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ABSTRACT. We have characterized the maturation, co- and posttranslational modifications, and functional
properties of thex;g-adrenergic receptor (AR) expressed in different mammalian cells transfected using
conventional approaches or the Semliki Forest virus system. We found thaizt#ér undergoes N-linked
glycosylation as demonstrated by its sensitivity to endoglycosidases and by the effect of tunicamycin on
receptor maturation. Pulse€hase labeling experiments in BHK-21 cells demonstrate thatthé\R is
synthesized as a 70 kDa core glycosylated precursor that is converted to the 90 kDa mature form of the
receptor with a half-time of approximately 2 h. N-Linked glycosylation of the-AR occurs at four
asparagines on the N-terminus of the receptor. Mutations of the N-linked glycosylation sites did not have
a significant effect on receptor function or expression. Surprisingly, receptor mutants lacking N-linked
glycosylation migrated as heterogeneous bands in-SEXSGE. Our findings demonstrate that N-linked
glycosylation and phosphorylation, but not palmitoylation or O-linked glycosylation, contribute to the
structural heterogeneity of the;s-AR as it is observed in SDSPAGE. The madifications found are
similar in the different mammalian expression systems explored. Our findings indicate that the Semliki
Forest virus system can provide large amounts of functional and fully glycosylate&R protein suitable

for biochemical and structural studies. The results of this study contribute to elucidate the basic steps
involved in the processing of G protein-coupled receptors as well as to optimize strategies for their
overexpression.

The oyp-adrenergic receptor (ARpelongs to the large Co- and posttranslational modifications can influence the
superfamily of G protein-coupled receptors (GPCRs) that structure, function, and expression of GPCRs. These include,
transduce a variety of signals across the cell membrane.for example, glycosylation, phosphorylation, and palmitoy-
GPCRs are structurally characterized by seven transmem-ation.

branea-helices connected by alternating extracellular and  The role of N-glycosylation has been studied in a number
intracellular loops. The N-terminus is extracellular, and the of GPCRs. Removal of this modification by site-directed
C-terminus lies within the cytosol. The extracelluar half is mutagenesis or by biochemical approaches resulted in
involved in ligand binding and contributes to the stabilization different effects on various receptors. For some receptors,
of the structure of the receptors. Sequences on the cytosoliGncluding the hamstef.-AR (2), the receptor for platelet
surface mediate the interaction of the receptor with G proteins activating factor 8), the rat lutropin recepto#y, the human
as well as regulatory and signaling proteins like protein thyrotropin receptors), the human calcium receptd)( the
kinases and arrestins. Rhodopsin was recently crystallized,human dopamine D57, and the rat EP3 receptor for
and it is the only GPCR whose crystal structure has been Soprostaglandin E28) and for the human Af for angiotensin
far solved (). Il receptor ), it has been shown that N-linked glycosylation
is important for the expression at the plasma membrane. In
T This work was supported by the Fonds National Suisse de la contrast, mutations of the N-linked g!ycosylatlon S|t_es did
Recherche Scientifique (Grant 31-51043.97) and by the Europeannot have any effect on the expression of the canine H2
Community (Grant BMH4-CT98-3566). histamine receptorl(Q), the receptor for human parathyroid
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21-692 5355. E-mail: susanna.cotecchia@ipharm.unil.ch. important role in receptor function for most GPCRs. How-
‘Universitede Lausanne. ever, mutations of the N-glycosylation sites impaired the
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coupled receptor; SFV, Semliki Forest virus; PAGE, polyacrylamide 0n fly rhodopsin it was shown that N-linked glycosylation
gel electrophoresis; BHK-21, baby hamster kidney 21; HEK-293, was important for the interaction of the receptor with its

human embryonic kidney 293; DMEM, Dulbecco’s modified Eagle’s ; i
medium; [A]HEAT, [*24]iodo-2-[5-(4-hydroxyphenyl)ethylamino- chapgrone Nma.A’ even though .the mature receptor did not
methylJtetralone; PNGase F, peptitleglycosidase F; Endo H, en- ~ contain any N-linked glycosylationl). Recently, it was

doglycosidase H; AP, alkaline phosphatase. also shown that the V2 vasopressin receptor,ttapioid
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receptor, and octopus rhodopsin can undergo O-linked TNT quick-coupled transcription/translation system was from
glycosylation next to N-linked glycosylation1%—17). Promega Corp. (Madison, WI).

However, for the vasopressin and opioid receptors neither DNA Constructs and Site-Directed Mutagenesi$he
one of these madifications had an impact on the functional cDNA encoding the hamster;s-AR was tagged with a six-

properties of the receptors. histidine epitope at the C-terminus by subcloning it in-frame
The effects of receptor phosphorylation have been theinto the vector pET21a. The resulting construct was sub-
focus of a number of studies (for review, see (). cloned into pSFV-1 expression vector used to generate the

Phosphorylation of several GPCRs most commonly results Virus. Mutagenesis was performed by PCR using mismatch
in the uncoupling of the receptors from G proteins, thus primers and Pwo polymerase on the cDNA subcloned in the
representing an important step in receptor desensitization.PRK5 expression vector used for transfections. Mutations
Receptor palmitoylation has been shown for a few GPCRs, Were confirmed by automated DNA sequencing (Microsynth,
including the humarB.-AR (19), the humanoa-AR (20), Switzerland). To construct the re_cemeFP fusion proteins,
the human A1 adenosine recept®t and the rat bradikinin ~ the cDNA encoding theus-AR or its mutants was subcloned
B2 receptor 22). The palmitate group is linked in these into the pE-GFP-N1 usingcoRI/Agd. The cDNA of fusion
receptors to conserved cysteines in the proximal portion of Proteins were subsequently subcloned into pRK5 using
the C-terminus, which is postulated to be inserted in the lipid ECORI/Xbal. ) )
bilayer. The recent crystal structure of bovine rhodopg)n ( Cell Culture.BHK-21 cells were grown in a mixture of
supports this hypothesis. The positioning of helix 8 in the Ham's F-12 and Iscove’s (1:1) medium supplemented with
crystal structure fits with a potential insertion of the two 10% fetal calf serum and gentamycin (109/mL). Rat-1
palmitate groups into the lipid bilayer and may thus define fibroblasts, HEK-293, and COS-7 cells were grown in high-
an important functional domain of the receptor. Depalmi- glucose DMEM supplemented with 10% fetal calf serum and
toylation of the,-AR was shown to be a prerequisite of ~gentamicin (10Qug/mL). For viral infection and transient

