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The  recently cloned human &adrenergic cDNA and 
several  mutated  forms  have been expressed in Xenopus 
laevis oocytes by injection of  RNA made from the cDNA 
under  the  control of the  bacteriophage SP6 promoter. 
The cDNA and gene of the  &-adrenergic  receptor pos- 
sess the unusual feature of having a second upstream 
ATG (-101 base pairs) and a 19-codon open reading 
frame 5’ to  the  initiator methionine codon of the recep- 
tor (Kobilka, B. K., Dixon, R. A. F., Frielle, T.,  Dohl- 
man, H. G., Bolanowski, M., Sigal, I. S. ,  Yang-Feng, 
T. L., Francke, U., Caron, M. G., and Lefkowitz, R. J. 
(1987) Proc. Natl. Acad. Sci. U. S. A. 84,46-50). RNA 
lacking  this  upstream AUG and open reading  frame 
was  translated -10-fold more efficiently both in  an  in 
vitro rabbit reticulocyte system and in oocytes. In- 
jected oocytes but not water injected controls expressed 
typical &-adrenergic  receptors as assessed by ligand 
binding (450 fmol/mg membrane protein)  and  cate- 
cholamine-stimulated adenylate cyclase (-20 fold). 
Moreover, these  receptors displayed typical  agonist- 
induced homologous desensitization when oocytes were 
incubated with  isoproterenol at room temperature  for 

Among a  series of mutations, truncations of the mem- 
brane-anchored  core of the  receptor  eliminated recep- 
tor binding and cyclase stimulating  activity. In con- 
trast, disruption of one of the CAMP-dependent protein 
kinase phosphorylation sites or removal of the  serine/ 
threonine-rich  carboxyl  terminus had little  or no effect 
on these functions or on the  extent of agonist-induced 
desensitization relative  to  that observed with  native 
receptor. These studies  validate  the Bz-adrenergic na- 
ture of the cloned human 8-adrenergic cDNA,  docu- 
ment the  utility of thexenopus oocyte system for  study- 
ing  functional  and  regulatory  properties of receptors 
coupled to adenylate cyclase, and suggest the possibil- 
ity  that elements in the 5’ untranslated region of the 
&adrenergic  receptor RNA may regulate  its  transla- 
tion in vivo. 

3-24 h. 

Many hormones, drugs, and  neurotransmitters promote 
their biological actions by interacting with cell membrane 
receptors which are coupled to guanine nucleotide regulatory 
proteins. Of these, the P-adrenergic receptor, through which 
catecholamines stimulate the enzyme adenylate cyclase, is 
perhaps the most thoroughly studied. Two pharmacologically 
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distinguishable subtypes of P-adrenergic receptor exist, 
termed /31 and 82. Recently we reported the cloning of the 
gene and cDNA for the hamster /&-adrenergic receptor based 
on partial amino acid sequence information (Dixon et al., 
1986). The gene for the human receptor was obtained by 
cross-hybridization (Kobilka et al., 1987a). The turkey  eryth- 
rocyte @-adrenergic receptor has also recently been cloned 
(Yarden et al., 1986), as have  two subtypes of muscarinic 
cholinergic receptor (Kubo et al., 1986a; Peralta et al., 1987). 
All of these receptors are homologous with each other  and 
with the visual light receptor rhodopsin (Nathans  and Hog- 
ness, 1984; Dohlman et al., 1987). They  are all very hydro- 
phobic proteins possessing seven putative membrane span- 
ning domains (based on hydrophobicity profiles). The genes 
for the mammalian &adrenergic receptors are  intronless 
(Kobilka et al., 1987b) and  the mRNAs for the @-adrenergic 
receptor and muscarinic cholinergic receptors contain one or 
more AUG codons upstream of the initiator methionine 
(Dixon et al., 1986; Yarden et al., 1986; Kubo et al., 1986a, 
1986b; Peralta et al., 1987). 

