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Abstract 

Three putative protein kinase C phosphorylation sites in the carboxyl-terminal region of the angiotensin II AT1A receptor 
suggest that protein kinase C is involved in the regulation and desensitisation of this receptor. We investigated this possibility by 
measuring angiotensin II induced Ca z+ transients in cultures of neonatal rat cardiac fibroblasts which express predominantly the 
angiotensin AT1A receptor. Stimulating or inhibiting protein kinase C activity had no effect on angiotensin II stimulated Ca 2+ 
transients. In addition, in situ and in vitro kinase assays revealed that a peptide, corresponding to the region of the angiotensin 
AT1A receptor containing the protein kinase C sites, was a poor substrate for protein kinase C. Thus, a heterologous 
desensitising role for this kinase on angiotensin ATIA receptors in these fibroblasts appears unlikely. 
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1. Introduction 

Plasma membrane angiotensin II receptors mediate 
the diverse cellular functions of the vasoactive peptide 
angiotensin II. Two main types of angiotensin II recep- 
tors have been identified (AT 1 and AT a) with two 
subtypes of AT 1 (ATIA and AT1B) (Sandberg, 1994). 
The angiotensin ATIA receptor is the predominant 
subtype with respect to tissue distribution and control 
of cellular angiotensin II responses. Analysis of the 
amino acid sequence, deduced from the cloned an- 
giotensin ATIA receptor,  reveals seven hydrophobic 
stretches of amino acids which represent the seven 
transmembrane spanning regions characteristic of G- 
protein coupled receptors. It also has an intracellular 
carboxyl-terminal tail, rich in serine and threonine 
residues, some of which are presumably phosphate 
acceptor sites. In particular, the motifs S331TK, 5 3 3 8 y R  

and $348AK present in the rat angiotensin ATIA recep- 
tor are consensus sites for phosphorylation by protein 
kinase C (Sandberg, 1994). 
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The angiotensin ATtA receptor has been reported 
to be phosphorylated on serine and tyrosine residues 
(Kai et al., 1994), but the functional role for phospho- 
rylation, as well as the identity of the phosphorylated 
amino acids and the kinases responsible, is unresolved. 
For other  G-protein coupled receptors, phosphoryla- 
tion has been linked to the uncoupling of the receptor 
from signal transduction pathways, by interfering with 
G-protein interaction directly or through recruitment 
of other proteins which functionally uncouple the re- 
ceptor-G-protein complex, The phosphorylation of G- 
protein coupled receptors is catalysed by specific re- 
ceptor kinases and more general cellular kinases such 
as cAMP-dependent  kinase and protein kinase C (Pre- 
mont et al., 1995). For many G-protein coupled recep- 
tors, activation of these kinases has been reported to 
attenuate agonist mediated responses. Because an- 
giotensin II stimulates protein kinase C activation and 
translocation to the plasma membrane (Dixon et al., 
1994; Booz et al., 1994), and given the presence of 
three protein kinase C consensus sites in the an- 
giotensin AT1A receptor, we hypothesised that protein 
kinase C would phosphorylate the carboxyl-terminus of 
the angiotensin AT1A receptor and modulate the cellu- 
lar signalling functions of this receptor. 
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2. Mater ia ls  and methods  

2.1. Tissue culture 

Cultures of ventricular fibroblasts were prepared 
from the hearts of 0- to 3-day-old Sprague-Dawley rat 
pups, and maintained as previously described (Schorb 
et al., 1993). These cultures express high affinity (K  a 1 
nM; Bma x 778 fmo l /mg  protein) angiotensin AT 1 re- 
ceptors (Schorb et al., 1993) predominantly of the 
ATIA subtype, as determined by Northern blot analysis 
(data not shown) and polymerase chain reaction 
(Matsubara et al., 1994). Angiotensin II stimulates 
G-protein coupled responses in these cells, including 
the mobilisation of intracellular Ca 2+, the activation of 
mitogen-activated protein kinases, the tyrosine phos- 
phorylation of cellular proteins and the activation of 
protein kinase C (Booz et al., 1994; Schorb et al., 
1995). Subconfluent cultures were changed to serum- 
free media 24 h prior to experimentation. 

