
165 

Biochimica et  Biophysica Acta, 464 (1977) 165--178 
© Elsevier/North-Holland Biomedical Press 

BBA 77569 

SOLUBILIZATION AND PHOTOAFFINITY LABELING OF RENAL 
MEMBRANE CYCLIC AMP RECEPTORS * 

RONALD J. WALKENBACH ** and LEONARD R. FORTE *** 

Departm en t o f  Pharmacology, University o f  Missouri, School o f  Medicine, Columbia, Mo. 
65201 (U.S.A.) 

(Received June 28th, 1976) 

Summary 

Renal cortical plasma membranes were solubilized with sodium deoxy- 
cholate. The membrane-bound cyclic AMP receptors retained biologic activity 
in the detergent-dispersed state exhibiting the properties of high affinity for 
cyclic AMP, saturability and specificity. Half-maximal binding of cyclic [3H]- 
AMP to these receptors was found to occur at 0.06 pM and 1.5 pmol of cyclic 
[3H]AMP was bound per mg membrane protein at saturation (0.5 /aM cyclic 
[3It]AMP). Sodium deoxycholate-solubilized membrane proteins were chro- 
matographed on Biogel A-5m. Cyclic [3H] AMP receptors eluted in the internal 
volume at positions equivalent to molecular sizes of 50 000 and 20 000 daltons 
and in the void volume at molecular size greater than 450 000. After photo- 
affinity labeling the renal membrane receptors with cyclic [3H]AMP, we found 
peaks of tritium radioactivity which eluted at similar molecular size positions 
on this Biogel A-5m column. Further treatment of photoaffini ty labeled mem- 
branes with sodium dodecyl sulfate, mercaptoethanol and urea, followed by 
polyacrylamide gel electrophoresis, showed bands of tritium-labeled receptor 
protein with relative mobilities corresponding to molecular sizes of 26 000 and 
21 000 daltons. This study shows that  porcine renal cortical membranes con- 
tain at least two molecular species of cyclic AMP receptors which may be asso- 
ciated with regulation of the membrane-bound cyclic AMP-dependent protein 
kinase. 
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Introduction 

Hormonal regulation of target cell function, which is mediated by the intra- 
cellular effector, adenosine 3',5' monophosphate (cyclic AMP), is thought to be 
via activation of specific protein kinase enzymes by the cyclic nucleotide 
resulting in the phosphorylation of cell protein (for review see ref. 1). These 
cyclic AMP-dependent protein kinase systems were first isolated from the cyto- 
plasmic subcellutar fraction of a number of tissues [2--5] and subsequently 
shown to be soluble enzymes consisting of two basic subunits [6--9]. These 
are a regulatory subunit, which serves as a receptor site for cyclic AMP and a 
catalytic subunit. Interaction of cyclic AMP with the regulatory subunit results 
in dissociation of this subunit as a cyclic AMP-regulatory subunit complex, 
thereby increasing the phosphotransferase activity of the catalytic subunit. 
More recently it has been shown that  cyclic AMP-dependent protein kinases 
exhibit a more complex subcellular distribution than was originally considered. 
A number of mammalian tissues have been shown to contain both cyclic AMP 
receptors and cyclic AMP-dependent protein kinase activities which are compo- 
nents of the membrane systems of these cells [10--15]. We have described the 
characteristics of the cyclic AMP receptors and a cyclic AMP-dependent protein 
kinase activity associated with renal cortical plasma membranes [16,17]. The 
receptors show the necessary physiologic properties for the discrimination 
required of such a homeostatic control mechanism. Recently the cyclic AMP- 
dependent protein kinase of renal membranes was shown to be localized in the 
luminal membranes whereas the hormone-activated adenylate cyclase was found 
to be localized in the peritubular plasma membrane fraction [18--20]. These 
observations suggest a polarity of distribution of the renal enzymes which may 
be involved in the cellular transmission of information, beginning with the inter- 
action of parathyroid hormone,  vasopressin or calcitonin [21,22] with their 
respective receptors, followed by an increase in the intracellular levels of cyclic 
AMP, reacting in turn with specific receptors thereby controlling the level of 
phosphorylation of specific cell proteins involved in tubular reabsorption and/or 
secretion. The present study was designed to examine the biochemical proper- 
ties of the cyclic AMP receptors of renal membranes after detergent solubiliza- 
tion of the membrane proteins. Both the number and molecular size of these 
receptor macromolecules were examined by gel filtration chromatography and 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 

Materials and Methods 

Kidney plasma membrane preparation. Porcine kidneys were obtained locally 
within 30 min after the animals were killed. The cortical portion of the tissue 
was dissected free of medulla and then homogenized in a solution containing 
0.25 M sucrose, 10 mM Tris • HC1 pH 7.4, and 1 mM EDTA (3 ml/g kidney). 
The plasma membrane-enriched subcellular fraction was prepared according to 
the method of Fitzpatrick et al. [23]. Membranes were suspended in the above 
buffer at a concentration of 5--10 mg/ml and stored at --20°C. Membrane pro- 
tein was estimated using the method of Lowry [24]. 

