amounts of RI and RII were assayed as
described in "Materials and Methods." Samples were assayed in triplicate, and

the results are expressed per mg tumor.

DMBA tumor
38,000 x g sediment (n = 3)
35,000 x g supernatant (n =6)DMBA

1 tumor
38,000 x g sediment (n - 3)
35,000 x g supernatant (n = 6)Binding

capacity
(pmol cAMP/
mg tumor Â±
SD)0.18

Â±0.03
1.12Â±0.140.18

Â±0.02
0.94 Â±0.12RI/RII1.10

0.971.05

1.03

34

Fraction number
Fig. 1. Immunologia! separation of I'll |uAM I' (</'///. IA//') bound to RI and

RII in samples of DEAE-cellulose fractionated tumors. Soluble fractions from
hormone-dependent DMBA tumor (A) and hormone-independent DMBA 1 tu
mor (B) were prepared and chromatographed on DEAE-cellulose as detailed in
"Materials and Methods." Samples of the fractions were incubated with 40 HM
[JH]cAMP for 30 min at 37'C, and aliquots were tested for total [JH]cAMP-

binding capacity by the ammonium sulfate precipitation method (â€¢)or incubated
with antiserum against RI and RII (see "Materials and Methods" for details) to
determine the amount of [3H)cAMP RI (O) and [3H]cAMP RII (A). Ordinate,

concentration of binding protein per fraction. The salt gradient (right ordinate) is
indicated by the straight diagonal line.

absence of "protease-inhibitor cocktail" (see "Materials and
Methods") shifted the Chromatographie elution of peak la

towards even higher ionic strength. A comparison of the kinase
activity and [3H]cAMP-binding activity of each peak indicated

that peak Ib represented free RI, whereas peak la represented
the holoenzyme form of RI, and peaks Ha and lib represented
the holoenzyme forms of isozyme II. That peak Ib represented
free RI was further supported by the finding of endogenously
bound cAMP in that peak (data not shown). The presence of
free RI with endogenously bound cAMP may explain why RI
has previously been underestimated in such tumors (12). An
other point of caution against relying on DEAE-cellulose chro
matography for estimation of protein kinase isozyme distribu
tion (13, 32) is the Chromatographie overlap between RI and
RII disclosed by the immunoquantification (Fig. 1).

A Chromatographie microheterogeneity of cAKII was ob
served for both tumor cytosols. Subtype cAKIIb was relatively
more abundant in the resistant tumor (Fig. 1) and also eluted
at a higher ionic strength (0.21 M NaCl) in extract of resistant
than sensitive tumor (0.18 M NaCl). Omission of the cocktail
of protease inhibitors led to a concerted shift of elution of
cAKIIa and cAKIIb towards lower ionic strengths, with no
change in their relative abundance. This observation does not
support the notion that the observed microheterogeneity should
be due to proteolysis.

The biological significance of the two subtypes of cAKII is
so far unknown. We have previously observed that cAKIIb was
more abundant in fetal than adult brain cortex and that its level
increased relative to cAKIIa following chemically induced neo-
plastic transformation of rat glial cells (13).

Robinson-Steiner et al. (33) have classified RII from several
sources into subclasses based on their apparent molecular
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weights and whether their mobilities on SDS-PAGE shift after
autophosphorylation. After autophosphorylation (Fig. 2), RII
from sensitive tumor migrated as a doublet of apparent molec
ular weights of 53,000 and 52,000, respectively, whereas RII
from resistant tumor appeared as a doublet of apparent .V/rs
54,000 and 52,000. The results obtained after autophosphory
lation of rat liver RII (A/, 54,000) and rat epididymal fat pad
(Mrs 54,000 and 52,000) are also shown. The electrophoretic
pattern thus suggested that DMBA-induced tumors possess
different subclasses of isozyme II. Taken together with the
results of the D l-,AE cellulose chromatography, these data point

to subtle but significant physiochemical differences between RII
from the two tumors.

It has recently been shown that rat ovary contains two sub
types of isozyme II, termed RII52/5iand RII54 according to their
migration on polyacrylamide gels (34). The RIIsz/si subtype is
hormone sensitive, and it has been suggested that the two forms
may represent different gene products (34). Whether the two
differently migrating forms of mammary carcinoma RII also
could represent different gene products remains to be estab
lished.