receptor phosphorylation and desensitizati®8).( transfection cells were split the day before the infection/
Most GPCRs are expressed at low levels in tissues angtransfection into six-well dishes (30006600000 cells/well)

need efficient overexpression systems in order to obtain orin 10_O_mm dish(_as [(£2) x 10° cells/dish]. . .
enough protein suitable for biochemical and structural S€Mliki Forest Virus (SFV) Stock Preparation and Viral

studies. However, using mammalian overexpression systemgnfeCt'%r." Int\gtg)/ trar1t§c|r|pts and in .V'(\jlo aackagmg_ Ofl
membrane proteins often reveal structural heterogeneity€c0moinan particles were carried out as previously

resulting from various co- and posttranslational modifications described 24). BHK-21 cells confluent at 6670% were
nfected with 0.1 mL of virus <10 infective units/mL) in

and incomplete processing. This heterogeneity can depend

on the cells as well as on the transfection system that is used-> ML of medium per six-well dish. After 2 h, the medium
for the overexpression of the receptor. Because of the containing the virus was removed, and fresh medium was

growing need to obtain large amounts of GPCRs for added 25). At 16 h postinfection experiments were per-

structural studies, it has become important to characterizeformed as described below. _
the processing of various receptors expressed in different Effectene Transfectionkffectene transfections were car-

recombinant systems. ried out according to the manufacture’s protocol with-40

. : 50% confluent cells. Optimized conditions for all cell lines
In this study we have characterized the co- and posttrans-used in this study were 0,8 of DNA and 8uL of effectene
lational modifications of theo;s-AR as well as their y o

functional implications in different mammalian cells trans- per well of six-well dishes (300068500000 cells) and 4

: . - ug of DNA and 40uL of effectene per 100 mm dish [(12)
I/?rcjgd (é?:lc/? (;c;/r;\t/;r:]t|o_rl1_aleapf)ifsr?a:iz1eso?r ttr?ii Svszcr)?lrklisF?gestx 1P cells]. Cells were harvested 24 h after the transfection.

. ; . . .__In the case of the tunicamycin treatment, tunicamycin was
characterize the basic steps involved in receptor maturation : . . .
. : . added immediately after the transfection to a final concentra-
that have not been extensively investigated so far for the

; e o tion of 5ug/mL.
Sgg;y; r-g:/i riii)?ggs?c? nal IS to optimize the conditions for Membrane PreparationsTransfected or infected cells
' were lysed in 5 mM Tris-HCI, pH 7.4, at 4C, and 5 mM
EXPERIMENTAL PROCEDURES EDTA supplemented with complete protease inhibitor cock-
tail, and total cellular membranes were centrifuged at 46000

Materials Alkaline phosphatase, complete protease inhibi- for 20 min. After treatment with 1@g/mL DNase | in the
tor cocktail, and Pwo DNA polymerase were from Roche presence of 10 mM MgGlmembranes were frozen in liquid
Diagnostics (Basel, Switzerland). DMEM, Ham’'s F-12 and N, and stored at—80 °C. Protein concentration was
Iscove’s medium, gentamicin, fetal calf serum, endoglycosi- determined using the Bio-Rad protein assay. Membrane
dase H (Endo H), peptide:glycosidase F (PNGase F), and preparations were used for ligand binding, Western blotting,
restriction enzymes were from Life Technologies, Inc. (Grand and photoaffinity labeling.

Island, NY). PH]Glucosamine, JH]galactose, PA|HEAT, Ligand Binding. Ligand binding assays on membrane
[®H]inositol, and [*Y]iodoarylazidoprazosin were from Du-  preparations usingf]HEAT were performed as described
Pont-New England Nuclear (Boston, MAJ*$]Methionine, (26). Prazosin (10° M) was used to determine nonspecific

anti-rabbit HRP antibody, and ECL Western blotting detec- binding. [[*]JHEAT concentration was 250 pM for measur-
tion reagent were from Amersham Pharmacia Biotech; ing receptor expression at a single concentration and 80 pM
adrenaline was from Sigma (St. Louis, MO). Protein assay for competition binding analysis. For saturation binding
(Bradford) was from Bio-Rad Laboratories GmbH (Ger- experiments the concentration of the radioligand was 12
many). Effectene was from Qiagen AG (Switzerland). The 400 pM. Saturation analysis and competition curves were
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analyzed using Prism 3.02 (GraphPad, Software Inc., SanpH 6.8, 2% SDS, 5% glycerol, 5%-mercaptoethanol) for
Diego, CA). 60 min at room temperature. For Western blotting, the SDS
Inositol Phosphate Measuremeifransfected or infected = PAGE was followed by electroblotting onto nitrocellulose
cells were labeled for 12 h with my#fJinositol at 4 uCi/ membranes. The blots were incubated fo h at room
mL in inositol-free DMEM supplemented with 1% fetal temperature with the same antibody against the C-terminus
bovine serum. Cells were then preincubated for 10 min in of the receptor used for immunoprecipitation diluted 1:1000.
PBS containing 20 mM LiCl and then stimulated for 45 min After the antiserum was washed, the membranes were
with adrenaline. Total inositol phosphates were extracted andincubated with the secondary anti-rabbit antibody linked to

separated as described previoustg)(

Metabolic Labeling of CellsCells grown in six-well dishes
(30000G-500000 cells/well) were washed twice with PBS
and preincubated with 1.5 mL of methionine-free DMEM
medium for 30 min. Cells were then labeled for 20 min with
0.4 mL of the same medium containing 10Ci/mL [3°S]-
methionine (1000 Ci/mmol). After the pulse, cells were

horseradish peroxidase and developed using the enhanced
chemiluminescence (ECL) method according to the manu-
facturer's protocol. The molecular masses of the receptor
bands were determined on the basis of the relative migration
of each band to the front of the gel.

