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Pharbal-gsters have bean shown e modulate the fadrenergic-stimulaied udenylyl evelase in o number of sell lines. Hete, using site directed muln-'

genusis, we investigate the rele of the fpadrenergic receptar phosphorylation by protein kinase C in this regulatory process, Mutation of the serine-.

261, #2062, 344 and <249 af the feudrendrgic receptor prevenied the phorhol-estersinduced phosphorylation of the receptor. This mutation alse

nbuh:hed lhl‘.’ phurbol-gster-induced deeredse in high-affinity agonist binding and potedcy of the Ar-adrenergic receplor, We suuest that pratein
: ‘ kinuse € mediated phosphorylatien of the rcccplur pramates it runclmnnl uncouphna

B Mrenctgic recepler; Pha:phnryhunn Pratein kinuse O Adenylyl cyclasc' Descnsllirn!ion Phorbal-ester: Recemur uneouplmn

[NTRODUC‘I‘ION

Cross- rcgulauon among transmembranc s:gnalhng
systems has recently attracted considerahle attention

{for a review see {11). In particular, modulation of the

adenylyl cyclase reactivity by the stimuldtion of recep-
tors -coupled to the phospho-inositides (PI) turnover
pathway has been reported [2,3]. The observation that
‘the protein kinase € (PKC) activators, phorbol-esters,
mimick these modulating effects in many cell lines

[4-15) -has led to the proposal of a role for PKC in this-

inter-system regulatory mechanism. However, the ef-
fects of PKC-mediated phosphorylation on the adenylyl
cyclase reactivity appear to be rather complex, and both
desensitization [10-15) ‘and supersensitization {4-9]
. have been reported following phorbol-gster treatments.

In many mammalian cell lines, harmone-, fluoride- .
and GTP.stimulated adenylyl cyclase activities have .

bBeen shown to be enhanced by phorbol-ester treatment

[4-9]. Phosphorylation by PKC of the inhibitory GTP- -

binding protein (G [16,17] and of the adenylyl cyclase
‘catalytic unit itself [18,19] have been proposed to con-

tribute to this sensitization effect of the phorbol-esters,
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4bbreviartonc AR, adrenergic receptor; PMA 4f.phorbol 123-
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In sharp contrast, phorbol- ester treatment has been
shown to induce a desensitization of the S-adrenergic-
stimulated. adenvlyl cyclase in avian erythrocytes

o [14,15]. Desensitization was accompanied by an in.

creased phosphorylation of the B.-adrenergic receptor
(B2AR). [t was suggested that PKC-mediated
phosphorylation of the receptor could contribute to this
desensitization. The mammalian 8:AR rveceptor has
been shown to be an in vitro substrate for PKC [20],
and potential PKC phosphorylation sites are apparent
in its primary structure [21,22], Thus, questions arise

- concerning the role of the PKC-mediated phosphoryla-

tion of the 3:AR in mammalian cellular systems, To

‘evaluate the effects of the phosphorylation in such a

system, a A2AR lacking potential PKC phosphorylation
sites was constructed by site directed mutagenesis and
expressed in Chinese hamster fibroblasts (CHW-1102).

- The influence of 43-phorbol 128-myristate 13 a-acetate

(PMA) treatment on the phosphorylation level of the
receptor and on the fg-adrenergic-stimulated adenylyl
cyclase activity were then evaluated in cells expressing
either the wild type (WT) or the mutant (PKC™G:AR).