Since more is known about the second messenger generat- 
ing effector system linked to the P-adrenergic receptor than 
any  other such system, much can be learned from an under- 
standing of this receptor’s structure  and how it relates to  and 
determines the ligand-dependent function of the adenylate 
cyclase. To begin an approach to such an understanding, we 
have expressed the human &-adrenergic receptor in Xenopus 
oocytes by injection of RNA derived from the receptor cDNA. 
The expressed receptor binds /?,-adrenergic receptor ligands, 
activates adenylate cyclase, and is regulated (desensitized) by 
agonists in a fashion identical to  that of the /%adrenergic 
receptor in normal tissues. Moreover the activity of several 
mutated forms of the receptor we have studied sheds light on 
several of the essential  features of the receptor that may be 
required for normal function. 

EXPERIMENTAL  PROCEDURES 

Expression Constrwts-SP6 transcription  template pSPTF was 
made by cloning the human &adrenergic receptor cDNA, pTF, into 
the EcoRI site of pSP65 (Amersham Corp.). SP6 transcription  tem- 
plate pSPNar was made by digesting pTF with NarI (which cuts a t  
position -40 relative to the initiator methionine), followed  by treat- 
ment with the Klenow fragment of DNA polymerase to generate a 
blunt end, and digested with Sal1 (which cuts the linker at  the 3’ end 
of the cDNA). This 1850-bp’ fragment was cloned into  the SmaI/SalI 
sites of the pSP65 polylinker. 

RNA Preparation-RNA was prepared according to a method 
previously described (Melten  et al., 1984; Contreras  et al., 1982). 
Transcriptions were done with SP6 RNA polymerase in the presence 
of 50 mM NaCl, 20 mM Tris,  pH 7.5, 10 mM MgCl,, 2 mM spermidine 

The abbreviations used are: bp, base pair; SDS, sodium dodecyl 
sulfate; CYP, cyanopindolol. 
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HCI,  100 pg/ml bovine serum albumin, 10 mM dithiothreitol, 0.6 mM 

(cap analogue), 100 pg  of template DNA/ml (cut with SalI), 1 unit/ 
pl RNasin (Promega), and 900 units of SP6 RNA polymerase/ml 
(Boehringer Mannheim). Reactions were carried out a t  37 "C for 3 h. 
The reaction was extracted with phenol and chloroform then precip- 
itated  3  times with one-half volume of NH20Ac and 2 volumes of 
EtOH. RNA generated from 25  pg  of template (-10 pg) was dissolved 
in 100 p1 of diethyl pyrocarbonate-treated water for oocyte injection 
and in vitro translation experiments. RNA was quantitated by agarose 
gel electrophoresis in the presence of EtBr. Comparisons were made 
to RNA of known size and  quantity (RNA ladder, Bethesda Research 
Laboratories). 

Mutagenesis-Mutations were made by cutting pSPNar with a 
restriction enzyme (PstI, BglII, EcoRV) that cuts a t  a unique site 
(site A) and inserting  a 15-24-bp oligomer. Oligomers contained the 
appropriate bases to allow insertion into  the correct restriction site. 
Some of these oligomers contained  termination codons (T-259, T- 
303, T-365) while others  inserted 4-8 amino acids (1-64-6,  1-64-8, I- 
261-4), and each contained  a restriction site different from the site 
at which the oligo  was inserted (site B). Thus,  to  test for insertion of 
the oligo, we tested for loss of restriction site A and appearance of 
restriction  site B. 

In  Vitro  Translations-Zn vitro translations were performed in 
rabbit reticulocyte lysates in the absence or presence of canine 
pancreatic microsomal membranes (New England Nuclear). Trans- 
lations were done in the presence of [35S]methionine (New England 
Nuclear) and reaction mixtures were applied to SDS-polyacrylamide 
gels  followed  by treatment of gels with Enlightning (New England 
Nuclear) and autoradiography. 

