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ABSTRACT: We examined glycosylation of FLAG-hKOR expressed in CHO cells and determined its
functional significance. FLAG-hKOR was resolved as a broad and diffuse 55-kDa band and a less diffuse
45-kDa band by immunoblotting, indicating that the receptor is glycosylated. Endoglycosidase H cleaved
the 45-kDa band to∼38 kDa but did not change the 55-kDa band, demonstrating that the 45-kDa band
is N-glycosylated with high-mannose or hybrid-type glycan. Peptide-N-glycosidase F digestion of
solubilized hKOR or incubation of cells with tunicamycin resulted in two species of 43 and 38 kDa,
suggesting that the 43-kDa band isO-glycosylated. FLAG-hKOR was reduced to lowerMr bands by
neuraminidase andO-glycosidase, indicating that the hKOR containsO-linked glycan. Mutation of Asn25
or Asn39 to Gln in the N-terminal domain reduced theMr by ∼5 kDa, indicating that both residues were
glycosylated. The double mutant hKOR-N25/39Q was resolved as a 43-kDa (mature form) and a 38-kDa
(intermediate form) band. When transiently expressed, hKOR-N25/39Q had a lower expression level than
the wild type. In CHO cells stably expressing the hKOR-N25/39Q, pulse-chase experiments revealed
that the turnover rate constants (ke) of the intermediate and mature forms were∼3 times those of the wild
type. In addition, the maturation rate constant (ka) of the 43-kDa form of hKOR-N25/39Q was 6 times
that of the mature form of the wild type. The hKOR-N25/39Q mutant showed increased agonist-induced
receptor phosphorylation, desensitization, internalization, and downregulation, without changing ligand
binding affinity or receptor-G protein coupling. Thus,N-glycosylation of the hKOR plays important
roles in stability and trafficking along the biosynthesis pathway of the receptor protein as well as agonist-
induced receptor regulation.

Opioid receptors were classified into at least three types,
µ, δ, and κ, based on pharmacological and anatomical
analyses (for reviews, see refs1 and 2). Activation of κ

opioid receptors in vivo produces many effects including
antinociception (3, 4), psychotomimesis (4, 5) and water
diuresis (3, 4). At the cellular level,κ opioid receptors are
coupled through pertussis toxin-sensitive G proteins to affect
a variety of effectors, which include adenylyl cyclase,
potassium channels and calcium channels, and the p42/p44
mitogen-activated protein kinase pathway (for a review, see
ref 6). κ opioid receptors have been cloned from several
species (for a review, see ref7) and belong to the rhodopsin
subfamily of the seven transmembrane domain receptor
(7TMR)1 family.

Glycosylation is an important modification during matura-
tion processes of many membrane-bound proteins. Initial
N-linked glycosylation with high-mannose glycans occurs
cotranslationally in the endoplasmic reticulum (ER). Some
glucose and mannose molecules were trimmed from high-
mannose glycans in the ER and Golgi apparatus. Addition
of N-acetylglucosamine, galactose, and sialic acid occurs in
the Golgi apparatus to become complex-type glycans. For
some proteins,O-glycosylation occurs at Thr and Ser residues
in the Golgi (8). Fully glycosylated proteins are transported
to plasma membranes.

Many 7TMRs have been shown to be glycosylated, which
is involved in cell surface expression and agonist-induced
regulation of the receptors (9-12). Removing N-linked
glycosylation by tunicamycin treatment or site-directed
mutagenesis decreased expression on the cell surface of most
7TMRs studied, for example, theδ opioid (13) and calcitonin
receptor-like receptors (14) and proteinase-activated recep-
tor-2 (15), but did not affect others, such as the P(2)Y(12)
(16) and metabotropic glutamate 1R (17) receptors. However,
mechanisms underlying the role ofN-glycosylation in cell
surface expression of 7TMRs have rarely been elucidated.

In this study, we investigated whether the hKOR expressed
in CHO cells containsN-linked andO-linked glycans and
examined effects ofN-glycosylation of hKOR on receptor
properties, regulation, and trafficking. We found thatN-
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glycosylation was important for stability and agonist-induced
regulation of the receptor protein but slowed its trafficking
from ER to Golgi.

EXPERIMENTAL PROCEDURES

Materials. [3H]Diprenorphine (58 Ci/mmol),L-[35S]me-
thionine/cysteine (∼1175 Ci/mmol), [32P]orthophosphate
(8500- 9100 Ci/mmol) and [35S]GTPγS (∼1250 Ci/mmol)
were purchased from Perkin-Elmer Co. (Boston, MA).
Dynorphin A was purchased from Phoenix Pharmaceuticals
(Belmont, CA). U50,488H and naloxone were provided by
the National Institute on Drug Abuse (Bethesda, MD).
Purified rabbit anti-FLAG antibody (F7425), anti-FLAG M2
affinity gel, M1 mouse anti-FLAG antibody, peroxidase-
conjugated goat anti-rabbit IgG, tunicamycin, soybean trypsin
inhibitor, n-dodecyl â-D-maltoside (DDM), 1,10-phenan-
throline, benzamidine, MG132, and chloroquine were ob-
tained from Sigma Chemical Co. (St. Louis, MO). Goat anti-
mouse IgG (H+L) conjugated with Alexa Fluor 488 was
purchased from Molecular Probes (Eugene, OR). Endogly-
cosidase H (Endo H) fromStreptomyces plicatus(EC
3.2.1.96), neuraminidase fromVibrio cholerae(EC 3.2.1.18),
and O-glycosidase fromDiplococcus pneumoniae(EC
3.2.1.97) were obtained from Roche Applied Science (In-
dianapolis, IN). Peptide-N-glycosidase F (PNGase F) from
FlaVobacterium meningosepticumi(EC 3.5.1.52) was pur-
chased from New England Biolabs (Beverly, MA). Pansorbin
cells were from Calbiochem (San Diego, CA), and the
SuperSignal West Pico chemiluminescent substrate kit was
from Pierce Chemical Co. (Rockford, IL). Protease inhibitor
cocktail tablets were purchased from Roche (Nutley, NJ).

Generation of FLAG-hKOR-N25Q, FLAG-hKOR-N39Q
and FLAG-hKOR-N25/39Q cDNAs.cDNA encoding human
κ opioid receptor with the N-terminal FLAG epitope (FLAG-
hKOR) in pcDNA3 was generated previously (18). Using
point mutations and the overlap polymerase chain reaction
(PCR) method (19) with the FLAG-hKOR in pcDNA3 as
the template, asparagine (Asn) at positions 25 and/or 39 in
the N-terminal domain of FLAG-hKOR was replaced with
glutamine (Gln) to generate two single mutants, FLAG-
hKOR-N25Q and FLAG-hKOR-N39Q, and one double
mutant, FLAG-hKOR-N25/39Q. Three mutated cDNAs were
cloned into pcDNA3, and DNA sequence determination was
performed to ensure correct generations of all mutations and
no unwanted mutations.