2. MATERIALS AND METHODS

2.1, Matertals - ‘
Carrier-free **py, ['**I1|CYP, [a-”P]ATP and [3HICAMP were ob-
tained from New England Nuclear. lsoproterenol, ATP, GTP,
¢AMP, phosphoenol pyruvate, -myokinase were purchased fron
Sigma, Pyruvate kinase and isobutylmethylxanthine were from
Calbiochem. Digitonin was purchased from Gallard-Schlessinger.
Geneticin (G418), DMEM, fetal calf serum, penicillin, streptomyein,
amphatericin B and trypsin were purchased from Gibco: The. site
directed mutagenesis kit was obtained from Amersham. The expres-

243



Valume 219, number 2

son veeter pBCI‘.‘.IiI ﬁmi gencrouddy pruvmeﬂ by Bi B, Cullen tDuke

Universityy. Alprenolol was.a generous gift from Hawle phae-
maceutient (Swedenk

2.2, Nire divecied mutugenesis ¢nd celt iransfectivn :
A et hwman BAR win cominwted where seriag-261, 281,
=344, and -5 have been replaced by alanines, The XKeoRI-Find 1L

fragment af pSPNAR 13} contalning 1he AR coding sequence wits. ‘

cloned inle the EcaRU=#imdtl] shies of pTZIRR (Pharmacla), Single

sraided DNA wax generaied xing VOS-MIY  helper phage

{Stratngene) and werved as a emplale fof oligonuciatide tirecred
mutagenesit (Amersham Kkith, For eucaryotie enprmlon the Beas
CRI=fHindtll I'Ngmem of the muan and wild (ype venxtrsty were
Csubcloned  in the Hindlt-Baml siie of pBCIZBL {34) aad
cotransfected with PEV2-new [25) inte Chingse hamsier fibroblasts
1102 (CHW) by calelum phosphate precipitation [268]. Foxitive <lonex
selected ror thelr resistance 1o neomy<in (G 18 150 ug/ml) were then
screened for B:AR exprension.in a radio-ligand binding assay, wing
400 pM ["*1|CYP as the rnd:uh:nnd and 10 xM .\Iprenolol ta define
spmnc binding. . ) )

2% Cell culure

The transfecied CHW eelu iere grawn as monolayers in 73 v..m’ ‘
Nasky conmining DMEM :upplemcnl:d with 10% Tetal eall serum, -

penicittin {100 Usml), strepromycin (100 py/mi), amphateriein B
(0.28 ug/ml), and glutamine {1 mMyin an mmo:phcrc af 93% airand
§% CO; at 37°C, : ‘

2 4, ‘Membruns prepurmtan ‘

Cells were ineubated For various periods of tine at 37°C wuh
- DMEM supplemented as above and with or without PMA at the
specified concenirations, Cells were washed with PBS and lysed with
a polytron hamogenizer (2 bursts of 5 ) in 10 ml of ice-cold 8 mM
Trise HCI (pH 7.4), 2 mM EDTA. The lysate was centrifuged ai 45 000

% ¢ for 20 min and washed twice in the same bulfer, The pelleted

membranes were resuspended in 0.5 ml of a buffer ¢containing 725 mM
Tris-HC {pH 7.4}, 12.3 mM MgCl; and 2 mM EDTA and used im-
mediatély. Protein content was deterimined according o the method
of Bradford (27} (Biorad). ‘

2.5, Aclenylyi cyclase assay aned radio-ligand binding assay
Adenylyl eyclase activity was measured by the method of Salomon

et ol (28] as previously described (29} using ~ 20 ug of membrane pro-

~ tein in g total volume of 0.05 ml. The incubation mixture included
0.12'mM ATP, 1 uCi [a-2PJATP, 0.1 mM cAMP, 0.053 mM GTP,

2.8 mM phosphoenolpyruvate, 0.2 U of pyruvate kinase, 1 U of

myokinase, 30 mM Tris-HCl (pH 7.4), § mM MgCls and 0.8 mM
EDTA. Enzyme activity was determined in triplicate in the absence
(i.e. basal activity) or in the presence of activators (isoproterenot
6-100 uM, forskolin 0-100 uM). Radio-ligand binding assays were
conducted essentially as described [29] using ~ 10 jg of membrane