Oocyte Harvesting-Adult female X .  l aeu is  were purchased from 
NASCO, 3-4 weeks after injection with hCG to induce ovulation. 
Frogs were killed within 8 weeks of injection and oocytes were 
harvested and treated with 2 mg/ml collagenase type l a  (Sigma) in 
sterile  Barth's solution (Gundon, 1968), for 1-2 h at  room tempera- 
ture. Oocytes were  allowed to sit overnight a t  room temperature  prior 
to selection of stages V-VI oocytes for injection. Oocytes were injected 
with 50-100 nl of RNA solution (5-10 ng of RNA) then allowed to 
sit for 48 h in Barth's solution supplemented with pyruvate (0.01 
mM), bovine X-globulin  (0.05 mg/ml), penicillin (100 pllml),  and 
streptomycin (100 pg/ml). 

Oocyte Membrane Preparation-500 oocytes were homogenized in 
1 ml of ice-cold assay buffer (75 mM Tris,  pH 7.4, 12.5 mM MgC12, 1 
mM EDTA)  containing 30% (w/v) sucrose, using 30 strokes of a 
Dounce homogenizer. The homogenate was centrifuged at  3,000 X g 
for 10 min to remove pigment granules. The  supernatant fraction was 
centrifuged at  10,000 X g for 10 min. The resulting supernatant was 
saved (Sup I) and  the pellet was resuspended in 1 ml of the same 
buffer and recentrifuged at  10,000 x g for 10 min. This  supernatant 
(Sup 11) was combined with Sup I and centrifuged at 400,000 X g for 
30 min (Beckman TL-1000 ultracentrifuge). The pellet was washed 2 
times with cold assay buffer then resuspended in this buffer using 
0.5-1  m1/1000 homogenized oocytes. 

Adenylate Cyclase  Assay-Assays  were performed as previously 
described (Lefkowitz, 1974; Salomon et al., 1974) using 5-20  pg  of 
membrane protein and 2.5 pCi of [w3'P]ATP (0.12 mM) per assay. 

Radioligand Binding Assays-Binding assays with [1251]CYP were 
conducted as previously described (Burgisser and Lefkowitz, 1984) 
using 5-20  pg  of membrane protein  in  a 500-p1 reaction volume. 
Assays were for 60 min at 25 "C and were terminated by filtration 
over Whatman GF/C glass fiber filters. Specific binding was defined 
as  the amount of total binding competed by 100 p~ (-)-isoproterenol. 

Protein was determined by the method of Bradford (Bradford, 
1976). Adenylate cyclase and ligand binding data were analyzed as 
described previously (DeLean et al., 1982). 

ATP, 0.6 mM CTP, 0.6 mM UTP, 0.05 mM GTP, 0.5 mM M" GpppG 

RESULTS 

Fig. 1 shows the  translation products  obtained from the 
pSPTF  and  pSPNar RNAs derived from the P2-adrenergic 
receptor cDNAs, translated  in  an in uitro rabbit reticulocyte 
system. The  pSPTF plasmid contains, 5' to  the  initiator 
methionine, an additional 210 bp which includes a second 
ATG a t  -101, and a 19-codon open reading frame. The 
pSPNar plasmid contains only 40 bp 5' to  the initiation site 
and lacks this small  upstream open reading frame and  the 
second ATG. In each case a  protein of M ,  - 42,000 was 

Nar TF 

6 7 K -  

4 5 K -  

3 0 K -  

20K- 

MEMBRANES - + - +  
FIG. 1. In vitro translation of pSPNar and pSPTF in a 

reticulocyte lystate system. RNA synthesis from pSPNar  and 
pSPTF  and  in vitro translation using [35S]methionine were carried 
out  as described under "Experimental Procedures." Each translation 
reaction was carried out both in the absence (lanes 1 and 3 )  and in 
the presence (lanes 2 and 4 )  of microsomal membranes, followed  by 
application of the samples to  an SDS-polyacrylamide gel (10%) and 
autoradiography. 

produced consistent with the size expected from the cDNA. 
However, approximately 10-fold more protein was produced 
from the NAR construct. Accordingly pSPNAR rather  than 
pSPTF was used for all subsequent experiments. 

