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Abstract The pharmacological effects of morphine and
morphine-like drugs are mediated primarily through the
1 opioid receptor. Here we show that differential use of an
in-frame translational start codon in the 5'-untranslated
region of the OPRMI generates different translational
products in vivo and in vitro. The 5’-end of the OPRMI
gene is necessary for initiating the alternate form and for
subsequent degradation of the protein. Initiation of OPRM1
at the upstream site decreases the initiation at the main
AUG site. However, alternative initiation of the long form
of OPRMI1 produces a protein with a short half-life,
resulting from degradation mediated by the ubiquitin—
proteasome pathway. Reporter and degradation assays
showed that mutations of this long form at the second and
third lysines reduce ubiquitin-dependent proteasome deg-
radation, stabilizing the protein. The data suggest that MOP
expression is controlled in part by initiation of the long
form of MOP at the alternate site.

Keywords Human mu opioid receptor -
Translational regulation - Protein degradation

K. Y. Song (?<)) - H. S. Choi - C. K. Hwang - P.-Y. Law -
L.-N. Wei - H. H. Loh

Department of Pharmacology,

University of Minnesota Medical School,

Minneapolis, MN 55455, USA

e-mail: songx047 @umn.edu

Present Address:

C. S. Kim

Department of Oral Physiology, Chosun University,
Gwangju, South Korea

Introduction

The pharmacological effects of opioid drugs and the
physiological effects of endogenous opioid peptides are
initiated through the binding and activation of opioid
receptors [1]. The opioid receptors are classified into three
major types (u, J, and k) and have been studied both
pharmacologically and by molecular cloning [2]. All three
types of opioid receptors belong to the superfamily of
G-protein-coupled receptors (GPCR). The i opioid receptor
(MOR) plays roles in morphine-induced analgesia, toler-
ance, and dependence, as indicated by pharmacological
studies and analyses of MOR gene knockout mice [3, 4].
MOR expression is regulated by multiple mechanisms,
including transcriptional [5-12] and posttranscriptional
events [13—-15]. However, the translational control of the
MOR gene has not been well characterized.

Generation of protein variants by alternative pre-mRNA
splicing or alternative initiation of mRNA translation enlar-
ges the coding capacity and might explain the relatively low
number of genes actually found in the human genome [16].
However, recent studies showed that the amino terminus of a
protein substrate can also serve as the site of ubiquitination
[17, 18]. Degradation of many short-lived cellular proteins,
such as transcription factors, tumor suppressors, and cell
cycle regulators, occurs via the ubiquitin—proteasome path-
way [19-21]. The mechanism for GPCR proteolysis
generally has been assumed to involve fusion of endosomes
with lysosomes [22]. Although trafficking and degradation of
several membrane proteins are regulated by ubiquitination
catalyzed by E3 ubiquitin ligases, there is little evidence
connecting ubiquitination with regulation of mammalian
GPCR function [23]. Additionally, lysine residues provide
the site of formation for multiubiquitin chains, which com-
prise several covalently linked ubiquitin moieties [24].
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In this study, we demonstrate that an isoform of the
human mu-opioid peptide (MOP) is generated by initiation
at an alternative in-frame upstream AUG site (WAUG) and
that initiation from this site can downregulate MOP
expression from the main initiation site. This amino-
terminal-extended product of MOP (long-form MOP)
contains four lysine residues and therefore is sensitive to
proteasome-dependent degradation. These data provide
evidence for regulation of MOP expression and function at
the translational level.