We also observed differently migrating RII degradation prod
ucts between the two tumors (Fig. 2). Imashuku et al. (35) has
previously observed similar proteolytic fragments in human
neuroblastomas and presented evidence that the proteolysis
might occur in vivo.

Evidence for Supramolecular Complexes of RI and RII. We
next tried to resolve the different "subclasses" of protein kina se

isozyme II by molecular sieve chromatography. The data ob
tained using Sephacryl columns are shown in Figs. 3 and 4.

For DMBA primary tumor RI eluted as a single entity with
a peak at Fraction 90. Isoprotein II eluted as two major peaks,
the first around Fraction 80 and the second around Fraction
90. A minor component of RII eluted around Fraction 50. If
the samples were prepared in the absence of protease inhibitors
or allowed to age, an apparent conversion of RII was observed,
resulting in less RII eluting at Fraction 80 and more around
Fraction 90. Prolonged aging led to the loss of both of these
peaks and the appearance of cAMP-binding material unreactive
towards anti-regulatory antibodies eluting in Fractions 94-110
(data not shown).

The main part of isoprotein II from resistant tumor eluted
as a wide peak with maximum activity around Fraction 76. The
main part of RI eluted at Fraction 90. In addition, a significant
proportion of both isozymes (RII predominating) eluted in
regions corresponding to a molecular weight in excess of
200,000 (Fig. 3B). Very little such high molecular weight com
ponents were noted in the fractions from sensitive tumor (Fig.
3/1).

In order to test which form of protein kinase (holoenzyme,

Fat pad DMBA

tumor

DMBA No.1

tumor

Liver

? 54â€”Â»
2 52â€”Â»
x
5" 40â€”Â»

37â€”* *W ^ ~Â°r Â«-

Fig. 2. Autophosphorylation of RH-subunits. Autoradiograph showing auto
phosphorylation of cytosols from rat epididymal fat pad (lanes 1 and 2), DMBA
tumor (lune-, i and â€¢/).DMBA 1 tumor (lanes 5 and 6), and rat liver (lanes 7 and
.V).Phosphorylation was performed as described in "Materials and Methods." To

each set of lanes were added 60 and 20 fil of cytosol solution respectively.

60 70 80

Fraction number

90 1OO

Fig. 3. Immunologia! separation of [3H]cAMP (c[3HJAMP) bound to RI and
RII in fractions prepared by gel filtration of tumors. Soluble fractions from
hormone-dependent DMBA tumor ( I) and hormone-independent DMBA 1 tu
mor (B) were prepared and chromatographed on coupled Sephacryl S-300 and S-
200 columns as detailed in "Materials and Methods." Samples of the fractions
were incubated with |'H]cAMI" as described in the legend of Fig. 1. The aliquots

were next incubated with antiserum against RI or RII to determine the amount
of [3H)cAMP RI (D) and (3H]cAMP RII (A). Ordinate, concentration of binding

proteins per fraction. Molecular weight marker / is RI dimer (M, 85,000) from
rabbit skeletal muscle, and 2 is tetrameric cAKII from bovine heart (M, 170,000).

x
au

o
eg

Sa

Ã§'S
o
Â£

10 -

90 10O

Fraction number
Fig. 4. Protein kinase activities and endogenously bound cAMP in fractions

prepared by gel filtration of tumors. Extracts of hormone-dependent DMBA (.-()
tumor and hormone-independent DMBA I (B) tumor were chromatographed on
coupled Sephacryl columns as described in the legend of Fig. 3. Separate aliquots
were tested for phosphotransferase activity in the absence (O) or presence (â€¢)of
2 tiM cAMP. Individual fractions were also analyzed for the amount of endoge
nously bound cAMP (â€¢)as described in "Materials and Methods." Ordinale,
concentration of endogenously bound cAMP and cAMP-dependent protein kinase
activity per fraction, respectively. Molecular weight markers are as for Fig. 3.
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free regulatory subunit) eluted as supramolecular aggregates,
we compared the protein kinase activity with the [3H]cAMP-
binding capacity and determined the amount of cAMP endog-
enously bound in the Sephacryl-separated fractions (Fig. 4).