. protgin in a tolal volume of 0.5 ml. For saturation experiments,
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duplivale m#w Tubey contalnedd =400 ph P I1ICYP In the présence

and abwnge al 10 M alpeenotel, For cempenition experinients,
duplicale aviry (ubex coptained ~ 5 pM [ HCYP and 0-100 mM
Psopruterenal. The binding reactions were rermvinsted by raphd M.
ven on Whavman GF/C ghass Ober fliers. Dats from competitien

and sluration experiments were anaty2ed by non-linedr Iew-\qumﬂ

re;rr-ti@n wing 1h¢ campaller program LIGAND l)ul

2.6, Whele vell phasphoryiation

Cells were detached, wanhed twice with phasphare-free DMEN and
preincubated in thid medlum far 60 min at 37°C. Carrler-free VP, 40,4
mei/mi) was then added 1o the mediurm and the eells Incubated for an
additionat &0 min w1 37°C. AL the end. of thix equilibratlan periad,
PMA (10 aM ) or the vehicle way added 1o 1he ells and incabated al
A7 for 18 min. The eells weer then lysed by sanictilan In fve-cold
buffer containing 20 mM Tris-HEL (pH 7.43, 5 mM EDTA, 10 mM
Nagtl POy, Teupeptin 5 pg/mil, soybean rypsin inhibitor £ ug/ml and
benzamidine 10 pgsmi. The membranes were then centrifuged @
40 000 = g aed wished 1wice in Lhe same builer, The washed mismes

“Brane preparations were soludlilzed in 100'mM NaCl, 10 mM Trix-

HCL{pH 7.4}, 3 mM EDRTA, 2% digitonin nt 4°C for 2 h and the
AR purifled by alprenalal-Sepharose affiniiy s.hrcnnmamph:. as -
deseribed alsewhere (2], :

2.7, SDS-polyaceytumide gel elécrropharesi
Cel clecirophoresis was performed according 1o the melhucl nr

Laemmii (32) with 10-12% slab gels, The amoum ol‘rm'ptor loaded

on the gel was monitered by radio-ligand binding using 400 pM

C EMUICY P and 10 mM alprenolol 1o defipe the specific Binding, The

binding reactions were terminared by passing the sampies through
Sephadex G-23 columns ar 4*C, After electraphoresis, the gels were
dried and autoradiographed ai =90%C using Kadak XAR-S film,

3. RESULTS AND DISCUSSION

A mutant 8:AR lacking potential phosphorylation
sites for PKC was constructed bysite direct mutagenesis
of the human B:AR ¢DNA. Serine and threonine
residues flanked on both sides by basic amino acids
have been proposed as potential PKC phosphorylation
sites in many peptides and proteins {33).  The
serines-261, -262, -344 and -345 of the human 8:AR

© fulfill "this ecriterion and were replaced by alanine .
- residues (PKC ™ 8:AR) (Scheme 1). Both wild type

(WT) and mutant receptor ¢DNA constructs were
transfected in CHW-1102 cells (see section 2). Cell lines’
expressing comparable levels of receptors were used for
the study (WTB:AR: 1.2+0.1 pmol/mg protein, Vs
PKC~3AR: 1.4+0.2 pmol/mg protem) ‘

Table |
Adenylyl eyelase activity (pmol/min/mg)

Cell line L Basal Isoproterenol-stimulated Forskolin-stimulated

o Coocil . PMA Ctrl PMA cul PMA
Wi3:AR 203 48+13 34+4 1019 94=xl4 179x57
=" ‘ ‘
PKC~3:AR 164 3327 28£5 BOx11 98=18 ms:zs
(n=4)

Cells expressing either WTSAR or PKC™3:AR were pretreated (PMA) or not (Ctrl) with 10 uM PMA
for 30 min, The basal, isoproterenol-stimulated (100 yM) and forskolin-stimulated (100 M) adenylyl

244

eyclase activities were measured as described in section 2. Values represent the mean + SEM,
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Extracehiulor

Scheme 1, Schematie representation ur |he nusn’nlu(cd-|ram|m:mbrnnc ‘

Carganization of the human 2:AR. The arrows indicwie the serine
cresiduet 261, 262, 344 and 348 which were muiaied so alanines by the
dirested murtagenesis 1o generale PRC ™ idiAR.

