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1. Introduction 

Cyclic AMP-dependent protein kinase (ATP: pro- 
tein~phosphotransferase, EC 2.7.1.37) is the only 
known mediator of cyclic AMPeffects (key enzymes 
subject to phosphorylation by the kinase are reviewed 
in [ 11). The enzyme exists in two forms (cAK1, cAKI1) 
according to their order of elution on DEAE-cellulose 
[Z]. Both forms are tetramers which upon activation 
by cyclic AMP dissociate to form one regulatory sub- 
unit dimer (Ra) and two free catalytic (C) subunits: 

R2C2 =R2 t2C 131 

The regulatory moiety (RI) of cAKI differs from that 
(RII) of cAKI1 in M, [4,5 J, primary structure [S] and 
in immunological properties [6]. RI has two kinetically 
distinct binding sites for cyclic AMP, present in the 
proportion 1: 1 [73. With the ammonium sulphate 
precipitation method [8,9] used here 2 of the 4 cyclic 
AMP molecules bound/RI1 dimer were found to 
exchange more rapidly. This study gives kinetic evi- 
dence that RI1 also has 2 distinct binding sites for 
cyclic AMP. 

With the membrane filtration method [ 10- 141 
only 1 of the 2 types of bind~g sites of RI1 was 
detected. This suggests that reports of only I type 
of binding site associated with RI1 [ 131 or RI [ 141 
may be due to the selective loss of cyclic AMP bound 
to one of the binding sites during membrane filtration. 

2. Materials and methods 

Cyclic [3H] AMP(45 Ci/mmol) was from the Radio- 
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chemical Centre, Amersham. Adenosine 3’5’~cyclic 
monophosphate agarose (cyclic AMP attached through 
the p-amino group by an 8C-spacer; coupling density 
2.6 pm01 cyclic AMP/ml gel) was from Sigma. Other 
reagents were from the sources in [ 15 J. 

Buffer A is 15 mM Hepes-NaOH (pH 7.0) 0.3 mM 
EGTA, 0.1 mM EDTA, 0.5 mM dithiothreitol and 
20 mM 2-mercaptoethanol. 

Buffer B is 50 mM ~epes-NaOH (pH 7.0), 3.2 M 
NaCl, 30 mM EDTA containing the following factors 
known to stabilize the binding protein [9,15]: 20 mM 
2-mercaptoethanol, 0.5 mg/ml of bovine serum albu- 
min and 0.15 mg/ml of a heat-stable protein fraction. 

Bovine cardiac muscle was homogenized, subjected 
to precipitation with polyethylene glycol (PEG) and 
applied to DEAE-cellulose as described for the prepa- 
ration of cAK1 [ 151. After DEAB-cellulose chroma- 
tography the peak fractions of cAKI1 were pooled and 
passed through a column of carboxymethyl cellulose 
(CM-52) equilibrated with buffer A. The preparation 
so obtained is referred to as partially-purified cAKI1. 
Partially-purified cAKI1 was rechromatographed on 
DEAE-cellulose at pH 8.5, the peak fractions precip- 
itated with 1.9 M (50% satd.) (NH4)2 S04, the pre- 
cipitate resuspended in 4 ml buffer A and the resulting 
slurry briefly dialyzed against the same buffer to com- 
pletely dissolve the precipitate. The preparation was 
next chromatographed on a column (2.6 X 90 cm) 
packed with Ultrogel ACA-34 (LKB) equilibrated 
with buffer A. The first of the peak fractions of cAKII 
emerging were concentrated by precipitation with 
22% (w/v) PEG 6000 and subjected to glycerol (lo- 
20%, w/v) gradient centrifugation. The final prepara- 
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tion was >85% pure when tested by polyacrylamide 

gel electrophoresis under non-denaturing conditions 
[ 161 whether the acrylamide concentration was 5%, 
7% or 9%. When 10 PM cyclic AMP was included in 
the electrophoresis buffer no band was visible at the 
position corresponding to the major band observed 
in the absence of this nucleotide. 

2.2. Preparation of RII by affinity chromatography 
This was essentially as in [ 171. 35 ml of partially 

purified cAKII (-40 mg protein) in buffer A was 
applied (8 ml/h) to the cyclic AMP affinity column 
(0.7 X 4 cm) at 4°C. After adsorbtion of RI1 the 
column was washed with 4 vol. buffer A, and then 
with 4 vol. same buffer containing 2 M NaCl and 
0.5 mM AMP. RII was eluted at 23°C with either 
buffer A containing 10 M urea and 25 mM methyl- 
amine or buffer A containing 20 mM cyclic AMP. 
SDS gel electrophoresis according to [ 181 of the 
protein eluted with 20 mM cyclic AMP revealed one 
major Coomassie blue-stained band with a mobility 
corresponding to M, 55 000. The gels (5-25 pg pro- 
tein applied) were scanned at 595 nm and the areas 
under the peaks determined with a MOP-AM03 
Kontron morphometric analyzer. The main band 
(RII) was in this manner estimated to be -90% pure. 
In both preparations (elution with urea or cyclic AMP) 

RI1 existed as a dimer since it eluted as a single sharp 
peak with an estimated Stoke’s radius = 5.2 nm by 
high-performance gel permeation chromatography on 
a column (0.75 X 60 cm X 63 000 SW from Toyo 
Soda) equilibrated with buffer A containing 150 mM 
KCl. 