The ratio between cAMP-stimulated protein kinase activity
(â€”, upper line, Fig. 4) and binding activity ( , Fig. 4) was
highest in Fractions 72-82 in the mutant tumor, being similar
to the ratio for highly purified cAKI and cAKJI from rat skeletal
muscle. The ratio was significantly lower in the fractions con
taining the high molecular weight components of RI and RII
and much lower in the Fractions (85-95) containing the peak
of RI. This suggested that Fractions 72-82 contained cAK
holoenzyme, Fractions 85-95 contained mainly free RI, and
the high molecular weight fractions contained a mixture of cAK
holoenzyme and free regulatory subunits. This conclusion was
supported by the finding of peaks of endogenously bound cAMP
in the high molecular weight fractions as well as Fractions 85-
95 (Fig. 4). It was also supported by the finding that tetrameric
cAKII (from bovine heart; MT 170,000) eluted at Fraction 79,
and dimeric free RI (from rabbit muscle; M, 85,000) eluted at
Fraction 90.

To ensure that the observed elution patterns were not de
pendent on the particular Chromatographie matrix, the experi
ment was repeated with chromatography on high performance
TSK columns (Fig. 5). As detailed in "Materials and Methods",

the homogenization medium, eluant, and temperature were
different as compared to the conditions using Sephacryl sepa
ration. In all cases the elution pattern of kinases was qualita
tively similar to that observed with Sephacryl, RI and RII being
present in supramolecular complexes of the mutant tumor
cytosol (Fig. 5).

o.o -

32 40
Elution volume (ml)

Fig. 5. Immunological separation of pHJcAMP (c/'HJAMP) bound to RI and
RII and absorbance at 280 nm in fractions prepared by size-exclusion liquid
chromatography of tumors. Cytosol fractions from hormone-dependent DMBA
tumor 1.1) and hormone-independent DMBA 1 tumor (I!) were prepared and
chromatographed on coupled TSK-G 3000 and 4000 columns as described in
"Materials and Methods." Samples of the fractions were tested for [3H)cAMP

binding to RI (D) and RII (A), respectively, and AMO( ) were determined for
all fractions. I â€žis void volume, and the following molecular weight markers were
used: /, blue dextran (M, 2 x IO6);2, thyroglobulin (M, 669,000); 3, catatase (M,

232,000); 4, bovine serum albumin (M, 67,000); and 5, soybean trypsin inhibitor
(A/,20,100).

Whether the molecular weight complexes containing RI and
RII represent multimeric aggregates of these proteins, protein
kinases associated with other intracellular proteins (sub
strates?), or a mixture of both is not known at the moment.
The observation (36, 37) that microtubular-associated protein
2 and other proteins possess intracellular high-affinity binding
sites for the "neural" subtype of RII is in favor of that sugges

tion. Extracts of nonneural rat tissues like epididymidal fat pad
and skeletal muscle showed no high molecular weight com
plexes of RI or RII.5 The presence of these complexes might
thus be a relatively specific trait of the DMBA-induced tumors.

The difference in tendency to form supramolecular aggregates
may be due to an alteration within the regulatory subunit
is<Â¡proteinsthemselves, or due to variable amounts of complex-
ing macromolecules in extracts from different tissues. To com
pare the overall protein patterns from the two tumors, we
measured A2go in all samples from high performance liquid
chromatography-separated cytosols (Fig. 5). We observed that
the protein profile was different for the two tumors, and that
the relative proportion of high molecular weight proteins was
higher for sensitive tumor (Fig. 5). The occurrence of supra-
molecular complexes of protein kinases in resistant tumor is
thus not a reflection of a generally higher amount of high
molecular weight proteins in this tumor. For both tumors, it
should be noted that proteolysis tends to degrade proteins, and
also a considerable dilution occurs upon homogenization and
gel chromatography. It is thus probable that the amount of
complexes observed is an underestimate of the amount present
in the intact cell.