Cyclic AMP-binding assay. Binding of cyclic [3H]AMP to renal cortical mem- 
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brane preparations was assayed by the nitrocellulose filter (Millipore Corp.) 
assay previously described [17] which is a modification of the technique of 
Gilman [25]. Membranes were incubated in 40 mM Tris • HC1 pH 7.5 at a pro- 
tein concentration of 50-100 pg per 50 pl reaction volume. Incubation was 
generally for 60 min at 2°C. The binding of cyclic [3H]AMP to membrane 
receptors was stable for several hours at that  temperature. 

Photoaffinity labeling o f  membrane cyclic AMP receptors. The method of 
Antonoff  and Ferguson [26] was used for converting reversible cyclic [3H]- 
AMP • receptor complexes to a trichloroacetic acid-resistant complex. Native or 
sodium deoxycholate-solubilized membranes were incubated with 1 pM cyclic 
[3H]AMP under the conditions described above. After a i h preincubation at 
2°C, a Mineralight UVS-11 lamp (peak wavelength 254.7 nm) was placed 2 cm 
from the quartz cuvettes containing the reaction media. The solution in the 
cuvettes was agitated continuously during the irradiation period. The reaction 
was stopped by making the reaction medium 10% with respect to trichloroacetic 
acid. This mixture was incubated for 2 h at 2°C and the precipitate was col- 
lected on a nitrocellulose filter (Millipore Corp., HAMK, 45 pm). The precipi- 
tate was then washed with 10 ml ice-cold 10% trichloroacetic acid and tritium 
radioactivity on the filter disc was measured by standard liquid scintillation 
spectrometry. 

Protein kinase assay. The cyclic AMP-dependent and independent protein 
kinase activity of renal cortical membranes was assayed as previously described 
[17], which is a modification of the procedure of Rubin et al. [10]. Protamine 
(Sigma Chemical Co.) was used as exogenous phosphate acceptor protein. 

Gel filtration chromatography o f  renal membrane proteins. A column of 
Biogel A-5m (6% agarose), 1.5 X 65 cm was equilibrated and eluted with a solu- 
tion containing 0.3% sodium deoxycholate,  50 mM Tris • HC1 pH 7.5, 50 mM 
NaC1 and 0.02% NaN3 at 2 ° C. The flow rate of this column was 25 ml/h at 80 
cm H20. The gel was evaluated for its molecular sieving properties using macro- 
molecules of known molecular size. These were; blue dextran 2--5 million, 
thyroglobulin 330 000, bovine albumin 65 000, ovalbumin 43 000 and cyto- 
chrome c 11 700 daltons. Elution volumes for these compounds were 50, 75, 
95, 105 and 140 ml, respectively. Renal cortical membranes were solubilized 
by incubation of the membrane suspension with 1% sodium deoxycholate for 
20 min at 2°C, followed by centrifugation at 39 000 X g for 10 min in a Sorvall 
RC-2B refrigerated centrifuge. 3 ml of the supernatant were applied to the above 
column and 3 ml fractions were collected. 

Polyacrylamide gel electrophoresis o f  renal membrane proteins. Renal corti- 
cal membranes were treated with a solution containing 1% sodium dodecyl sul- 
fate, 2% mercaptoethanol and 4 M urea for 5 minutes at 100°C [27]. Polyacryl- 
amide gels (5%, 5 X 100 mm) were equilibrated with 0.1 M sodium phosphate, 
pH 7.0, containing 0.1% sodium dodecyl sulfate by electrophoresis using the 
same phosphate-sodium dodecyl sulfate buffer in the upper and lower reser- 
voirs. Samples were loaded on the gel and run into the gel at 0.5 mA per tube 
for 0.5 h. The current was then increased to 5 mA per tube until the tracking 
dye (bromophenol blue) approached the end of the tube. Gels were then fixed 
and stained in a solution containing 0.025% Coomassie Brilliant Blue-R, 50% 
methanol and 10% acetic acid for 16 h. The gels were then destained in a Bio- 
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Rad Diffusion Destainer using 50% methanol/10% acetic acid solution. A 
chromatogram of each stained gel was obtained by scanning at 550 nm with a 
Gilford Model 2400-S spectrophotometer and linear transport at tachment.  Gels 
that  were used for assay of tritium radioactivity were sliced in 1 mm thickness 
with no fixation or staining. This was done immediately after the electropho- 
resis was completed. The gels were sliced frozen at 1 mm thickness with a Mickle 
Gel Slicer. Each slice was then placed into a scintillation counting vial and 
digested in 0.5 ml of 30% H202 for 4 h at 60°C. Radioactivity was then mea- 
sured by standard liquid scintillation methodology. The gels were calibrated 
using a-chymotrypsinogen (24 000 daltons) as a relative mobility of 1. Other 
standard proteins exhibit mobilities of 0.2 for thyroglobulin, 0.57 for bovine 
serum albumin and 0.75 for ovalbumin. 

Materials. Radioactive compounds [T~2P]ATP 7.3 Ci/mmol and cyclic [3H]- 
AMP 37.7 Ci/mmol, were purchased from New England Nuclear, Boston, Mass. 
BioGel A-5M and the gel electrophoresis reagents were purchased from Bio-Rad 
Laboratories, Richmond, California. Detergent, standard proteins and other 
reagents were obtained from either Sigma Chemical Co., St. Louis, Mo. or Scien- 
tific Products Co., St. Louis, Mo. 