Photoaffinity Labeling of the ReceptorAs previously
described 27), membranes from cells expressing the recep-

subjected to different chase periods as indicated usingtors were diluted to a final receptor concentration of about
methionine-free medium supplemented with 1 mM cold 2 nM in buffer B [5S0 mM Tris-HCI, 150 mM NacCl, 5 mM

methionine upa 1 h of chase and complete medium for
longer chase periods. For labeling wifid[glucosamine or
[®H]galactose cells were preincubated with 2 mL of DMEM
medium containing 1000 mg/L glucose and labeled fo65

h using 0.4 mL of the same medium containingui/mL

EDTA, and 0.2% BSA (w/v), pH 7.4 at &C] and incubated
with 4 nM [**]iodoarylazidoprazosin in the dark for 90 min
at 25°C in the absence or the presence ofé18l prazosin.
After the binding, the membranes were washed twice with
buffer B in the dark and finally resuspended in buffer B

radiolabeled sugar. Labeled cells were lysed in buffer A (50 without BSA. Membranes were exposed to UV light (6 W,

mM Tris-HCI, pH 7.4, at £C, 150 mM NaCl, 2 mM EDTA,

312 nm) for 6 min, washed once using buffer B without BSA,

1% NP-40) supplemented with complete protease inhibitor and resuspended in SB®AGE sample buffer or in the
cocktail for 30 min on ice. The cell lysate was collected and buffer for endoglycosidase treatment.

frozen in liquid N and stored at-80 °C. After being thawed,

the cell lysate was centrifuged at 15@0for 15 min, and

the supernatant was kept for immunoprecipitation.
Immunoprecipitation of the Receptofor quantification

In Vitro Translation of the Receptofi.he cDNA of the
hamstera;s-AR or its mutants was cloned downstream of
the 5-globin BUTR under the regulation of the T7 promoter
of the T7-pLink cloning vector. Receptor translation was

of the radioactivity, the supernatants from cells metabolically 5chieved using the TNT quick-coupled T7 system according
labeled were precipitated with 10% (w/v) TCA, and the 15 the manufacturer’s instructions. The rabbit reticulocyte
radioactivity in the precipitate was counted. For each labeled lysate was incubated with&Ci of [*S]methionine and 0.01
sample, an aliquot containing 500000 dpm was immuno- 4 of DNA in the presence and absence of @L5of canine
precipitated. The immunoprecipitation was carried out icrosomal membranes in a total volume of dlofor 2.5

overnight in buffer A including 2.5% (w/v) protein

h at 37°C. For SDS-PAGE analysis 3L were loaded in

A—Sepharose and receptor-specific rabbit polyclonal anti- o5¢h |ane.

bodies (1:250). The antibody used in all of the experiments

shown was raised against a glutathichansferase fusion
protein encoding the C-terminal portion of thes-AR

beyond residue S356. This antibody was a kind gift of Prof.

Hitoshi Kurose (University of Tokyo). In some experiments,

RESULTS

Electrophoretic Comparison of the;s-AR in Different
Expression System#/e have previously reported that the

we also used a polyclonal antibody raised against the first t1s-AR can be expressed at high levels of approximately

22 amino acids of the N-terminus of the;s-AR as
previously described2().

25 pmol/mg of protein using the SFV syste®d). The ligand
binding and signaling properties of theg-AR in SFV-

Endoglycosidase and Alkaline Phosphatase Treatments.infected BHK-21 cells were similar to those previously
Endoglycosidase treatment was carried out on membranereported for the receptor expressed in other cells. To
preparations or on solubilized membranes using PNGase Fnvestigate the biochemical properties of thg-AR using

(final concentration 5 unitsL) and Endo H (final concentra-
tion 10 unitskl) in the buffers recommended by the
manufacturer at room temperature for-1 h. For immu-

different recombinant systems, the receptor was transiently
expressed in BHK-21 cells and Rat-1 fibroblasts using the
SFV vector system or effectene transfections. We also

noprecipitation of the receptor after endoglycosidase treat-investigated the properties of the;s-AR permanently
ment, the samples were diluted 10-fold with buffer A, and expressed in Rat-1 fibroblasts. Western blotting of membrane
immunoprecipitation was carried out as described above. Forproteins from control transfected BHK-21 cells or Rat-1
alkaline phosphatase treatment, the samples were firstfibroblasts using a polyclonal antibody raised against the

denatured using 0.25% SDS and 0.3¥mercaptoethanol.

C-terminus of thex;g-AR did not identify any cross-reacting

Calf intestine alkaline phosphatase was added to a final honspecific bands or endogenous receptor bands (Figure 2B,

concentration of 0.05 unitL, and the mixture was incubated
for 1.5 h at 37°C in the buffer provided.

SDS-PAGE and Western BlottingSDS-PAGE was
performed using 813% gradient gels. Membranes were
denatured in the SDSPAGE sample buffer (65 mM Tris,

lane 1).

Two main bands could be detected in membranes from
effectene-transfected BHK-21 cells and Rat-1 fibroblasts
expressing thex;g-AR without a His tag. The larger one
migrated around 85 kDa and the smaller band around 67
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1 2 3 4 kDa a band migrating at approximz_itely 58 kDa (_Figure 2C, lane

90|:; 100 3).. In _ contrast, treatment with Endo _ H influenced the

- - - migration of the 67 kDa band only (Figure 2C, lane 4),

Sg - - =75 indicating that the 67 kDa form is the core glycosylated and
P' - - the 85 kDa band is fully glycosylated species of tog-
gz_r’ = 50 AR. The faint band at 54 kDa observed in the untreatged

AR (Figure 2C, lane 2) or following its treatment with Endo

F 1: Expression of thex;g-AR in different mammalian H (Figure 2C, lane 4) is not N-glycosylated,
IGURE 1. EX i 18- in di i PPN . f . .
systems. Western blot analysis of thg-AR transiently expressed To inhibit N-linked glycosylation during the biosynthesis

in BHK-21 cells using the SFV system (lane 1) or effectene Of the receptor, transfected BHK-21 cells were grown in the
transfection (lane 2) and in Rat-1 fibroblasts either stable expressingpresence of tunicamycin (Figure 2D). The expression level
the aus-AR (lane 3) or after transient transfection using effectene of the a;s-AR measured by ligand binding in membrane
(lane 4). Receptor expression was 16, 3, 1.5, and 3 pmol/mg of hreparations from cells treated with tunicamycin was de-

protein, respectively. In each lane 200 fmol of receptors was loaded. 0
Positions of prestained molecular mass markers are indicated onCreased by 50% compared to untreated cells (data not shown).

the right, whereas the arrows on the left indicate the mass of the The cus-AR produced in the presence of tunicamycin
most prominent bands in lanes 1 and 2. The results are representamigrated as a broad band at approximately 54 kDa, thus

tive of several experiments. confirming that the treatment was efficiently inhibiting
N-linked glycosylation (Figure 2D, lane 3). The receptor

kDa in both cell lines (Figure 1, lanes 2 and 4). A weaker expressed in the presence of tunicamycin appeared smaller

band at 54 kDa was also observed. In contrast, in Rat-1 Compared to the receptor treated with PNGase F, which

fibroblasts permanently expressing thes-AR only one  migrated around 58 kDa (compare lanes 2 and 3 in Figure

single major receptor band was detected migrating aroundZD)_ However, in both cases the non-N-glycosylatag-

90 kDa (Figure 1, lane 3). In membranes derived from BHK- AR was not detected as a sharp and homogeneous band by

21 cells infected with SFV encoding the His-taggeg- Western blotting.