Materials and methods
Plasmid construction

All site-directed mutagenic PCR were performed as
described previously [14]. The plasmid encoding the wild-
type construct [huAUG (4)], the SP6 promoter-controlled
5'-UTR/luciferase (LUC)-fused and Human MOR 5'-UTR
and an Exon fused to Flag (1(MUEF) constructs have all been
described previously [15]. The long-form-initiated and main
AUGs in the OPRM1 5'-untranslated region (5'-UTR; —291
to 4+1) were inactivated by introducing point mutations into
the start codons via oligonucleotide-directed mutagenesis
(Stratagene) according to the manufacturer’s recommenda-
tion, using the following oligonucleotides: huAUG_Long:
5'-CGCAGAGGAGAACTGCAGATGCTC-3"  (forward)
and 5'-GAGCATCTGACETTCTCCTCTGCG' (reverse);
huAUG_Main: 5-AGTACCAcGGAAGACGCCAAA-3
(forward) and 5-TTTGGCGTCTTCCgTGGTACT-3'
(reverse). The lysine-deficient constructs (M_K1, M_K2,
M_K3, M_K4, and M_Kall) were prepared via site-directed
mutagenesis using the huAUG_Main construct as the
template. Both charge-conservative (e.g., substitution of
arginine for K1, K2, or K4) and charge-nonconservative
(substitution of asparagine for K3) mutant constructs were
generated. All mutated constructs were verified by
sequencing analysis and then subcloned back to the parental
vector.

Cell culture, DNA transfection and reporter gene assay

Human neuroblastoma NMB cells were cultured in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine
serum. Transfection and reporter gene assays were per-
formed as described previously [14]. Briefly, cells were
plated in six-well plates at a concentration of
1 x 10° cells/well and cultured overnight before transfec-
tion. For luciferase reporter analyses of each promoter
construct, 1 pg of the reporter plasmid was mixed with the
Effectene transfection reagent (QIAGEN) for 10 min
before being added to the well. Forty-eight hours

posttransfection, cells were washed once with phosphate-
buffered saline (PBS) and lysed with lysis buffer (Pro-
mega). To correct for the differences in transfection
efficiency, a one-fifth molar ratio of a pCH110 plasmid
(Amersham) containing the f-galactosidase gene under the
SV40 promoter was included in each transfection for nor-
malization. The luciferase and galactosidase activities of
each lysate were determined according to the manufac-
turer’s instructions (Promega and Tropix, respectively).

Immunoprecipitation and immunoblot analysis

Cells were lysed in RIPA lysis buffer [SO0 mM Tris—HCl
(pH 7.5), 150 mM NaCl, 0.25% sodium deoxycholate,
0.1% Nonidet P-40, 0.1% Triton X-100, 50 mM NaF,
1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluo-
ride, 50 mM sodium pyrophosphate, 10 mM sodium
vanadate and 1x protease inhibitor cocktail (Roche)].
Immunoprecipitation of LUC-tagged MOP was performed
using the luciferase antibody. After incubation for 2 h at
4°C protein—antibody complexes were captured on protein
agarose-G-Sepharose beads (Sigma) by mixing for 18 h at
4°C. Beads were collected by centrifugation and washed
three times in lysis buffer. After elution by incubation of
beads for 5 min at 90°C in protein gel loading buffer,
immunoprecipitated proteins were separated by Novex
3-8% Tris—Acetate precasting gels (Invitrogen).

Immunoblots were performed with approximately 30 pg
of protein from each lysate resolved by SDS-PAGE using a
10% polyacrylamide gel. Gels were electroblotted onto
polyvinylidene difluoride membranes (Amersham Biosci-
ence) in transfer buffer (48 mM Tris—HCl, 39 mM glycine,
and 20% methanol). Membranes were blocked in blocking
solution (5% dry milk and 0.1% Tween 20 in Tris—buffered
saline) overnight at 4°C. Immunoblotting with anti-LUC
(Chemicon), anti-f-actin (Cell Signaling Technology), and
anti-Ubiquitin (Millipore) antibodies were performed
according to the manufacturer’s instructions. Signals were
detected using a Storm 860 Phosphorlmager system
(Amersham Biosciences).