tion sites (see Fig. 2A) was synthesised using an auto- 
matic 431A peptide synthesiser (Applied Biosystems, 
Foster City, CA, USA) and purified by high pressure 
liquid chromatography. Cellular protein kinase C activ- 
ity towards ARCTP was assessed in situ using perme- 
abilised fibroblast cultures essentially as described by 
Sadoshima and Izumo (1993) and in vitro using cytoso- 
lic extracts of fibroblast cultures (Booz et al., 1994). 
For the in situ assay, kinase activity in the presence of 
no peptide (negative control), 100 /xM glycogen syn- 
thase peptide (positive control) and 100 ~M ARCTP 
was determined in cells pretreated, or not, with PMA 
(100 nM) for 15 min. For the in vitro assay, kinase 
activity was measured for the positive control peptide 
[Ser25]protein kinase C-(19-31) and ARCTP in the 
presence and absence of Ca 2÷ and lipid to activate 
protein kinase C (Booz et al., 1994). 

3. Results  

2.2. Measurement o f  intracellular Ca 2 + concentration 

Changes in intracellular Ca 2+ of neonatal fibroblast 
cultures were measured using the fluorescent dye, fura- 
2 acetoxy-methyl ester (fura-2 AM), as previously de- 
scribed (Schorb et al., 1993). Briefly, serum-starved 
fibroblasts were washed twice with Hanks' buffered 
salt solution (HBSS) and incubated for 1 h at 37°C in 5 
/zM of fura-2 AM in 'Ca 2+ buffer': HBSS containing 
20 mM Hepes (pH 7.4), 12.6 mM D-glucose and 0.1% 
BSA. After two washes in HBSS, the cells were har- 
vested by trypsinisation and centrifugation, and resus- 
pended in 2.5 ml of Ca 2+ buffer. Cell suspensions were 
transferred to cuvettes for spectrophotometric mea- 
surement of fluorescence, at excitation wavelengths of 
340 and 380 nm, and an emission wavelength of 505 
nm. To determine the role of protein kinase C activa- 
tion on angiotensin II induced signalling, 100 nM of 
the phorbol ester PMA (phorbol, 12-myristate, 13- 
acetate) was added to the cell suspension 10 min prior 
to Ca 2+ measurements in response to angiotensin II. 
Downregulation of protein kinase C activity was 
achieved by PMA treatment (400 nM; 24 h) of fibro- 
blast cultures, cAMP-dependent  kinase activity was 
stimulated by the addition of 10 /zM forskolin to the 
cell suspensions for 10 min prior to angiotensin II 
stimulation. 

2.3. Protein kinase C assays 

A peptide fragment of the carboxyl-terminal region 
of the angiotensin ATaA receptor (hereafter termed 
ARCTP for AT1A Receptor  Carboxyl-Terminal Pep-  
tide) corresponding to amino acids 325-351 and con- 
taining three consensus protein kinase C phosphoryla- 

We have previously shown that PMA (a phorbol 
ester) treatment of neonatal rat cardiac fibroblasts for 
10 min or for 24 h causes maximal stimulation and 
downregulation of protein kinase C activity, respec- 
tively (Booz et al., 1994). Fig. 1 shows representative 
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Fig. 1. Intracellular Ca 2+ transients stimulated by angiotensin ]I (1 
/zM) in (A) untreated cardiac fibroblasts, (B) ceils pretreated with 
100 nM PMA for 10 min to maximally stimulate protein kinase C 
activity, or (C) cells treated with 400 nM PMA for 24 h to downregu- 
late protein kinase C levels. Stimulation with 1 /xM ATP was 
included as an internal positive control. 
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angiotensin II-induced intracellular Ca 2+ transients 
from untreated and protein kinase C activated and 
downregulated cardiac fibroblasts. In untreated cul- 
tures, angiotensin II t reatment caused a rapid maximal 
increase in intracellular Ca 2+ of 535 + 133 nM (mean 
+ S.D., n = 4). This level of Ca 2+ mobilisation was not 
significantly different from that of protein kinase C 
activated fibroblasts (489 + 144 nM; n = 4) or of pro- 
tein kinase C inhibited cells (529 + 161 nM; n = 4). 
Treatment  of cells with 10 /zM forskolin for 10 min to 
activate cAMP-dependent  kinase also had no signifi- 
cant effect on the Ca 2+ transients elicited by 1 /zM 
angiotensin II. 