Stable Expression of FLAG-hKOR-N25/39Q in CHO Cells.
Clonal CHO cells stably transfected with the FLAG-hKOR-
N25/39Q cDNA (CHO-FLAG-hKOR-N25/39Q) were es-
tablished, and a cell line with a similar receptor expression
level to CHO cells stably transfected with the FLAG-hKOR
cDNA (CHO-FLAG-hKOR) (20) was selected for this study.
CHO-FLAG-hKOR and CHO-FLAG-hKOR-N25/39Q cells
were cultured in Dulbecco’s modified Eagle’s medium F12
HAM supplemented with 10% fetal calf serum, 0.1 mg/mL
geneticin, 100 units/mL penicillin, and 100µg/mL strepto-
mycin in a humidified atmosphere consisting of 5% CO2 and
95% air at 37°C.

Western Blot.Western blot was performed to examine the
expression of FLAG-hKOR proteins as described previously
(20). Cells were solubilized with 2× Laemmli sample buffer
(4% SDS, 0.1 M DTT, 20% glycerol, 62.5 mM Tris-HCl,

pH 6.8), subjected to Tricine-SDS-PAGE, and transferred
onto PDVF Immobilon membranes. Membranes were treated
with blocking solution, incubated with the polyclonal FLAG
antibody or rabbit antiserum against rKOR (371-380) and
then goat anti-rabbit polyclonal IgG conjugated with horse-
radish peroxidase, and reacted with ECL western blotting
detection reagents. Images were captured by use of a
FUJIFILM LAS1000 plus system and quantitated using the
ImageGauge software (version 4.1; Fuji Photo Film Co. Ltd.).

Deglycosylation of Solubilized and Immunoprecipitated
FLAG-hKOR. The assays were performed according to
published procedures (21). In some experiments, cells were
treated with 5µg/mL tunicamycin at 37°C for the indicated
periods of time. Membranes of CHO-FLAG-hKOR cells
were prepared as described previously (22). Membranes were
washed with buffer A [50 mM sodium phosphate, pH 5.5,
50 mM EDTA, 0.5 mM phenylmethanesulfonyl fluoride
(PMSF), 2 mM 1,10-phenanthroline, 5µg/mL leupeptin, 5
µg/mL STI, 10µg/mL benzamidine] for Endo H or buffer
B (same as buffer A, pH 7.5) for PNGase F. Then
membranes were solubilized in the respective buffers con-
taining 0.5% DDM (w/v) at 4°C for 1 h. After 100000g
centrifugation at 4°C for 1 h, the supernatant was collected
for deglycosylation of solubilized receptor or immunopre-
cipitation followed by deglycosylation. For deglycosylation
of solubilized receptors, the supernatant was treated with 100
milliunits/mL Endo H or 200 kilounits/mL PNGase F at
37 °C for 16 h, and the reaction was stopped by adding SDS
sample buffer. Alternatively, the supernatant was incubated
overnight at 4°C with M2 anti-FLAG antibody-agarose to
immunoprecipitate FLAG-hKOR, and M2 anti-FLAG anti-
body resin was eluted with 1% (w/v) SDS and 50 mM
sodium phosphate, pH 7.5. The eluate was diluted 10-fold
with 0.5% (w/v) DDM in buffer A containing 1% 2-mer-
captoethanol (Endo H), buffer B containing 1% 2-mercap-
toethanol (PNGase F), or 50 mM sodium phosphate, pH 6.0,
0.5 mM PMSF, 5µg/mL leupeptin, 5µg/mL soybean trypsin
inhibitor, and 10µg/mL benzamidine (neuraminidase and
O-glycosidase). The enzymes were added at final concentra-
tions of 100 milliunits/mL (Endo H), 200 kilounits/mL
(PNGase F), and 50 milliunits/mL (neuraminidase and
O-glycosidase) and incubated at 37°C for 16 h. Samples
were resolved by SDS-PAGE and detected by immuno-
blotting.

[ 35S]Met/Cys Labeling of hKOR and hKOR-N25/39Q and
Kinetic Analysis of the Newly Synthesized Receptor.Experi-
ments were performed using our modified procedure (23)
of that described by Petaja-Repo et al. (24). For conducting
[35S]Met/Cys labeling, 1.2× 106 cells were cultured into a
60 mm Petri dish, grown in complete medium for 24 h,
preincubated with 2 mL of Met/Cys-free DMEM depletion
medium at 37°C for 1.5 h, and pulse-labeled with 150µCi/
mL L-[35S]methionine/cysteine in fresh depletion medium.
After 30 min labeling at 37°C, the pulse phase was
terminated by washing the cells one time with the chase
medium (complete medium supplemented with 5 mM
L-methionine) and then incubated with the chase medium
for specified time periods. Following the chase phase, cells
were detached using Versene buffer, washed once with PBS,
pelleted by centrifugation at 2500g at 4 °C for 5 min, and
stored at-80 °C until further studies.
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Protein solubilization was accomplished by thawing the
cells in 400µL of TTSEC buffer (2% Triton X-100, 50 mM
Tris-HCl, 150 mM NaCl, 5 mM EDTA, and protease
inhibitor cocktail tablet, pH 7.4) with 1 h shaking at 4°C.
The supernatant was obtained by centrifugation at 13500g
for 15 min. For better signal/noise ratio, antibody-Pansorbin
precipitation was performed twice in tandem to purify the
35S-labeled FLAG-hKOR. First, 400µL of supernatant was
incubated with 2µg of polyclonal anti-FLAG antibody at 4
°C for 1 h and mixed with 20µL of Pansorbin at 4°C for
an additional 1 h. The receptors adsorbed on Pansorbin cells
were washed three times by repeated centrifugation and
resuspension in TBS-T buffer and then eluted by incubating
the pellets in 20µL of 2× Laemmli sample buffer at room
temperature for 15 min. Then 20µL of supernatant was
added into 380µL of TTSEC buffer for the second round
of the precipitation experiment. Adsorbed receptors were
eluted with 50µL of 2× Laemmli sample buffer for Tricine-
SDS-PAGE on 8% separating gel. The gel was dried using
a gel dryer (Bio-Rad Laboratories, Hercules, CA) and then
exposed to a prebleached storage phosphor screen for 2 days.
The autoradiogram was captured by a Cyclone Storage
Phosphor System (Perkin-Elmer Life and Analytical Sci-
ences). The intensities of radiolabeled receptor bands were
quantitated with the OptiQuant software. The background
signal of each lane was subtracted before performing
quantitative data analysis.