The biological significance of such complexes is so far un
known. A specific primary sequence, present in bovine muscle
RII, has been suggested to be important for the interaction
between cytosolic proteins and the apparatus responsible for
translocation of cytosolic proteins to the nucleus (38). It can be
speculated that the binding of other proteins to this particular
amino acid sequence of RII may inhibit its translocation to the
nucleus. This may explain why RII from the mutant tumor does
not translocate to the nucleus (12). Another possibility is that
these complexes might just be coincidental to the impaired
nuclear translocation of the kinases.

Temperature Stabilities of Regulatory Subunits in Hormone-
dependent and Transplanted Tumor. In a previous study (39) it
was observed that cAMP receptor proteins of a cAMP-unre-
sponsive tumor was more sensitive to temperature than those
of a cAMP-responsive tumor. We tested cAMP binding to
receptor proteins of DMBA-induced mammary carcinomas in
the temperature range from 0-100Â°C. The binding proteins

from both tumors showed similar temperature stabilities under
all experimental conditions tested, whether the incubations
were carried out in the absence or presence of cAMP (data not
shown).

Cyclic AMP Binding Sites of RI and RII. The cAMP insen-
sitivity of DMBA 1 tumor could be due to alteration(s) of the
cyclic nucleotide-binding domain of protein kinase. RI as well
as RII has two types of cAMP-binding sites per regulatory
subunit monomer, termed sites A and B according to the rate
with which they exchange bound labeled nucleotide (40). The
differences between the binding sites have been characterized
by using adunine-modified cyclic nucleotides (20, 21). For both
isozymes, hydrophobic ^-modified cyclic nucleotides generally
select site A whereas compounds with electron-donating sub-
stituents in C-8 and C-2 positions prefer site B (20, 21). A few

*S. O. D0skeland et al., unpublished observations.
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Table 2 Affinity of cyclic nucleotide analogue for sites A and B of protein kinase isozymes from hormone-dependent and -independent mammary tumors

DEAE-celluIose fractions containing one isozyme (Fractions 18, 29, 33, and 34, respectively; fraction numbers refer to those in Fig. 1) or a mixture of cAKI and
cAKII (Fractions 27 and 28) were used during these experiments. Each fraction was tested for inhibition of [3H]cAMP binding to each site by increasing the
concentration of cyclic nucleotide analogue. [3H]cAMP bound to sites A and B of each isozyme was determined as described in "Materials and Methods." The ratio
A',i-AMP/A,;in;il<>)Â¡ue.which is a measure of the relative affinity of an analogue for a binding site, was calculated.

A*-Monobutyryl-
cAMPAnalogueDMBAFraction

18Fraction
28Fraction

33DMBA
1Fraction
18Fraction
27Fraction
29Fraction
33Fraction

34Affinity

siteA2.180.690.492.200.660.810.780.70AffinitysiteB0.120.110.0720.0670.0450.0470.0220.0418-Piperidino-cAMPAffinitysiteA0.990.120.142.000.220.0820.0430.061AffinitysiteB0.110.190.750.140.0900.520.920.538-Aminomethyl-

cAMPAffinity

siteA0.180.0400.0630.0760.0610.0340.0190.028AffinitysiteB6.171.070.965.392.40.830.430.618-Thio-cAMPAffinity
Affinity

site A siteB0.19

0.500.0660.0910.22

i0.0730.0600.0350.13.13.091.66.04.43.65.052-Trifluoromethyl-

cAMPAffinity

siteA0.140.190.170.140.1

10.210.130.33Affinity

siteB1.151.323.120.982.883.703.142.56

analogues (e.g., 8-piperidino-cAMP) discriminate the isozymes
by showing a large difference in affinity for the homologous
binding sites (21).

Steinberg (41), by fine-structural mapping of cAMP-resistant
S49 lymphoma RI-subunits, has recently presented strong evi
dence that several such mutations fall within the cAMP-binding
regions of regulatory subunits. These mutant lymphoma kinases
require 20- to 400-fold higher concentrations of cAMP than do
wild-type cells for half-maximal kinase activation (41). Thus,
by comparing homologous isozymes using cyclic nucleotides, it
should be possible to detect even minor changes in the regions
of the binding sites, e.g., a single-point mutation.