AR, Western blotting analysis revealed a number of receptor-  Tq further characterize the receptor expressed in transient

SpeCifiC bands migrating between 42 and 100 kDa, of which mammalian expression Systemsy the biosynthesis Oiﬂg‘,e

two were prominent (Figure 1, lane 1). Of these two bands AR was studied by pulsechase labeling of the receptor with

the larger one migrated around 90 kDa and the smaller [355|methionine in intact cells. Immunoprecipitation of the

around 70 kDa (Figure 1, lane 1). The migration of the bands [35S]methionine-labeled.s-AR from transiently transfected

was slightly slower in this case, probably due to the His tag. BHK-21 cells, Rat-1 fibroblasts, HEK-293 cells, or COS-7

In addition, in SFV-infected cells theintenSity of the 70 kDa cells resulted in h|gh background and did not allow to

band was stronger than the 90 kDa band, whereas in thegistinguish the labeled receptor from endogenous proteins
cells transfected with effectene the 67 and the 85 kDa bandS(reSLHtS not Shown)_ On the Contrary, the identification of
had nearly equal intensity. However, despite these differ- specifically labeled bands was possible in SFV-infected
ences, the migration pattern of the transiently expressed ~ BHK-21 cells infected with the SFV, because the viral
AR was similar in BHK-21 cells and in Rat-1 fibroblasts jnfection reduced the normal host cell protein synthesis due

transiently expressing thes-AR. A similar pattern of bands g the efficient replication of the viral RNA, thus allowing
was also found for thex;g-AR transiently expressed in g more specific labeling of the,s-AR.

COS-7 and HEK-293 cells using DEAE-Dextran and calcium  gHK-21 cells infected with the SFV encoding the His-
phosphate transfections, respectively (results not shown).taggedu;s-AR were labeled with¥S]methionine for 20 min
These findings indicate that the transient overexpression ofand chased for periods up to 26 h. As shown in Figure 3A,
the au5-AR results in heterogeneity of the receptor that is the main labeled species after 0.25ldnh of chase had an
not dependent on the expression system used but may arisgpparent molecular mass around 70 kDa. Several other
from co- and posttranslational processing. weaker bands migrating with apparent lower molecular mass

Glycosylation of theu;g-AR. The sequence of theis- (50 and 54 kDa) were also observed. At longer times of
AR contains four potential N-linked glycosylation sites in  chase, the intensity of these bands decreased whereas in
its N-terminal region (Figure 2A). In addition, a previous parallel a 90 kDa band appeared peaking at around 4 h
study demonstrated that thee-AR is endogenously N-  (Figure 3D). Similar results were obtained after immuno-
glycosylated in smooth muscle cell2gj. Therefore, the  precipitation of the receptor with an antibody raised against
diverse and broad bands observed fordhg-AR could be  its N-terminus (results not shown). To further investigate the
due to the various steps and/or to different extents of N-linked nature of the 70 and 90 kDa bands, the cells were labeled
glycosylation. Thus, we investigated whether N-linked gly- with [3H]glucosamine. As shown in Figure 4 (lane 1), both
cosylation would cause electrophoretic heterogeneity of the bands of the wild-type receptor were labeled B3]}
receptor protein by treating membranes from cells expressingglucosamine. The endoglycosidase treatment identified the
the aus-AR with endoglycosidases prior to Western blot 70 kDa band as the core glycosylated form and the 90 kDa
analysis. Furthermore, we inhibited the N-linked glycosy- form as the complex N-glycosylated receptor (Figure 4, lanes
lation machinery by tunicamycin treatment. 2 and 3). The main receptor species identified in metabolic

Endo H is an enzyme that selectively removes unprocessedabeling experiments are similar to those revealed by Western
high-mannose oligosaccharides whereas PNGase F alsdlotting in both BHK-21 and Rat-1 fibroblasts (Figure 1).
cleaves complex-type N-linked oligosaccharides from gly- The 54 kDa band detected by Western blotting (Figure 1)
coproteins. The bands at 85 and 67 kDa were sensitive towas not labeled by?H]glucosamine, thus confirming that it
the treatment with PNGase F, resulting in the appearance ofrepresents the nonglycosylated receptor form.
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Ficure 2: Expression of theys-AR and its glycosylation-deficient mutants. (A) Amino acid sequence of the N-terminus of;th&R

and of the N4 and O4 mutants in which the alanine substitutes are indicated by boxes. Asterisks indicate the potential N-linked glycosylation
sites that are mutated to alanines in the N4 mutant; small circles indicate the theoretical O-linked glycosylation sites in the wild-type
receptor and in the N4 mutant. (B) Western blot analysis ofctheAR (lanes 1 and 6) and the N10A (lane 2), the N24A (lane 3), the

N29A (lane 4), the N34A (lane 5), and the N4 (lane 7) mutants. Lane 8 contains membranes from cells transfected with empty vector. (C)
Western blot analysis of the;s-AR (lanes 3 and 4) and the N4 (lanes® and O4 mutants (lanes-80). The membranes were treated

with endoglycosydases as indicated. Lane 1 contains membranes from cells transfected with empty vector; lane 11 contains Endo H, showing
two faint nonspecific bands. (D) Western blot analysis of dig-AR expressed in the absence (lanes 1 and 2) or presence (lane 3) of
tunicamycin at 5ug/mL. In both (B) and (C), BHK-21 cells were transiently transfected with effectene. In each lane 200 fmol of receptors

was loaded. Positions of prestained molecular mass markers are indicated on the left. The results are representative of several experiments.