Our previous data showed that CHO-FLAG-hKOR cells
migrated as two bands ofMr 55 kDa (mature receptor) and
45 kDa (immature receptor) (25). Transformation of the
immature receptor form to the mature form and turnover of
both receptor forms appear to follow the first-order kinetics.
All analyses were performed using Prism 3.0 to fit the data
to the equations (26):

whereX is the amount of FLAG-hKOR,A is a constant for
each equation,ka is the transformation rate constant of the
immature to mature receptor,ke is the turnover rate constant
of the mature or immature receptor, andt is the time of the
chase. The turnover rate constant (ke) means the fraction of
the receptor degraded per unit of time. Half-life (t1/2) is the
time for the receptor to reduce by 50%, and it is equal to
0.693/ke.

Quantitation of Receptor Internalization and Surface
Receptor by Fluorescence Flow Cytometry.Receptor inter-
nalization and surface receptor were determined by fluores-
cence flow cytometry assay according to our published
procedure (27). Briefly, CHO-FLAG-hKOR or CHO-FLAG-
hKOR-N25/39Q cells in 12-well plates were treated with or
without 10 µM U50,488H for 30 min (for internalization)
or 1 µM dynorphin A for 4 h (for downregulation) at 37°C.
Cells were washed three times with ice-cold PBS buffer (58
mM Na2HPO4, 17 mM NaH2PO4, and 68 mM NaCl) and
lifted with PBS buffer containing 0.5 mM EDTA. Cells were
incubated with M1 anti-FLAG antibody (1µg/mL) in 300
µL of Opti-MEMI reduced serum medium containing 1 mM
CaCl2 for 45 min at 4°C. After three washes with PBS
buffer, cells were incubated with Alexa Fluor 488-conjugated

goat anti-mouse IgG (1µg/mL) in 300 µL of Opti-MEMI
reduced serum medium containing 1 mM CaCl2 for 45 min
at 4 °C. Cells were washed three times with ice-cold PBS
buffer containing 1 mM CaCl2 and then resuspended with
300 µL of PBS buffer. Immunoreactivity of cell surface
receptors was quantitated by fluorescence flow cytometry
(FACScan; BD Biosciences, San Jose, CA).

κ Opioid Receptor Binding.Membrane preparations and
receptor binding of CHO-FLAG-hKOR and CHO-FLAG-
hKOR-N25/39Q cells were conducted with [3H]diprenor-
phine in 50 mM Tris-HCl buffer as we described previously
(28). Naloxone (10µM) was used to define nonspecific
binding. Saturation experiments were performed with various
concentrations of [3H]diprenorphine (ranging from 0.02 to
2 nM) to determine the total receptor number. Competitive
inhibition of [3H]diprenorphine binding was performed with
[3H]diprenorphine at a concentration of∼0.3 nM and various
concentrations of agonist U50,488H to determine the affinity
of their binding to receptor. Binding was conducted at 25
°C for 60 min in duplicate in a volume of 1 mL with about
15 µg of membrane protein. Bound and free ligands were
separated by rapid filtration under reduced pressure over
GF/B filters presoaked with 0.2% polyethylenimine and 0.1%
bovine serum albumin in 50 mM Tris-HCl (pH 7.4) for 1 h.
Binding data were analyzed with Prism 3.0 (GraphPad
Software, Inc., San Diego, CA).

Intact Cell Binding and Intracellular Receptors.hKOR
binding on intact cells was conducted with [3H]diprenorphine
in Krebs-Ringer HEPES buffer solution as described
previously (28). Briefly, CHO cells were transiently trans-
fected with 10µg of FLAG-hKOR cDNA or FLAG-hKOR-
N25/39Q cDNA. After 48 h, cells were collected, and
saturation binding of [3H]diprenorphine to the intact cells
was performed in Kreb’s buffer solution (110 mM NaCl, 5
mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 25 mM glucose, 55
mM sucrose, 10 mM HEPES, pH 7.4).Bmax andKd values
of [3H]diprenorphine binding to intact cells were determined
as mentioned above.

For assessment of intracellular receptors, binding to total
and cell surface receptors was conducted. Binding was
conducted with 2 nM [3H]diprenorphine. Nonspecific binding
for total and cell surface receptors was defined by binding
in the presence of 10µM naloxone and 1µM dynorphin A,
respectively. Naloxone, a hydrophobic ligand, binds to both
cell surface and intracellular receptors, whereas dynorphin
A, a hydrophilic ligand, binds only to cell surface receptors.
Thus, the difference between total and cell surface receptor
binding represents binding to the intracellular receptor pool
(28).

[ 35S]GTPγS Binding and U50,488H-Induced Desensitiza-
tion. Membrane preparations and [35S]GTPγS binding were
performed according to Li et al. (20). Briefly, CHO-FLAG-
hKOR and CHO-FLAG-hKOR-N25/39Q cells were treated
with or without 1 µM U50,488H for 30 min and washed
three times with cold PBS buffer. Then, the cells were
pelleted, and ice-cold lysis buffer (5 mM Tris-HCl, 5 mM
EDTA, 5 mM EGTA, 0.1 mM PMSF, 10µM leupeptin, 10
mM sodium fluoride, and 10 mM tetrasodium pyrophosphate,
pH 7.4) was added. The cell suspension was passed through
a 1 mL 29G3/8 syringe needle five times and centrifuged.
Pellets were resuspended in 50 mM Tris-HCl buffer (pH 7.4),
passed through the syringe needle, and centrifuged, and the

X ) A(e-ket - e-kat) (for mature form)

X ) Ae-ket (for immature form)
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processes were repeated one more time. Membranes were
suspended in 50 mM Tris-HCl buffer (pH 7.4), protein
contents were determined by the BCA method of Smith et
al. (29), and membranes were frozen at-80 °C until use.
About 10 µg of membrane protein was incubated with or
without different concentrations of U50,488H, 15µM GDP,
and 0.2 nM [35S]GTPγS in the reaction buffer (50 mM
HEPES, 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA, and
0.1% BSA, pH 7.4) in a final volume of 0.5 mL. After 60
min incubation at 30°C, bound and free [35S]GTPγS were
separated by filtration with GF/B filters. Radioactivity on
filters was determined by liquid scintillation counting.

Phosphorylation of theκ Opioid Receptors.Phosphory-
lation was conducted according to our published procedure
(27) with some modifications. CHO-FLAG-hKOR and CHO-
FLAG-hKOR-N25/39Q cells were transferred into 60 mm
dishes and cultured overnight to confluence. Cells were then
grown in 2 mL per well of phosphate-free medium at 37°C
for 2 h. [32P]Orthophosphate (0.25 mCi/well) was added and
incubated for another 2 h, and medium was aspirated. Cells
were incubated with 1µM (-)U50,488H for 5 and 20 min
at 37 °C, cooled on ice, and washed three times with ice-
cold PBS. All subsequent steps were carried out at 4°C.
Cells were solubilized for 1 h with solubilization buffer (1%
Triton X-100, 50 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 20 nM calyculin A, and 10% complete protease
inhibitor cocktail, pH 7.5) and centrifuged at 13000g for 20
min. Immunoprecipitation of the receptor was performed with
rabbit anti-FLAG polyclonal antibody followed by Pansorbin
(final 1/200, 4°C, 1 h). The mixture was washed three times
by repeated centrifugation and resuspension in TBS-T buffer
and then eluted by incubating the pellets in 50µL of 2×
Laemmli sample buffer. Then 50µL of supernatant was
added into 900µL of TTSEC buffer and 50µL anti-FLAG
M2 affinity gel for the precipitation experiment again.
Immunoprecipitated materials were dissolved in 2× Lammeli
sample buffer and subjected to 8% SDS-polyacrylamide gel
electrophoresis, and32P was detected by use of a phospho-
imager (Cyclone; Packard BioScience Co.). Quantitation of
receptor phosphorylation was performed with the OptiQuant
software program.

