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The f3;-adrenergic receptor (3;AR) is the predominant BAR
in the heart, mediating the catecholamine-stimulated increase
in cardiac rate and force of contraction. Regulation of this
important G protein-coupled receptor is nevertheless poorly
understood. We describe here the biosynthetic profile of the
human ;AR and reveal novel features relevant to its regulation
using an inducible heterologous expression system in HEK293;
cells. Metabolic pulse-chase labeling and cell surface biotinyla-
tion assays showed that the synthesized receptors are efficiently
and rapidly transported to the cell surface. The N terminus of
the mature receptor is extensively modified by sialylated mucin-
type O-glycosylation in addition to one N-glycan attached to
Asn'®, Furthermore, the N terminus was found to be subject to
limited proteolysis, resulting in two membrane-bound C-termi-
nal fragments. N-terminal sequencing of the fragments identi-
fied two cleavage sites between Arg®' and Leu? and Pro®? and
Leu®?, which were confirmed by cleavage site and truncation
mutants. Metalloproteinase inhibitors were able to inhibit the
cleavage, suggesting that it is mediated by a matrix metallopro-
teinase or a disintegrin and metalloproteinase (ADAM) family
member. Most importantly, the N-terminal cleavage was found
to occur not only in vitro but also in vivo. Receptor activation
mediated by the BAR agonist isoproterenol enhanced the cleav-
age in a concentration- and time-dependent manner, and it was
also enhanced by direct stimulation of protein kinase C and
adenylyl cyclase. Mutation of the Arg®'—Leu>? cleavage site sta-
bilized the mature receptor. We hypothesize that the N-termi-
nal cleavage represents a novel regulatory mechanism of cell
surface 3;ARs.

The B,-adrenergic receptor (8;AR)? is one of the three BAR
subtypes that are activated by the endogenous catecholamines
adrenaline and noradrenaline (1). These receptors belong to the
G protein-coupled receptor (GPCR) family, one of the largest
membrane protein families involved in cellular signaling (2, 3).
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The ;AR is the predominant BAR subtype in the heart, medi-
ating the increase in cardiac rate and force of contraction (4, 5).
This makes it the most important target receptor for the -
blockers that are used to treat common cardiac diseases such as
chronic heart failure, coronary artery disease, hypertension,
and arrhythmias. The mechanisms that regulate human ;AR
(hB;AR) are therefore of considerable interest.

The hB,AR s one of the most extensively studied GPCRs, but
much less is known about h3; AR. The suggestion that it may be
more resistant to agonist-mediated desensitization (6), inter-
nalization (7-12), and down-regulation (7, 10, 13, 14) could
indicate that the two receptors are regulated by distinct mech-
anisms. Their ligand-binding sites are well conserved, but the
overall homology of the two BARs is only 54% (15). The most
diverse regions are the intervening loops that connect the
transmembrane domains, the extracellular N terminus and the
intracellular C terminus. The third intracellular loops and
the C-terminal tails of 8;AR and 3,AR have been implicated in
the mediation of interactions with distinct intracellular pro-
teins, including a number of PSD-95/Discs-large/Z0O-1-homol-
ogy (PDZ) domain-containing proteins that have divergent
roles in receptor signaling and trafficking (reviewed in Refs. 16,
17). In contrast, the extracellular domains of the two BARs have
aroused only limited interest and have been thought to have a
negligible role in receptor activation and regulation. This is
probably related to the relatively short length of the N termini
and the absence of noticeable functional domains with con-
served motifs as opposed to GPCRs, e.g. in the adhesion recep-
tor family (2, 3). Recent evidence nevertheless suggests that the
extracellular BAR domains may have a more important role
than had been anticipated. For example, the crystal structure of
turkey ;AR revealed that the second extracellular loop partic-
ipates in ligand binding, defining the entrance to the ligand
binding pocket within the 7-transmembrane domain bundle
(18). On the other hand, ligand binding was found to lead to
conformational changes in the 8,AR N terminus and extracel-
lular loops, as was revealed by conformation-specific antibodies
and NMR spectroscopy, respectively (19, 20).

To initiate investigations into the mechanisms that regulate
hB; AR, we set out to characterize the specific steps that take
place during the biogenesis of this GPCR. We demonstrate here
that the receptor N terminus is extensively modified by mucin-
type O-glycosylation during the rapid transport to the cell sur-
face in addition to one N-glycan. Furthermore, the N terminus
of the mature receptor with fully processed oligosaccharides
was found to be subject to proteolytic cleavage by metallopro-
teinases, a cleavage that occurred both in vitro and in vivo. This
cleavage was enhanced by agonist-mediated receptor activation
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and by direct activation of protein kinase C and adenylyl
cyclase. On the other hand, mutation of the primary cleavage
site was found to lead to stabilization of mature receptors.
These results allow us to hypothesize that the N-terminal cleav-
age represents a novel way of controlling the number of func-
tionally active cell surface 3;ARs.

EXPERIMENTAL PROCEDURES

Materials—Endo-3-N-acetylglucosaminidase H (Endo H),
peptide-N-glycosidase F (PNGase F), O-glycosidase, and neura-
minidase were obtained from Roche Applied Science. Anti-
FLAG M2 and anti-HA monoclonal antibodies, anti-FLAG M2
and anti-c-Myc antibody affinity resins, tunicamycin, phorbol
12-myristate 13-acetate (PMA), and forskolin were products
from Sigma. The anti-hf3; AR polyclonal antibody and anti-
c-Myc (9E10) monoclonal antibody were from Santa Cruz
Biotechnology. EZ-linked sulfo-N-hydroxysuccinimide (NHS)
biotin and immobilized streptavidin were from Pierce. FLAG
and c-Myc peptides were obtained from Sigma or were synthe-
sized at the Biocenter Oulu Protein Analysis Core Facility. The
ligands propranolol, isoproterenol (ISO), dobutamine, and
1-[2-((3-carbamoyl-4-hydroxy)phenoxy)ethylamino]-3-[4-
(1-methyl-4-trifluoromethyl-2-imidazolyl)phenoxy]-2-
propanol dihydrochloride (CGP-20712) were purchased from
Tocris, and cell culture reagents were from BioWhittaker, Invitro-
gen, or Sigma. TAPI-1 (tumor necrosis factor-a protease inhibi-
tor-1: N-(R)-[2-(hydroxyaminocarbonyl)methyl]-4-methyl-
pentanoyl-L-naphthylalanyl-L-alanine,2-aminoethyl amide),
GM6001, and its inactive form (negative control) were obtained
from Calbiochem, and bisindolylmaleimide I was from Alexis.
All the other reagents were of analytical grade and purchased
from various commercial suppliers.

DNA Constructs—A DNA construct encoding the h3; AR
with a cleavable influenza hemagglutinin signal peptide (KTI-
IALSYIFCLVFA), N-terminal Myc tag (EQKLISEEDL), and
C-terminal FLAG tag (DYKDDDDK) was created. Briefly,
cDNA for the hB,AR (GenBank™ accession number P08588)
(a generous gift from Professor M. Bouvier, Montreal, Canada)
was amplified by PCR using the oligonucleotides 5'-TCGCCCG-
CTAGCATGGGCGCGGGGGTGCTC-3" and 5'-CGCCGGC-
CTAGGCACCTTGGATTCCGAGGC-3', digested with Nhel
and Avrll (New England Biolabs), ligated into the pFT-SMMF
vector, and transformed into Escherichia coli J]M109. The h3; AR
construct with a mutated cleavage site (R31H,L32A) was created
by site-directed mutagenesis using the QuikChange mutagenesis
kit (Stratagene) and 5'-GGCCACCGCGGCGCATGCGCTGG-
TGCCCGC-3' and the complementary oligonucleotide. The
N-terminally truncated hB3;AR constructs were cloned by PCR
amplification from cDNAs encoding Met*>~**” and Met>*~**,
using the primer pairs 5'-GTCGAAGCTTATGCTGCTGGTG-
CCCGCG-3'/5'-GTCGAAGCTTATGCTGTCTCAGCAGTG-
GACAG-3’, and 5'-CGCCGGCCTAGGCACCTTGGATTCC-
GAGGC-3', followed by digestion with HindIII and AvrIl (New
England Biolabs), and ligation into the pFT-SMMEF vector digested
with the same enzymes. The pFT-SMMF vector was modified
from the pcDNAS5/FRT/TO vector (Invitrogen) as described pre-
viously (21). The DNA construct for the N-terminally HA-tagged
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hB,AR in pcDNA3 (Invitrogen) was obtained from Professor M.
Bouvier and has been described elsewhere (22).