To further investigate the role of protein kinase C in 
angiotensin ATIA receptor function, we tested the abil- 
ity of PMA-activated protein kinase C in cardiac fi- 
broblast cell cultures to phosphorylate a 27 amino acid 
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Fig. 2. In situ and in vitro kinase assays for protein kinase C activity 
towards the carboxyl-terminus region of the angiotensin AT1A recep- 
tor. (A) shows the amino acid sequence of A R C T P  (for ATIA 
Receptor  Carboxyl-Terminal  Pept ide)  with the putative protein 
kinase C consensus sites underl ined and the phosphate  acceptor 
residues indicated by arrows. (B) In situ kinase activity of  cardiac 
fibroblast cultures towards A R C T P  (100 /zM) and the positive con- 
trol substrate, glycogen synthase peptide (100 /zM), in cells pre- 
treated, or not, for 15 min with 100 nM P M A  to maximally activate 
protein kinase C. Note, the kinase activity towards A R C T P  is no 
different from the activity measured  in the absence of added peptide. 
Data  are expressed as the m e a n s + S . D ,  for three separate experi- 
ments.  (C) In vitro kinase assay of cardiac fibroblast extracts in the 
presence and absence of Ca 2+ and lipid to activate protein kinase C 
(Booz et al., 1994). Substantial phosphorylation of the positive con- 
trol peptide 5 /~M [Ser25]protein kinase C-(19-31) ([SerZSlPKC(19- 
31)) was observed, but  100/xM A R C T P  was poorly phosphorylated.  
Data  are expressed as the means  from two separate  experiments.  

peptide corresponding to residues 325-351 of the car- 
boxyl-terminus of the angiotensin ATIA receptor. As 
shown in Fig. 2, despite the presence of three consen- 
sus phosphorylation sites, this peptide was a poor sub- 
strate for protein kinase C, in both in vitro and in situ 
protein kinase C assays. In contrast, the positive con- 
trol peptides, glycogen synthase peptide and [Ser25] - 
protein kinase C-(19-31), were readily phosphorylated 
under the same conditions. 

4. Discussion 

For growth factor and cytokine receptors, phospho- 
rylation is an established phenomenon which promotes 
activation and interaction with intracellular signalling 
pathways. In contrast, for the superfamily of G-protein 
coupled receptors, phosphorylation appears to rapidly 
uncouple these receptors from downstream signalling 
pathways. There is evidence that both non-specific 
kinases such as cAMP-dependent  and protein kinase 
C, as well as specific receptor kinases, play a central 
role in this uncoupling process through recognition, 
and phosphorylation, of motifs within the intracellular 
regions of the receptor. The carboxyl-terminal of the 
angiotensin AT1A receptor contains three protein ki- 
nase C phosphorylation motifs, but the evidence for 
modulation of angiotensin ATiA receptor function by 
this kinase is controversial (see Samasura et al., 1994). 
To investigate the role of protein kinase C in the 
regulation of angiotensin ATIA receptor function, ex- 
periments were designed to test whether activation or 
inhibition of protein kinase C was capable of modulat- 
ing angiotensin AT1A receptor signalling in cultures of 
rat neonatal fibroblasts. We observed no effect of 
altering cellular protein kinase C activity on the capac- 
ity of these cells to mobilise intracellular Ca 2+ in 
response to angiotensin II. Angiotensin ATIA receptor 
mediated Ca 2+ transients were also resistant to stimu- 
lation of cAMP-dependent  kinase by forskolin. Thus, 
heterologous desensitisation of the angiotensin ATIA 
receptor by these two kinases appears unlikely. 