2.3. Preparation of RI 
cAK1 holoenzyme (judged to be 80-90% pure by 

the same criteria as used for cAKI1) was prepared as 
in [7]. RI was separated from the catalytic subunit 
and other proteins contaminating cAKI by DEAE- 
cellulose chromatography in the presence of 0.1 /.LM 
cyclic [3H]AMP [7]. 

2.4. Estimation of protein-bound cyclic / 3H]AMP 

2.4.1. By ammonium-sulphate precipitation 
This was essentially as in [9,15]. Aliquots were 

removed after different periods and precipitated in 
lo-30 vol. ice-cold 80% satd. ammonium sulphate. 
The bound cyclic [3H] AMP was collected by mem- 
brane filtration, eluted from the filters with aq. 2% 
(w/v) SDS and scintillation fluid added. 

2.4.2. By conventional membrane-filtration 

This was essentially as in [ 121; 50 ti aliquots were 
mixed with 6 ml ice-cold buffer (25 mM Tris-HCl 
(pH 7.0) with 10 mM MgCIZ and 20 mM 2-mercapto- 
ethanol). The sample was then immediately passed 
through membrane-filters (HAWP; 0.45 pm pore size, 
25 mm diam. from Millipore Corp.) and washed with 
3 X 6 ml of ice-cold Tris-buffer. Elution of retained 
cyclic [3H] AMP and scintillation counting were as 

for the ammonium sulphate precipitation method. 

2.5. Determination of the stoichiometry of cyclic 
AMP binding to RI and RII 

The amount of cyclic [3H] AMP in the RI nucleo- 

tide complex was determined by the ammonium sul- 
phate precipitation method, and the amount of RI by 
amino acid analysis [ 191. The preparation of RI1 
eluted from the cyclic AMP affinity column with 

cyclic AMP was quickly desalted on a Sephadex G-25 
column equilibrated with 15 mM Hepes-NaOH (pH 
7.0). The amount of bound cyclic AMP was deter- 
mined by precipitating aliquots in ammonium sul- 
phate, collecting the precipitates on membrane fdters, 
eluting the bound cyclic AMP by boiling the filters in 
1 ml buffer A, and measuring released cyclic AMP by a 
competitive protein binding assay [ 151. The protein 
content of the desalted RI1 was determined by the 
method in [20] with bovine serum albumin as the 
standard. The protein content of the standard had 

been pre-checked by amino acid analysis and was a 
gift from Professor T. Flatmark. For the estimation 
of the stoichiometry of cyclic AMP binding, the prep- 

aration of RI was considered 100% pure and that of 
RI1 90% pure. Subunit M, = 55 000 and 49 000 were 
assumed for RI1 and RI, respectively [3-51. 

3. Results 

3 .l . On the reliability of measurement of cyclic AMP 
bound to RI or RII by ammonium sulphate pre- 
cipitation 

The stoichiometry of cyclic AMP binding to Rl or 
RI1 was calculated to be 2.0 mol cyclic AMP/subunit 
using the ammonium sulphate precipitation method. 
This stoichiometry agrees with results from methods 
other than membrane filtration (equilibrium dialysis 
and fluorescence quenching of 1 @-etheno-cyclic 
AMP) [21-231. This result was obtained in the absence 
of high concentrations of NaCl or basic proteins 
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con~rm~g our finding that the ~rno~urn sulphate 

precipitation method allows the quantitative recovery 
of cyclic AMP bound to RI independently of the pres- 
ence of added proteins or salts [9]. Furthermore, 
90-100% of the cyclic [“II] AMP incubated with an 
excess of RI or RI1 was recovered in the ~monium 
sulphate precipitate, whether this was collected by 
membrane filtration or centrifugation. This latter 
observation supports our proposal that the high degree 
of retention of bound cyclic AMP on membrane filters 
with ammonium sulphate is due to formation of pre- 
cipitates f9], rather than to an altered interaction of 
R with the filter matrix as proposed in [23]. 