Results 

We previously reported that the detergent, sodium deoxycholate, effectively 
solubilized the cyclic AMP receptors of porcine kidney cortex plasma mem- 
branes [16]. The solubilized receptors were found to retain essentially com- 
plete cyclic [~H] AMP binding activity such that the receptor's biochemical prop- 
erties could be further examined. Fig. 1 shows the results of an experiment 
comparing the affinity of cyclic [3H]AMP for the native, membrane-bound 
cyclic AMP receptors with the affinity of this cyclic nucleotide for sodium 
deoxycholate-solubilized membrane receptors. In these experiments, the deter- 
gent-solubilized membranes were assayed for cyclic [3H]AMP binding in the 
presence of sodium deoxycholate. These data show that the binding of cyclic 
[3H]AMP to receptors in the native membrane conformation exhibits the prop- 
erty of unsaturable binding. The binding curve shows a plateau for cyclic [3H]- 
AMP binding at about 0.5 pM cyclic [3H]AMP, but at concentrations of cyclic 
[3H]AMP greater than 1 pM the binding increased sharply. Saturation of these 
binding sites was not  achieved even at levels of cyclic [3H]AMP up to 1 mM 
(data not shown). Sodium deoxycholate-solubilized membrane proteins, how- 
ever, showed a finite number of cyclic AMP receptors since the binding of cyclic 
[3H]AMP to this preparation was found to be saturated at approximately 0.5 
pM cyclic [3H]AMP. At saturation, the cyclic [3H]AMP bound to sodium 
deoxycholate-solubilized membrane proteins was 1.5 pmol cyclic [SH] AMP per 
mg of membrane protein. The Lineweaver-Burke analysis of cyclic [3H]AMP 
binding to solubilized membranes (Fig. 1B, inset) shows an affinity constant 
for cyclic [3H]AMP of 0.06 pM. These experiments demonstrate that  the sodi- 
um deoxycholate-treatment of renal cortical membranes eliminates the low 
affinity binding of cyclic [3H]AMP, which suggests that  these binding sites are 
dependent upon the vesicular structure of the native membrane preparation. It 
is possible that  the nonsaturable form of cyclic [3H]AMP-membrane associa- 
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Fig. 1. A f f i n i t y  o f  renal  cor t ica l  m e m b r a n e  r ecep to r s  for  cycl ic  [ 3 H ] A M P .  Panel  A:  Bo th  na t ive  p l a s m a  

m e m b r a n e s  (o . . . . . .  o) f r o m  p roc ine  renal  c o r t e x  and  m e m b r a n e s  so lubi l ized  wi th  1% s o d i u m  d e o x y -  

cho la te  ( -  . . . . . .  . )  were  assayed  for  cycl ic  [ 3 H ] A M P  b i n d i n g  ac t iv i ty  over  the  range  of  cycl ic  [ 3 H ] A M P  

c o n c e n t r a t i o n  s h o w n  in the f igure .  M e m b r a n e s  so lubi l ized  w i t h  1% s o d i u m  d e o x y c h o l a t e  were  assayed  in 

the p resence  of  s o d i u m  d e o x y c h o l a t e ,  b u t  the  f inal  c o n c e n t r a t i o n  of  d e t e r g e n t  was r e d u c e d  to 0 .2% in the  
b i n d i n g  assay.  The  da ta  are r e p r e s e n t a t i v e  o f  several  e x p e r i m e n t s  of  this  t y p e  and  are the  m e a n  of  tripli-  

cate assays  at  each e x p e r i m e n t a l  po in t .  Panel  B ( inse t ) :  This  p lo t  is a L i n e w e a v e r - B u r k e  analys is  o f  the  
b i n d i n g  cha rac t e r i s t i c s  o f  the  s o d i u m  de oxycho la t e - so lub i l i zed  cycl ic  [ 3 H ]  AMP r e c e p t o r  s h o w n  in Panel  

tion results from the uptake of  cyclic [JH]AMP into membranous vesicles, 
whereas the high affinity, saturable binding is with physiologic cyclic AMP 
receptors. 

To further investigate the nature of the binding of cyclic [3H]AMP to sodium 
deoxycholate-treated membranes we examined the effect of  detergent solubili- 
zation on the specificity of these receptors. Competit ion experiments were em- 
ployed as previously described []~7] and reviewed in the figure legend. Fig. 2 
shows a representative experiment of  this type with both native membranes 
(Panel A) and sodium deoxycholate-solubilized membranes (panel B). These 
data show that the most effective competing cyclic nucleotides in this assay 
were cyclic AMP and 8-azido-cyclic AMP, and that a somewhat  similar degree 
of displacement of  cyclic [3H]AMP was found with both native and sodium 
deoxycholate-solubilized membrane preparations. At the concentration of  cyclic 
[3H]AMP employed in this experiment (0.2 pM), 50 percent displacement of  
cyclic [3H]-AMP bound to native membranes was achieved at a concentration 
of unlabeled cyclic AMP of 0.5 pM. This represents a molar ratio of  unlabeled 
to labeled cyclic AMP of 2.5 to 1 in the binding assay. The same level of 50% 
displacement of cyclic [3H]AMP from sodium deoxycholate-treated membranes 
by unlabeled cyclic AMP was found at 0.3 pM cyclic AMP which is a molar 
ratio of unlabeled to labeled cyclic AMP of 1.5 : 1. Dibutyryl  cyclic AMP and 
cyclic GMP were found to displace cyclic [3H] AMP only at high concentrations 
representing molar ratios of compet i tor  to cyclic [3H]AMP of 500 : 1. Cyclic 
2',3'-AMP did not  compete  with cyclic [al l]AMP for the receptors of either 
native or sodium deoxycholate-treated membranes. 
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Fig. 2. Specif ici ty  of  renal  cor t ical  m e m b r a n e  cyclic AMP receptors .  Nat ive  p lasma  m e m b r a n e s  (Panel A) 
f r o m  porc ine  renal  co r t ex  or  m e m b r a n e s  t r e a t e d  w i t h  1% sod ium d e o x y c h o l a t e  (Panel  B) w e r e  i n c u b a t e d  