In the second part of this study, we synthesised a 
peptide corresponding to a portion of the carboxyl-tail 
of the receptor, incorporating three putative protein 
kinase C phosphorylation sites. Using in vitro and in 
vivo kinase assays optimised for protein kinase C activ- 
ity, we showed that this peptide is a poor substrate, 
suggesting that protein kinase C probably does not 
target the carboxyl-terminal sequence of the an- 
giotensin ATIA receptor. Given that the conformation 
of the synthetic peptide fragment may not be identical 
to the carboxyl-terminus of the full length angiotensin 
AT1A receptor, we cannot entirely rule out the possibil- 
ity that protein kinase C may phosphorylate this region 
of the receptor. However, a variety of small peptide 
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subs t ra tes  con ta in ing  p ro t e in  k inase  C consensus  mo-  
tifs ( inc luding  the  [Ser25]protein k inase  C- (19-31)  used  
in this  s tudy)  a re  readi ly  p h o s p h o r y l a t e d  by p ro t e in  
k inase  C, sugges t ing  tha t  complex  secondary  s t ruc ture  
is not  r e q u i r e d  for r ecogn i t ion  and  p h o s p h a t e  t ransfer .  

W e  have shown for the  first t ime  tha t  these  pu ta t ive  
p r o t e i n  k inase  C phospho ry l a t i on  sites a re  p robab ly  
not  u t i l i sed  for  he t e ro logous  desens i t i sa t ion  of  the  an- 
g io tens in  AT1A recep to r ,  h ighl ight ing  the  possibi l i ty  
tha t  the  desens i t i sa t ion  obse rved  fol lowing angio tens in  
II  s t imula t ion  ( T h e k k u m k a r a  et  al., 1995) is homolo-  
gous,  l ikely involving the  act ivat ion of  a specif ic  
kinase(s) .  Such r e c e p t o r  k inases  a re  typi f ied  by the  
/3-adrenergic  r e c e p t o r  k inase  which  has b e e n  shown to 
p h o s p h o r y l a t e  a n u m b e r  of  G - p r o t e i n  coup led  recep-  
tors  in add i t i on  to the  p ro to typ ica l  f l2 -adrenerg ic  re-  
c ep to r  ( P r e m o n t  et  al., 1995). M o l e c u l a r  c loning has  
iden t i f i ed  mul t ip le  m e m b e r s  of  this r e c e p t o r  k inase  
family  ( P r e m o n t  et  al., 1995), bu t  the  specif ic i ty  of  
indiv idual  m e m b e r s - f o r  ce r t a in  amino  acid  mot i fs  and  
G - p r o t e i n  coup l ed  r ecep to r s  has  ye t  to be  resolved.  
S tud ies  inves t iga t ing  the  recogni t ion  and  phosphory la -  
t ion of  the  AT1A carboxy l - t e rminus  by m e m b e r s  of  the  
G - p r o t e i n  r e c e p t o r  k inase  family a re  in progress .  

D e s p i t e  the  inabi l i ty  of  p ro t e in  k inase  C to 
p h o s p h o r y l a t e  the  ca rboxy l - t e rminus  of  the  ang io tens in  
ATIA recep to r ,  the  p re sence  of  13 ser ine  and  th reo-  
n ine  re s idues  and  th ree  tyros ines  wi th in  the  carboxyl-  
t e rminus  is highly suggest ive of  phosphory la t ion .  In-  
deed ,  fol lowing agonis t  s t imula t ion ,  the  ang io tens in  
ATIA r e c e p t o r  is rap id ly  p h o s p h o r y l a t e d  on se r ine  and  
tyros ine  re s idues  (Kai  et  al., 1994), p r e s u m a b l y  wi thin  
the  ca rboxyl - te rminus .  P e r h a p s  this  phospho ry l a t i on  
plays a role  in agon i s t - s t imula t ed  r e c e p t o r  in te rna l i sa -  
t ion,  because  mu ta t ions  in the  ca rboxyl - te rminus  re- 
gion, which  r emove  po ten t i a l  phospho ry l a t i on  sites, 
cause  s ignif icant  r educ t ion  in r e c e p t o r  endocytos i s  
( H u n y a d y  et  al., 1994; T h o m a s  et  al., 1995). A l t e r n a -  
tively, phospho ry l a t i on  of  the  ang io tens in  AT1A recep-  
tor  may  pe rmi t  coupl ing  to recen t ly  iden t i f i ed  novel  
s ignal  t r ansduc t ion  pa thways  (Bhat  e t  al., 1994; Mar -  
re ro  et  al., 1995) in a m a n n e r  ana logous  to tha t  de-  
sc r ibed  for  many  growth  fac tor  and  cytokine  receptors .  
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