When NAR and TF were translated  in the presence of 
pancreatic microsomal membranes, the receptor protein 
bands appeared  broader and had slightly larger M ,  of - 44,000 
(Fig. 1). Moreover, the receptor protein sedimented with the 
membrane fraction upon centrifugation (Fig. 2). These  find- 
ings indicate that  the  translated receptor protein undergoes 
core glycosylation in the endoplasmic reticulum and is in- 
serted into  the membranes. 

Injection of RNA derived from the NAR construct led to 
expression of fully functional P2-adrenergic receptors. Binding 
of the specific @-adrenergic ligand ['251]CYP to membranes 
from injected oocytes was saturable and of high affinity (KD 
= 66 PM). In  contrast  little  or no specific binding was observed 
in water-injected control oocytes (Fig. 3). The binding sites 
showed a typical P2-adrenergic agonist order of potency with 
isoproterenol > epinephrine > norepinephrine (Fig. 4). More- 
over binding was stereoselective with the (-)-isomer of iso- 
proterenol being -100-fold more potent than  the (+)-isomer 
(data  not shown). 

As shown in Fig. 5, NaF  and forskolin stimulated the 
adenylate cyclase of control oocytes, whereas the @-agonist 
isoproterenol did not. By contrast, after injection of 0-adre- 
nergic receptor RNA, isoproterenol evoked an -10-fold stim- 
ulation of the enzyme. This was competitively blocked  by two 
@-adrenergic antagonists (Fig. 6) with the &adrenergic selec- 
tive IC1 118551 being about 100 times more potent than  the 

selective betaxolol. 
Fig. 7 ,  A and B, shows ligand binding and isoproterenol- 

stimulated  adenylate cyclase activities after  the injection of 
the NAR and  TF RNAs into oocytes. Ligand binding assays 
indicated -8-fold better expression of receptor activity from 
NAR than TF (Fig. 7 A ) .  However, as assessed by maximum 
isoproterenol-stimulated  adenylate cyclase, TF was -50% as 
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FIG. 2. Fractionation of in vitro translation mixtures, con- 
taining synthesized receptor, into  pellet and supernatant frac- 
tions. RNA produced from pSPNar was used in translation reactions 
carried out in the absence (lane 1 )  and  in  the presence (lams 2 and 
3 )  of microsomal membranes as described under “Experimental  Pro- 
cedures.” Each reaction  mixture was centrifuged at  400,000 X g for 1 
h and pellet and  supernatant fractions were applied to SDS-polya- 
crylamide gels and analyzed by autoradiography. 
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FIG. 3. Binding of [‘261]CYP to membranes from injected 
oocytes. Oocytes were injected  with RNA produced from pSPNar  or 
with water. After 48 h, membranes were prepared and [’*‘I]CYP 
binding was measured as described under “Experimental Procedures.” 
The results of a  typical  experiment  representative of three such 
experiments are shown. 
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FIG. 4. Specificity of the binding of [’261]CYP to membranes 

of pSPNar-injected oocytes. After 48 h pSPNar-injected oocyte 
membranes were prepared and binding was measured as described 
under “Experimental Procedures.” Competition  binding  isotherms 
were generated  using the various adrenergic agonists shown in  the 
Figure. The results shown are representative of three experiments. 
15’0, isoproterenol; Norepi, norepinephrine; EPI, epinephrine. 
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FIG. 5. Comparison of adenylate cyclase  activities in mem- 
branes from RNA-injected oocytes and water-injected control 
oocytes. Oocytes were injected with RNA produced from pSPNar. 
After 48 h, membranes were prepared from injected and control 
oocytes and adenylate cyclase activity was measured as described 
under “Experimental Procedures.” Incubations were for 20 min a t  
37 “C. The results are representative of 10 similar  experiments. The 
experiment shown was performed with a relatively crude  membrane 
homogenate rather  than  the membrane  preparation described under 
“Experimental Procedures.” 15’0, isoproterenol. 

effective as NAR. The relatively greater  activity of TF as 
assessed  by adenylate cyclase activation versus binding  prob- 
ably  reflects the  fact  that  many more receptors  are expressed 
under  these  conditions  than  are necessary  for  maximum stim- 
ulation of the enzyme.’ These  results  confirm  and  extend 
those of Fig. 1 and  further suggest a potentially  important 
role  for the 5‘ untranslated region of the &adrenergic recep- 
tor  mRNA  in  regulating  translation. 

