
Introduction

Opioids are potent clinical analgesics but have serious limitations
such as tolerance and dependence. The opioid receptors, classi-
fied into three major types (�, � and �) have been characterized
by molecular cloning and in numerous pharmacological reports
[1, 2]. All three types of opioid receptors belong to the superfam-
ily of G-protein-coupled receptors. The mu opioid receptor (MOR)
plays roles in morphine-induced analgesia, tolerance and depend-
ence, as indicated by pharmacological studies and analyses of
MOR knockout mice [3, 4]. On binding opioids, MOR couples to
G-proteins and regulates adenylyl cyclase, intracellular calcium,
inwardly rectifying potassium channels, MAP kinase and other
messengers, triggering a cascade of intracellular events [5]. MOR
is expressed mainly in the central nervous system, with receptors
varying in densities in different regions [6]. To achieve its unique

spatial expression pattern, expression of MOR must be tightly 
regulated by mRNA processing, transport, localization and stability.
MOR expression can be regulated by multiple mechanisms, includ-
ing transcriptional (NRSF [7], SP3 isoforms [8], splice variants [9],
epigenetic status [10], �CP3 [11], etc.) and post-transcriptional
events [12]. However, the translational control of the MOR gene
has not been well characterized.

Recently, it has become clear that the 5�-untranslated region
(UTR) of eukaryotic mRNA is a key site for many forms of post-
transcriptional regulation of gene expression, especially those
sites containing at least one AUG codon upstream (uAUG) of the
main open reading frame (ORF) [13, 14]. Protein translation in
eukaryotes is initiated predominantly by a cap-dependent scan-
ning mechanism in which the small ribosome sub-units, with the
associated translation initiation factors, are recruited to the 5�-cap
structure and scan in a 5�–3� orientation until the first AUG is rec-
ognized. Then, the large ribosomal sub-unit joins the complex to
initiate protein synthesis [15]. In higher eukaryotes, translation
usually initiates at the AUG nearest the 5�-end, but this ‘first AUG
rule’ holds true only when the AUG resides in a favourable context
[16]. When the first AUG is positioned suboptimally, ribosomes
can initiate at the first or second AUG via leaky scanning [17]. Re-
initiation is another mechanism that allows ribosomes to reach
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and initiate at downstream AUGs. When the first AUG is followed
shortly by an in-frame terminator codon, post-termination ribo-
somes apparently resume scanning and can re-initiate at down-
stream sites [13, 18]. Multiple proteins can be synthesized from
one mRNA, not only by alternative splicing but also by the choice
of a translation initiation codon. This choice, and the efficiency of
translation, is controlled by mRNA-specific elements such as the
GC content and the size of the 5�-UTR, and the location of poten-
tially active uAUGs [19]. The special case in which a uAUG starts
a reading frame that is fused in-frame with the principal ORF (and
therefore is translated to produce a polypeptide extended at its
amino-terminus) is not a distinct upstream open reading frame
(uORF), but differential start-codon selection in such cases could
involve mechanisms similar to those that contribute to the use of
other uAUGs [20]. A uAUG that precedes a terminator codon by
only a short distance, thereby creating a small uORF, should
reduce (but not abolish) translation of the major ORF, because
eukaryotic ribosomes can hold on to the mRNA at a terminator
codon, resume scanning and re-initiate downstream [21].

The OPRM1 gene has a high GC content and contains four
uAUGs between the transcription initiation sites and the physiolog-
ical translation initiation codon, suggesting that the uAUGs have the
potential to regulate translation. In this study, the effects of uAUGs
and uORFs on the translation of major OPRM1 mRNA were ana-
lyzed by transient transfection assays, in vitro translation and
toeprinting. Here, we report that the OPRM1 5�-UTR exerts negative
effects on the expression of the downstream MOR gene. We also
found that the third uAUG efficiently regulates OPRM1 gene expres-
sion, but that all four uAUGs regulated downstream MOR gene
expression synergistically. This study suggests that re-initiation in
the 5�-UTR at the physiological MOR AUG site could be responsible
for the low level of expression of OPRM1 under normal conditions.