Cell Culture and Transfections—Cells were cultured at 37 °C
in a humidified atmosphere of 5% CO,. Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% (w/w) fetal
bovine serum, 100 units/ml penicillin, 0.1 mg/ml streptomycin
(complete DMEM), and the appropriate selection antibiotics,
was used for the human embryonic kidney (HEK)293-derived
cell lines. The medium was supplemented with Zeocin (100
pg/ml, Invitrogen or InvivoGen) and blasticidin S (4 ug/ml,
InvivoGen) for the maintenance of the HEK293; cells that
express the Tet repressor (23), and with Zeocin (100 ug/ml) for
the Flp-In-293 cells (Invitrogen). Flp-In-CHO (Chinese ham-
ster ovary) cells (Invitrogen) were cultured in Ham’s F-12 nutri-
ent mixture (Sigma), supplemented with 10% (w/w) fetal bovine
serum, 2 mM glutamine, 100 units/ml penicillin, 0.1 mg/ml
streptomycin, and 100 ug/ml Zeocin. Stable cell lines with
inducible h3; AR expression were established by co-transfect-
ing the receptor construct and pOG44 plasmid (Invitrogen)
into HEK293; cells with the Lipofectamine 2000 transfection
reagent (Invitrogen) under blasticidin S (4 ug/ml) and hygro-
mycin (400 pg/ml) selection. For maintenance of the isolated
clones, the hygromycin concentration was lowered to 100
pg/ml. The selected clones were sensitive to Zeocin, lacked
B-galactosidase activity, and showed very low basal but highly
inducible h3;AR expression (see Fig. 14). After a 24-h induc-
tion, the maximal binding capacity (B,,,,,) for the clone that was
routinely used for the experiments reached 160 pmol/mg mem-
brane protein, as determined by saturation binding assays with
[*H]alprenolol. The calculated binding affinity for [*H]alpreno-
lol (k,) was 2.9 nMm. An independent clone with lower receptor
expression was also isolated and was used to verify the key
findings.

The cells for the experiments were plated onto culture flasks/
plates (4.5 X 10° cells/75-cm? flask or 100-mm plate or 1.5 X
10° cells/25-cm?® flask) and cultured for 3 days. Receptor
expression was induced by adding tetracycline (0.5 ug/ml
unless otherwise indicated) (Invitrogen) into the medium for
different periods of time, as specified in the figures. Metallopro-
teinase inhibitors were added to the culture medium 60 min
before tetracycline, except in the metabolic labeling experi-
ments (see below). Transient transfections were performed as
described earlier (24). Cells were harvested on ice in cold phos-
phate-buffered saline, quick frozen in liquid nitrogen, and
stored thereafter at —70 °C.

Radioligand Binding Assays—Cellular membranes were
prepared, and saturation ligand binding assays were performed
as described previously (25), using 1-4 ug of membrane pro-
tein and increasing concentrations of [*H]dihydroalprenolol
(PerkinElmer Life Sciences, 117.8 Ci/mmol; 0.1-15 nm). The
nonspecific binding was determined in the presence of 10 um
propranolol.

Metabolic Labeling with [>°S]Methionine/Cysteine—Prior to
pulse-chase labeling, the stably transfected cells were treated
with 0.5 ug/ml tetracycline for 16 h and then incubated in
methionine- and cysteine-free DMEM for 60 min (depletion)
before labeling in fresh medium containing 75 wCi/ml
[**S]methionine/cysteine (EasyTag'™ Express >°S-protein
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labeling mix, 1175 Ci/mmol; PerkinElmer Life Sciences) for 15
min. After washing twice with the chase medium (complete
DMEM supplemented with 5 mm methionine), the cells were
chased for various periods of time before harvesting, as speci-
fied in the figures. The transiently transfected cells were labeled
in a similar manner 20 h after transfection. In the case of the
brefeldin A (BFA, Alexis)-treated cells, the drug was added to
the depletion medium to a final concentration of 5 ug/ml and
was maintained thereafter. The BAR agonists ISO (0.001-10
uM) and dobutamine (10 um), the protein kinase C activator
PMA (0.5 uM), and the adenylyl cyclase activator forskolin (15
uM) were added to the chase medium 45 min after the pulse,
and the BAR antagonist CGP-20712 (10 um), the metallopro-
teinase inhibitor GM6001 (10 wMm), and the protein kinase C
inhibitor bisindolylmaleimide I (10 um) 30 min after the pulse.
The induction time for the tunicamycin-treated cells was 14 h,
and the drug was added simultaneously with tetracycline to a
concentration of 5 ug/ml, after which it was increased to 25
pg/ml during depletion, which was extended to 150 min. The
chase was performed in the absence of the drug.

Preparation and Solubilization of Membranes and Whole
Cell Extracts—Membranes and whole cell extracts were pre-
pared and solubilized as described before (25). The homogeni-
zation buffers used for membrane preparation (25 mm Tris-
HCl, pH 7.4, 20 mMm N-ethylmaleimide) contained the protease
inhibitors EDTA (2 mm), 1,10-phenanthroline (2 mm), aproti-
nin (2 ug/ml), phenylmethylsulfonyl fluoride (0.5 mm), leupep-
tin (5 ug/ml), soybean trypsin inhibitor (5 wg/ml), and benza-
midine (10 ug/ml), although for some experiments the
metalloproteinase inhibitors EDTA and 1,10-phenanthroline
were omitted or replaced with inactive or active GM6001 (10
uMm) or TAPI-1 (10 um), as indicated in the figures. The buffer
for membrane solubilization and for preparation of cellular
lysates was supplemented with 0.5% (w/v) n-dodecyl B-p-mal-
toside (DDM) (Alexis) and 140 mm NaCl, without N-ethylma-
leimide. Alternatively, the membranes were solubilized directly
in SDS sample buffer (62.5 mm Tris-HCI, pH 6.8, 2% (w/v) SDS,
10% (v/v) glycerol, 0.001% (w/v) bromphenol blue).

Immunoprecipitation of Solubilized Membranes—Solubi-
lized membranes were supplemented with 0.1% (w/v) bovine
serum albumin, subjected to immunoprecipitation using either
immobilized anti-c-Myc or anti-FLAG M2 antibodies, and
eluted with 200 wg/ml c-Myc or FLAG peptide, respectively, as
described previously (26, 27).

Deglycosylation of Immunoprecipitated Receptors—Enzy-
matic deglycosylation was performed as described previously
(23, 28). Prior to the digestions, the immunoprecipitates were
diluted either 7.5- (Endo H and PNGase F) or 5-fold (neuramin-
idase and O-glycosidase) in the corresponding digestion buffers
containing 1% (v/v) B-mercaptoethanol.

Cell Surface Biotinylation—Cell surface biotinylation was
performed as described previously (26), and the receptors were
subjected to one-step purification with the anti-c-Myc anti-
body or immobilized streptavidin (Fig. 2C) or two-step purifi-
cation using either immobilized streptavidin followed by the
anti-FLAG M2 antibody or two consecutive steps with the anti-
body (Fig. 7C).
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SDS-PAGE, Western Blotting, and Fluorography—Samples
were reduced by heating at 95 °C for 2 min in the presence of 50
mM dithiothreitol, and SDS-PAGE was run on a Bio-Rad Mini-
PROTEAN 3 cell apparatus (10% SDS-polyacrylamide gels)
using reagents from Bio-Rad or Amresco (NextGel system).
Broad Range molecular weight standards from Bio-Rad were
used as markers and stained with Ponceau S (Sigma) after blot-
ting. Proteins were electroblotted onto Immobilon P (Milli-
pore) or ProBlott (Applied Biosystems) membranes using a
Bio-Rad mini trans-blot cell apparatus at 35-50 V for 16 h or
100V for 60 min at 4 °C. The blots were probed with anti-FLAG
M2 (0.5 ug/ml), anti-c-Myc 9E10 (1:10,000), anti-hf3;AR
(1:100), or anti-HA (1:1,000) antibodies, followed by horserad-
ish peroxidase-conjugated goat anti-mouse (1:15,000, Invitro-
gen), donkey anti-mouse F(ab),, or donkey anti-rabbit F(ab),
antibodies (Jackson Immunochemicals; 1:15,000 for ECL and
1:100,000 for ECL Plus, respectively). ECL or ECL Plus detec-
tion reagents (GE Healthcare) were used to reveal the blots.
Gels containing radiolabeled samples were treated for fluoro-
graphy as described previously (21). Exposed films were
scanned with the Umax PowerLook 1120 color scanner and
Image Master 2D Platinum 6.0 software, and the data were
quantified and analyzed as described previously (21).