Statistical Analysis.For comparison of multiple groups,
data were analyzed with analysis of variance to determine
if there were significant differences among groups using
Prism 3.0 (GraphPad Software, Inc., San Diego, CA). If so,
Dunnett’s post hoc test was performed to determine whether
there was significant difference between the control and each
treatment group. For comparison of two groups, two-tailed
Student’st test was performed.P < 0.05 was the level of
significance in all statistical analyses.

RESULTS

Identification of FLAG-hKOR Expressed in CHO Cells by
Immunoblotting.When CHO-FLAG-hKOR cell extracts were
resolved with SDS-PAGE and the receptor was detected
with immunoblotting with anti-FLAG polyclonal antibody,
FLAG-hKOR was revealed as a broad and diffuse 55-kDa
band and a less diffuse 45-kDa band (Figure 1A). In
untransfected CHO cells, no protein bands were detected
(Figure 1A), indicating that the two bands represent FLAG-
hKOR. The two bands were also detected by use of a rabbit

antiserum against a synthetic peptide corresponding to amino
acids 371-380 in the C-terminal domain of the rat KOR
(data not shown). The broad and diffuse nature of the bands
indicates that the receptor is glycosylated. These results are
similar to what we reported previously (25).

Endo H Digested the 45-kDa, but Not the 55-kDa, Species.
Endo H selectively removesN-linked glycans of high
mannose and/or hybrid types from glycoproteins but not
complex type (30). Treatment of solubilized receptors with
Endo H reduced the 45-kDa band to about 38 kDa but did
not change the 55-kDa species (Figure 1B), indicating the
45-kDa protein contains unprocessed high mannose and/or
hybrid types ofN-linked glycans. By pulse-chase experi-
ments, we have demonstrated that the 45-kDa form is a
precursor for the 55-kDa species (25). The resistance of the
55-kDa band to Endo H treatment (Figure 1B) suggests that
this receptor species contains complex typeN-linked glycans.

PNGase F Treatment Yielded Two Bands of 43 and 38
kDa.PNGase F removes all types ofN-linked glycans from
glycoproteins (30). Treatment of solubilized FLAG-hKOR
with 200 kilounits/mL PNGase F yielded two bands ofMr

43 and 38 kDa (Figure 1C). These findings, along with the
Endo H results, indicate that the 55-kDa protein contains
complex typeN-linked glycans. Integral membrane proteins
containing complex typeN-linked glycans are located in

FIGURE 1: Deglycosylation of FLAG-hKOR with Endo H, PNGase
F, andO-glycosidase. (A) Immunoblotting of FLAG-hKOR stably
expressed in CHO cells. CHO-FLAG-hKOR cells or untransfected
CHO cells were lysed and subjected to SDS-PAGE. Immunob-
lotting was performed using rabbit anti-FLAG antibody as described
in Experimental Procedures. (B-D) Deglycosylation of FLAG-
hKOR with Endo H, PNGase F, andO-glycosidase. CHO-FLAG-
hKOR cells were pretreated with or without 5µg/mL tunicamycin
at 37 °C for 40 h and solubilized, and FLAG-hKOR was
immunoprecipitated with M2 anti-FLAG antibody conjugated
agarose and incubated for 16 h at 37°C with or without (B) 100
milliunits/mL Endo H, (C) 200 kilounits/mL PNGase F, and (D)
50 milliunits/mL neuraminidase and 50 milliunits/mLO-glycosi-
dase. Reactions were stopped by adding 2× Laemmli sample buffer,
followed by SDS-PAGE and immunoblotting using the rabbit anti-
FLAG antibody as described in Experimental Procedures. Each
figure represents one of three independent experiments performed
with similar results.
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plasma membranes or in trans Golgi. In addition, since not
all protein bands were reduced to 38 kDa, the 43-kDa species
may contain additional modifications, most likelyO-glyco-
sylation.

Effect of Tunicamycin Treatment.Tunicamycin inhibits the
synthesis of allN-linked glycoproteins by blocking the
transfer of N-acetylglucosamine 1-phosphate to dolichol
monophosphate (30). Treatment of cells with tunicamycin
(5 µg/mL) reduced the amounts of the 55-kDa band gradu-
ally, and at 40 h, a residual amount still remained. Con-
comitantly, the 45-kDa band disappeared quickly, and at 3
h, only a faint band was left. In contrast, tunicamycin
increased that of the 43-kDa species in a time-dependent
manner (Figure 2A), and the 43-kDa species became the
predominant species after 16 h (Figure 2A). In addition, at
8 h, a faint 38-kDa band appeared. The 43-kDa form was
not digested by Endo H (Figure 1B) or PNGase F (Figure
1C), indicating that this form does not containN-linked
glycans.

FLAG-hKOR expression following tunicamycin treatment,
as detected by immunoblotting at one time point, represents
the combination of newly synthesized receptors and remain-
ing existing receptors. For examination of effects of tuni-
camycin on newly synthesized receptors, CHO-FLAG-hKOR
cells were incubated with [35S]methionine/cysteine for 1 h
to label the newly synthesized protein pool followed by
immunoprecipitation of FLAG-hKOR. Autoradiography re-
vealed FLAG-hKOR as two labeled bands of 55 and 45 kDa
(Figure 2B), similar to those detected by immunoblotting.
Treatment with tunicamycin resulted in FLAG-hKOR being
synthesized as two species of 43 and 38 kDa (Figure 2B),
identical to the bands produced by PNGase F treatment.
These results further demonstrate that the 55- and 45-kDa
species containN-linked glycans.

O-Linked Glycosylation of the FLAG-hKOR.To investigate
whether the FLAG-hKOR containsO-linked glycans, we
subjected the 43-kDa species induced by tunicamycin treat-

ment to deglycosylation usingO-glycosidase and neuramini-
dase.O-Glycosidase removes unsubstitutedO-linked galac-
tose-N-acetylgalactosamine disaccharides from glycoproteins
after the terminal sialic acids have been removed by
neuraminidase (31). The 43-kDa species was reduced to 38-
40-kDa bands by neuraminidase plusO-glycosidase (Figure
1D), indicating that the 43-kDa species containsO-linked
glycans. In addition, theMr of the residual 55-kDa band was
reduced by∼4 kDa. O-Glycosidase alone did not cleave
FLAG-hKOR (data not shown), indicating the presence of
terminal sialic acid inO-linked glycans.