3.2. Dissociation rate experiments 
The RI1 eluted from the affinity column with urea 

was desalted by Sephadex G-25 chromatography and 
saturated with cyclic i3H] AMP (0.15 PM for 2 h at 
4OC). The exchange reaction was started by adding 
unlabelled cyclic AMP to 0.1 mM final cone. The 
experiments were carried out at 0°C (fig.1) and 37°C 
(fig.2) in buffer B. With the ammonium sulphate pre- 
cipitation method the rate of dissociation of the cyclic 
[3H]AMP-RII complex was biphasic at either 0°C 
(fig.1) or 37°C (fig.2). Half of the bound nucleotide 
showed a rapid dissociation (A) and the other half a 
slower dissociation (B). With the membrane-filtration 
method only one phase of dissociation showing first- 
order kinetics was observed (fig.2). This phase corre- 
sponded to the slowest phase (B) observed with the 
ammonium-sulphate precipitation method. The kd 

4 6 8 

Tome of dlssoclation (h) 

Fig.1. Dissociation rate at 0°C. RI1 (10 nM) saturated with 
cyclic [ 3H]AMP was incubated in buffer B with 0.1 mM 
unlabelkd cyclic AMP. Aliquots of 50 ~1 were removed at the 
time points indicated and the amount of bound cyclic AMP 
determined by the ammonium sulphate precipitation method. 

TIma of dissocntion fmm) 

Fig.2. Dissociation rate at 37°C. Comparison of the mem- 
brane filtration and ammonium sulphate precipitation meth- 
ods. RI1 (10 nM) was incubated in buffer B with 0.1 mM 
unlabelkd cyclic AMP. Aliquots of 100 ~1 and 50 ~1 were 
removed at the time points indicated on the abscissa and 
mixed with 4 vol. ice-cold ‘Ii&-buffer, respectively. The sam- 
ple in Tris-buffer was immediately passed through Millipore- 
filters (0). One portion of the sample in buffer B was imme- 
diately precipitated with 80% satd. ammonium sulphate (A) 
to determine bound nucleotide, whereas the remaining por- 
tion was left at 0°C and aliquots removed 3.5 h, 6 h and 16 h 
later for precipitation with ammonium sulphate. As seen in 
fig.1 essentially no cyclic [ 3H]AMP remains bound to site A 
after 3.5 - 16 h in buffer B at 0°C. Extrapolation of the 
amount of cyclic [3H]AMP bound (to site B) after 3.5 h, 6 h 
and 16 h at 0°C to t = 0 gives a selective measure of the 
amount of cyclic [‘HI AMP bound to site B (0). 

for phase A was 0.4 X lo9 s-r at 0°C and 17 X 10m3 
s-’ at 37*C. For phase B it was 0.02 X 10e3 s-i at 
O’C and 3.4 X 10T3 s-l at 37°C. The main difference 
from the data presented for RI (7) is that dissociation 
from site B is more rapid from RI1 than from RI. 

Results similar to those in fig.l,2 were observed 
whether the binding protein was: 
(i) RI1 eluted from the cyclic AMP affinity column 

with cyclic AMP and whose bound cyclic AMP 
had been exchanged with cyclic [3H] AMP; 

(ii) H.ighly purified cAKI1; 
(iii) HighIy purified cAKI1 in its autophospho~lated 

form. 
The completeness of the autophosphorylation was 
checked by measuring the incorporation of 32P from 
[y-32P]ATP [24]. The dissociation of cyclic AMP 
from RI1 derived from autophosphorylated cAKI1 
was not accomp~ied by any loss of the “P associated 
with RR. Two phases of exchange of bound cyclic 
[3~7]AMP were observed also in buffer A in the 
absence of added salt and with 150 mM KCl. Under 
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those conditions a retardation of the dissociation in 

phase A and an acceleration of the dissociation in 
phase B was observed, underscoring the homology 
between the binding sites in RI1 and RI [7]. 

4. Discussion 

Relatively few studies exist on the interaction 
between cyclic AMP and the regulatory moieties (RI, 
RII) of cyclic AMP-dependent protein kinases (cAK1, 
cAKI1). In most of those studies protein-bound cyclic 
AMP has been estimated by relying on quantitative 
retention of bound nucleotide on membrane filters 

[ 11,13,14]. This method has been shown to underes- 
timate the amount of cyclic AMP bound to cAK 
[9,21-231. 

Here, using an ammonium sulphate precipitation 
assay, a biphasic curve for the dissociation of cyclic 
AMP bound to RI1 was observed (fig.l,2) suggesting 
that RII, like RI [7], has two populations (A,B) of 
binding sites for cyclic AMP present in the propor- 
tion 1: 1. With the membrane-filtration method bind- 
ing to only one of the two populations of binding 
sites (B) was detected (fig.2). 