A major  property of the &adrenergic and  other adenylate 
cyclase-coupled receptor responses is  that  they become desen- 
sitized or attenuated  after prolonged  exposure to a stimulatory 
agonist.  When injected  oocytes were exposed to isoproterenol 
a t  room temperature  for 3-24 h (Fig. 8), desensitization to 
further  stimulation by isoproterenol was  observed while stim- 
ulation by fluoride and forskolin remained unchanged. This 
homologous, or  agonist-dependent  pattern of desensitization 

B. K. Kolbilka, C. MacGregor, K. Daniel, T. S. Kobilka, M. C. 
Caron,  and R. J. Lefkowitz, unpublished  data. 
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FIG. 6. Inhibition of isoproterenol-stimulated adenylate cy- 
clase  activity in injected oocytes  by &adrenergic antagonists. 
Procedures were as described in the legend to Fig. 5. Isoproterenol 
(100 pM)-stimulated adenylate cyclase activities were measured in 
the presence of increasing concentrations of  IC1 118551 and betaxolol. 
Assays were for 20 min at  37 “C. 
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FIG. 7. Comparison of [‘251]CYP binding and adenylate cy- 
clase  activities in membranes of  oocytes injected with RNA 
produced  from pSPNar and pSPTF. Equal  amounts of each RNA 
were injected into oocytes. After 48 h, membranes were prepared and 
[1251]CYP binding saturation  isotherms ( A )  and isoproterenol ( B O ) -  
stimulated  adenylate cyclase activities (E) were measured as de- 
scribed under  “Experimental Procedures.” Adenylate cyclase assays 
were for 20 min at 37 “c. Isoproterenol was present at 100 p M  in the 
assays. 

is observed in most batches of oocytes tested. Occasional 
batches of oocytes demonstrate both this agonist-dependent 
pattern of desensitization after  short agonist exposure times 
(0-6 h) as well as  a more heterologous pattern seen after 
longer exposures to agonist (6-24 h), in which adenylate 
cyclase activity in response to NaF-  and forskolin also de- 
creases, but to a lesser extent  than  the response to isoproter- 
enol. The reasons for these  variations in the  patterns of 
desensitization are unclear but may relate to  the biological 
variability of the oocytes, such  as seasonal variations. 

In oocytes where a heterologous pattern of desensitization 
was observed, cyclic AMP analogues (dibutyryl CAMP)  and 
the phosphodiesterase inhibitor  isobutylmethylxanthine also 
induced desensitization after  a  6-h exposure of injected oo- 
cytes. However, the  pattern observed was not  that of homol- 
ogous but  rather of heterologous desensitization with NaF- 
and forskolin-stimulated adenylate cyclase activity being de- 
creased to a  greater  extent than  the response to isoproterenol 
(data  not  shown). 

In order to approach the  structural basis for receptor func- 
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FIG. 8. Agonist-induced desensitization of 8-receptor-cou- 
pled adenylate  cyclase in Xenopus oocytes. Oocytes were injected 
with RNA produced from pSPNar. After 48 h, oocytes were placed in 
Barth‘s solution containing lo4 M isoproterenol and  the incubation 
was continued for 3-24  h. Membranes were prepared from these 
oocytes and adenylate cyclase activities were measured as described 
under  “Experimental Procedures.” Isoproterenol, NaF, and forskolin 
were present  in the adenylate cyclase assay at 100 pM, 10 mM, and 
100 pM, respectively. Assays  were for 20 min at 37 “C. 

tion and regulation we created  altered forms of the Pz-adre- 
nergic receptor by producing mutations in the gene. These 
mutations are illustrated in Fig. 9. RNA from each mutant 
receptor was translated in the reticulocyte lysate system and 
directed the synthesis of a protein of appropriate size. Each 
appeared to undergo core glycosylation and  insertion  into 
membranes (data  not  shown).  The  results of the ligand bind- 
ing, adenylate cyclase, and desensitization experiments are 
summarized in  Table I. 