Mutations of Asn25 and Asn39 to Gln in the N-Terminal
Domain of FLAG-hKOR Abolished Glycosylation.There are
two putativeN-glycosylation sites (N-X-S/T, X represents
any amino acid) in the N-terminal domain of the hKOR
(Asn25 and Asn39). To determine whether these two sites
areN-glycosylated, we generated two single mutants, FLAG-
hKOR-N25Q and FLAG-hKOR-N39Q, and one double
mutant, FLAG-hKOR-N25/39Q, by replacing Asn at posi-
tions 25 and/or 39 with Gln. Each of the mutants or the vector
pcDNA3 was transiently transfected into CHO cells. Immu-
noblotting showed thatMr’s of mature N25Q, N39Q, and
N25/39Q mutants were 52, 50, and 43 kDa, respectively
(Figure 3). In addition, those of the immature forms were
42, 42, and 38 kDa, respectively. These results indicate that
both N25 and N39 are glycosylated. The observation that
the intermediate form of the N25/39Q mutant had aMr (38
kDa) identical to that produced by Endo H, PNGase F, and
tunicamycin treatments indicates that Asn25 and Asn39 are
the only N-glycosylation sites and that the core peptide of
the hKOR has aMr of 38 kDa.

Mutation of N-Glycosylation Sites of hKOR Decreased
Receptor Expression.CHO cells were transiently transfected
with 10 µg of FLAG-hKOR cDNA or FLAG-hKOR-N25/
39Q cDNA. After 48 h, cells were collected, and saturation
binding of [3H]diprenorphine to the receptors was performed
on intact cells.Bmax andKd values of [3H]diprenorphine for
FLAG-hKOR were determined to be 260.1( 2.7 fmol/106

cells and 0.38( 0.01 nM and for FLAG-hKOR-N25/39Q
were 151.2( 1.6 fmol/106 cells and 0.33( 0.01 nM (Figure
4A). The results indicate that mutation ofN-glycosylation
sites of hKOR significantly decreases receptor expression
(P < 0.05, by Student’st test) but does not affect the affinity.

Mutation of N-Glycosylation Sites of hKOR Did Not
Change Receptor Binding Affinity for the Antagonist [3H]-

FIGURE 2: Effects of tunicamycin treatment of cells on FLAG-
hKOR. (A) Time course of tunicamycin treatment. CHO-FLAG-
hKOR cells were treated with 5µg/mL tunicamycin at 37°C for
different time periods and solubilized with 2× Laemmli sample
buffer, followed by SDS-PAGE and immunoblotting using rabbit
anti-FLAG antibody as described in Experimental Procedures. (B)
Effects on newly synthesized FLAG-hKOR. CHO-FLAG-hKOR
cells were pretreated with 5µg/mL tunicamycin for 3 h, labeled
with [35S]methionine/cysteine for the last 1 h, and solubilized.
Solubilized materials were incubated with M2 anti-FLAG antibody
conjugated agarose for immunoprecipitation of FLAG-hKOR, and
the immunoprecipitation procedure was repeated as described in
Experimental Procedures. Immunoprecipitated materials were re-
solved by SDS-PAGE, and autoradiography was performed. Each
figure represents one of three independent experiments performed
with similar results.

FIGURE 3: N25 and N39 are twoN-linked glycosylation sites in
the N-terminal domain of the hKOR. CHO cells were transiently
transfected with FLAG-hKOR, FLAG-hKOR-N25Q, FLAG-hKOR-
N39Q, FLAG-hKOR-N25/39Q, or the vector pcDNA3. Approxi-
mately 2 days later, cells were solubilized with 2× Laemmli sample
buffer and subjected to SDS-PAGE. Immunoblotting was per-
formed with polyclonal FLAG antibody as described in Experi-
mental Procedures. Each figure represents one of three independent
experiments performed with similar results.
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Diprenorphine and the Agonist U50,488H.CHO cells stably
expressing FLAG-hKOR-N25/39Q were established, and one
clonal cell line with a similar receptor expression level as
CHO-FLAG-hKOR cells was selected for the subsequent
experiments. Saturation binding of [3H]diprenorphine and
competitive inhibition of [3H]diprenorphine binding by U50,-
488H were performed on membranes prepared from both
cell lines. The hKOR wild type and the hKOR-N25/39Q
mutant had similarKd values for [3H]diprenorphine and
comparableKi values for U50,488H (Table 1). These results
indicate thatN-glycosylation of hKOR does not overtly
change the receptor binding pocket.

The levels of total and cell surface receptors of hKOR
and the N25/39Q mutant were determined by [3H]diprenor-
phine binding to the intact CHO-FLAG-hKOR or CHO-
FLAG-hKOR-N25/39Q cell in the presence of naloxone, a
membrane-permeable ligand, and dynorphin A, a membrane-
impermeable ligand, to define nonspecific binding, respec-
tively. The difference between binding to total and cell
surface receptor represents intracellular receptor binding. We
found that 32.6( 1.7% of the total N25/39Q mutant and
12.5 ( 3.2% of the total wild-type receptor were present
intracellularly (P < 0.05, by Student’st test) (Figure 4B).

Thus, the mutant has a higher level of intracellular receptors
than the wild type. Even so, the majority of the mutant
receptor is present on the cell surface.

Elimination of hKOR N-Glycosylation Did Not Affect
Agonist-Induced [35S]GTPγS Binding but Enhanced Receptor
Desensitization.U50,488H-stimulated [35S]GTPγS binding
to membranes of cells expressing the wild type and the N25/
39Q mutant was examined with or without pretreatment with
U50,488H. Without U50,488H pretreatment, the EC50 and
Emax values of U50,488H for both receptors were similar
(Figure 5A), indicating that theN-glycosylation of hKOR
does not affect receptor coupling to the G protein. Pretreat-
ment with U50,488H induced desensitization of the N25/
39Q receptor more profoundly than the wild type, reducing
the Emax by about 55% and by 23%, respectively (Figure
5A). These results suggested thatN-glycosylation of hKOR
plays a role in agonist-induced receptor desensitization.

Elimination of hKOR N-Glycosylation Enhanced Agonist-
Promoted Receptor Phosphorylation.Our previous study
indicated that U50,488H (1µM) induced maximal hKOR
phosphorylation in 15 min (20). Both CHO-FLAG-hKOR
and CHO-FLAG-hKOR-N25/39Q cells were treated with
U50,488H for 5 and 20 min, and receptor phosphorylation
was determined. The two time points were used for sub-
maximal and plateau levels, respectively, and cell numbers
were adjusted to have similar numbers of receptors. The
hKOR-N25/39Q mutant showed higher levels of phospho-
rylation at both time points compared to the wild type (Figure
5B,C). Thus, elimination of hKORN-glycosylation signifi-
cantly enhances agonist-induced receptor phosphorylation.