Using the membrane-filtration assay [ 131 a mono- 
phasic dissociation rate was found for the complex 
of RI1 and cyclic [3H]AMP with k, of 2.4 X 10e3 
s-l at 33’C which compares with the value (3.4 X 
10T3 s-r at 37°C) found in the present study for site 
B. About 1 molecule of cyclic AMP bound/RI1 sub- 

unit was found. The apparent discrepancies between 
[ 131 and this study may thus be due to the selective 
loss of cyclic AMP bound to site A during membrane: 
filtration in that study. We believe that interaction 
between RI1 and the matrix of the membrane filter 
results in the liberation of cyclic AMP bound to site A. 
Interaction of R with the filter may alter the confor- 
mation of R leading to release of cyclic AMP bound 

to site A. High concentrations of NaCl([7] and sec- 
tion 3) and chaotropic agents (unpublished) accelerate 
the dissociation of cyclic AMP preferentially from 
site A suggesting that R can take on conformations 

that lead to preferential loss of cyclic AMP from one 
of the binding sites. This interpretation is supported 
by the demonstration that membrane filters can 
remove half of the cyclic AMP bound to R [22]. 

The estimation of bound cyclic AMP by the ammo- 
nium sulphate precipitation method is unaffected by 
the presence of a number of proteins [9]. Using mem- 

brane filtration [25] it was noted, however, that pro- 

tamine apparently doubled the amount of cyclic AMP 
bound to cAK. It was unclear whether protamine 
increased the binding capacity of cAK or enhanced the 
retention of bound cyclic AMP on the filters. The 
latter mechanism is more likely since protamine failed 
to enhance cyclic AMP binding to dissociated cAK1 
when the ammonium sulphate precipitation assay was 
used [26]. In [21] 2 mol rather than 1 mol cyclic AMP/ 

RI1 subunit could be recovered on membrane filters 
when histone (and NaCl) had been included in the 
binding assay [21]. Also cyclic AMP bound to cyclic 
AMP/adenosine-binding proteins from erythrocytes 

[27], and plant tissue [28] is more efficiently retained 
on membrane filters when basic proteins are present. 
This suggests that the enhanced retention observed 
with basic proteins is non-specific and possibly related 
to the formation of aggregates between the acidic R 
and basic proteins. Conditions or agents that desta- 
bilize such aggregates (low pH, high ionic strength, 
chaotropic agents, urea, detergents, high concentra- 
tions of acidic proteins competing with R for the for- 
mation of aggregates with basic proteins) may inter- 
fere with membrane filtration methods using basic 
proteins. The modified membrane filtration method 
in [21], using histone and NaCl, does not allow the 

study of the interaction between cyclic AMP and R at 
physiological ionic strength or the interaction between 
the nucleotide and cAK holoenzymes, since the bind- 
ing of cyclic AMP to the latter is strongly affected by 
NaCl and histone [9,24,26]. Another advantage of 
the ammonium sulphate precipitation method as com- 

pared to the modified membrane filtration method is 
that the cyclic AMP-R complex is stable for several 
hours in ammonium sulphate [9]. We have investigated 
this phenomenon further and found that the antichao- 
tropic sulphate ion, even at concentrations (OS-1 M) 
too low to precipitate R, retards the rate of dissocia- 
tion of the cyclic AMP-R complex by a factor of 
-10. 

The finding of two populations of binding sites 
(A,B) associated with RI1 here did not seem to result 
from various degrees of autophosphorylation of RI1 
(see section 3). The fact that both nearly homoge- 
neous RI1 (isolated by affinity chromatography) and 
cAKI1 (isolated by conventional procedures for pro- 
tein purification) had site A and B in the proportion 
1: 1 makes it highly unlikely that any one of the bind- 
ing sites might be associated with a protein contami- 
nating the preparation of RI1 or cAKI1. Furthermore, 
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experiments on the inseraction between cyclic AMP 
and free RI1 or cAKI1 holoenzyme have shown site 
A-B interactions, suggesting that both binding sites 
reside in the same macromolecular complex (unpub- 
lished). These data are compatible with either a sym- 
metry model of the RI1 dimer where each subunit 
has 1 A site and 1 B site, or an asymmetric model 
in which 1 subunit has 2 A sites and the other 2 B 
sites. 

Each RI subunit may have 1 A and 1 B site based 
on the fact that interaction between A and B sites is 
tighter than between similar sites f29]. Experiments 
in which the monomeric form of RI (isolated by gel 
chromatography after limited proteolysis of the dimer 
with trypsin) showed interaction between site A and 
B, suggest that, at least for RI, the 2 types of sites are 
located on the same subunit (in preparation). 
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Addendum 

After this paper was submitted Rannels and Corbin 
(J. Biol. Chem. (1980) 255,708s) using a modified 
membr~e fdtration assay, have reported a biphasic 
rate of exchange of bound cyclic AMP from RI and 
RR. In their hands, however, cyclic AMP dissociated 
more rapidly from site B of RI1 than site B of RI. The 
authors did not address the question of whether any 
of the two binding sites preferenti~y escapes detec- 
tion by conventional membrane filtration. 
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