Two consensus sequences for protein kinase A phosphoryl- 
ation  are  present  in the receptor. One of these is destroyed by 
the insertion of 4 amino acids between S e P  and  SerZ6? (I- 
261-4). This  mutation produced no effect on ligand binding 
and adenylate cyclase activation and showed only a slight 
decrease in desensitization. Mutation T-259 also removes this 
same site by truncation of the protein after  This 
mutation, however, also removes the last two membrane- 
spanning domains as well as the entire cytoplasmic tail  and 
eliminates ligand binding entirely. The second kinase A site 
is in the upper portion of the cytoplasmic tail at Ser346. 
Removal of this site by truncation of the protein on the 
extracellular side of the seventh hydrophobic domain (after 
Ile303) also eliminated all ligand binding activity. These  last 
two mutations suggest that  the entire hydrophobic core of the 
receptor is required for binding. While it is possible that these 
truncation  mutants might not have normally inserted into  the 
plasma membrane our results with the in vitro translation 
system (see above) indicate that membrane insertion did occur 
to  the normal extent with these  mutants. 

The carboxyl terminus of the &adrenergic receptor has  a 
serine-  and  threonine-rich region analogous to  the carboxyl- 
terminal region in rhodopsin which is phosphorylated by 
rhodopsin kinase. An enzyme which phosphorylates the p2- 
receptor in  a fashion thought to be similar to rhodopsin 
kinase, @-adrenergic receptor kinase, has also been identified 
(Benovic et al., 1986). Removal of this serine- and  threonine- 
rich region by truncation of the &receptor after Gly365 had 
no effect on ligand binding or the  extent of adenylate cyclase 
activation. This  mutant receptor mediated agonist-induced 
desensitization. While this was slightly less than  that ob- 
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EXTRACELLULAR  SURFACE 

CYTOPLASMIC 
SURFACE 

FIG. 9. Model illustrating amino acid sequence and presumptive membrane architecture of the f lz-  
adrenergic receptor ae well as the sites of mutation in various receptor constructs. Mutations  indicated 
as T, represent a truncation of the  protein by  introducing a termination codon after  the numbered amino acid, 
whereas  mutations  indicated  as Z represent  insertion of 4,6, or 8 amino acids after  the  numbered  amino acid. The 
following  amino acids were  inserted: 1-261-4, Lys, Glu, Gly,  Ser; 1-64-6, His,  Phe,  Asp,  Ile,  Glu, Met; and 1-64-8, 
His,  Leu,  Phe,  Ala, Gly, Ile,  Pro,  Met. 

served with the normal receptor and with 1-261-4 (Table I) 
the differences were not  statistically significant. 

Since the  first cytoplasmic loop is the most highly conserved 
cytoplasmic region in all of the G-protein-coupled receptors 
cloned thus  far, (Dohlman et al., 1987) we made two changes 
in this region by adding either  6 (1-64-6) or 8 (1-64-8) amino 
acids betwen Leuw and  Gld5. Both of these  mutations led to 
a marked reduction in binding of ['251]CYP and  in  the acti- 
vation of adenylate cyclase, although  activation occurred with 
the same ECso (Table I). Since it is unlikely that these 
cytoplasmic regions are themselves directly involved with 
ligand binding, it  is probable that these  insertions in some 
way disturb the normal membrane architecture  and folding 
of the protein. 

DISCUSSION 

Our results document that injection of X .  laevis oocytes 
with RNA transcribed from a  human &adrenergic receptor 
cDNA leads to  the expression of fully functional and regulat- 
able &-adrenergic receptors in these cells. The receptors bind 
ligands and  activate adenylate cyclase with specificity char- 
acteristics  entirely typical of &-adrenergic receptors. More- 
over,  when oocytes expressing the receptors are exposed to /3- 
agonists they  demonstrate an agonist-specific desensitization. 