Abrogation of N-Glycosylation of hKOR Enhanced Ago-
nist-Induced Receptor Internalization and Downregulation.
We examined whether N25/39Q mutations affected inter-
nalization and downregulation of the hKOR by FACS of cell
surface receptors. Following incubation with 1µM U50,-
488H for 30 min, the N25/39Q mutant underwent a higher
level of internalization than the wild type (Figure 6A) (74.1
( 1.0% vs 42.4( 1.7%,P < 0.05, by Student’st test).

We reported recently that pretreatment with U50,488H for
4 h caused a lower extent of downregulation than with
dynorphin A(1-17) (23) although the two agonists promoted
similar levels of internalization (27). It was attributed to the
finding that U50,488H, a membrane-permeable ligand,
functioned as a pharmacological chaperone, but dynorphin
A, a membrane-impermeable ligand, did not (23). Thus, we
examined agonist-induced downregulation using dynorphin
A instead of U50,488H.

FIGURE 4: Elimination ofN-glycosylation of hKOR decreased total
receptor expression but enhanced the percent of receptor located
intracellularly. (A) CHO cells were transiently transfected with
FLAG-hKOR or FLAG-hKOR-N25/39Q. Approximately 2 days
later, cells were collected, and [3H]diprenorphine binding was
performed on intact cells using 10µM naloxone to define
nonspecific binding as described in Experimental Procedures. Each
value represents the mean( SEM of three independent experiments.
(B) Intracellular receptors were determined by binding of [3H]-
diprenorphine to intact CHO cells stably transfected with the
receptors (CHO-FLAG-hKOR or CHO-FLAG-hKOR-N25/39Q
cells) in the presence of membrane-permeable ligand naloxone or
nonpermeable ligand dynorphin A to define total and cell surface
receptors, respectively. Intracellular receptors are expressed as the
percent of total receptors. Each value represents the mean( SEM
of three independent experiments.

Table 1: Receptor Expression Levels and Ligand Binding Affinities
of the hKOR-WT and hKOR-N25/39Q Stably Expressed in CHO
Cellsa

[3H]diprenorphine U50,488H

Bmax

(pmol/mg of protein)
Kd

(nM)
Ki

(nM)

hKOR-WT 1.7( 0.2 0.12( 0.01 1.5( 0.1
hKOR-N25/39Q 2.4( 0.1 0.18( 0.01 1.8( 0.2

a Membranes of cells expressing the FLAG-hKOR or FLAG-hKOR-
N25/39Q were prepared, andBmax andKd values of [3H]diprenorphine
and the Ki value of U50,488H were determined as described in
Experimental Procedures. Each value represents the mean( SEM of
three independent experiments.
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Dynorphin A (1µM for 4 h) promoted a higher level of
downregulation of the N25/39Q mutant than the wild type
(88.8 ( 0.1% vs 67.1( 0.6%, P < 0.05, by Student’st
test) (Figure 6B).

The levels of U50,488H-induced internalization and
dynorphin A-promoted downregulation were similar to those
reported previously (23, 27). These results indicate that lack
of N-glycosylation of hKOR makes it easier for the receptor
to undergo agonist-induced internalization and downregu-
lation.

Elimination of N-Glycosylation of hKOR Increased Rates
of Generation and Degradation of the Mature Receptor (43-
kDa Form) and the Degradation Rate of the Core Peptide
(38-kDa Form).The pulse-chase technique was employed
to determine generation and turnover rates of both forms of
hKOR and hKOR-N25/39Q. As shown in Figure 7, after
pulse labeling, most of the labeled FLAG-hKOR and FLAG-
hKOR-N25/39Q existed as the 45- and 38-kDa forms,
respectively. During the chase process, the 45-kDa spices
of the FLAG-hKOR gradually decreased, and the 55-kDa

mature receptor gradually increased. The 55-kDa form
reached the highest level at 2 h (Figure 7A). For the hKOR-
N25/39Q, the 38-kDa form was converted into the 43-kDa
form, and the highest level of the latter was reached at 1 h
(Figure 7A). Kinetic analyses of densitometry data showed
that the transformation rate from the immature form (38 kDa)
to the mature form (43 kDa) of hKOR-N25/39Q was
increased by about 6-fold, compared with that from the 45-
to 55-kDa form of the wild-type hKOR (Figure 7B and Table
2). Thus, lack ofN-glycosylation enhances the maturation
rate.

In addition, compared with those of the wild type, the
turnover rates of both the immature and matue forms of
hKOR-N25/39Q were significantly higher. The half-lives of
these two forms of hKOR-N25/39Q were decreased by 3-
and 2.7-fold, respectively, compared with those of the wild
type (Figure 7C and Table 2). These results indicate that
N-glycosylation of the hKOR enhances the stability of both
forms of the receptor.

FIGURE 5: Abolition of N-glycosylation of hKOR enhanced agonist-induced receptor desensitization and phosphorylation without changing
stimulation of [35S]GTPγS binding. (A) CHO-FLAG-hKOR or CHO-FLAG-hKOR-N25/39Q cells were incubated with or without 1µM
U50,488H for 30 min and washed. Membranes were prepared, and U50,488H-stimulated [35S]GTPγS binding were determined as described
in Experimental Procedures. (B) CHO-FLAG-hKOR or CHO-FLAG-hKOR-N25/39Q cells were incubated with or without 1µM U50,-
488H for 5 and 20 min, and phosphorylation of the receptor was determined as described in Experimental Procedures. Cell numbers were
adjusted so that similar receptor levels, determined by [3H]diprenorphine binding, were present for the wild-type and mutant receptors.
Each figure represents one of three independent experiments performed with similar results. (C) Quantitation of the results shown in (B)
was performed using the OptiQuant software. Basal phosphorylation was subtracted from U50,488H-induced receptor phosphorylation, and
each time point was normalized against U50,488H-induced phosphorylation of the wild-type hKOR at 5 min. Each value represents the
mean( SEM of three independent experiments. *,P < 0.05, compared with the hKOR wild type (5 min) by two-tailed Student’st test.

10966 Biochemistry, Vol. 46, No. 38, 2007 Li et al.



DISCUSSION

The results herein indicate that the hKOR undergoesN-
and O-linked glycosylation. Both N25 and N39 in the
N-terminal domain are glycosylated and are the onlyN-
glycosylation sites. Elimination ofN-glycosylation enhances
trafficking of the receptor from ER to Golgi but reduces the
hKOR expression level, which may be attributed to the
observed lower stability of the mutant receptor proteins. In
addition, the hKOR mutant lackingN-glycosylation displays
an increased intracellular receptor pool. Abolition ofN-
glycosylation enhances agonist-induced receptor phospho-
rylation, desensitization, internalization, and downregulation.
To the best of our knowledge, this is the first report that
N-glycosylation of a 7TMRdecreasestrafficking of the
receptor along the biosynthesis pathway, in contrast to other
7TMRs, for whichN-glycosylation increased trafficking from
the ER to the cell surface (33). This is also the first definitive
demonstration thatN-glycosylation enhances stability of
mature 7TMRs.