Materials and methods

Plasmid construction

All site-directed mutagenic PCR reactions were performed as described pre-
viously [22] using Ultra Pfu polymerase (Stratagene, LaJolla, CA, USA) and
forward and reverse primers containing appropriate restriction sites at their
5� and 3� ends and/or appropriate mutations at the desired sequence sites.
Briefly, amplified fragments were cloned into the pGL3-promoter reporter
construct (Promega, Madison, WI, USA) using the corresponding restriction
sites. The wild-type huAUG(�) was constructed by generating the �291 to
�1 PCR fragment of the 5�-UTR of OPRM1 using HindIII-ended forward
primer (5�-CAGAAGCTTGCCTCCGAATCCCGCATGGCC-3�) and NcoI-ended
reverse primer (5�-AATCCATGGTACTGACGGCCGGGCGGGCAC-3�). This
construct was then inserted between the HindIII and NcoI restriction sites of
pGL3-promoter reporter construct. Individual uORFs in the OPRM1 5�-UTR
(�291 to �1) were inactivated by introducing point mutations into the start
codons using oligonucleotide-directed mutagenesis (Stratagene) according
to the manufacturer’s recommendation, using the following oligonu-
cleotides: huAUG #1: 5�-TCCGAATCCCGCAcGGCCCACGCT-3� (forward) 
and 5�-AGCGTGGGCCgTGCGGGATTCGGA-3� (reverse); huAUG #2: 
5�-GGGCAGGTGAcGAGCCTCTGTGAA-3� (forward) and 5�-TTCACAGAGG C   -

TA gTCACCTGCCC-3� (reverse); huAUG #3: 5�-CGCAGAGGAGAAcTGCAG A -
TGCTC-3� (forward) and 5�-GAGCATCTGACgTTCTCCTCTGCG-3� (reverse);
huAUG #4: 5�-C G CA GAGGAGAATGTCAGAcGCTC-3� (forward) and 5�-GA G -
CgTCTGACA TT CTCCTCTGCG-3� (reverse); huAUG_Main: 5�- AGTACC AcG -
GAAGACGCCAAA-3� (forward) and 5�- TTTGGCGTCTTCCgTGGTACT-3�

(reverse). Double mutations were made using the huAUG #3 construct as a
template and other primers: huAUG #1, 3: huAUG #1 forward and reverse
primers; huAUG #2, 3: huAUG #2 forward and reverse primers; huAUG #3, 4:
huAUG #4 forward and reverse primers. For the construct in which all four
uAUGs between the HindIII and NcoI site were mutated [huAUG(�)], the U
within each AUG sequence was substituted with C in the forward primer and
with G in the reverse primer.

SP6 promoter-controlled 5�-UTR/LUC-fused constructs were gener-
ated by cloning the luciferase gene into the pGEM-3Z vector (Promega)
construct (SP6-LUC). To generate SP6–5�-UTR/LUC fused constructs
[SP6-huAUG(�), SP6-huAUG #3, SP6-huAUG(�), SP6-huAUG_Main], 
5�-UTR/LUC in-frame fusion constructs were digested between HindIII and
NcoI and cloned into the SP6-LUC constructs. Similar constructs containing
strong Kozak sequences at the first and second uAUG sites (SP6-
huAUG #1S and #2S, respectively) were constructed for oligonucleotide-
directed mutagenesis using the following primers: huAUG #1S: 
5�-AATCCaCCATGgCCCACG-3� (forward) and 5�- CGTGGGcCATGGtGGATT-3�

(reverse); huAUG #2S: 5�-GG  CAGGTGATGgGCCTCT-3� (forward) and 
5�-AGAGGCcCATCACCTGCC-3� (reverse).

Constructs with Human MOR 5�-UTR and an Exon fused to Flag
(hMUEF) were cloned to the pCMV-Taq4A vector with the OPRM1 UTR.
MOR coding regions (exons 1–4) and Flag taq were fused in-frame. First,
1.2 kb of a construct containing the OPRM1 coding region and pCMV4 [9]
was digested with NcoI and SalI and cloned into the huAUG constructs
[huAUG(�), huAUG #3 and huAUG(�)] using 5�-NcoI and 3�-SalI sites.
These intermediate constructs were then cloned into the pCMV-Taq4A 
vector by ligation (5�-HindIII, 3�-Sal I). All constructs were confirmed by
sequencing analysis.