The mutation did not affect the affinity of the reccp
~ tor for'the antagonist ['*1JCYP (data not shown) nor
did it significantly change the ability of the receptor to
mediate isoproterenol-stimulation of the adenylyl

cyclase {Table I}, However, the mutation completely’

_ abotished .the PMA-induced phosphorylation of the
receptor. Indeed as has been reported in ather cell types
"~ [14,15], an incubation af 13 min with 10 M PMA in-
duced a significant increase in the phospharylation level
of the WTA:AR expressed in CHW-1102 cells whereas
the same treatment did not alter the phosphorylation
level of PKC " 8B2AR (Fig. 1). These results suggest that
- one or more of the mutated serines is the major PKC
phosphorylation site(s) of the S:AR. ‘

| Ccentrol
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In cells v:xpwsnns W‘Tmﬁﬂ. PMA induces a tlme-,
and dose- dependent increase in basal, isoproterenols
stimulated and forskolim-stimulated adenylyl ¢yelase
activitiew. As illustrated in Flg. 2, the maximal effects of -
the PMA treatment on the adenylyl eyclase activities
were abserved following a 30 min incubation with 10
«M PMA, and therefore these conditions were used in
subsequent experiments. Table I summarizes the effects
of this PMA trearment on the basal and stimularee
adenylyl eyclase activities in cells expressing WTSAR
and PKC ° #;AR. In both cell lines, PMA Induces anin-
grease in the basal activity as well as in the maximum ag-
tivity when stimulated by isoproterenol (100 xM) and
forskolin (100 yM). The sensitizing effect of the PMA
was virtually identieal in the two eell lines, However,
when the effect of PMA was assessed on full
dose-response curves in cells expressing the WTRAR,
the PMA treatment induged a S-fold increase in the
EC of adenylyl cyclase stimulation by isoproterencl

‘ (Cerl; 608 nM vs PMA treated 300230 nM, n=5).

This PMA-induced decrease in potency was abolished

by mutation of the 4 serines. Indeed, the ECupn of the

adenylyl cyclase stimulation by isoproterenol was not
affected by the PMA treatment in cells expressing
PKC™BAR (Ctrl: 110220 nM vs PMA treated:
1005 10 nM: # = 83, This effect on the polency appears
receptor specific since PMA treatment did not affect -
the ECso of adenylyl cyclase stimulation by forskolin -
{data not shown). .
The total amount of B:AR, as assessed by (**¥*L]CYP
binding was not. affected by the PMA trcatment in
either cell line (WTSAR: Ctrl; 1.220.1 pmol/mg vs
PMA; 1.3+0.2 pmol/mg PKCT f;AR: Ctrl; 1.4:£0.2
pmol/mg vs PMA; 1.4 0.2 pmol/mg). However, the

WTR2AR PKC B2AR

—— e— —— —

Contral  PMA  Control PMA

0O PMA
i 4.
3 )
a8 3 . :
-‘%35 h 1 AL
=% 1
2> 24
=}
88
L. ,
o= 14
g
<<
o
o 0 4 ‘
' WTBs AR

PKC "B,AR

Fig. I. Phorbol- ester- induced phosphorylation of WT and PKC ™ @3;AR. The phosphorylation levels were'quanmated by densitometric anali.vsls of
SD3-PAGE autoradiographs. The level of PMA induced phosphorylation of 5:AR is expressed as a ratio of the basal level and represents the mean -
+ SEM of 4 separate expenmenls (inset) A l’EpI’CSEntdtWE autoradmgraph of a SDS-PAGE of the purified receptor is shown.
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Fig. 2. Effects of PMA treatment on the basal, Isoproterenol-stimulated and forskolin-stimulated adenylyl ¢yclase activity in cells expressing