The hKOR Is N- and O-Glycosylated.N25Q or N39Q
mutation in the N-terminal domain reduced theMr of the
hKOR, and the combined N25/39Q mutations had an additive
effect, indicating that both N25 and N39 are glycosylated.
Both PNGase and tunicamycin treatments, which remove all
N-linked glycosylation, yielded two bands of 43 and 38 kDa.
N25/39Q mutations yielded the same two bands, indicating
that these are the only two sites that areN-glycosylated.
Treatment with neuraminidase andO-glycosidase reduced
the Mr of both the 55- and 43-kDa bands. Thus, the hKOR
is O-glycosylated, and the 43-kDa band represents the
O-glycosylated product of the 38-kDa band. This observation
that the hKOR isN- and O-glycosylated is similar to the
findings that theδ opioid receptor contains bothN-linked

and O-linked glycans (13, 21). The µ opioid receptor was
found to containN-linked glycans (32); however, whether
it is O-glycosylated has not been examined.

Glycosylation of the hKOR most likely occurs in a similar
manner as that of other membrane-bound proteins. Initial
N-linked glycosylation with high-mannose glycans occurs
cotranslationally in the ER, followed by trimming of glucose
and mannose in the ER and cis Golgi, and then addition of
N-acetylglucosamine, galactose, and sialic acid in the Golgi

FIGURE 6: Elimination of N-glycosylation of hKOR enhanced
agonist-induced receptor internalization and downregulation. CHO-
FLAG-hKOR or CHO-FLAG-hKOR-N25/39Q cells were treated
with or without (A) 1µM U50,488H for 30 min for internalization
or (B) 1 µM dynorphin A for 4 h for downregulation. Receptor
internalization or downregulation was determined by the fluores-
cence flow cytometry assay as described in Experimental Proce-
dures. Each value represents the mean( SEM of three independent
experiments. *,P < 0.05, compared with the control group by two-
tailed Student’st test.

FIGURE 7: Effect of lack ofN-glycosylation of hKOR on kinetics
of newly synthesized hKOR and hKOR-10KR. CHO-FLAG-hKOR
or CHO-FLAG-hKOR-N25/39Q cells were pulse-labeled with 150
µCi/mL of [35S]Met/Cys at 37°C for 30 min, then [35S]Met/Cys
was removed, and the cells were incubated with complete medium
containing 5 mM methionine (chase) for the indicated time. After
chase, cells were harvested and solubilized, and proteins were
immunoprecipitated with anti-FLAG antibodies. Immunoprecipi-
tated materials were resolved with SDS-PAGE followed by gel
drying and autoradiography as described in Experimental Proce-
dures. (A) Time courses of generation and turnover of the 55- and
45-kDa forms of the hKOR and 43- and 38-kDa forms of the
hKOR-N25/39Q. The figure represents one of the three independent
experiments performed with similar results. (B, C) Quantitation of
the autoradiography results of (B) the 55-kDa form of the hKOR
and the 43-kDa form of the hKOR-N25/39Q and (C) the 45-kDa
form of the hKOR and the 38-kDa form of the hKOR-N25/39Q.
Densitometric analysis was performed using the OptiQuant soft-
ware. Each point represents the mean( SEM of three independent
experiments. Curve fitting of the data was performed using Prism
3.0 with equations shown in Experimental Procedures.
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to form complex type glycans. Some high-mannose glycans
are not trimmed back to the core and contain additional
mannose residues.O-Glycosylation at Ser and Thr residues
occurs in the Golgi.

The 45-kDa Form Is Located Intracellularly.We demon-
strated previously that when cells were subjected to surface
biotinylation, only the 55-kDa form of the hKOR was
biotinylated (23). In addition, agonist-induced hKOR phos-
phorylation occurred only to the 55-kDa form (Figure 5B)
(20). Moreover, after treatment with brefeldin A, which
disrupts the Golgi apparatus and causes Golgi enzymes to
be retrogradely transported to ER, there was a new hKOR
form with a Mr of 51 kDa, which was generated from the
45-kDa species (23). These results indicate that the 45-kDa
form of the hKOR resides in the ER and perhaps cis Golgi.

N-Glycosylation of hKOR and Receptor Biosynthesis.
Mutation of the twoN-glycosylation sites of hKOR decreased
receptor expression when both the wild type and the mutant
were transiently expressed. This result is consistent with
observations on several 7TMRs, for example, the vasopres-
sion 1a receptor (9) and proteinase-activated receptor-2 (15).
The lower expression level of the hKOR-N25/39Q is most
likely attributed to the much faster degradation of the mature
mutant receptor (Figure 7).

We found that the transformation rate from the intermedi-
ate form (38 kDa) to the mature form (43 kDa) of hKOR-
N25/39Q was increased by about 6-fold, compared with that
from the 45- to 55-kDa form of the wild type (Figure 7B
and Table 2). Thus, removal ofN-glycosylation of the hKOR
increases receptor trafficking from the ER to the Golgi/cell
surface.N-Glycosylation has been shown to be important
for proper folding of newly synthesized proteins before
exiting the ER. Elimination ofN-glycosylation allows
proteins to skip the steps involved in folding, which may
accelerate their exit from the ER (33). This is the first report
that abrogation ofN-glycosylation enhances the receptor
maturation process. Whether this is true for other 7TMRs
remains to be determined.

We demonstrated that thet1/2 of the intermediate (38 kDa)
and mature (43 kDa) forms of the hKOR-N25/39Q were
shortened by 3- and 2.7-fold, respectively, compared with
those of the wild-type hKOR (Table 2). Thus, lack of
N-glycosylation enhances agonist-independent degradation
of the 43-kDa form of the hKOR-N25/39Q. Degradation of
the 43-kDa band may occur on the cell surface, perhaps due

to lack of extracellular binding of lectin to theN-linked
glycan, which leads to degradation of the receptor or
internalization and downregulation of the receptor, analogous
to what happens to glucose transporter 2 (Glut-2) in
pancreaticâ cells (34). Glycosylation in the Golgi plays an
important role in maintaining cell surface expression of
Glut-2 in pancreaticâ cells. Recent studies (34) have shown
that decreased cell surface Glut-2 expression by genetic
deletion of the Golgi glycosylation enzyme is due to a
reduction in the cell surface Glut-2 half-life but not from a
defect in trafficking from the Golgi apparatus to the cell
surface. In addition, glycosylation of Glut-2 produces an
N-glycan ligand for binding of multiple lectins in extracel-
lular regions that reduces the rate of Glut-2 endocytosis (34).