We selected the following cAMP analogues (20, 21) to char
acterize the binding sites: yV'-monobutyryl-cAMP (has a high
preference for site A of either isozyme); 8-amino-methyl-cAMP
and 8-thio-cAMP (select site B of both isozymes); and 8-
piperidino-cAMP (selects site A of RI and site B of RII). 2-
Trifluoromethyl-cAMP was also included in the study, since
this compound may discriminate between site B of freshly
prepared RI and that of RI "aged" in the absence of reducing

agents (42).
Protein kinases from DEAE Fractions 18, 28, and 33 for

hormone-dependent tumor (Fig. 1/4) and Fractions 18, 27, 29,
33, and 34 from resistant tumor (Fig. IB) were analyzed. The
analogue affinities determined (Table 2) for the regulatory
subunit present in Fractions 18 were "typical" for those previ

ously determined using isoprotein I prepared from other sources
(13, 20, 21), whereas regulatory subunits in Fractions 33 and
34 showed affinities for cyclic nucleotides typical for isoprotein
II.6 No differences were observed between homologous kinases

from sensitive and resistant tumor. It is thus concluded that the
cyclic nucleotide binding sites are similar, if not identical,
between homologous regulatory subunit proteins from the two
tumors.

Fraction 29 of resistant tumor (containing subclass cAKHa
exclusively) showed cyclic nucleotide specificity similar to Frac
tions 33 and 34 (containing cAKIIb). Fraction 27 from resistant
tumor and Fraction 28 from sensitive tumor (containing a
mixture of RI and cAKIIa) showed affinities intermediate be
tween the other fractions. Taking into account the relative
proportion of each isozyme in Fractions 27 and 28, the values
observed corresponded closely to those expected from a mixture
of pure isozyme fractions. By these methods, thus, we could
not distinguish between the binding sites of cAK.Ha and cAKIII).

Based on the affinities determined for 2-trifluoromethyl-

" Unpublished observations.

cAMP (Table 2) there was no evidence for the occurrence of
the "aged" form (42) of cAKJ.

In a separate set of experiments we tested to see if the cAMP-
dependent kinase eluting in the "high molecular weight frac
tions" from the Sephacryl columns (Figs. 3 and 4) differed from

the bulk of the cAMP-dependent kinase activity in its response
to cAMP-dependent kinase activity in its response to cAMP
and its analogues. Fractions 50, 52, 54, 60, 68, and 76 from
the Sephacryl chromatography extract of either tumor were
tested for their phosphotransferase activity using a synthetic
heptapeptide substrate and various concentrations of cAMP,
W-monobutyryl-cAMP, or DbcAMP as activators.

In no case did the apparent activation constant, i.e., concen
tration of cyclic nucleotide required for half-maximal activation
of the kinase, differ by more than a factor of 2 between the
fractions; also, the steepness of the plot of protein kinase
activity versus cyclic nucleotide concentration was similar, the
apparent Hill coefficient being about 1.4 in all cases. This set
of experiments showed that the kinases from the two tumors
were activated with similar sensitivity, the positive cooperation
in the response to cAMP and its butyrylated analogues (40)
being intact. The lack of DbcAMP response of the mutant cell
line thus cannot be explained by DbcAMP unresponsiveness of
its kinase. The experiments also showed that the cAK holoen-
zymes associated with the high molecular weight fractions had
a normal responsiveness towards cAMP and its analogues.

Concluding Remarks. In conclusion, the main differences
observed between the two tumors of the present study were the
microheterogeneity of cAK.II enzymes and the tendency of
resistant tumor to form a higher proportion of kinases associ
ated to supramolecular complexes. It has been suggested that
nuclear translocation of a ternary complex of cAKII may be the
triggering event for regression of hormone-dependent DMBA
tumor (12). DMBA 1 tumor continues to grow and does not
exhibit translocation of the complex to the nucleus (12). It is
possible that the tight association between resistant protein
kinases and other intracellular proteins might in part explain
the lack of nuclear translocation observed upon hormone treat
ment/DbcAMP stimulation of this tumor. The ability to form
such supramolecular complexes could be the result of subtle
modifications of the regulatory subunit moiety. Such modifi
cations would presumably be outside the cAMP-binding sites
since they appeared similar between isozymes isolated from the
two tumors.
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