In vitro transcription/translation and autoradiography

Capped mRNAs were synthesized in vitro with the
MAXIscript in vitro Transcription Kit (Ambion) according
to the manufacturer’s instructions. Briefly, after lineariza-
tion by Sall digestion, DNA was gel-purified (QIAGEN).
The resulting DNA was transcribed in vitro (i.e., capped)
by SP6 RNA polymerase in the presence of 1 mM of the
methylated cap analog m7GpppG (Ambion). After a 1-h
incubation at 37°C, samples were treated with 2 units of
DNase for 15 min at 37°C. After ethanol precipitation
and a 70% ethanol wash, RNA was resuspended in
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DEPC-treated water. RNA integrity was confirmed by gel
electrophoresis. The amounts of RNA were analyzed by
spectrophotometry and ethidium bromide visualization.
Equal amounts (0.1 pg) of RNA were added to the TnT
Quick Coupled Transcription/Translation System (Pro-
mega) for translation under conditions recommended by
the manufacturer. In vitro-translated proteins were labeled
with L—[3SS]—methionine (Amersham). Reactions were
incubated for 60 min at 30°C and analyzed by SDS-PAGE
on 10% polyacrylamide gels. The gels were dried and
exposed to a Phosphorlmager screen overnight at room
temperature. The translated peptides were detected using a
Molecular Dynamic Storm 860 Phosphorlmager system.

Quantification of LUC and LacZ transcripts by real-time
PCR and reverse transcription (RT)-PCR

Total RNA was isolated using TRI reagent (Molecular
Research Center, Inc.) according to the supplier’s protocol.
After quantification of total RNA by measuring OD at
260 nm, 1 pg of RNA was treated with one unit of DNase [
(Invitrogen). Reverse transcription using an oligo-dT primer
was performed with the Transcription First strand cDNA
synthesis kit (Roche) according to the manufacturer’s pro-
tocol. The first strand obtained was quantified by real-time
quantitative PCR using a SYBR Green assay on the iCycler
Optical System (Bio-Rad). The following oligonucleotides
were used to amplify the 159- and 105-bp fragments of the
cDNAs (corresponding to LUC or LacZ, respectively): LUC
primers, 5'-CCAGGACTGGTTTCTGTAAG-3' (forward)
and 5'-CTTTATGTTTTTGGCGTCTTCC-3' (reverse);
LacZ primers, 5'-GCTGCATAAACCGACTACACAAA-3’
(forward) and 5-GCCGCACATCTGAACTTCAG-3'
(reverse). After first-strand cDNA synthesis, the samples
were amplified by real-time PCR at 95°C for 30 s, 60°C for
30 s,and 70°C for 30 s. Relative mRNA levels were reported
as the ratio of LUC mRNA to LacZ mRNA. For RT-PCR,
total RNA isolated from human neuroblastoma NMB cells
and human brain total RNA (Ambion) were prepared as
previously described [7]. Primers specific to MOR mRNA
were: primer hrtM (5'-CCAGGACTGGTTTCTGTAAG-3/,
located at position —133 in 5’-UTR), P1 (5'-GATCATGG
CCCTCTACTCCA-3, located at position 216 in exon 1),
and primer P2 (5-GCATTTCGGG GAGTACGGAA-3/,
located at position 557 in exon 2 to avoid amplification of
genomic DNA). The PCR cycle conditions for human MOR
consisted of 95°C for 60 s, 60°C for 60 s, and 72°C for 60 s
followed by a 10-min extension at 72°C (34 cycles).

Radioligand binding assay

To determine the effects of various protease inhibitors
on receptor degradation, NMB cells were transfected

transiently with the indicated constructs. After a 24-h
transfection, cells were incubated in the absence and
presence of different protease inhibitors for 0-12 h.
Protein degradation experiments were performed with
25 uM  of MGI132 (proteasomal inhibitor), leupeptin
(calpain and trypsin-like protease inhibitor), or E64 (cal-
pain inhibitor). All protease inhibitors were dissolved in
dimethyl sulfoxide (DMSO); control cells were treated
with DMSO alone. MOR gene expression was determined
by a whole-cell-binding assay using [*H]diprenorphine in
25 mM HEPES buffer, 5 mM MgCl, (pH 7.6). Specific
binding was defined as the difference between the
radioactivity bound to the cells in the presence and
absence of 100 UM of the p-opioid specific antagonist,
CTOP.

Determination of protein degradation half-life

Protein degradation half-lives were determined as descri-
bed [25]. Briefly, after transient transfection with the
indicated constructs, cells were incubated in serum-free
media and harvested at 0-18 h, and then assayed for
remaining activity using the luciferase reporter assay.