Characterization of Glycosylation-Deficient Mutants of the O-linked glycosylation. This database contains the entry of
a15-AR. To further characterize N-linked glycosylation, we 198 O-linked glycosylated proteins and uses this information
constructedoyg-AR mutants lacking potential N-linked by a computational algorithm for the prediction of new sites.
glycosylation sites. The asparagines of the four N-linked It is known that the presence of several Ser/Thr and Pro
glycosylation consensus sites (N-X-S/T) (Figure 2A) were favors O-linked glycosylation. Two potential O-glycosylation
mutated into alanine, individually and in different combina- sites were predicted in the N-terminus of the wild-type-
tions. Each individual mutation had a small effect on the AR, and two additional sites were predicted in the N4 mutant
migration of the receptor based on SBBAGE, which was (Figure 2A) as a result of the mutations. We therefore
more pronounced when the different mutations were com- constructed a receptor mutant named O4 carrying the
bined (Figure 2B, compare lanes-2 with lane 7). This mutations of Ser/Thr of all four N-X-S/T motifs as shown
suggests that all four asparagines are used as N-linkedin Figure 2A. The O4 mutant contained no putative N- or
glycosylation sites of then;g-AR. Therefore, only the  O-linked glycosylation site. Similar to the N4 mutant, the
receptor mutant carrying the mutation of all four asparagines His-tagged O4 mutant expressed in cells labeled wiB]|{
named N4 was used for further studies. methionine also exhibited two bands migrating around 50

The His-tagged receptor N4 mutant was expressed inand 58 kDa at later times of chase (Figure 3C).

BHK-21 cells using the SFV system to investigate the  Western blotting of membranes from BHK-21 cells
biosynthesis in cells labeled witF°§]methionine. Surpris-  expressing the N4 and O4 mutants revealed that both
ingly, the N4 mutant expressed two main bands with apparentreceptors migrated as broad bands between/4%and 49-
molecular mass around 56 and 64 kDa at later times of chases5 kDa, respectively (Figure 2B, lanes 5 and 8). Both mutants
(Figure 3B), suggesting that other co- and posttranslationalwere insensitive to Endo H and PNGase F, indicating that
modification may influence its migration. We therefore N-glycosylation was abolished by the mutations (Figure 2C,
investigated whether the;g-AR could become modified by  lanes 6 and 7 and lanes 9 and 10).

O-linked carbohydrates. In contrast to the wild-type receptor, the N4 and O4

The sequence afi;g-AR was analyzed by the O-linked mutants were not labeled b3H]glucosamine (Figure 4, lanes
glycosylation database O-GlycBase (v5.(@9)(to determine 4 and 5). SincéN-acetylglucosamine is not always found in
whether it could become O-linked glycosylated despite the O-linked carbohydrates, the wild-type receptor and its
fact that there is no clearly defined consensus site for mutants were immunoprecipitated from cells labeled with
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(A) kba 12 3 456
kDa 100 = '
- _ s <90
1$g _ ‘ ‘ - < 90 75 <70
1 r Dl 50—
0 ' PNGase F
ase il L B B Bl
025 1 2 4 6 95225 26 ¢ -1 - - -1 -
(B) time (h) Endo H +
kDa Ficure 4. [*H]Glucosamine labeling of thex;g-AR and its
100— glycosylation-deficient mutants. BHK-21 cells infected with SFV
75— o4 encoding for the His-taggedhs-AR (lanes +-3) and the N4 (lane
" 4) or O4 (lane 5) mutants were labeled for 5.5 h wifi]f
50— “ . ' L 356 glucosamine. Membranes expressing the His-tagggdhR were
: treated with endoglycosidases as indicated (lanes 2 and 3). Lane 6
(C) 025 1 2 4 6 95225 26 contains membranes from noninfected cells. Cells were solubilized
time (h) as described in Experimental Procedures, and 500000 dpm of each
kDa sample was immunoprecipitated prior to SBBAGE. The dried
100- gel was exposed for 15 days to a X-ray film for autoradiography.
- Receptor expression was 3 and 1.5 pmol/mg of protein for cells
75 grown in the absence or presence of tunicamycin, respectively. In
' : 58 each lane 200 fmol of receptors was loaded. Positions of prestained
50— " : 50 molecular mass markers are indicated on the left. The results are
representative of two experiments.
025 1 2 4 & 95225
(D) time (h) Palmitoylation and Phosphorylation of the;s-AR. In
20004 addition to glycosylation, other important posttranslational
@ modifications of differen s are palmitoylation an
2 dificat f diff t GPCR Imitoylat d
5 1500- phosphorylation. There is recent evidence thatdheAR
E’ is palmitoylated at two cysteines in the C-termin86)( To
g 10004 assess the potential role of palmitoylation on the migration
S pattern of the receptor, the two cysteines were mutated into
500 alanine in the wild-typet;s-AR as well as in the N4 mutant.
od . . . . ~ Western blotting analysis indicated that mutating the palmi-
0 4 8 12 16 20 24 toylation sites had no significant effect on receptor migration

time (h) (results not shown).

Fiure 3: Pulse-chase analysis of theis-AR and its N-linked . We have. previously repqrted that a stretch of eight serines
glycosylation-deficient mutants. BHK-21 cells infected with the N the C-tail of theo,s-AR is the substrate for phosphory-
SFV encoding for the His-taggeths-AR (A) and N4 (B) or O4 lation mediated by protein kinase C and G protein-coupled
(C) mutants were labeled for 20 min with 1QECi/mL [3°S]- receptor kinases3(). This was demonstrated by the fact that

methionine and chased for different times. Cells were solubilized ; ; ;
as described in Experimental Procedures, and 500000 dpm of eacr%he M8 mutant carrying mutations of these serines was

sample was immunoprecipitated prior to the SEFAGE. The dried profoundly 'mPa"_ed Inits ‘f"b'l'ty f[o undergo phosphorylation
gels were exposed for 2 days to X-ray films for autioradiography. and desensitization. To investigate the effect of receptor
Positions of prestained molecular mass markers are indicated onphosphorylation on the migration of thgg-AR on SDS-

the left, whereas the arrows on the right indicate the mass of the pAGE, we compared the Western blotting of the wild-type

two most prominent bands at 9.5 h of chase. In (D), the gel in (A) : ;
was analyzed using the Molecular Imager FX and the Quantity One receptor and of the M8 mutant treated with PNGase F (Figure

4.0.3 software (Bio-Rad) for quantifying the radioactivity of 2A)- Like the wild-typeas-AR, the M8 mutant displayed
different receptor bands that is expressed as arbitrary units andthe fully glycosylated and the core glycosylated forms which
shows the radioactivity incorporated in the 90 kil é&nd 70 kDa were decreased in size by PNGase F (Figure 5A, lanes 6
(a) bands of thex;s-AR-His at each time of chase. The results are gng 8). However, the receptor species of the M8 mutant
representative for two to three experiments. displayed a slightly higher mobility compared to the wild-
type receptor bands probably due to the lack of phosphory-