Cell culture, DNA transfection and reporter 
gene assay

Human neuroblastoma NMB cells were cultured in RPMI 1640 supplemented
with 10% heat-inactivated foetal bovine serum. Transfection and reporter
gene assays were carried out as described previously [23]. Briefly, cells were
plated in 6-well plates at a concentration of 1 	 106 cells/well and cultured
overnight before transfection. For luciferase reporter analysis of each pro-
moter construct, 1 �g of the reporter plasmid was mixed with the Effectene
transfection reagent (QIAGEN, Valencia, CA, USA) for 10 min. before being
added to the well. Forty-eight hours post-transfection, cells were washed once
with phosphate-buffered saline and lysed with lysis buffer (Promega). To cor-
rect for the differences in transfection efficiency, a one-fifth molar ratio of a
pCH110 plasmid (Amersham, Piscataway, NJ, USA) containing the 
-galac-
tosidase gene under the SV40 promoter was included in each transfection for
normalization. The luciferase and galactosidase activities of each lysate were
determined according to the manufacturer’s instructions (Promega and
Tropix, Foster City, CA, USA respectively).

Quantification of LUC and LacZ transcripts 
by real-time PCR and RT-PCR

Total RNA was isolated according to the supplier’s protocol (TRI Reagent;
Molecular Research Center, Inc., Cincinnati, OH, USA). After quantification
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of total RNA by measuring OD at 260 nm, 1 �g of RNA was treated with one
unit of DNase I (Invitrogen, Carlsbad, CA, USA). Reverse transcription
using oligo-dT primer was performed with the Transcription First strand
cDNA synthesis kit (Roche, Indianapolis, IN, USA) according to the manu-
facturer’s protocol. The first strand obtained was quantified using a real-
time quantitative PCR system: a SYBR Green assay on the iCycler Optical
System (Bio-Rad, Hercules, CA, USA). The following oligonucleotides were
used for the amplification of 159-bp and 105-bp fragments of cDNAs, cor-
responding to LUC or LacZ, respectively: LUC primers, 5�-CCAGGACTG-
GTTTCTGTAAG-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 at 95�C for 30 sec, 60�C for 30 sec,
70�C for 30 sec for real-time PCR. For RT-PCR, the Qiagen one-step RT-
PCR kit was used with the above primers. Relative mRNA levels were
reported as the ratio of LUC mRNA to LacZ mRNA.

In vitro transcription/translation 
and autoradiography

Capped mRNAs were synthesized in vitro with the MAXIscript In Vitro
Transcription Kit (Ambion, Austin, TX, USA) according to the manufacturer’s
instructions. Briefly, after linearization by SalI digestion, DNA was gel-purified
(QIAGEN). The resulting DNA was transcribed in vitro by SP6 RNA poly-
merase in the presence (i.e. capped) of 1 mM of the methylated cap analog
m7GpppG (Ambion). After a 1-hr 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 re-suspended in 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 �g) of RNA were added to the TnT Quick Coupled
Transcription/Translation System (Promega) for translation under condi-
tions recommended by the manufacturer. In vitro-translated proteins were
labelled with L-[35S]-methionine (Amersham). Reactions were incubated
for 60 min. at 30�C and analyzed on 10% SDS-PAGE. The gels were dried
and exposed to a PhosphorImager screen overnight at room temperature.
The translated peptides were detected using a Molecular Dynamic Storm
860 PhosphorImager system (Amersham).

Radioligand-binding assay

Binding assays were performed as described previously [9]. Briefly, after
transient transfection with the indicated constructs, MOR gene expression
was determined by a whole-cell–binding assay using [3H]diprenorphine in
25 mM HEPES buffer, 5 mM MgCl2 (pH 7.6). Specific binding was defined
as the difference between the radioactivities bound to the cells in the pres-
ence and absence of 100 �M of the mu-opioid antagonist, CTOP.

Primer extension inhibition (toeprinting) assay

The toeprinting assay was performed as described previously [22]. Briefly,
the deoxyoligonucleotides mToe 1 (5�-TCAGTTTCTTACAAGGACAAG-3�) and
mToe 2 (5�-CTTATGCAGTTGCTCTCCAG-3�) were labelled at the 5�-end by T4
polynucleotide kinase and [�-32P]ATP (3000 Ci/mmol; Amersham). After the
toeprinting reaction, the primer–mRNA complexes were incubated on ice for
15 min., whereas the reticulocyte reaction mixtures were assembled.