Results

The 5'-UTR of OPRMI presents an alternative site
for translation initiation

It is well established that many genes encode several
variants of proteins by using alternative promoters and
alternative splicing, greatly increasing the number of
proteins produced. Alternative translation provides
another molecular mechanism by which a single mRNA
can produce several proteins [26]. The OPRMI gene
contains an in-frame start codon 186 bp upstream of the
canonical ATG. Translation from this new open reading
frame (ORF) should produce a 51.7-kDa protein similar
to the 44.8-kDa mu-opioid peptide (MOP), but bearing
an amino-terminal extension of an additional 62 residues
(Fig. 1a). RT-PCR of human and NMB RNA using the
primers hrtM, P1, and P2, which correspond to nucleo-
tide sequences within the 5'-untranslated region and exon
region (Fig. 1b), respectively, of the OPRM1 mRNA,
exhibits two amplicons at 690 bp and at 342 bp
(Fig. 1c). Our results confirm the existence of an alter-
native initiated OPRM1 mRNA that encodes a novel
5'-end extended isoform, long form. The functionality of
this in-frame AUG codon was investigated by analyzing
the proteins produced by constructs of the OPRMI
5-UTR portion fused to the LUC gene (Fig. 1d).
Immunoblotting (Fig. le) and in vitro transcription/
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translation (Fig. 1f) showed that both the regular (Main)
and extended (Long) forms of the protein (initiated from
the main AUG and uAUG, respectively) were expressed
in wild-type cells. However, the long form of the MOP
apparently downregulated expression of the main MOP.
These results are similar to the previously reported
uAUG-mediated downregulation of OPRMI1 expression
[15].

The uAUG-initiated long form of MOP contains no
MOR activity

Both MOP products were examined for MOR activity.
Luciferase reporter assays using the 5'-UTR of OPRMI
fused to a luciferase reporter plasmid (Fig. 2a) showed that
inactivation of the long-form OPRMI1 initiation site
increased luciferase activity, whereas mutation of the main
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Fig. 1 Schematic representation of the human pu opioid receptor
(OPRM1) and putative 5'-UTR sequences. a Sequence of the OPRM1
5'-UTR used in this study. The in-frame uAUG (Long) and main
AUG (Main) codons are indicated, as are the peptide sequences for
the lysine (K1, K2, K3, and K4) codons. The arrowhead above the
sequence indicates the transcription initiation site. The upstream and
main AUGs encode the Long and Main forms of OPRMI, respec-
tively. b Reverse transcription (RT)-PCR was carried out using
oligonucleotide primers (“Materials and methods”). The diagram
shows the relative position of sense (hrtM and P1; forward arrows)
and antisense (P2; reverse arrows) primers along the OPRM1 mRNA.
The darkened area represents the exon region (1,403 bp). Vertical
lines represent the relative positions of the common 5’ end, initiation
codon for the Long form of OPRM1 (uAUG), initiation codon for the
Main form of OPRM1 (AUG), termination codon for both OPRM1s
(TAA), and the 3’ end. ¢ RT-PCR analysis of the OPRM1. Total RNA
prepared from human brain (hB, lanes I and 2; Ambion) and NMB
cells were subjected to RT-PCR with the oligonucleotide primer pairs
indicated above the lanes followed by agarose gel electrophoresis.
Sizes of amplification products obtained with the indicated primer
pairs are shown. M denotes DNA markers, the sizes of which are
shown on the left. d Luciferase fusion constructs containing portions
of OPRMI extension sequences. The huAUG (+) construct retains
both the 5’ in-frame and main AUGs; the huAUG_Long construct
retains only the main AUG. The dotted line represents ATGs
converted to ACGs by point mutations. e NMB cells were transfected
transiently with the constructs shown in d, and protein levels were
analyzed by Western blotting for luciferase and f-actin. f Represen-
tative autoradiogram of proteins translated in vitro in the presence of
[*°S]-methionine using a coupled transcription/translation system

site decreased activity. Subsequently, the 5'-UTR and the
coding regions (exons 1-4) of OPRM1 were fused in-frame
to FLAG tags. Receptor-binding assays (Fig. 2b) paralleled
the reporter assay results. These data support the hypo-
thesis that the long-form MOP shows little, if any, receptor
activity, whereas it downregulates expression of MOP
produced by initiation at the main site.