w i t h  0.2 #M cyclic [ 3 H ] A M P  u n d e r  s t anda rd  condi t ions  in  the  a b s e n c e  or  p r e s e n c e  o f  the  c o m p e t i n g  
cyclic nuc leo t ides  at  va ry ing  c o n c e n t r a t i o n .  Cyclic nuc leo t ides  e m p l o y e d  in  this  a s s a y  w e r e :  • • 
cyclic 3 ' , 5 ' -AMP (cAMP);  • . . . . . .  o, 8-azido-cyclic  3 ' , 5 ' -AMP (8-N3-cAMP) ; • A cyclic 3 ' , 5 ' -GMP 
( c G M P ) ; •  . . . . . .  • ,  d i bu ty ry l  cyclic 3 ' , 5 ' -AMP (DB-cAMP);  © . . . . . .  o, cyclic 2 ' ,3 ' -AMP (2 ' ,3 ' -cAMP) .  
T h e  da ta  are the m e a n  of  dupl ica te  assays and  are p re sen t ed  as the  p e r c e n t  of cyclic [ 3 H ] A M P  b o u n d  
w h e n  n o  o t h e r  n u c l e o t i d e  is P r e s e n t  in  t h e  r eac t ion  m e d i u m .  

The concentration vs. response relationship for cyclic AMP activation of the 
native membrane protein kinase was examined in order to compare this rela- 
tionship with the binding curves for cyclic [3H]AMP (Fig. 1). This assay was 
carried out in the absence and presence of  theophylline, which inhibits mem- 
brane-associated cyclic nucleotide phosphodiesterase but does not impair the 
binding of  cyclic [3H]AMP to renal membranes [17].  Fig. 3 depicts a represen- 
tative experiment. The cyclic-AMP dependent protein kinase activity was not 
altered by theophylline, whereas the methylxanthine did inhibit the cyclic 
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Fig.  3. Prote in  kinase  ac t iv i ty  o f  renal  cort ica l  m e m b r a n e s .  C o m p a r i s o n  o f  the  ac t iva t ion  b y  c y c l i c  A M P  
w i t h  c y c l i c  [3 H] A M P  binding .  Nat ive  p lasma  m e m b r a n e s  ( 1 0 5  btg) f r o m  p o r c i n e  renal  c o r t e x  w e r e  a s sayed  
for p r o t e i n  k inase  ac t iv i ty  at 3 0 ° C  for 1 0  rain w i t h  1 0 0  ttg p r o t a m i n e  as p h o s p h a t e  a c c e p t o r .  S tandard  
p r o t e i n  k inase  c o n d i t i o n s  o f  assay w e r e  u s e d  (see  M e t h o d s  and  Materials  and  ref .  17) .  E n z y m e  act iv i ty  was  
d e t e r m i n e d  in the  a b s e n c e  o f  ( I  I )  and  p r e s e n c e  (o . . . . . .  o)  o f  5 m M  t h e o p h y l l i n e .  The  levels  o f  
c y c l i c  A M P  e m p l o y e d  are s h o w n  in the  f igure.  Cycl ic  [ 3 H ] A M P  b i n d i n g  was  as sayed  u n d e r  s tandard  
c o n d i t i o n s  over  the  range  o f  c o n c e n t r a t i o n  s h o w n  a b o v e  ( i  i ) .  The  data  are representa t ive  and are 
the  m e a n  o f  tr ipl icate  assays  at e a c h  p o i n t .  

AMP-independent protein kinase activity by about 50%. Activation by cyclic 
AMP occurred over the same range of  cyclic AMP concentration observed for 
cyclic [3H]AMP binding to high affinity membrane receptors. An activation 
constant (Ka) for cyclic AMP was found to be about 0.08 pM, which compares 
favorably to the affinity constant for cyclic AMP binding to membrane recep- 
tors (0.06 pM). Cyclic AMP-dependent protein kinase activity of  the sodium 
deoxycholate-treated renal membrane is not presented since the detergent treat- 
ment produced marked inhibition of  this enzyme activity. 