The reduced half-life of the 38-kDa form of the hKOR-
N25/39Q may be attributed to faster conversion to the 43-
kDa form. In addition, the possibility cannot be excluded
that lack of N-glycosylation may enhance ER-associated
degradation of the 38-kDa form. These findings indicate that
N-glycosylation of hKOR is important for stability of the
receptor proteins.

Following tunicamycin treatment, the 38-kDa band was
prominently present in the newly synthesized receptor pool
labeled with [35S]Met/Cys (Figure 2B) but appeared as a faint
band with immunoblotting in the steady state of the hKOR
in cells (Figure 2A). It is likely due to the short half-life of
the 38-kDa band.

The 43-kDa Form of hKOR-N25/39Q Is Mostly on the Cell
Surface.About 67% of the total N25/39Q receptor was on
the cell surface, as determined by ligand binding. Thus, the
43-kDa receptor protein, which is devoid ofN-glycosylation,
but isO-glycosylated, was mostly located on the cell surface.
This is consistent with the fact thatO-glycosylation occurs
in the trans Golgi, prior to protein being transported to the
cell surface (8).

A Higher Percentage of Total hKOR-N25/39Q Is Intrac-
ellular. Lack of N-glycosylation resulted in higher levels of
intracellular receptors as the percent of total receptors
compared with the wild-type receptor (33% vs 13%, Figure
4B). This may be due to the greatly accelerated conversion
of the intermediate (38 kDa) to the mature form of the N25/
39 kDa, exceeding the capacity of the transport machinery.
It may also be the result of less efficient insertion of the
receptor into plasma membranes sinceN-glycosylation has
been shown to be important for protein trafficking from the
Golgi to the plasma membrane (35). In addition, we reported
previously that the hKOR underwent constitutive internaliza-
tion (28).

N-Glycosylation of hKOR and Receptor Binding Affinity
and Signal Transduction.Our observations thatN-glycosy-
lation of hKOR did not affect its ligand binding affinity for
[3H]diprenorphine and U50,488H or agonist-induced G
protein activation are consistent with observations on many
7TMRs. In NG108-15 cells, tunicamycin treatment did not
alter theKd value of [3H]diprenorphine forδ opioid receptors
(13). Nonglycosylated mutants of the Edg-1, platelet-
activating factor (PAF), and EP3â PGE2 receptors had
similar binding affinity and biological activity as the wild
types (12, 36, 37).

N-Glycosylation of hKOR and Receptor Regulation.Elimi-
nation of N-glycosylation of hKOR by N25/39Q mutation
enhanced U50,488H-induced receptor phosphorylation, de-

Table 2: Comparison of Kinetic Parameters of Both Newly
Generated Receptor Species, the 55- and 45-kDa Forms of the
hKOR and the 43- and 38-kDa Forms of the hKOR-N25/39Qa

mature form
WT 55 kDa
N25/39Q
43 kDa

intermediate
WT 45 kDa
N25/39Q
38 kDa

generation rate hKOR-WT 0.99( 0.09
constant (ka, h-1) hKOR-N25/39Q 6.20( 0.05b

turnover rate hKOR-WT 0.12( 0.001 0.78( 0.04
constant (ke, h-1) hKOR-N25/39Q 0.34( 0.09b 2.12( 0.18b

half-life (t1/2, h) hKOR-WT 6.01( 0.04 0.99( 0.09
hKOR-N25/39Q 2.25( 0.45b 0.34( 0.02b

a All parameters were determined from the data in Figure 7 as
described in Experimental Procedures. The data shown in the table are
the mean and SEM of three independent experiments.b P < 0.05,
compared to the hKOR-WT group using two-tailed Student’st-test.
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sensitization, internalization, and downregulation (Figures 5
and 6). We have shown previously that internalization of
the hKOR occurs via GRK-,â-arrestin-, and dynamin-
dependent pathways and likely involves clathrin-coated
vesicles (28) and that internalization of the hKOR is required
for downregulation (22). LackingN-glycosylation may affect
downstream steps involved in agonist-induced receptor
regulation, in addition to hKOR phosphorylation. In contrast
to our observation,N-glycosylation is not involved in agonist-
induced internalization of several receptors, including the
bradykinin B2 and Edg-1 receptors (12, 38). In addition,
elimination ofN-glycosylation of theδ opioid receptor by
tunicamycin treatment did not affect agonist-induced receptor
downregulation (13).

Differences between Tunicamycin Treatment and N25/39Q
Mutations. Both 43- and 38-kDa bands were observed
following treatment with tunicamycin and pulse labeling
(Figure 2B), which are similar to the western blotting result
of the double mutant. However, there was only a faint 38-
kDa band observed following prolonged treatment with
tunicamycin (Figure 2A), which may be due to conversion
to the 43-kDa band and degradation of the 38-kDa band by
ER-associated degradation. The reasons why prolonged
tunicamycin treatment resulted in less 38-kDa band than N25/
39Q mutations are not clear. It may be related to the
differences that tunicamycin blockedN-linked glycosylation
of all proteins, whereas N25/39Q mutations only eliminate
N-linked glycosylation of the hKOR.

Mr of the hKOR Core Polypeptide.Treatment of the hKOR
with Endo H or PNGase F or incubation of cells with
tunicamycin resulted in generation of a 38-kDa form of the
hKOR (Figures 1B,C and 2B). In addition, the N25/39Q
mutant migrates as 38- and 43-kDa bands (Figure 3). These
results taken together indicate that the 38-kDa band repre-
sents the core polypeptide of the hKOR. TheMr of 38 kDa
for the core polypeptide is smaller than the predicted
molecular mass of 42 kDa based on the amino acid sequence.
Frank and Rodbard (39) previously demonstrated that even
with optimal solubilization and disaggregation, the apparent
molecular mass of rhodopsin, determined with SDS-PAGE
using soluble protein standards, deviated substantially from
the predicted molecular mass. This is most likely due to
glycosylation and the highly hydrophobic nature of the hKOR
(for a review, see ref40). The hydrophobic nature of the
receptor may result in incomplete denaturation and disruption
of disulfide bond(s). Glycosylation and high hydrophobicity
of the receptor may lead to uncertainties regarding SDS
binding.

In conclusion, the hKOR expressed in CHO cells is
synthesized and cotranslationallyN-glycosylated at N25 and
N39 in the ER as the 45-kDa form, followed by trimming
and furtherN-glycosylation andO-glycosylation in the Golgi
to become 55 kDa, which is transported to plasma mem-
branes.N-Glycosylation slows trafficking of the hKOR along
the ER-Golgi-plasma membrane pathway but greatly
enhances stability of the receptors proteins.N-Glycosylation
also reduced agonist-induced regulation of the hKOR.
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