Main-AUG-initiated MOP is more stable
than long-form MOP in NMB cells

The stabilities of the main and long forms of MOP were
assessed by measuring luciferase activity over time in NMB
cells transfected transiently with constructs in which the
reporter protein was initiated from the main or alternative
sites (Fig. 3a). When incubated in serum-free medium, the
half-life of luciferase protein produced in NMB cells
expressing the main AUG-initiated protein (LUC) was
approximately 17 h. In contrast, the protein degraded much
more rapidly in cells expressing the long form of the MOP,
with an apparent half-life of 2.5 h (Fig. 3b).

To determine the pathway responsible for the selective
degradation of the long form of the protein, we performed
receptor-binding experiments in cells transiently transfec-
ted with the in-frame-fused, FLAG-tagged constructs and
subsequently exposed to several classes of protease
inhibitors (Fig. 4). DMSO vehicle alone was unable to
prevent the degradation of the long-form protein (Fig. 4a).

However, the specific receptor-binding activity of long-
form MOP increased significantly when incubated with the
26S proteasome inhibitor MG132. In contrast, two different
cysteine protease inhibitors of lysosomal degradation,
leupeptin and E64, did not prevent degradation over the
course of the 12-h incubation (Fig. 4b). In cells expressing
both the long and main forms of MOP, treatment with
MGI132 also increased specific receptor-binding activity
(Fig 4c). Overall, these findings indicate that degradation
of the long form of MOP is dependent on 26S proteasome.

26S proteasome-dependent degradation of MOP
is mediated by different lysines, with lysine-3 being
the most efficient

Ubiquitin can link covalently to lysine (Lys) side chains as
a single monomer or as polyubiquitin chains, in which the
internal branching of the residues can vary. Therefore, we
used site-directed mutagenesis (Fig. 5a) to examine the
roles of the four Lys residues in the 5'-extended region of
long-form MOP (Fig. 1a) in proteasome-dependent degra-
dation. Cells were assayed 48 h after transient transfection
with the mutant constructs. Mutation of the lysine residues
had no effect on the transcript levels produced by the
various constructs (Fig. 5b, lower panel). However,
mutations of Lys-1 and Lys-4 decreased luciferase activity
(fivefold and twofold, respectively). In contrast, mutation
of Lys-2 increased activity fivefold, and mutation of Lys-3
had the most pronounced effect, producing a nearly
ninefold increase in luciferase activity. When all four
lysine residues in the long-form protein were mutated,
luciferase activity increased up to sixfold (Fig. 5b, upper
panel).

The effects of lysine deletion on the kinetics of receptor
downregulation were also examined (Fig. 5c¢). Transiently
transfected NMB cells were incubated in serum-free
medium at 37°C for up to 18 h. The long form of MOP was
degraded with a short half-life of approximately 2.5 h,
whereas mutations of Lys-2, Lys-3, or all four lysine res-
idues were more stable, with half-lives of 11.5, 16, and
5.8 h, respectively.

To further examine this hypothesis, we tested ubiquiti-
nation of wild-type (WT), Lys-2, Lys-3, or all four lysine
mutated plasmids (Fig. 5a) using NMB cells. Ubiquitina-
tion of WT protein was demonstrated by immunoblotting
with anti-ubiquitin antibody (Fig. 5d, lane 1). Mutation of
Lys-2 had little affect on the intensity of this smear
(Fig. 5d, lane 2); by contrast, mutation of Lys-3 and all
four lysines combined markedly reduced it (Fig. 5d, lanes
3 and 4). These observations confirmed that MOP is
modified by polyubiquitination. They also establish that
Lys-3 is the main site of ubiquitination. These results
indicate that the lysine-dependent ubiquitination pathway
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Fig. 4 Effects of protease
inhibitors on the degradation of
the long form of MOP. NMB
cells were transfected for 24 h
with the constructs shown in
Fig. 2b. Cells were then
incubated with or without
inhibitor at 37°C for 0-12 h, as
indicated. The time course of
receptor binding was
determined as described in

Fig. 2. Mean values + standard
errors from representative
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plays a significant role in the degradation of long-form
MOP in NMB cells.