WTA:AR. Left panel: cells were incubated for 30 min with'increasing concentrations of PMA. Right panal: cells were incubated whh 10 xM PMA

for varicus periods of time, The adenylyl cyclase activities were delermined in membranes derived from these cells as deseribed in saction 2. The
‘ data shown are representative of 2 or 3 separate experiments. : : :
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‘Fig‘ 3, Effects of PMA treatment on the propbnion of G:AR in the
high affinity state for the agonist isoproterenol, The proportions wsre

determined from displacement curves of ['¥1)CYP binding by -
isoprotereniol (107 '° M to 10~ * M)as described in section 2, The data-

are expressed as % of the totel receptor number and represent the

mean + SEM of three separate experiments. The high and low af-

+ finitles are as follows: WT! Kui 1.5£0.7 oM, Ki! 248239 nM;
: PKC™:Kn: 6.2+ 1.5 nM, K1 274 £ 10 nM. ‘
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‘agonmist binding properties of WTB:AR_ were

significantly affected by : the tumor promoter.
[soproterenol competition of ['**[1CYP binding reveal-
ed that WTHAR and PKC™5AR exhibit the
characteristic two-affinity state binding for agonist
(data not shown). Using the computer program
LIGAND [30], 31 £ 4% and 21 £ 4% of the total recep-
tor contingent in cells expressing WTB:AR and.
PKC~@:AR respectively, are found to be in the
guanine-nucleotide-sensitive high-affinity state for

* isoproterenol (Fig. 3). When WTG:AR expressing cells

were treated with 10 xM PMA for 30 min the propoer- -

" tion of 82AR in high affinity was dramatically reduced

(Fig. 3). In contrast, the same treatment in cells express-
ing PKC " 3;AR did not reduce the proportion of recep-
tor in the high affinity state, It is generally accepted that
the proportion of receptor in the guanine-nucleotide-
sensitive high-affinity state for its agonist represents the
ability of the receptor to couple to G [34]. These results
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therefore suggest that PKC-mcdimed pho:phorﬂatlan
of the :AR reduces its capacity to couple to Ci. Un-

coupling of a sgnificant proportion af the receptor,

‘which is not abserved with PKC™#:AR, eould be
responsible  for the PMA-induced decrense in

‘soproterenot potency observed in WTH1AR expruossing

~cells, Similarly, it has recently been shown that cAMP-
promoted pliospharylation of the SsAR also leads taa
deerease in the patency with ne change in the efficacy of
acdenylyl cyclnse stimulation by g-adrenergic agomsts
[35-37].

The results presented here also sugzest that tite PMA.-
induced inercase in' the efficacy of adenylyl cyclnse
stimulation by isoproterencl is independent of the
receptor phospharylation. Maost likely, this increase

. results from (he phosphorylation of other compofients
of the signalling pathway [16-18], which in turn leadsto
the increase in basal and forskolin-stimulated aetivities.
In this respect, it is noteworthy that PMA induces very

csimilar increases in basal and stimulated adenylyl

‘eyclase  activities (basal:  2.4.fold, isoproterenol-
stimulated: 2.9-fold, forskolin-stimulated: 1.9-fold;
Table I).

The hypothcsxs that PKC phosphoryhuon of the

receptor decreases  its coupling to G, while the

phosphorylation of distinct components of the adenylyl

cyclase pathway increases the reactivity of the enzyme
- itself is supported by several observations, Patya ¢t al.
- [37] reported that PMA treatment of murine
thymocytes reduced the isoproterenol stimulated cAMP
accumulation while potentiating the cAMP production
induced by cholera toxin, More recently, Johnson et al.
[39] reported that PMA treatment 'of 1321N[ human
astrocytoma cells induced a desensitization of the B-
adrenergic-stimulated adenylyl cyclase activity in a
membrane preparation whereas a marked increase of
the forskolin-stimulated adenylyl eyclase acnvuy was
observed in intact cells.

The results presented here suggest that PMA treat-

ment modulates the B-adrenergic-stimulated adenylyl
cyclase activity by affecting distinct components of the
signalling pathway. The PMA treatment increases the
efficacy of both forskolin and isoprotereno! to
“stimulate the adenylyl cyclase, most likely via the PKC-
mediated phosphorylation of the adenylyl cyclase
.and/or G, [16-18]. In contrast, the phosphorylation of
the 82AR by PKC results in a reduced ability of the
recepror to couple to Gy,
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