Membrane proteins, solubilized with 1% sodium deoxycholate,  were chro- 
matographed on a column of  Bio Gel A-5m (6% agarose) which was equilibrated 
and eluted with a solution containing sodium deoxycholate  (0.3%). Each frac- 
tion was assayed for protein and for cyclic [3H]AMP receptor activity. Fig. 4 
shows the chromatographic profile for both the sodium deoxycholate-solu- 
bilized membrane proteins and the cyclic [3HI AMP receptor components.  Peaks 
of  membrane protein were found at 50 ml (void volume) and about 110 ml 
with a shoulder occurring at 135- -140  ml. Cyclic [3H]AMP receptor activity 
eluted at 50 ml, 100- -105  ml and about 135 ml, which corresponds to approxi- 
mate molecular sizes of  greater than 450 000,  50 000 and 20 000 daltons, re- 
spectively. Membrane cyclic AMP receptors eluting in the void volume of this 
column represent either exceptionally large macromolecules or the receptors 
are still associated with membranous components  not  completely solubilized 
by the sodium deoxycholate-treatment procedure. It is evident that the elution 
patterns of  cyclic AMP receptor activity and membrane protein that elute in the 
internal volume of this gel are dissimilar. The 50 000 dalton receptor elutes 



172 

-6.0 

a ../Prolein $ 
2.0 r , - -  (mglml) 5.0 

g 
-- .IcAMP Binding > 1.6 4.0 U- 
~ (pmolesl3 ml ~ ~  _ z ~ 

g l.~ 3.0 

~ 0.8 ~ 2.0 .~ < 

0.4 1.0 

0.0 ~-~ -~ . . . .  - - - - 7  ~ -  O.O 
20 40 60 80 100 120 140 t60 cJ 

ELUTION VOLUME (mll 
Fig. 4. Gel f i l t r a t ion  c h r o m a t o g r a p h y  of  s o d i u m  d e o x y c h o l a t e - s o l u b i l i z e d  renal  m e m b r a n e  cycl ic  AMP 

recep tors .  P l a sma  m e m b r a n e s  (64  m g  p r o t e i n )  f r o m  po rc ine  renal  c o r t e x  were  so lubi l ized  w i t h  1% s o d i u m  
d e o x y c h o l a t e  as desc r ibed  in M e t h o d s  and  Mater ia ls  and  c h r o m a t o g r a p h e d  on  a c o l u m n  of  Biogel  A5M 

(6% agarose ,  1.5 × 65  c m ) ,  w h i c h  was equ i l i b r a t ed  and  e lu ted  wi th  a so lu t ion  of  10 m M  Tris  - HC1 p H  7.5,  
50 m M  NaCl,  0 .3% s o d i u m  d e o x y c h o l a t e  and  0 .02% N a N  3 a t  2°C. Each  3 ml  f r a c t i o n  was  assayed  for  pro-  
te in  (o . . . . . .  o) and  cycl ic  [ 3 t I ] A M P  b i n d i n g  (A A) us ing  the  m e t h o d o l o g y  p rev ious ly  desc r ibed .  
E lu t ion  v o l u m e s  for  the  s t a n d a r d  p r o t e i n  used  to  ca l ibra te  th is  c o l u m n  axe g iven  in the  M e t h o d s  and 
Materials .  

before the larger protein peak seen in the internal volume suggesting that  this 
receptor peak may represent a homogenous species of membrane cyclic AMP 
receptor protein. 

In order to further study the number and molecular size of the renal mem- 
brane cyclic AMP receptors, we proposed to employ the method of Antonoff  
and Ferguson [ 26] for converting the reversible form of cyclic [3H] AMP-recep- 
tor association to a trichloroacetic acid-stable form of cyclic [3H]AMP-receptor 
bond. This method employs ultraviolet irradiation of the cyclic [3H]AMP. 
receptor complex to convert the purine • receptor complex to a form that  is 
stable to t reatment  with trichloroacetic acid, heat denaturation and sodium 
dodecyl sulfate. The experiment shown in Fig. 5 illustrates the time course for 
photoaffini ty labeling of both native renal membranes and sodium deoxycho- 
late-treated membranes. The reaction is relatively slow but after 10 h about 
one-fourth to one-third of the reversible form of cyclic [3H]AMP receptor com- 
plex is converted to a form which is stable to t reatment of the complex with 
10% trichloroacetic acid. The reaction is dependent upon ultraviolet irradiation 
since the membrane ,  cyclic [3H]AMP complex which was irradiated in a flint- 
glass cuvette was not  converted to a trichloroacetate-stable form. In additional 
experiments, the conversion of reversible cyclic [3H]AMP binding with both 
native and sodium deoxycholate-solubilized membranes to the trichloroacetic 
acid-resistant form of binding was examined in the presence and absence of an 
excess of unlabeled cyclic AMP (1000 fold). The membrane suspensions were 
irradiated for 0, 5 and 15 h under the conditions described in the legend to 
Fig. 5. In these experiments, specific cyclic [3H] AMP binding to membranes was 
greater than 90% of the total binding. We found that  after 15 h of photoaf- 
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b ranes  in  the  na t ive  s ta te  were  p r e i n c u b a t e d  w i t h  1 pM cycl ic  [ 3 H ] A M P  fo r  60 ra in  at  2°C and  t h e n  irra- 

d i a t ed  in e i the r  qua r t z  (e  e )  or f l int-glass ( A - -  A) cuve t t e s  for  the  pe r iod  i n d i c a t e d  above .  S o d i u m  
d e o x y c h o l a t e - s o l u b i l i z e d  m e m b r a n e s  (• o) were  i r r ad i a t ed  in the  p r e sence  of  1 pM cycl ic  [ 3 H] AMP 

u n d e r  iden t ica l  cond i t ions .  At  the  i n d i c a t e d  in tervals ,  t r i ch lo roace t i c  acid  (TCA) - r e s i s t a n t  cycl ic  [ 3 H ] -  