3 -
[Hlgalactose. Whereas the wild-type receptor was specif lation resulting from the mutation. The enzymatic dephos-

cally labeled with H]galactose, no incorporation was phorylation of the wild-typecus-AR treated or not with
observed for the N4_ and_O4_mutants (result_s not shown). pnGase E by calf intestinal alkaline phosphatase (AP)
The fact that no labeling with eithetf]glucosamine orH]- resulted also in a small downward shift of its size (Figure
galactose was observed in the N4 mutant as well as in thesa compare lanes 2 and 3 and lanes 4 and 5). As expected,
wild-type receptor digested by PNGase F (Figure 4, lanes 4 Ap had no effect on the M8 mutant (Figure 5A, compare
and 2) suggests that tes-AR is not modified by O-linked  |anes 6 and 7 and lanes 8 and 9). This demonstrates that
oligosaccharides. This is also supported by the fact thatreceptor phosphorylation contributes to the structural het-
sequential treatment with neuraminidase &ndlycosidase  erogeneity of thex;s-AR expressed in transient systems, as
after PNGase F did not change the migration pattern eitherit can be observed in SDPAGE.

of the wild-type oug-AR or of the N4 and O4 mutants This conclusion is further supported by the results on the
analyzed by SDSPAGE and Western blotting (results not double mutants N4/M8 and O4/M8 in which the mutations
shown). of the phosphorylation sites were introduced in the N-linked
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(A) extents. The wild-typets-AR translated in the presence of
kDa 1234567289 microsomal membranes migrated as a broad band between
100 — -~ _ ; 58 and 71 kDa (Figure 6, lanes 1 and 4) and was sensitive
75 = - L - ESS to Endo H that shifted its molecular mass to 58 kDa (Figure
T e - — -« G 6, lane 2). This suggests that the wild-type receptor translated
0- “' in the presence of microsomal membranes was a mixture of
AP Lo lelotel ol 2l sl .core.glycosylated and no_nglycosylgted receptor, as expected
PNGase Fl - T 1= T+l =1 -1 -1+ = in this system 32). Despite not being N-glycosylated, the
04 mutant in the presence of microsomal membranes
migrated as a band of approximately 58 kDa, which is larger
(B) kD than that in the absence of membranes (54 kDa), suggesting
a 1234561789 that other cotranslational modifications may occur in vitro
122 : <85 (Figure 6, compare lanes 5 and 6). Interestingly, the band

:.. <67 corresponding to the O4/M8 mutant in the presence of
50 — .- -“ membranes was slightly smaller than that of the O4 mutant
. - oo (Figure 6, compare lanes 8 and 6). The slightly higher

PNGase Fl - [ |+|-|+[-]-|-]-] mobility of the O4/M8 might result from the fact that it is
FIGURE 5. Expression of theus-AR and its phosphorylation- and/  missing most of the phosphorylation sites, thus suggesting

or glycosylation-deficient mutants. Western blot analysis obihe that phosphorylation may occur also at the in vitro translated

AR and of different mutants transiently expressed in BHK-21 cells :
using effectene. (A) shows the analysis of the-AR (lanes 2-5) receptor. In fact, the reticulocyte lysate has been shown

and of the M8 mutant (lanes-®). The membranes were treated Previously to contain some phosphorylation activity and
with PNGase F and/or alkaline phosphatase (AP) as indicated.could be the source of rather nonspecific phosphorylation

SDS-PAGE was performed using a-12% gradient gel. Lane 1 in this system 3). Despite the fact that the O4/M8 mutant
contains membranes from cells transfected with empty vector. In |3cked the N-linked glycosylation and most phosphorylation

each lane 100 fmol of receptors was loaded. The 64 kDa band _. .
insensitive to PNGase F in lanes 4, 5, 8, and 9 was occasionallysnes’ the receptor translated in the presence of membranes

observed in different experiments. This band might be nonspecific Migrated slower than that translated in the absence (Figure
or result from incomplete digestion by PNGase F. (B) shows the 6, compare lanes 7 and 8).

analysis of thex;g-AR (lanes 2 and 3) and the M8 (lanes 4 and 5),  Functional Characterization of Co- and Posttranslational

N4 (lane 6), N4/M8 (lane 7), O4 (lane 8), and O4/M8 (lane 9) \1qification of the aus-AR. To assess the effect of the
mutants. Lane 1 contains membranes from cells transfected with ’

empty vector. The membranes were treated with PNGase F asdifferent co- and posttransiatinal modification on receptor
indicated. SDSPAGE was performed using a-83% gradient function, the receptor mutants were expressed in BHK-21
gel. In each lane 200 fmol of receptors was loaded. Positions of cells and tested for their ligand binding and signaling
prestained molecular mass markers are _indicated on the left. Theproperties. As shown in Table 1, mutations of the glycosy-
results are representative of three experiments. lation and/or phosphorylation sites did not significantly
kDa change the expression and ligand affinity as well as the
100— 12 345678 inositol phosphate response of the receptor.
To further investigate the expression of the N4 and O4

7w~ .. pi gg mutants at the cell surface, we constructed recep&dP
50— 54 fusion proteins and transiently expressed them in BHK-21

membranesl + |+ o Il e I e signaling properties of the receptors fused to GFP were

and HEK-293 cells using effectene. The ligand binding and
Endo H -4+ -1 -1 -1-1-]- similar to those of the wild-type;s-AR (Table 1). As shown

) _ _ _ in Figure 7, in cells expressing thes-AR fused to GFP
FIGURE6: In vitro translation of thewg-AR and its mutants lacking  the fluorescence was distributed in the cytoplasm as well as

the phosphorylation or glycosylation sites. Thg-AR (lanes +4) : s
and the O4 (lanes 5 and 6) and the O4/M8 (lanes 7 and 8) mutantsat the plasma membrane, thus suggesting that a significant

were in vitro translated in the absence or presence of microsomalfraction of the wild-type receptor is intracellular. A similar

membranes as indicated. The in vitro translated-AR in the distribution of the fluorescence was observed in cells
presence of membranes was also treated with Endo H. The driedexpressing the N4 or O4 mutants fused to GFP (Figure 7).
gel was exposed fo7 h to X-ray films for autoradiography. To investigate the ability of the different receptor bands