N-terminal Sequencing of Cleaved Receptor Fragments—Pu-
rified receptor fragments on ProBlott membranes were stained
with Coomassie Blue as instructed by the manufacturer. The
fragments were excised and subjected to automated Edman
degradation on the protein sequencer Procise™™ 492 (Applied
Biosystems). The amino acid residues sequentially removed
from the N terminus were identified by reverse-phase high per-
formance liquid chromatography.

Sequence Alignment—The sequence alignment was per-
formed as described previously (24).

Data Analysis—The data were analyzed using the GraphPad
Prism 4.01 software.

RESULTS

hB,AR Is Subject to Metalloproteinase-mediated N-terminal
Cleavage in Vitro—The h3; AR was expressed in stably trans-
fected tetracycline-inducible HEK293; cells with N-terminal
Myc and C-terminal FLAG epitope tags. Western blot analysis
of solubilized membranes from 24-h induced cells revealed that
only one major specific band with an apparent molecular
weight of 69,000 was detected with the anti-c-Myc antibody
(Fig. 1A, lane 2). This species was also recognized with the anti-
FLAG M2 antibody (Fig. 14, lane 4), indicating that it repre-
sents the full-length receptor. Interestingly, the latter antibody
also detected smaller specific species of M, 54,000 and 47,000
(Fig. 1A, lane 4), the intensity of which varied from one exper-
iment to another. The relative abundance of the three receptor
forms remained unaltered in cells that were induced for various
periods of time (Fig. 1B), indicating that their appearance was
not dependent on the receptor expression level. Thus, the
smaller molecular weight species are likely to represent proteo-
lytic products of the full-length receptor, missing a part of their
N terminus. This conclusion is consistent with previous reports
on N-terminal proteolysis in the turkey 8;AR (29).

VOLUME 285+NUMBER 37+-SEPTEMBER 10, 2010



A -3
M x 10~ - + - +  Induction
? (24 h)
200— ..
g
66— - °
| ]
45— A
31-
| 1 2 | | 3 4 |
WB:  cMyc Ab FLAG Ab
N
B Induction () C $@° .
0 4 6 10 24 So Ly
200— _,. S @@ Q\\ &> &&
116 - FFEFF PE
97— -97
- e -
66 2 jem———
45— l —45
31— 1 2 3 4 5
1 2 3 4 5 I
L= - - - WB: FLAG Ab
IP/WB: FLAG Ab
D - 1+T7-T1+ -1+T-T+18AR
Bl e + 1+ |- |- |Flp-In-293
I s - |- |+t [* |Flp-In-CHO
97— -97
66 — [ T . ® — [ .y —-66
- |
45— —— . et
(1 2 3 47,5 6 7 8
WB: HA Ab B,AR Ab

FIGURE 1. h,AR s susceptible to N-terminal cleavage. A, receptor species
expressed after long term induction. HEK293; cells stably transfected with
the N-terminally Myc-tagged and C-terminally FLAG-tagged hp,AR were
induced with 0.5 wg/ml tetracycline for 24 h (lanes 2 and 4) or not (lanes 1 and
3). Isolated membranes were solubilized in SDS-sample buffer and subjected
to Western blotting, using either anti-c-Myc (lanes 1 and 2) or anti-FLAG M2
(lanes 3 and 4) antibodies (Ab). B, time-dependent induction of receptor
expression. Stably transfected HEK293,; cells were induced for 0, 4, 6, 10, or
24 h, and the receptors were solubilized in DDM buffer, subjected to anti-
FLAG M2 antibody immunoprecipitation, and analyzed by Western blotting
with the same antibody. C, in vitro proteolysis. Stably transfected HEK293,
cells were induced for 24 h, and cellular membranes were isolated using 25
mwm Tris-HCl, pH 7.4, containing 2 ug/ml aprotinin, 0.5 mm phenylmethylsul-
fonyl fluoride, 5 wg/ml leupeptin, 5 wg/ml trypsin inhibitor, and 10 ug/ml
benzamidine (lane 7). The buffer was supplemented with 10 um inactive
GM6001 (lane 2), 10 um GM6001 (lane 3), 10 um TAPI-1 (lane 4), or 2 mm EDTA
and 2 mm 1,10-phenanthroline (lane 5). The DDM-solubilized receptors were
subjected to anti-FLAG M2 antibody immunoprecipitation in the presence of
the respective reagents, and the purified samples were analyzed by Western
blotting with the same antibody. D, receptor expression in transiently trans-
fected cells. The N-terminally HA-tagged hB,AR was transiently transfected
into Flp-In-293 (lanes 2 and 6) or Flp-In-CHO (lanes 4 and 8) cells. Control cells
(lanes 1, 3, 5, and 7) were transfected with vector DNA. The receptors were
solubilized in DDM buffer and subjected to Western blotting, using either the
anti-HA antibody (lanes 1-4) or the anti-h3,AR antibody (lanes 5-8), which is
directed against the C terminus of the receptor. The full-length receptor is
indicated with a closed circle and the proteolytic fragments with a closed
square and a triangle. Molecular weight markers are indicated. /P, immuno-
precipitation; WB, Western blotting.

Because various protease inhibitors, including those that
affect metalloproteinases, have been shown to inhibit the pro-
teolysis of BARs in vitro (29-31), we tested this possibility on
the hB;AR by omitting EDTA and 1,10-phenanthroline rou-
tinely used for membrane preparation from the homogeniza-
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tion buffer. As seen in Fig. 1C, the cleaved receptor species were
substantially less abundant in the presence of the two inhibitors
than in their absence (lanes 5 and I, respectively). The cleavage
was also inhibited by GM6001, a broad spectrum hydroxamate
inhibitor of metalloproteinases (Fig. 1C, lane 3), but not by its
inactive form (Fig. 1C, lane 2), and likewise by TAPI-1, another
hydroxamate inhibitor showing some specificity for tumor
necrosis factor-a-converting enzyme (TACE; also known as a
disintegrin and metalloproteinase (ADAM)-17)) (Fig. 1C, lane
4). These results indicate that the h3; AR is very susceptible to
in vitro proteolysis, resulting in two cleaved fragments. The
cleavage is mediated by a matrix metalloproteinase or a prote-
ase belonging to the ADAM family of metalloproteinases.

To verify that the observed susceptibility of the h3;AR to
N-terminal cleavage was not dependent on the Myc and FLAG
epitope tags added to the receptor N and C termini, an N-ter-
minally HA-tagged receptor construct was transiently trans-
fected into Flp-In-293 cells, and the receptor species expressed
were identified by Western blotting using either HA antibody
or an antibody directed against the receptor C terminus. As
expected, the former antibody recognized only one receptor
species, whereas the C-terminal antibody identified two spe-
cific receptor forms (Fig. 1D, lanes 2 and 6, respectively). Sim-
ilar results were obtained with transiently transfected Flp-In-
CHO cells (Fig. 1D, lane 4 and 8, respectively), confirming that
the N-terminal cleavage of the receptor is not a cell-specific
phenomenon.

hB,AR Is Expressed as Two Full-length Receptor Forms—The
predicted molecular weight of the h3;AR as calculated from
the amino acid sequence (477 amino acids) is 51,323 (15). With
the added Myc and FLAG epitope tags, the calculated molecu-
lar weight for the construct used for preparing the stable cell
line was 53,815. Thus, the apparent M, 69,000 detected for the
full-length receptor by Western blotting suggests that this spe-
cies represents a post-translationally modified cell surface
receptor rather than an intracellular biosynthetic intermediate.
To characterize the M, 69,000 h3;AR species further and to
find out whether a biosynthetic intermediate can be identified,
the receptors were immunoprecipitated with either anti-c-Myc
or anti-FLAG M2 antibodies and subjected to Western blotting
with the former antibody. This technique visualizes only the
full-length receptor. As expected, the M, 69,000 receptor spe-
cies was detected in both immunoprecipitates (Fig. 24, lanes 2
and 4), but in addition, one smaller band became apparent
(Fig. 2A, lanes 2 and 4). This barely detectable M, 54,100
species migrated slightly more slowly in SDS-PAGE than the
more abundant M, 54,000 N-terminally cleaved receptor
form that was detected in the anti-FLAG M2 antibody
immunoprecipitates probed with the same antibody (see Fig.
1B; see also Fig. 3B).