Discussion

Upstream ORFs (uORFs) are common genomic features,
occurring in up to 25% of mammalian genes [27] and 10-
22% of fungal genes [28]. uORFs with canonical start
codons are important in mRNAs whose main products are
involved in controlling cell growth, such as receptors,
growth factors, and other proto-oncogenes [29]. However,

many eukaryotic mRNAs contain alternative translation
initiation sites (TIS) either upstream of or downstream
from the annotated TIS, and the proteins encoded from
these alternative sites can be synthesized as isoforms with
different amino-terminal segments [30]. In most cases,
ribosomes recognize the alternative TIS by leaky scanning.
The reinitiation of translation is likely to represent a special
situation [26]. It also should be noted that the translation
efficiency of many eukaryotic mRNAs must be low to
prevent the harmful overproduction of proteins with regu-
latory functions, and the uAUG/uORFs are frequently used
to inhibit the translation efficiency of such mRNAs [26]. In
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Fig. 5 Mutation of OPRMI1 lysines significantly affects the protein’s
stability in NMB cells. a Schematic representations of OPRMI
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the ratios LUC/f-gal and LUC/LacZ, respectively) in NMB cells
transfected transiently with each mutant construct. Bars indicate the
standard errors of triplicate LUC assays. ¢ Time course of protein
degradation. The relative remaining LUC activity in NMB cells

the case of OPRM1 mRNAs, reinitiation of translation can
be used as a mechanism for selection of alternative start
sites and synthesis of alternative protein isoforms [15]. The
present study demonstrates that a 5'-extended long form of
MOP is initiated from an in-frame uAUG site, producing a
long form of the MOP, and that the uORF peptide encoded
by the 5'-UTR of this protein participates in repression of
OPRM1 translation.

In eukaryotic cells, a wide variety of proteins with
roles in cell cycle progression, transcriptional control,
signal transduction and metabolic regulation are degraded
by the ubiquitination/proteasome pathway [31, 32]. This
study demonstrates that a ubiquitin—proteasome-depen-
dent pathway is involved in the degradation of the long
form of MOP. Furthermore, ubiquitination of the long-
form MOP protein is apparently dependent on the pres-
ence of the lysine residues in the amino-extended region,
with Lys-3 exerting the most significant effect on protein
stability.
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transfected transiently with the constructs shown in a was determined
as described in Fig. 3b. d NMB cells cultured in six-well plates were
transfected with 2 pg of wild-type (lane I) or mutated (lanes 2—4)
constructs. Forty-eight hours after transfection, immunoprecipitation
was performed with anti-luciferase and analyzed by immunoblot
using either the antibody to ubiquitin (upper panel) or the antibody to
luciferase (lower panel). Numbers on the left (kDa) indicate position
of molecular weight marker

Two major pathways operate in cells to degrade
intracellularly retained GPCRs: the ubiquitin-dependent
proteasomal pathway and the lysosomal pathway [31, 33].
Integral membrane proteins expressed at the cell surface
are internalized and degraded by lysosomes. In contrast,
in a degradation pathway known as endoplasmic reticu-
lum quality control (ERQC), membrane proteins retained
in the ER by the quality control system are retrotranslo-
cated into the cytosol and degraded by the ubiquitin—
proteasome system. Proteins that pass ERQC criteria
traffic to their final destinations through the secretory
pathway, whereas nonnative and unassembled subunits of
multimeric proteins are degraded by the ER-associated
degradation (ERAD) pathway [34]. The ERQC system is
a cellular process designed to protect the cell from the
accumulation of toxic unfolded proteins. Sometimes this
system is overzealous and prevents mutants, which could
still be biologically active, from leaving the ER (or to
escape ERAD), thus leading to disease [35, 36]. It is
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therefore possible that the long form of MOP is also
regulated by the ERAD pathway. The results of the
present study are similar to the mechanism observed in
the Cys-27 variant of the ¢ opioid receptor [37], as well
as the V2 vasopressin receptor [38].

In summary, translation of OPRM1 mRNA leads to
synthesis of an MOP isoform through the use of an alter-
native in-frame initiation codon. Furthermore, synthesis of
this 5’-extended isoform regulates expression of the MOP
expressed from the main TIS. However, the product of
this isoform is degraded rapidly by a ubiquitin-dependent
proteasomal pathway.
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