glycosylation-deficient mutants. Though on Western blots to bind ligands, we performed photoaffinity labeling of
the N4/M8 and O4/M8 mutants still displayed several bands, membranes expressing thgs-AR or its mutants with J29]-
these were sharper than the bands of the N4 and O4 receptor®doarylazidoprazosin and analyzed them by SIPAGE.
(Figure 5B, compare lanes 6 and 7 and lanes 8 and 9).  Photoaffinity labeling of membranes from BHK-21 cells
In Vitro Translation of thea;s5-AR and Its MutantsTo expressing the His-tagged or wild-types-AR revealed two
further investigate the heterogeneity of the receptor on-SDS main labeled bands (Figure 8, lanes 1 and 4) corresponding
PAGE, the wild-typeos-AR and the O4 and the O4/M8 to the fully and core glycosylated receptor form (compare
mutants were also analyzed by in vitro translation (Figure with Figure 1). The labeling of these bands was specific since
6). The translation of the three receptors without microsomal it could be displaced by 16 M prazosin (Figure 8, lanes 2
membranes resulted in a single band migrating around 54and 5). The relative intensity of the core glycosylated to the
kDa (Figure 6, lanes 3, 5, and 7). The addition of canine fully glycosylated band of the His-tagged;s-AR was
microsomal membranes shifted the translated protein towardweaker after photoaffinity labeling as compared to Western
higher molecular mass for all three receptors, but to different blotting (compare Figure 8, lane 1, with Figure 1, lane 1).



4288 Biochemistry, Vol. 41, No. 13, 2002 Bjorklof et al.

Table 1: Functional Properties of thge-AR and Its Mutanty

Bmax [*9]HEAT adrenaline prazosin P adrenaline
receptor (pmol/mg of protein) Kb (pM) Ki (uM) Ki (nM) (% above basal) ECso (NM)
as-AR 49+ 0.9 77+ 3 47+1.2 0.65+ 0.1 87+ 7 39+ 14
N4 7.9+2 66+ 9 3.9+0.1 1+01 77+ 6 8.3+4
o4 4.6+ 0.8 76+ 1 4.2+ 0.7 0.5+0.1 94+ 13 23+ 10
M8 47+1 104+ 10 48+0.1 0.64+ 0.1 86+ 6 26+ 6
N4/M8 58+1 118+ 13 4.7+ 0.7 0.61+ 0.1 89+ 15 15+ 3
04/M8 45+15 117+ 13 5.0+ 0.8 0.65+ 0.1 101+ 16 16+ 0.2
N4-GFP 531 75+ 6 2.3+0.3 0.61+ 0.1 69+ 7 51+ 8
04-GFP 46+1 62+ 7 22+01 0.61+ 0.1 78+ 10 45+ 5

aThe wild-type ass-AR and its mutants were expressed in BHK-21 cells using effectene transfection. Saturation bindfigHEAT was
performed on membrane preparations. Inositol phosphate (IP) accumulation was measured following incubationaMthdr@daline for 45 min
and is expressed as the percent increase above the basal levels which were similar for the cells expressing the differenkreetmsraere
assessed in competition binding experiments using 80'BMHEAT. The EGs values of adrenaline were assessed using different concentrations
from 1071°to 10~* M. Values represent meass SE from three experiments for the receptor mutants and from three to seven experiments for the
alB-AR.

BHK HEK 293 kDa 1 2 3 4 56 7 8 9 1011
(A) WT-GFP (B) WT-GFP 100— - gg
i = 310
50— . F ’ <54

prazosin | -| + | -|-[+[-1+]|-|+]|-]|+

PNGaseF| ~| - [+|-[-|-1-|-|-|-|"-

Ficure 8: Photoaffinity labeling of thex;s-AR and its mutants
lacking the phosphorylation or glycosylation sites or both. The His-
(C)N4-GFP (D)N4-GFP taggedayg-AR was expressed in BHK-21 cells using the SFV
system (lanes 1 and 2) or effectene (lane$B The N4 (lanes 6
and 7), O4 (lanes 8 and 9), and 04/M8 (lanes 10 and 11) mutants
were transiently expressed in BHK-21 cells using effectene.
Membranes were incubated witij]iodoarylazidoprazosin in the
absence or presence of prazosin—€B). Membranes expressing
the His-tagged;g-AR were also digested with PNGase F (lane
3). The dried gel was exposedrf® h to a X-ray film for

autoradiography. Positions of prestained molecular mass markers
are indicated on the left. The results are representative of two
(E) 04-GFP (F) 04-GFP experiments,
- - indicate that both the complex and core glycosylated receptor
species are expressed at the cell surface. However, this would

Ficure 7: Receptor-GFP fusion proteins expressed in BHK-21 intricii i i
and HEK-293 cells. The GFP was fused at the C-terminus of the be somehow intriguing since it has been shown that very

a1s-AR (WT) and of its mutants N4 and O4. Cells transiently little core glycosylated GPCR reaches the .ceII surface. In
transfected using effectene were analyzed by fluorescence microsfact, we cannot rule out that cells infected with the SFV are
copy. The results are representative of several experiments. not fully intact, thus allowing the antibodies to penetrated
into the cytosol and bind to the intracellular pool of the
This suggests that part of the core glycosylategtAR form receptor. Another hypothesis to explain these findings is that
migrating at 70 kDa does not bind ligands. the core glycosylated form of the receptor is mainly
The N4, the 04, and the O4/M8 mutants were also intracellular, but it can still bind the photoaffinity ligand.
specifically labeled by!P]iodoarylazidoprazosin. For all
three receptor mutants, the labeled receptor displayed twolPISCUSSION

main bands, similar to those detected by Western blotting  The principal implications of this study are twofold. First,
(compare Figure 8, lanes 6, 8, and 10, with Figure 5B, lanesit identifies the basic steps involved in the maturation of the
6, 8, and 9). This indicates that the multiple bands observedy,5-AR. Second, it characterizes the co- and posttranslational
on the Western blot represent, at least in part, the functional modifications involved in the structural heterogeneity of the

bands immunoprecipitated for both the wild-type and mutated
receptors were similar to the two prominent bands identified
by the photoaffinity labeling (results not shown). This might

receptor. receptor expressed in different mammalian systems as it is
To identify which receptor bands were expressed at the observed in SDSPAGE.