The identities of the two full-length M, 54,100 and 69,000
receptor species were studied by enzymatic deglycosylation. As
the former species was sensitive to Endo H (Fig. 2B, lane 2), it
must represent a receptor carrying mannose-type N-glycans, as
is typical for intracellular biosynthetic intermediates. The shift
in its electrophoretic mobility was small (~3,000), yet detecta-
ble, correlating with the removal of one N-linked glycan
attached to Asn'®, the only putative N-glycosylation site on the
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FIGURE 2. Identification of full-length precursor and mature h3,AR spe-
cies. A, identification of the two full-length receptor species. Stably trans-
fected HEK293; cells were treated with (lanes 2 and 4) or without (lanes T and
3) tetracycline for 6 h, and DDM-solubilized receptors were subjected to
immunoprecipitation (/P) with anti-c-Myc (lanes 1 and 2) or anti-FLAG M2
(lanes 3 and 4) antibodies (Ab) and to Western blotting (WB) with the former
antibody. B, deglycosylation of purified receptors. Stably transfected HEK293;
cells were induced for 6 h, and anti-c-Myc antibody-immunoprecipitated
receptors were digested with Endo H (50 milliunits/ml; lane 2) or PNGase F (50
units/ml; lane 4) for 16 h at 30 °C. The control samples (lanes 1 and 3) con-
tained buffer only. The samples were analyzed by Western blotting using the
anti-c-Myc antibody. G, cell surface biotinylation. Stably transfected HEK293;
cells were induced for 6 h, and the cell surface proteins were labeled with
sulfo-NHS-biotin (0.5 mg/ml) for 30 min on ice. DDM-solubilized receptors
were purified with the anti-c-Myc antibody (lane 1) or immobilized streptavi-
din (lane 2) and subjected to Western blotting with the anti-c-Myc antibody.
Symbols are as in Fig. 1.
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hB;AR (15). In contrast, the M, 69,000 species was sensitive
only to PNGase F and was digested to a species of M, 67,000
(Fig. 2B, lane 4). This indicates that the N-glycan of this recep-
tor form has been processed in the Golgi to a hybrid or complex
type. Its electrophoretic mobility was not increased any further
when the PNGase F concentration was increased (data not
shown), indicating that the enzyme reaction was complete.
Thus the larger full-length receptor form apparently carries
other post-translational modifications in addition to the one
N-glycan.

The cellular localization of the M, 69,000 and 54,100 recep-
tor forms was then investigated by cell surface biotinylation.
Induced cells were treated with membrane-impermeable sulfo-
NHS-biotin, and the receptors, which were purified with
immobilized anti-c-Myc antibody or streptavidin, were identi-
fied by Western blotting using the anti-c-Myc antibody. As
expected, both receptor forms were purified by the antibody,
but only the M, 69,000 form was purified by streptavidin (Fig.
2C, lanes 1 and 2, respectively). These results confirm that the
M, 69,000 receptor form represents the mature cell surface spe-
cies and the M, 54,100 one the intracellular precursor.

Maturation of the h3,AR Is Efficient and Displays Relatively
Fast Kinetics—The low relative amount of h3; AR precursors in
HEK293,; cells suggests that synthesized receptors mature effi-
ciently, a finding that is in contrast to those obtained in the
same cellular background for two other GPCRs in the rhodop-
sin family, namely the human &-opioid (24, 26) and the rat-
luteinizing hormone receptors (21). Thus, to investigate h8; AR

processing and maturation in more
detail, cells were subjected to meta-
bolic labeling. Induced cells were
pulse-labeled with [**S]methio-
nine/cysteine for 15 min, chased for
0, 15, 30, 60, 120, or 240 min, and
subjected to immunoprecipitation

°mn - 45 ‘mEn B o l—45 with the anti-c-Myc antibody. As
seen in Fig. 3A, the major receptor
0 15 30 60 ) 120 240 0 15 30 60 _120 240 form detected at the end of the pulse
Chase (min) Chase (min) was the M, 54,100 precursor (lane
C D IP: FLAG M2 Ab 1). This had already disappeared
Fluorograph after the 60-min chase, however,
2 200 s - - - . T -+ VEndon and its half-life was calculated to be
£ about 23 min (Fig. 3C). In line with
5 150 the fast disappearance of the pre-
g 100 ; - : o .-‘ o - - ~, : : : :_ 66 cursor, the mature M, 69,000 recep-
g’f 50 - Land e -y . A- 45 tor form was already detected at the
é . L2 3 04 5 6 7 9 10 11 12 end of the 15-min pulse (Fig. 34,
< 0 60 120 180 240 1 - 1l - I m 1 — 1 — 1 — ] lome. 1), and thg calculated half—tm.le
) 5 for its maturation was only 26 min

Chase (min) Chase (min)

FIGURE 3. Pulse-chase analysis of h3,AR synthesis and processing. Stably transfected HEK293; cells were
treated with tetracycline for 16 h, labeled with 75 uCi/ml [>*>S]methionine/cysteine for 15 min, and chased for
the times indicated. Cellular membranes were isolated, and the DDM-solubilized extracts were divided into 2
equal aliquots and subjected to immunoprecipitation (/P) with immobilized anti-c-Myc (A) or anti-FLAG M2
antibodies (Ab) (B). The latter samples were further subjected to Endo H digestion (50 milliunits/ml, 16 h, 30 °C),
or not, as indicated (D). Aliquots were analyzed by SDS-PAGE and fluorography. C shows the time course of the
appearance and disappearance of mature and precursor receptor forms, respectively, when purified with the
anti-c-Myc antibody. Symbols refer to those used to identify the different receptor forms. The intensities of
labeled receptor species were obtained by densitometric scanning, the values being normalized to the label-
ing of the receptor precursors at the end of the pulse. The values given are means = S.E. from seven independ-

ent experiments. Symbols are as in Fig. 1.
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(Fig. 3C). Thus, as predicted from
the high mature receptor to precur-
sor ratio seen in Fig. 24, hf3;AR
maturation appears to be both effi-
cient and rapid.

The labeled samples were then
subjected to purification with the
anti-FLAG M2 antibody to examine
the appearance of the cleaved recep-
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FIGURE 4. Sequence analysis of the N terminus of vertebrate 3,ARs. The sequence alignment was per-
formed as described under “Experimental Procedures.” The last N-terminal amino acid preceding the first
transmembrane domain was predicted according to the crystal structure of the turkey B,AR (18). The O-gly-
cosylated Ser/Thr residues predicted by the NetOGlyc 3.1 Server (52) are indicated in boldface. The conserved
consensus sequence for N-glycosylation is framed, and the h3,AR proteolytic cleavage sites identified are
indicated with arrows. Dashes show gaps introduced in the sequence to optimize the alignment. The accession
numbers are as follows: P08588 (Homo sapiens), P47899 (Macaca mulatta), Q9TT96 (Bos taurus), P79148 (Canis
familiaris), Q9TST6 (Felis silvestris catus), Q28998 (Sus scrofa), BOFL73 (Cavia porcellus), P34971 (Mus musculus),
P18090 (Rattus norvegicus), Q28927 (Ovis aries), P07700 (Meleagris gallopavo), 042574 (Xenopus laevis), and