These  results have significance at several levels. First,  and 
most obviously, they validate the authenticity of the 8-recep- 
tor clones we have previously described (Kobilka et al., 1987a) 
and specifically document that they  are of the & subtype. 
Second they show, for the first time, that receptors coupled 



&-Adrenergic Receptor Expression 15801 

TABLE I 
Characteristics of &adrenergic  ligand  binding  and  adenylate cyclase stimulation  in  mutated  and normal 0- 

adrenergic  receptor  expressed  in  Xenopus  oocytes 
[‘251]CYP binding and adenylate cyclase  were  assayed as described  under  “Experimental  Procedures.”  Maximum 

[1251]CYP  binding (fmol/mg)  and KO of [‘261]CYP  were obtained from saturation isotherms  with  each  membrane 
preparation. KDH and KD,, represent the dissociation constant of (-)-isoproterenol for the high and low affinity 
state of the receptor  obtained from isoproterenol  competition curves of [1261]CYP  binding  (DeLean et al., 1982). 
RH represents the percent of receptors in the agonist  high  affinity  form. ECm for stimulation of adenylate cyclase 
was obtained from the concentration of (-)-isoproterenol giving 50% of maximal stimulation.  Desensitization of 
adenylate cyclase to (-)-isoproterenol was  assessed  by incubating oocytes  for 6-12 h in the presence of 100 phi 
(-)-isoproterenol.  Desensitization of mutant receptors was compared  with  desensitization of native  &adrenergic 
receptor (pSPNar) expressed  in  oocytes  from the same frog. Values  shown  in the table  are  means of results 
obtained in the number of experiments shown in parentheses or the average of duplicate or triplicate  determinations 
from a single  experiment (n = 1). Each  mutated  &adrenergic  receptor was tested in  parallel  with a paired pSPNar 
control. 

Receptor 
construct 

&-Adrenergic  receptor binding Adenylate cyclase 
[*21]CYP KD  KDH KD ECao Densensitiza- KDL 

fmollmg PM nM ?6 WM nM % decrease 
pSPNar 266 66 26 431 33 69 83 42 

(13) (3) (2) (2) (2) (1) (2)  (7) 

(3)  (1)  (1)  (1) (1) (1) (1)  (4) 

(2) (1) (1)  (1) (1) (1) (2) (7) 

(2) (1) (2) 

[‘TICYP (-)-Is0 (-)-Is0 RH (+)-Is0  (-)-Is0 stimulated tion to (-)-Is0 

1-261-4 168 83 22 658 35 4 92 26 

T-365 234 40 4.7 413 35 37 153 21 

1-64-8 101“ 405 NDb  ND  ND  ND 141 ND 

1-64-6 58’ 157 ND  ND  ND  ND 177 ND 
(2; (1)  (2) 

T-259 - ND  ND  ND  ND  ND - ND 
T-303 - ND  ND  ND  ND  ND - ND 

O Value is 18% of paired pSPNar control. 
* ND, this parameter was not  determined. 
Value  is 10% of paired pSPNar control. 
No detectable  activity  in this assay. 

to  the adenylate cyclase system  can  be  studied by virtue of 
their  expression  in Xenopus oocytes  which,  while lacking  the 
receptor,  nonetheless possess the  other  components of the 
adenylate cyclase  system. In a sense  such  studies  are  analo- 
gous to  earlier  ones  in which purified  @-adrenergic  receptors 
were reconstituted  in  phospholipid vesicles and  then  fused 
with Xenopus erythrocytes which  lack such  receptors,  thus 
establishing a catecholamine-sensitive enzyme system  (Cer- 
ione et al., 1985). Third,  and  most  importantly,  these  studies 
establish  the value of this Xenopus oocyte system for studying 
each of the major functional  attributes of the  receptor,  ligand 
binding,  adenylate cyclase activation,  and  agonist-induced 
desensitization. The  structural  basis for each of these  func- 
tions  can  be  studied by means of site-directed  mutagenesis 
followed by functional  assessment  in  this  system. 