AMP b i n d i n g  was m e a s u r e d .  Fo r  c o m p l e t e  deta i ls  see Mater ia ls  and  Methods .  

finity labeling, the conversion of specific, reversible cyclic [3H]AMP binding to 
trichloroacetic acid-resistant binding was essentially complete in sodium deoxy- 
cholate-solubilized membranes, whereas with native membranes only about 
one-third of the specific binding of cyclic [3H]AMP was converted from a 
reversible to an acid-resistant form. This may have been due to the enhanced 
clarity of the sodium deoxycholate-solubilized membrane preparation. The 
level of trichloroacetic acid-resistant specific cyclic [3HI AMP binding after 15 h 
of irradiation was greater in the sodium deoxycholate-solubilized renal mem- 
branes (0.5 pmol/mg) than found in native membranes (0.4 pmol/mg). For 
these reasons, subsequent experiments were conducted using the sodium deoxy- 
cholate-solubilized membranes and a 15 h photoaffini ty labeling period. 

Renal cortical membranes, photoaff ini ty labeled with cyclic [3H]AMP, were 
solubilized with 1% sodium deoxycholate and then chromatographed on a 
column of Biogel A-5m. Identical conditions were employed as were used in the 
experiment depicted in Fig. 4. Each eluted fraction was assayed for protein and 
trichloroacetic acid-resistant cyclic [3H]AMP • protein complexes. A represen- 
tative elution pattern for these parameters is shown in Fig. 6. The protein elu- 
tion is similar to that  of the previous gel filtration experiment {Fig. 4), with the 
exception that  the shoulder of protein eluting at 135 ml is a more pronounced 
peak of membrane protein. The trichloroacetic acid-resistant trit ium radioac- 
tivity eluted at positions which are similar to the elution of reversible cyclic 
[3H]AMP • receptor activity (Fig. 4). These data suggest that  the photochemical 
reaction involved in the photoaff ini ty  labeling process is relatively specific for 
coupling the cyclic [3H]AMP to the physiologically important  receptor sites. It 
is conceivable that  these cyclic AMP receptors are membrane proteins of 50 000 
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F ig .  6.  Ge l  f i l t r a t i o n  c h r o m a t o g r a p h y  o f  s o d i u m  d e o x y e h o l a t e - s o l u b i l i z e d  m e m b r a n e s  a f t e r  p h o t o a f f i n i t y  

l a b e l i n g  w i t h  c y c l i c  [ 3 H ] A M P .  P o r c i n e  r e n a l  c o r t i c a l  m e m b r a n e  s u s p e n s i o n s  w e r e  m a d e  0 . 3 %  w i t h  r e s p e c t  

t o  s o d i u m  d e o x y c h o l a t e  a n d  t h e n  p h o t o a f f i n i t y  l a b e l e d  w i t h  1 p M  c y c l i c  [ 3 H ]  A M P  f o r  15  h as  d e s c r i b e d  

in  M e t h o d s  a n d  M a t e r i a l s .  T h e  s u s p e n s i o n  w a s  t h e n  t r e a t e d  w i t h  a f ina l  c o n c e n t r a t i o n  o f  1% s o d i u m  
d e o x y c h o l a t e ,  c e n t r i f u g e d  a t  3 9  0 0 0  X g f o r  1 0  r a i n  a n d  t h e  s u p e r n a t a n t  ( 6 4  m g  p r o t e i n )  a p p l i e d  t o  t h e  

s a m e  B i o g e l  c o l u m n  u s e d  f o r  t h e  e x p e r i m e n t  d e p i c t e d  i n  F ig .  4 .  E a c h  3 m l  f r a c t i o n  w a s  a s s a y e d  f o r  p r o -  

t e i n  (o  . . . . . .  o )  a n d  t r i c h l o r o a c e t i c  a c i d  ( T C A ) - r e s i s t a n t  t r i t i u m  r a d i o a c t i v i t y  (A 4 ) .  T h e  d a t a  a re  
t h e  m e a n  o f  d u p l i c a t e  a s s a y s  f o r  b o t h  p a r a m e t e r s .  
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Fig .  7. S o d i u m  d o d e c y l  s u l f a t e - p o l y a e r y l a m i d e  gel  e l e c t r o p h o r e s i s  o f  r e n a l  m e m b r a n e  p h o t o a f f i n i t y  
l a b e l e d  w i t h  c y c l i c  [ 3 H ] A M P .  P o r c i n e  r e n a l  c o r t i c a l  m e m b r a n e s  ( s o d i u m  d e o x y c h o l a t e - t r e a t e d )  w e r e  