B3DHMG6 (Danio rerio).
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FIGURE 5. h3,AR carries O-linked glycans. Stably transfected HEK293; cells
were labeled with [**SImethionine/cysteine as described in the legend to Fig.
3, in the presence or absence of 25 pg/ml tunicamycin (TM), as indicated.
DDM-solubilized receptors were subjected to immunoprecipitation (/P) with
anti-c-Myc (A, G, and D) or anti-FLAG M2 (B) antibodies (Ab) and analyzed by
SDS-PAGE and fluorography. Some samples were subjected to enzymatic
deglycosylation for 16 h at 30 °C or not before SDS-PAGE, as indicated (C and
D). C, lanes 1 and 3, untreated control. Lanes 2 and 4, Endo H (50 milliunits/ml).
D, lane 1, untreated control. Lane 2, PNGase F (50 units/ml). Lane 3, neuramin-
idase (NEU; 50 milliunits/ml). Lane 4, neuraminidase (50 milliunits/ml) and
O-glycosidase (O-glyc; 100 milliunits/ml). Symbols are as in Fig. 1.

tor forms. As seen in Fig. 3B, the fragments were clearly observ-
able after the 60-min chase (lane 4), at a time when the receptor
precursors had almost disappeared (compare Fig. 34, lane 4).
This suggests that only mature receptors are susceptible to
cleavage. To confirm this notion, the purified samples were
digested with Endo H. As expected (Fig. 3D), only the precur-
sors were sensitive to the enzyme. The more slowly migrating
Endo H-resistant receptor fragment first became detectable
after the 15-min chase (Fig. 3D, lanes 3—4), was the pre-
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dominant form after 60 min, and
remained relatively stable until the
end of the chase (lanes 9-12).
hB,AR Is O-Glycosylated— Anal-
ysis of the amino acid sequence of
the hB,;AR N-terminal domain
revealed that it contains numerous
Ser and Thr residues that may be
O-glycosylation sites (Fig. 4). This
post-translational modification was

““““ PTGSROVSAELLSOQ  guggested by the observation that
_____ TETTVESEMHPLPERTHE precursor and mature receptor
—————— RATVDLN------VSEQ

forms showed a considerable differ-
ence in migration in the enzymatic
N-deglycosylation experiments (see
Fig. 2B). To investigate O-glycosyla-
tion of the hf3; AR, N-glycosylation
was first inhibited with tunicamy-
cin, and the effectiveness of the drug
treatment was verified in pulse-
chase labeling experiments. As seen
in Fig. 5A, lane 1, a single receptor species of M, 51,000 was
purified from the treated cells with the anti-c-Myc antibody at
the end of the pulse. This species was resistant to Endo H and
co-migrated with Endo H-digested precursors from the non-
treated control cells (Fig. 5C, compare lanes 2 and 4). During
the chase, the non-N-glycosylated precursor was converted to a
species of M, 67,000 (Fig. 5A). This confirms that the receptor
acquires additional modifications after leaving the endoplasmic
reticulum (ER). Interestingly, when chase samples from the
tunicamycin-treated cells were subjected to anti-FLAG M2
antibody purification, a smaller receptor fragment was identi-
fied, which co-migrated with the M, 54,000 fragment of the
nontreated control cells (Fig. 5B). This indicates that the N-gly-
can at Asn'® does not appear to have any effect on receptor
cleavage.

To find out whether the M, 67,000 receptor form in the tuni-
camycin-treated cells carries O-glycans, samples that had been
chased for 2 h were subjected to enzymatic deglycosylation.
The M, 67,000 species was resistant to PNGase F, as was
expected, but was sensitive to both neuraminidase and O-gly-
cosidase, resulting in a species of M 59,000 (Fig. 5D). Thus, the
receptor carries sialylated O-glycans. In view of the specificity
of O-glycosidase (32), it can be concluded that the O-glycans
are of the mucin-type and consist of the disaccharide galactose-
N-acetylgalactosamine attached to Ser/Thr.

Identification of N-terminal Cleavage Sites of the hf3;AR—
The finding of a cleaved receptor fragment of M, 54,000 in both
tunicamycin-treated and nontreated control cells (Fig. 5B) sug-
gests that the cleavage site resulting in the formation of this
species lies in the C-terminal direction relative to Asn'®. To
confirm this finding, we subjected anti-FLAG M2 antibody
immunoprecipitated samples of nontreated control cells to
deglycosylation with PNGase F and analyzed the samples by
Western blotting. EDTA and 1,10-phenanthroline were omit-
ted from the homogenization buffer to maximize the amount of
the cleaved receptor species. PNGase F reduced the molecular
weight of the full-length receptor to about M, 67,000 in a
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FIGURE 6. Identification of h3, AR cleavage sites. A, localization of cleavage
sites in relation to N- and O-glycans. Stably transfected HEK293; cells were
induced for 24 h, and DDM-solubilized receptors were purified with the anti-
FLAG M2 antibody (Ab). EDTA and 1,10-phenanthroline were omitted from
the homogenization buffer. Aliquots of the eluates were subjected to diges-
tion with 0.1, 1, 10, or 50 units/ml PNGase F (lanes 2-5, respectively) or, alter-
natively, with 50 milliunits/ml neuraminidase (NEU; lane 6), or 50 milliunits/ml
neuraminidase and 100 milliunits/ml O-glycosidase (O-glyc; lane 7) for 16 h at
30 °C. The control samples (lanes 1 and 8) contained buffer only. B, identifica-
tion of the cleavage sites by means of receptor truncation mutants. C, site-
directed mutagenesis of the major cleavage site at Arg>'. Constructs for the
wild-type h3;AR, the truncation mutants h3,ARA2-31 and h3,ARA2-52, and
the R31H,L32A mutant were transiently expressed for 24 h in Flp-In-293 cell,
the control cells being transfected with vector DNA. Cells were homogenized
in the absence or presence of EDTA and 1,10-phenanthroline, as indicated,
and DDM-solubilized receptors were subjected to Western blotting (WB)
using the anti-FLAG M2 antibody. The truncation mutants were expressed at
asubstantially lower level than the wild-type receptor (C), most likely because
they lacked the HA signal sequence. WT, wild type; IP, immunoprecipitation.
Symbols are as in Fig. 1.

concentration-dependent manner, but it had no effect on the
electrophoretic mobility of the M, 54,000 or 47,000 species (Fig.
6A, lanes 1-5). Thus, the h3; AR appears to be cleaved in the N
terminus at sites that reside in a C-terminal direction relative to
Asn'®. This is consistent with findings obtained for the turkey
B,AR, which has been shown to be cleaved between amino
acids 15 and 28, after the consensus site for N-linked glycosyla-
tion at Asn'* (29, 33).

The h3; AR N-terminal domain carries several Ser/Thr resi-
dues that are located C-terminally relative to Asn'® (Fig. 4). We
therefore tested whether the proteolytic fragments carry O-gly-
cans by subjecting the immunoprecipitated receptors to diges-
tion with neuraminidase and O-glycosidase. As seen in Fig. 64,
lanes 6 and 7, the two enzymes were able to reduce the molec-
ular weight of the full-length and the cleaved M, 54,000 recep-
tor down to about M, 61,000 and 48,000, respectively. However,
the enzymes were not able to digest the cleaved M, 47,000 spe-
cies. These results are consistent with the notion that the cleav-
age site resulting in the formation of the larger fragment lies
C-terminally relative to at least one of the O-glycosylated Ser/
Thr residues that are located after the N-glycosylated Asn'®.
On the other hand, the second cleavage site resulting in the

28856 JOURNAL OF BIOLOGICAL CHEMISTRY

formation of the smaller receptor fragment lies C-terminally
relative to all the O-glycosylation sites (Fig. 4).

To identify the cleavage sites more specifically, a larger scale
receptor purification was performed using cellular membranes
that were prepared in a buffer devoid of EDTA and 1,10-phe-
nanthroline. After a two-step immunoprecipitation with the
anti-FLAG M2 antibody, the purified samples were subjected to
SDS-PAGE and blotted onto PVDF membrane, and the Coo-
massie Blue-stained bands of M, 54,000 and 47,000 were
excised and subjected to N-terminal sequencing. The sequence
obtained for the larger cleaved fragment, **LLVPA>®, was found
to reside C-terminally relative to Asn'® and one of the predicted
O-glycosylation sites, Thr*® (Fig. 4). Thus, the first cleavage site
was identified as being between Arg®' and Leu®?. The M, 47,000
fragment gave the sequence **LSQQXT>® (Trp at position 57
was not identified), which is located close to the first transmem-
brane domain of the receptor, showing the second cleavage site
to lie between Pro°* and Leu®? (Fig. 4).