In  this  connection we examined  the  activity  and  regulation 
of several mutated  forms of the receptor. In  agreement  with 
the conclusions of Dixon et al. (1987) who have  recently 
reported  the  expression of this  human  &adrenergic receptor 
cDNA  in  stable cell lines,  our  mutagenesis  studies suggest 
that  the  entire  membrane-anchored  core of the  receptor may 
be necessary  for the  ligand  binding  function of the receptor. 
Thus,  truncations which  reduced this core (T-259,  T-303),  or 
insertions which  may  lead to  distortion of the  transmembrane 
helices (1-64-6, 1-64-8) led to  marked  reductions  in  binding 
activity. On  the  other  hand, loss of more than half of the 
cytoplasmic tail  (T-365)  had  no effect on  binding  or  adenylate 
cyclase  activities. 

This  system  can  also  be  used  to  investigate  the  structural 
features of the  receptor which are  required for agonist-pro- 
moted  desensitization.  Phosphorylation of the  receptors by 
various  kinases  has been implicated  in  these processes  (Sibley 

et al., 1987). The @-adrenergic receptors expressed in  the 
oocytes appeared to  undergo primarily  homol logo us^' desen- 
sitization  with  no  change  in NaF- or  forskolin-stimulated 
adenylate cyclase (Fig. 8). However, depending  on  the  batch 
of oocytes,  heterologous desensitization was also noted at 
longer time periods. Interestingly, two mutant receptors, one 
of them  lacking  one of the two  CAMP-dependent kinase 
phosphorylation  sites (1-261-4), and  the  other lacking the very 
serine-rich carboxyl terminus  (T-365)  both  underwent ago- 
nist-promoted homologous  desensitization. Since  protein ki- 
nase A appears  to  be involved in  certain  forms of heterologous 
desensitization (Sibley et al., 1985) the  results  with 1-261-4 
are  not  surprising.  In  contrast, we have previously speculated 
that a novel kinase,  termed  the /%adrenergic receptor kinase 
may be involved in  mediating  the process of homologous 
desensitization (Benovic et d., 1986). In analogy with rhodop- 
sin  kinase which phosphorylates  rhodopsin at its carboxyl 
terminus, we have  focused our  attention  on  the  serinelthreo- 
nine-rich carboxyl terminus of the @-adrenergic  receptor as a 
potential locus of regulatory  phosphorylation by  P-adrenergic 
receptor kinase. A mutant  lacking  the last 48 residues of the 
@-adrenergic receptor, which contain 4 serines  and 3 threo- 
nines,  shows fairly characteristic desensitization.  While this 
appeared slightly  less marked  than  with  the wild type recep- 
tor,  results were somewhat  variable  and  the differences were 
not  statistically significant. These  findings suggest that  other 
phosphorylation  sites  more  proximal to  this  truncation  or  on 
other cytoplasmic domains may be involved in  the regulation 
of biological function  mediated by this e n ~ y m e . ~  

While this manuscript was  under  review, an  article was  published 
in  which substantially  similar  conclusions were  reached (Strader et 
al., 1987). 
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Another notable finding in the present work relates to  the 
difference in the levels of expression of the two P-adrenergic 
receptor constructs  in  both the in  vitro translation  and Xen- 
opus oocyte systems. In both cases this was considerably 
better for the construct which lacks the upstream AUG and 
the  short 19-codon open reading frame which follows it. A 
very similar feature characterizes both the muscarinic cholin- 
ergic (Peralta et d., 1987) and estrogen receptors (Green et 
al., 1986), and has been suggested to play a  potential role in 
regulating the efficiency of translation of mRNA. Thus,  ini- 
tiation of translation at  the upstream AUG followed  by dis- 
continuation at  the end of the short open reading frame might 
inhibit  translation at  the AUG  of the receptor in vivo and 
serve as a physiologically important mechanism for receptor 
regulation at a  translational level. Studies in which this 5’ 
region of the construct  is  mutated will  be required to further 
delineate the importance of this region in  such  putative trans- 
lational control. 
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