p h o t o a f f i n i t y  l a b e l e d  w i t h  i p M  c y c l i c  [ 3 H ] A M P  f o r  15  h as  d e s c r i b e d  in  M e t h o d s  a n d  M a t e r i a l s .  T h e  
m e m b r a n e s  w e r e  t h e n  t r e a t e d  w i t h  a s o l u t i o n  c o n t a i n i n g  1 %  s o d i u m  d o d e c y l  s u l f a t e ,  2% m e r c a p t o e t h a n o l  
a n d  4 M u r e a  f o r  5 r a i n  a t  1 0 0 ° C  [ 2 7 ] .  A f t e r  e l e c t r o p h o r e s i s  o f  t h e  r e s u l t i n g  p r o t e i n  m i x t u r e  u s i n g  5% 
p o l y a c r y l a m i d e  gels  ( 5  X 1 0 0  r a m )  o n e  gel  w a s  f i x e d  a n d  s t a i n e d  i n  a s o l u t i o n  o f  0 . 0 2 5 %  C o o m a s s i e  Br i l -  
l i a n t  B lue  R ,  5 0 %  m e t h a n o l  a n d  1 0 %  a c e t i c  ac id .  A d u p l i c a t e  gel  w a s  f r o z e n  a n d  s l i c e d  a t  1 m m  t h i c k n e s s .  
E a c h  s l ice  w a s  d i g e s t e d  in  3 0 %  H 2 0 2  a n d  t r i t i u m  r a d i o a c t i v i t y  d e t e r m i n e d .  T h e  s t a i n e d ,  d u p l i c a t e  gel  w a s  
a s s a y e d  f o r  a b s o r p t i o n  a t  5 5 0  n m  u s i n g  a G i l f o r d  2 4 0 0 - S  s p e c t r o p h o t o m e t e r  w i t h  a l i n e a r  t r a n s p o r t  
a t t a c h m e n t .  T h e  d a t a  a re  p r e s e n t e d  as  t r i t i u m  r a d i o a c t i v i t y  i n  c p m  p e r  s l ice  (o  . . . . . .  o )  a n d  r e l a t i v e  a b s o r -  
b a n c e  a t  5 5 0  n m  ( ). B . S . A . ,  b o v i n e  s e r u m  a l b u m i n .  T . D . ,  t r a c k i n g  d y e ,  b r o m o p h e n o l  b l u e .  
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and 20 000 daltons in molecular size in the presence of sodium deoxycholate.  
This aspect was examined using a different method for estimation of molec- 

ular size of membrane proteins. Renal membranes,  which were photo-affinity- 
labeled with cyclic [3H]AMP in the presence of 0.3% sodium deoxycholate ,  
were further treated with 1% sodium dodecyl  sulfate, 2% mercaptoethanol  and 
4 M urea for 5 min at 100°C to provide complete dissociation and solubiliza- 
tion as well as denaturation of the membrane proteins [27]. The sample was 
then applied to 5% polyacrylamide gels and subjected to electrophoresis as de- 
scribed in Methods and Materials. Fig. 7 shows the results of such an experi- 
ment. The profile of radioactivity shows three areas of tritium which correlate 
with the protein remaining at the origin and two peaks of radioactivity at posi- 
tions corresponding to apparent molecular sizes of 26 000 and 21 000 daltons. 
The protein banding patterns of  the sodium dodecyl sulfate-treated membranes 
which had been exposed to ultraviolet light is essentially the same as the banding 
pattern for sodium dodecyl  sulfate-treated membranes not  exposed to irradia- 
tion (data not  shown). A notable exception is the large quanti ty of protein 
which enters the gel only a few mm and probably represents the effect  of  ultra- 
violet irradiation resulting in the formation of membrane protein aggregates. 
Therefore, the smaller molecular size receptors found with sodium dodecyl sul- 
fate-electrophoresis may be derived from receptors identified using sodium 
deoxycholate  and Biogel A-5m chromatography. 

Discussion 

We previously reported the existence of  a plasma membrane-bound,  cyclic 
AMP-dependent protein kinase system and membrane receptors for the cyclic 
nucleotide [ 16,17 ]. The present s tudy demonstrated that these membrane cyclic 
AMP receptors could be effectively dissociated from the membranous structure 
with retention of  physiologically important  receptor properties by treatment of  
the native, particulate membranes with sodium deoxycholate.  The sodium deoxy- 
cholate-solubilized membrane proteins demonstrated high affinity binding of 
cyclic [3H]AMP with an affinity constant of approximately 0.06 pM and 1.5 
pmol cyclic [3HI AMP bound per mg of membrane protein at a saturating con- 
centration of  0.5 pM cyclic [3H]AMP. The binding curve for cyclic [3H]AMP 
was similar to the dose-response curve for cyclic AMP activation of the native 
membrane protein kinase, which showed half-maximal activation (ga) at 0.08 
pM cyclic AMP. This suggests that the cyclic AMP receptor sites may act in a 
regulatory manner with the protein kinase molecule in the membrane structure. 
It is possible that the receptor macromolecules are associated with the protein 
kinase macromolecule in a manner similar to the hormone-dependent  adenylate 
cyclase, which exhibits specific receptors for the effector molecule associated 
with the adenylate cyclase catalytic component  responsible for the intracellular 
synthesis of  cyclic AMP [28,29].  It is unlikely that the cyclic AMP receptors 
are contaminants of the plasma membrane preparation resulting from adsorp- 
tion of  cytoplasmic, cyclic AMP-dependent protein kinase because we previ- 
ously demonstrated that the receptor sites were not  dissociated from the par- 
ticulate membranes by extensive washing procedures [17]. The membrane 
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receptors are solubilized with detergents, suggesting that  these receptors are 
indeed membrane components.  