To verify the cleavage sites determined by N-terminal
sequencing, alternative strategies were employed. First, the
receptor constructs h3; ARA2-31 and h3; ARA2-52 were pre-
pared, which were truncated at the first and second proposed
cleavage sites, respectively. These truncated receptors lacking
the N-terminal Myc tag were then expressed in transiently
transfected Flp-In-293 cells and analyzed by Western blotting
using the anti-FLAG M2 antibody. As seen in Fig. 6B, the larger
truncated receptor, hB; ARA2-31, was expressed as two species
that co-migrated with the wild-type receptor fragments of M_
54,000 and 47,000, whereas the second truncated receptor,
hB;ARA2-52, was expressed as a single species that co-mi-
grated with the smaller cleaved form.

As another way of confirming the cleavage sites, a mutant
receptor construct was prepared in which the Arg®' and Leu®?
that flank the first proposed cleavage site were replaced by His
and Ala, respectively. Analysis of the expressed N-terminally
Myc-tagged and C-terminally FLAG-tagged protein in tran-
siently transfected Flp-In-293 cells (Fig. 6C) revealed that these
mutations inhibited the appearance of the larger receptor frag-
ment but not that of the smaller fragment. Taken together,
these results confirm the two cleavage sites identified at the
receptor N terminus and suggest further that the two cleavage
steps do not occur sequentially but are independent events.
Furthermore, the cleavage at Arg®' | Leu®” appears to be highly
sequence-specific.

N-terminal Cleavage of the h3;AR Also Occurs in Vivo—As
only the mature hf3;AR carrying fully processed N-glycans
appears to be subject to proteolytic cleavage, and as the pulse-
chase labeling experiments showed that the cleaved receptor
fragments appeared with somewhat slower kinetics than the
full-length receptor, cleavage of the h3;AR is not likely to be
entirely an in vitro event. We thus tested whether the cleavage
can be inhibited in vivo. For this purpose GM6001 and TAPI-1
were added to the culture medium 60 min after tetracycline,
and receptor expression was induced for 5 h. As seen by West-
ern blotting (Fig. 7A), both inhibitors, but not the inactive
GM6001, were able to reduce the amount of the M, 54,000
cleaved product, in line with the view that at least the cleavage
between Arg®' and Leu®” takes place in vivo.
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FIGURE 7. h,AR N-terminal cleavage takes place after receptors leave
the ER. A, inhibition of in vivo cleavage by metalloproteinase inhibitors. Sta-
bly transfected HEK293; cells were induced to express h3;ARs for 6 h in the
absence or presence of various protease inhibitors, as indicated. DDM-solu-
bilized receptors were analyzed by Western blotting (WB) with the anti-FLAG
M2 antibody (Ab). B, pulse-chase labeling of BFA-treated cells. Stably trans-
fected HEK293,; cells were induced, labeled with [**S]methionine/cysteine,
and chased as described in the legend to Fig. 3 in the presence of 5 ug/ml
BFA, which was added to the culture medium 60 min before labeling. DDM-
solubilized receptors were purified with the anti-FLAG M2 antibody and ana-
lyzed by SDS-PAGE and fluorography. C, cell surface biotinylation. Stably
transfected control and BFA-treated HEK293, cells were labeled as described
for B and chased for 240 min. Cell surface proteins were biotinylated with
sulfo-NHS biotin before harvesting. DDM-solubilized receptors were sub-
jected to a two-step purification with the anti-FLAG M2 antibody (/anes 7 and
2; one-fifth of the samples) or immobilized streptavidin, followed by immu-
noprecipitation (/P) with the anti-FLAG M2 antibody (lanes 3 and 4; four-fifths
of the samples). The samples were analyzed by SDS-PAGE and fluorography.
D, enzymatic deglycosylation. Stably transfected BFA-treated HEK293; cells
were labeled as described for B and chased for 240 min. DDM-solubilized
receptors were purified with the anti-FLAG M2 antibody and digested with
glycosidases for 16 h at 30 °C or not before analysis by SDS-PAGE and fluorog-
raphy. Lanes 1 and 5, untreated controls. Lane 2, PNGase F (50 units/ml). Lane
3, neuraminidase (NEU; 50 milliunits/ml). Lane 4, neuraminidase (50 milliunits/
ml) and O-glycosidase (O-glyc; 100 milliunits/ml). The receptor precursor in
the BFA-treated cells is indicated with an open circle and the receptor species
carrying partially processed oligosaccharides with a closed diamond. Symbols
are as in Fig. 1.

To find out whether the cleavage requires receptor delivery
to the cell surface, the appearance of receptor fragments was
studied in metabolically labeled cells treated with the transport
blocker BFA, which causes disassembly of the Golgi and intra-
cellular accumulation of newly synthesized proteins (25, 34).
Purification of labeled receptors from BFA-treated cells with
the anti-FLAG M2 antibody revealed that the h3;AR precur-
sors were converted to the M, 66,000 species (Fig. 7B), and
notably, no smaller receptor species were identified. This was in
contrast to the situation in the nontreated controls (compare
lane 6 in Fig. 7B with Fig. 3B) or the tunicamycin-treated cells
(Fig. 5B). The M, 66,000 receptor remained intracellular, as was
verified by cell surface biotinylation (Fig. 7C), and carried both
N- and O-glycans (Fig. 7D). This was expected, because Golgi
enzymes are retrotranslocated to the ER in BFA-treated cells,
causing partial processing of N- and O-glycans in the ER-re-
tained proteins (26). Taken together, these results indicate that
the N-terminal cleavage of the receptor occurs in vivo after the
newly synthesized receptors have been transported through the
trans-Golgi network to the plasma membrane.
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We also tested whether the cleaved h3;AR N terminus is
extracted into the culture medium and made several attempts
to immunoprecipitate the cleaved fragment from the medium
with the anti-c-Myc antibody. The attempts were unsuccessful,
however. This negative finding suggests that the fragment (or
the N-terminal epitope) is either degraded soon after cleavage
or that the fragment somehow remains attached to cellular
membranes despite the cleavage. Alternative explanations
would be that the Myc epitope of the cleaved fragment is
masked as a consequence of a conformational change in the
peptide structure or that the cleavage occurs in endosomes
after internalization.

In Vivo N-terminal Cleavage of the h3,AR Is a Regulated
Event—We next wanted to find out whether there is any
regulation of h3; AR N-terminal cleavage. For this purpose,
cells were subjected to metabolic labeling, and the appear-
ance of cleaved receptor fragments was studied during the
chase in the presence of the BAR agonist ISO. When the
ligand was added to the medium 45 min after the beginning
of the chase and cells were harvested 195 min later, there was
a significant concentration-dependent increase in the pro-
portion of the M, 54,000 species relative to the full-length
receptor (Fig. 8, A and B). At the same time, the total amount
of receptor decreased, but only slightly (Fig. 8, A and C). The
changes in the relative amounts of the full-length and
cleaved receptor fragments were already apparent after 30
min of incubation and were enhanced with time (Fig. 8D),
but they could be inhibited by adding 10 um GM6001 to the
medium 15 min before ISO (Fig 84, compare lane 5 with 7).
Another BAR agonist, dobutamine, was also able to enhance
receptor cleavage (Fig. 8E), whereas the enhanced cleavage
induced by 1 um ISO was inhibited with 10 um CGP-20712,
a B;AR-specific antagonist (Fig. 84, compare lane 5 with 8).
These results are in line with the notion that the agonist-
induced B;AR cleavage most likely results from direct acti-
vation of the receptor.