cell surface, thea;s-AR and its glycosylation-deficient The ous-AR expressed in vitro and in vivo undergoes

mutants were expressed in BHK-21 cells labeled witS]f N-linked glycosylation as demonstrated by its sensitivity to

methionine and immunoprecipitated from whole cells with endoglycosidases as well as by the effect of tunicamycin on
antibodies raised against the N-terminus of the receptor. Thereceptor maturation in intact cells (Figure 2). The kinetic
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results from pulsechase labeling experiments demonstrate angiotensin in which mutating the N-linked glycosylation
that the His-taggedus-AR is initially synthesized as a 70  sites resulted in a single fairly homogeneous receptor product
kDa core glycosylated precursor that is converted to the 90 detected by Western blotting,(10). However, the N-linked
kDa mature form of the receptor with a half-time of about 2 glycosylation-deficient mutant of the V2 vasopressin mi-
h (Figure 3). Other weaker bands with apparent lower grated as two bands, one of which was found to be modified
molecular mass identified after the shortest time of chase by O-linked glycans 15). Our findings do not support the
might include the nonglycosylated receptor whose molecular hypothesis that the;s-AR undergoes O-linked glycosylation
mass, as calculated from its amino acid sequence, is 56 kDaand that this modification contributes to the heterogeneity
N-Linked glycosylation of theous-AR occurs at four of the receptor. This was based on four main lines of
asparagines on the N-terminus of the receptor as demon-evidence. First, no incorporation of eithéH[glucosamine
strated by the fact that the N4 and O4 mutants lacking the or [*H]galactose could be observed either in the N4 and O4
consensus sites for N-linked glycosylation were totally receptor mutants or in the wild-type receptor after its
insensitive to endoglycosidases (Figure 2). An important treatment with PNGase F (Figure 4). Second, the migration
finding of our study is that mutations of the N-linked pattern of the O4 mutant lacking both N- and O-linked
glycosylation sites did not significantly change the ligand glycosylation sites was similar to that of the N4 mutant.
binding and signaling properties of thgs-AR (Table 1) or Third, treatments with neuraminidase @djlycosidase after
its ability to be expressed at the cell surface (Figure 7). In PNGase F did not change the migration pattern of the wild-
contrast, the treatment of cells expressingdhg AR with type aug-AR (results not shown). Fourth, the mutation of
tunicamycin decreased receptor expression by about 50%1two serines (Ser 421 and Ser 423) that could be a site for
This could be due to the fact that, in addition to inhibiting O-glycosylation in the C-tail of the receptor did not change
N-linked glycosylation, tunicamycin can inhibit protein the migration pattern of the deglycosylaieg-AR or of its
synthesis or stimulate protein degradation as it was recentlymutants N4, O4, and O4/M8 (results not shown).
shown for apolipoprotein B3d). However, despite the fact that the migration pattern of the
Our results indicate that different extents of N-linked N4 and O4 receptors was overall similar, it was not identical.
glycosylation are among the phenomena causing the elec-As seen in Figure 3, the sizes of the bands corresponding to
trophoretic heterogeneity of the;g-AR when transiently ~ the O4 mutant were consistently smaller than those of the
overexpressed in mammalian cells. In fact, thg-AR N4. This difference in mobility could support the presence
transiently expressed in BHK-21 and Rat-1 fibroblast of O-glycosylation that cannot be entirely ruled out by the
displayed three main bands that were identified as non-N- negative results of our experiments. Another explanation of
linked and core and complex N-linked glycosylated forms this difference may be that the mutations of four asparagines
(Figure 1, lanes 2 and 4). In contrast, if the receptor was in the N4 mutant and of four serines/threonines in the O4
expressed in stable transfected Rat-1 fibroblast, only the mutant have different impact on the migration of the receptor
complex N-glycosylated form was detected by Western protein on SDS PAGE.
blotting (Figure 1, lane 3). These results indicate that in the  We also excluded that receptor palmitoylation influenced
transient expression systems the maturation ofothieAR the heterogeneity on SDFPAGE of theayg-AR. This was
is incomplete, probably because the overexpressed receptodemonstrated by the finding that mutating the two palmi-
protein saturates the protein processing machinery of the hostoylation sites at the C-terminus of the receptor did not
cell. Interestingly, the receptor expressed in BHK-21 cells modify the migration pattern of the wild-types-AR or of
using the SFV system showed a pattern very similar to thatthe N4 mutant (results not shown). In contrast, receptor
expressed in various cells (BHK-21, Rat-1, COS-7, and phosphorylation was found to influence the migration of the
HEK-293) using conventional transient transfection systems oys-AR. In fact, thea,s-AR treated with alkaline phosphatase
(results not shown), but additional fainter bands of molecular and the M8 receptor mutant lacking eight phosphorylation
mass smaller than 54 kDa appeared (Figure 1, lane 1). Thesesites in its C-tail displayed a slightly higher mobility in SBS
bands were also detected in the puishase labeling PAGE compared to the untreated receptor (Figure 5A). In
experiments (Figure 3). It is possible that these receptor formsaddition, the N4/M8 and O4/M8 mutants lacking both the
with molecular mass smaller than that expected for the N-linked glycosylation and phosphorylation sites appeared
nonglycosylated receptor are the result of receptor degrada-as defined bands much sharper than the nonglycosylated
tion. In fact, recently it has been shown that a large part of forms of the receptor (Figure 5B, compare lanes 7 and 9
the de novo synthesizedopioid receptor expressed in stable with lanes 3, 6, and 8). Even though phosphorylation
transfected HEK-293 cells becomes ubiquitinated and de- contributes to receptor heterogeneity, other factors should
graded in the proteasomay). contribute to the fact that the O4/M8 mutant displayed
An intriguing finding of our study is that.;g-AR lacking multiple bands.
the N-linked oligosaccharides following the digestion with  We exclude that the two main bands corresponding to the
endoglycosidases or treatment with tunicamycin or mutagen-N4 and O4 in pulsechase labeling experiments (Figure 3)
esis of the N-linked glycosylation consensus sites were neverresult from proteolysis of the receptor, since both bands could
detected as simple but as multiple bands on SBAGE also be immunoprecipitated by antibodies against the N-
(Figure 2B,C). In particular, the N4 and O4 mutants terminus of thea;s-AR (results not shown). Puls&hase
displayed multiple bands on Western blots and a doublet bothexperiments indicated that, despite the lack of the N-linked
in pulse-chase and in photoaffinity labeling experiments glycosylation, the N4 and O4 mutants could also undergo
(Figures 2, 3, and 8). some time-dependent maturation, suggesting that other
This differs from the results obtained with other GPCRs posttranslational modifications, which remain unknown,
such as the H2 histamine receptor and the A&ceptor for occur at the receptor. However, photoaffinity labeling of the
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N4, O4 and O4/M8 receptors revealed that the two main of the cDNA encoding thex,g-adrenergic recepteitGFP

bands were functional since they were specifically labeled fusion protein, Prof. Hitoshi Kurose for the kind supply of

by [**3]iodoarylazidoprazosin (Figure 8). anti-a;g-AR antibody, and Prof. Kthi Geering for helpful
Whereas the migration patterns on SEFFAGE observed  discussions.
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