The renal tubular epithelial cell is differentiated such that the cell exhibits 
both morphologic and physiologic differences between the plasma membrane 
facing the filtrate (luminal membrane) and the membrane exposed to the extra- 
cellular fluid (peritubular membrane). This property of renal tubular cells is 
important  for the establishment of vectorial pathways for transport of solutes 
in both reabsorptive and secretory modes of transport. Recently it has been 
shown that  the cyclic AMP-dependent protein kinase system is preferentially 
localized in the luminal membrane, whereas the hormone-dependent adenylate 
cyclase system is localized in the peritubular membrane [18--20]. Our mem- 
branes prepared from porcine renal cortex exhibit both parathyroid hormone- 
dependent adenylate cyclase (data not shown) and cyclic AMP-dependent pro- 
tein kinase activities, suggesting that  these membranes are a mixture of luminal 
and peritubular membranes. The distribution of these two enzymes associated 
with the plasma membrane of renal target cells suggests that the hormone inter- 
acts with specific receptors at the peritubular side of the cell, thereby increasing 
intracellular cyclic AMP levels, which then react with specific receptors on the 
luminal membrane resulting in activation of the protein kinase. The phosphory- 
lation of membrane proteins at the luminal membrane may regulate the trans- 
port of solutes and water across the luminal membrane. 

The finding of multiple peaks of cyclic AMP receptor activity with both gel 
filtration and sodium dodecyl sulfate-electrophoresis may reflect alterations of 
the size of the receptor macromolecules as a result of the detergent solubiliza- 
tion procedures as well as effects of ultraviolet irradiation on membrane pro- 
teins. The high molecular weight binding sites revealed by both techniques may 
be related to incomplete solubilization of membrane protein by sodium deoxy- 
cholate resulting in elution of receptor material in the void volume of Biogel A- 
5m and/or protein-protein aggregates formed subsequent to ultraviolet irradia- 
tion of the membrane proteins followed by sodium dodecyl sulfate electro- 
phoresis. These aggregates do not appear in membranes which are not treated 
with ultraviolet irradiation since all of the sodium dodecyl sulfate-treated mem- 
brane proteins enter the 5% polyacrylamide gels used in these experiments. 
However, two apparent cyclic AMP receptors solubilized by sodium deoxy- 
cholate were found with estimated molecular sizes of 20 000 and 50 000 dal- 
tons as measured by gel filtration on Biogel A-5m. These proteins showed 
reversible cyclic [3H]AMP binding as well as photoaffini ty labeling with cyclic 
[3H]AMP after treatment of the reversible receptor- cyclic [3H]AMP complex 
with ultraviolet light. In comparison, the molecular size of the two receptor pro- 
teins as determined by sodium dodecyl sulfate electrophoresis was approxi- 
mately 21 000 and 26 000 daltons. One or both of these binding proteins may 
be a conversion product  of the 50 000 dalton cyclic AMP receptor observed in 
the presence of sodium deoxycholate.  It is therefore conceivable that  these 
cyclic AMP receptors identified as different in molecular size by the two meth- 
ods are derived from the same receptor proteins. Moreover, it is possible that  
the 50 000 dalton receptor is a dimer in the presence of sodium deoxycholate 
and is subsequently converted to a 26 000 dalton monomer by treatment with 
sodium dodecyl sulfate-urea. The 21 000 dalton cyclic AMP receptor protein 
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isolated by sodium dodecyl sulfate electrophoresis is similar in molecular size 
to the 20 000 dalton protein observed after sodium deoxycholate-solubilization 
of membranes and subsequent gel filtration chromatography of the membrane 
proteins. Another possibility is that  the heterogeneity of cyclic AMP receptors 
may be produced through the proteolytic degradation of a single cyclic AMP 
receptor molecule. This would be more likely to occur in the photoaffini ty 
labeling process due to the long incubation period. 

Other investigators have reported the existence of cyclic AMP receptors asso- 
ciated with rat kidney membrane systems [30--32], but some have reported 
that  the protein kinase system of renal membranes was not  activated by cyclic 
AMP, whereas the cytoplasmic enzyme was a cyclic AMP-dependent protein 
kinase [31,32]. The present study and those previously reported by our group 
and others [16--20] clearly show the existence of a renal membrane cyclic 
AMP-dependent protein kinase as well as the appropriate cyclic AMP receptors. 
Whether the multiple cyclic AMP receptors seen in this study are associated 
with nmltiple forms of protein kinase due to the heterogeneity of renal cells or 
are involved in other cyclic AMP-regulated systems in the renal cortical cells is 
not presently known. Identification of the role of these membrane-bound cyclic 
AMP receptors is currently the subject of further investigation. 
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