As the N-terminal cleavage of the h3;AR appears to be a
regulated event involving agonist-mediated activation, it can be
speculated that it may have a role in receptor down-regulation.
To test this possibility, the wild-type receptor and the
R31H,L32A cleavage site mutant were transiently transfected
into Flp-In-293 cells, and ISO-mediated long term changes in
receptor numbers were monitored in the pulse-chase labeling
assay. A 20-h treatment with ISO enhanced cleavage of the
wild-type receptor (Fig. 9, A and C), and the amount of total
receptors was decreased by 26 = 6% when compared with the
nontreated control cells. The cleavage of the mutant receptor
was significantly attenuated, as expected, but was enhanced in
ISO-treated cells (Fig. 9, A and C). The agonist-mediated
decrease in the amount of total mutant receptors was similar
than in cells expressing the wild-type receptor (26 = 8%). Ago-
nist-induced hB; AR down-regulation thus does not appear to
be dependent on receptor cleavage at the Arg®' | Leu®* cleav-
age site. It can be argued that the residual cleavage that occurs
at, or very close to, the mutated site was adequate enough to
lead to similar long term down-regulation of the mutant
receptor. Interestingly, the total amount of the mutant re-
ceptor was consistently higher than that of the wild-type
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FIGURE 8. hf3,AR N-terminal cleavage is a regulated process. A, receptor
activation by increasing concentrations of the BAR-agonist ISO. Stably trans-
fected HEK293; cells were induced, labeled with [**Slmethionine/cysteine,
and chased for 240 min, as described in the legend to Fig, 3. ISO at the

28858 JOURNAL OF BIOLOGICAL CHEMISTRY

receptor in the absence of ISO (Fig. 94, compare lane 1 with
3), suggesting that the N-terminal cleavage might have a role
in the general turnover of mature receptors. Consistent with
this idea, the total amount of wild-type and R31H,L32A
mutant receptors decreased by 55 and 42% within 16 h,
respectively (Fig. 9, B and D).

Finally, we wanted to assess whether the h3; AR N-terminal
cleavage might be regulated in a heterologous manner. As seen
in Fig. 8F, addition of PMA to the cell culture medium in the
pulse-chase labeling assay increased the proportion of the M,
54,000 receptor species, whereas the enhanced cleavage was
inhibited with 10 ™ bisindolylmaleimide I, a protein kinase C
inhibitor (lanes 2 and 3). The cleavage was also enhanced by
forskolin (Fig. 8F, lane 4). These results suggest that h3;AR
cleavage maybe under heterologous regulation, involving pro-
tein kinase C as well as adenylyl cyclase activation.

DISCUSSION

The present description of the biosynthetic profile of the
hB3; AR in a heterologous expression system reveals several dis-
tinct features of the behavior of the receptor that are relevant to
its regulation. We show that the h3; AR is a GPCR that is effi-
ciently expressed at the cell surface and is extensively glycosy-
lated during transport to the plasma membrane. One N-glycan
isadded to the conserved Asn at position 15, and several mucin-
type sialylated O-glycans are added to the N-terminal Ser/Thr
residues. However, despite these modifications, the N terminus
appears to be very susceptible to cleavage by a metalloprotein-
ase of either the matrix metalloproteinase or the ADAM fami-
lies, resulting in the formation of at least two smaller mem-
brane-bound C-terminal receptor fragments. The cleavage was
found to take place constitutively in vivo and, importantly, was
enhanced after agonist-mediated receptor activation or direct

concentrations indicated was added to the chase medium 45 min after the
beginning of the chase. GM6001 (10 um) and CGP-20712 (10 um) were added
15 min prior to ISO. Cellular membranes were prepared using a buffer con-
taining EDTA and 1,10-phenanthroline, and DDM-solubilized receptors were
purified with the anti-FLAG M2 antibody (Ab) and analyzed by SDS-PAGE and
fluorography. Changes in the relative amounts of the full-length mature
receptor (a closed circle) and the larger cleaved fragment (a closed square), as
revealed by densitometric scanning of fluorograms, are shown in B. The data
are expressed as (FI/(FI + Fr)) X 100 and (Fr/(FI + Fr)) X 100 for the full-length
receptor and cleaved fragment, respectively, where F/ = full-length receptor,
and Fr = receptor fragment. C shows relative changes in the total amount of
receptor. The values were normalized to that in the nontreated cells, which
was set to 100%. The data shown represent the means =+ S.E. from three
independent experiments and were analyzed by GraphPad Prism using the
repeated measures two-way analysis of variance followed by Bonferroni’s
post-test to compare the ISO-treated samples with the nontreated controls.
The post-test did not reveal any significant differences for the data in C,
although the analysis of variance performed before normalization revealed
significant differences between the samples (p = 0.0081). D, time-dependent
receptor activation by ISO. E, receptor activation by dobutamine. F, activation
of protein kinase C and adenylyl cyclase by PMA and forskolin, respectively.
Stably transfected HEK293; cells were induced and labeled with [**S]methi-
onine/cysteine as described for A. ISO (10 um) was added to the chase
medium 45 min after the beginning of the chase or not, and the cells were
harvested 30, 60, 120, or 240 min later, as indicated (D). Dobutamine (DOB) (10
M) was added 45 min after the beginning of the chase, and the cells were
harvested 195 min later (E), Bisindolylmaleimide | (Bis /; 10 um) was added 30
min after the beginning of the chase, and PMA (0.5 um) and forskolin (15 um)
15 min later, and the cells were harvested after a further 195 min (F). DDM-
solubilized receptors were analyzed as described for A. Symbols are asin Fig. 1.
*** p < 0.001;* p < 0.05./P,immunoprecipitation.
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FIGURE 9. Inhibition of the N-terminal cleavage stabilizes the mature
hB,AR. The N-terminally Myc-tagged and C-terminally FLAG-tagged wild-
type (WT) and R31H,L32A mutant h3;ARs were transiently transfected into
Flp-In-293 cells. The cells were labeled with [**S]methionine/cysteine after
20 h and chased for 4 or 20 h, as described in the legend to Fig. 3.1SO (10 um)
was added to the chase medium or not 45 min after the beginning of the
chase. Cellular membranes were prepared using a buffer containing EDTA
and 1,10-phenanthroline, and DDM-solubilized receptors were purified with
the anti-FLAG M2 antibody (Ab) and analyzed by SDS-PAGE and fluorography
(A and B). Receptor bands were quantified by densitometric scanning of the
fluorograms. Agonist-mediated changes in the relative amounts of the full-
length mature receptors (closed circles and white bars) and the larger cleaved
fragments (closed squares and black bars), are shown in C. The total amounts
of receptors were set to 100%. D shows the decreases in the total receptor
amount within 16 h in cells not treated with 1SO. The data represent the
means =+ S.E. from five (C) and four (D) independent experiments, and were
analyzed by GraphPad Prism using the paired t test (D). Symbols are as in Fig.
1.* p < 0.05. /P, immunoprecipitation.

stimulation of protein kinase C and adenylyl cyclase. Further-
more, inhibition of the cleavage by mutation of the major
Arg®' | Leu® cleavage site of the receptor was found to stabi-
lize the mature receptors. These results suggest that the extra-
cellular N terminus of the 8; AR has a distinct functional role in
receptor regulation. This N-terminal cleavage may be a way of
altering the number of 3; ARs at the cell surface, thus regulating
cellular responsiveness to BAR ligands.
Metalloproteinase-mediated N-terminal cleavage of the
B,AR was first reported for the turkey receptor expressed in
erythrocytes (29). Various mammalian species, including rats,
rabbits, dogs, pigs, and humans, have also been shown to
express multiple 3;AR forms in endogenous tissues (31), and
the same phenomenon has been described for a number of het-
erologous expression systems expressing h3;ARs (10, 13, 14).
Thus, susceptibility to limited proteolysis appears to be an evo-
lutionally conserved property of this GPCR. Nevertheless, the
general notion has been that the cleavage is entirely an in vitro
event that takes place during sample preparation. To our
knowledge, this study represents the first demonstration that
the receptor is also cleaved in a regulated manner in vivo. Sev-
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eral lines of direct and indirect evidence support this notion. (i)
Only the mature h3; AR with fully processed N- and O-glycans
was found to be cleaved, whereas the receptor precursor existed
only as a full-length polypeptide. In pulse-chase labeling exper-
iments, the cleaved receptor fragments appeared after the
receptor precursors had been converted to the mature form,
and furthermore, if receptor transport to the cell surface was
blocked with BFA, no cleavage occurred. These results suggest
that the receptor is cleaved constitutively after the newly syn-
thesized receptors have reached the cell surface or are being
transported through the trans-Golgi network. (ii) The appear-
ance of the cleaved receptor fragments was partially inhibited
by adding the metalloproteinase inhibitors GM6001 and
TAPI-1 to the culture medium, whereas the inactive GM6001
had no apparent effect. (iii) Inhibition of the N-terminal cleav-
age by mutation of the major Arg®' |, Leu®” cleavage site stabi-
lized mature receptors. (iv) The cleavage was enhanced by PMA
and forskolin, indicating that the event can be modulated by
protein kinase C and adenylyl cyclase activation. (v) Further-
more, the BAR agonists ISO and dobutamine were found to
enhance the cleavage. As the N-terminal sequences of the M,
54,000 fragments purified from cells treated with 10 um ISO for
3 h or not were identical (data not shown), the cleavage induced
by the agonists appears to take place at the same site(s) as the
cleavage occurring in vitro during membrane preparation. The
agonist-mediated enhancement of receptor cleavage was both
concentration- and time-dependent and was inhibited by the
B, AR-specific antagonist CGP-20712. There is thus compelling
evidence that mature hf3; ARs are subject to both homologous
and heterologous regulation via limited proteolysis of the N
terminus.

Metalloproteinase-mediated N-terminal cleavage has been
described previously for a limited number of GPCRs in the rho-
dopsin family, ie. for endothelin B (35, 36) and thyrotropin
(37-39) receptors, and for the protease-activated receptor-1
(PAR-1) (40,41), which is the main GPCR for thrombin. The V,,
vasopressin receptor, on the other hand, has been shown to be
cleaved at the interface between the second transmembrane
domain and the first extracellular loop (42, 43). Consistent with
the findings obtained for the h3; AR, the endothelin B, V, vaso-
pressin, and thyrotropin receptors are cleaved in an activation-
dependent manner following agonist binding (36-38, 42),
although conflicting reports have been published for the thyro-
tropin receptor (44). On the other hand, the thrombin-medi-
ated cleavage of PAR-1 has been shown to take place following
protein kinase C activation (40), and furthermore, it has been
shown that matrix metalloproteinase I can mediate the cleavage
and activation of PAR-1, which leads to invasion and metastasis
of tumor cells (41). Otherwise, the functional consequences of
metalloproteinase-mediated cleavage have not been fully
revealed for any other family A GPCRs. The existence of this
phenomenon in distinct subfamilies of the rhodopsin-type
GPCRs suggests, however, that regulated cleavage may be a
more common property than has previously been anticipated.

What is the functional significance of the h3; AR N-terminal
cleavage? Several other cell surface transmembrane proteins
are known to be cleaved in the extracellular domain by metal-
loproteinases. All the epidermal growth factor ligand family
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members, for example, are synthesized as inactive transmem-
brane precursors that undergo ectodomain proteolytic cleav-
age. The growth factors released this way then act in an endo-
crine, paracrine, or autocrine manner via binding to their
cognate receptors (45). A similar functional role for the cleaved
hB;AR N terminus is very unlikely, however, as it lacks any
apparent functional protein domains. It is more likely that the
cleavage has a role in attenuating receptor activity and activa-
tion-mediated signaling in cells. This notion was supported by
the observation that the inhibition of receptor cleavage by
mutation of the Arg31 | Leu®? cleavage site stabilized mature
receptors, suggesting that the proteolytic cleavage may have a
role in the turnover of cell surface receptors. Removal of the
receptor N terminus may represent the first step in a pathway
that directs the receptor protein toward degradation. It remains
to be demonstrated in future studies whether cleavage of the
receptor requires internalization or whether it occurs at the cell
surface. Internalization and targeting to lysosomal degradation
may be the primary way of disposing of cell surface GPCRs (46),
but it has also been suggested, e.g. for the B,AR (47), that recep-
tor degradation may occur without internalization at the cell
surface.

The B,AR ligand-binding site resides within the 7-trans-
membrane helix bundle and involves amino acids in transmem-
brane helices 3 and 5-7 and in the second extracellular loop
(18). Thus, it is not immediately obvious why agonist binding
and receptor activation should lead to enhanced cleavage of the
receptor in the N-terminal domain. It can be hypothesized,
however, that activation-induced conformational changes in
the transmembrane a-helices may be reflected in the N termi-
nus. This may in turn increase susceptibility to enzymatic cleav-
age. This possibility is in line with previous findings that have
suggested that metalloproteinase-mediated cleavage is not nec-
essarily dependent on the primary structure of the substrate
protein but rather on conformational attributes (48). Interest-
ingly, recent studies by Gupta et al. (19, 49) have demonstrated
that activation-induced conformational alterations do indeed
occur in the N terminus of several GPCRs in the rhodopsin
family, including the B,AR. Furthermore, it was also found that
an N-terminally directed antibody of the 8-opioid receptor was
able to recognize post-activation-mediated changes in the
receptor C terminus, an ability that was impaired after muta-
tions at the C-terminal phosphorylation sites (49). If changes in
the phosphorylation of ;AR intracellular domains are con-
verted to conformational changes in the receptor N terminus, it
can be hypothesized that the observed increase in the cleavage
of the h3;AR by PMA and forskolin may be mediated by the
same mechanism as binding of the agonist to the receptor. An
alternative hypothesis is that the enhanced cleavage of the
receptor results from increased functional activity of the cleav-
ing enzyme itself. This could occur via phosphorylation of the
metalloprotease through a protein kinase that is activated by
the second messengers. Extracellular signal-regulated kinase
(ERK), for example, is known to phosphorylate ADAM-17 in
response to PMA at Thr”3® (50), a modification that is indispen-
sable for maturation of the protein and its inducible trafficking
to the cell surface (51). These highly speculative mechanisms
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that may be responsible for regulated h3; AR cleavage need to
be verified in future studies.

The h3; AR was found to be modified by both N- and O-gly-
cosylation. The latter modification was first suggested by the
fact that removal of the single N-glycan at Asn'® in the mature
receptor resulted in a receptor form that migrated more slowly
than the corresponding de-N-glycosylated receptor precursor.
Treatment of the mature receptor with neuraminidase and
O-glycosidase revealed that it carries mucin-type sialylated
O-glycans. Because of a lack of the consensus sequence for O-
glycosylation, we used the NetOGlyc 3.1 Server (52) to predict
the mucin-type O-glycosylation sites in the receptor N termi-
nus. This program predicts five potential O-glycosylation sites
for the h3,AR, namely Thr?®, Ser®”, Ser*', Ser®”, and Ser®’,
which are well conserved in mammalian 3, ARs (Fig. 4).

Apart from the hB;AR, an increasing number of other
GPCRs in the rhodopsin family have been reported to be mod-
ified by O-linked carbohydrates. These include the human
8-opioid (26, 28), k-opioid (53), V, vasopressin (54), CCR5 che-
mokine (55, 56), and bradykinin B, (57) receptors, as well as
octopus rhodopsin and chicken iodopsin (58). The functional
significance of the modification has nevertheless remained elu-
sive. Bannert et al. (56) found that O-glycosylation contributes
to the binding of chemokines to the CCR5 chemokine receptor
by providing an array of negative charges that allow electro-
static interactions. On the other hand, Sadeghi and Birnbaumer
(54) showed that neither the level of expression of the V,, vaso-
pressin receptor nor its function is altered by eliminating the
putatively O-glycosylated Ser/Thr residues. We cannot at the
moment deduce the functional role of the O-glycosylation of
the h3; AR, and further studies will have to be performed before
any definite conclusions are drawn. One intriguing possibility is
that the extensive O-glycosylation might modulate the suscep-
tibility of the N-terminal domain to metalloproteinases, possi-
bly by restricting the conformational flexibility of the N termi-
nus or by introducing negative charges. By comparison,
O-glycans of several other cell surface proteins, including the
transferrin receptor, have been shown to protect the protein
from excessive proteolytic cleavage (59). The clustered Ser res-
idues in the hB,AR N terminus (Ser®”, Ser*', Ser*”, and Ser*?)
are flanked by two proteolytic cleavage sites identified here,
Arg®" | Leu®® and Pro®* | Leu®® (Fig. 4), which speaks for the
possibility that O-glycans may indeed have a protective role.
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