The ribosome binding reaction used micrococcal-nuclease-treated rab-
bit reticulocytes (Promega). Primer extension was initiated by adding 
2 U/�l Superscript II reverse transcriptase (Invitrogen). Reactions were
terminated by phenol extraction. Primer extension products were mixed
with 98% formamide and 10 mM EDTA, heated for 5 min. at 90�C, and sep-
arated on 4–6% polyacrylamide sequencing gels. Sequencing ladders were
generated by a fmol DNA cycle sequencing system (Promega) according to
the manufacturer’s protocol. Autoradiograms of the dried gels were
obtained using a Molecular Dynamic Storm 860 PhosphorImager system.

Results

The 5�-UTR of OPRM1 contains four uORFs 
preceding the MOR initiation codon

The OPRM1 consists mainly of four exons (Fig. 1A). Several tran-
scription initiation sites have been identified: One major site cor-
responds to the cDNA start positioned 216 bp upstream from the
translation start codon [24], and at least three minor ones (285,
358 and 373 bp, respectively) occur upstream from the ATG start
codon [25]. The 291-bp fragment of the OPRM1 5�-UTR was cho-
sen to clone into reporter constructs for the current study (Fig. 1B).
The OPRM1 5�-region contains four uAUGs (uAUG #1, #2, #3 and
#4). Two of these (#2 and #4) were out-of-frame and three (#1, #2
and #4) terminate before the main initiation codon. However, #1
and #3 were in-frame, and the #3 uAUG shares the stop codon
with the main ORF. Translational initiation at the first, second, third
and fourth uAUGs would give rise to uORFs containing 17, 27, 463
and 8 amino acids (1.9 kD, 3 kD, 51.7 kD and 0.9 kD, respectively)
(Fig. 1B and C).

In vertebrate mRNAs, initiation sites usually conform to all or
part of the sequence GCCRCCAUGG, known as the Kozak
sequence [21]. The most conserved nucleotides are the R (A or
G) at �3 and the G at �4 (the A of the AUG codon is designated
as �1). Strong consensus sequences contain both of these
important nucleotides, whereas an adequate sequence contains
only one of them, and weak sequences contain none of them. In
the OPRM1 transcript, uAUG #4 is weak, whereas uAUGs #1, #2
and #3 have adequate sequences. The OPRM1 main ORF has a
strong consensus sequence similar to that of the luciferase main
ORF (Fig. 1C).

The third uAUG has an inhibitory effect 
on initiation at the main AUG

To determine whether these uORFs affect the expression of the
downstream main MOR ORF, we constructed a series of plasmids
(Fig. 2A) containing point mutations for each uAUGs (i.e. ATG
changed to ACG). These wild-type and mutant constructs were
transfected transiently in NMB cells that express the MOR gene
endogenously. After transfection, cellular extracts were prepared
and assayed for translation (e.g. luciferase assay, LUC/
-gal ratio)
and transcription (real-time RT-PCR, LUC/LacZ mRNA) levels (Fig. 2B).
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The levels of transcripts were very similar among all constructs,
indicating that the point mutations did not alter transcription lev-
els. In contrast, LUC activity was differentially affected by the
mutations of these uAUGs. In particular, mutation of the third
uAUG increased LUC activity two-fold, but mutations of the other
uAUGs had no significant effect. Mutating all the uAUGs
[huAUG(�)] increased luciferase activity relative to mutating
uAUG #3 alone but not significantly. These results suggest that the
presence of the third uAUG in the MOR 5�-UTR represses LUC
expression, and that the effect occurs at the level of translation.

Repression of OPRM1 translation through 
the uORF in the MOR 5�-UTR

We examined the initiation of peptide synthesis at the #3 uAUG by
in vitro translation. Several constructs under the control of the

SP6 promoter were generated (Fig. 3A). Using a rabbit reticulo-
cyte lysate system, LUC synthesis should occur if ribosomes ini-
tiate translation at the uAUG codons of the uORF and/or the LUC
main initiation site. The results (Fig. 3B) show that both the 
5�-extended LUC and LUC proteins were expressed by the
huAUG(�) construct, but only the LUC protein was expressed by
either the huAUG #3 or huAUG(�) constructs. In contrast, the
construct mutated at the main ORF initiation site (huAUG_Main)
only expressed the 5�-extended LUC fusion protein. As expected,
the 5�-extended LUC fusion protein had a molecular weight higher
than the control LUC protein. These data demonstrate that the 
5�-extended LUC fusion product (initiated at the #3 uAUG) is
translated efficiently, but these effects were not reflected in any
differences in the transcription levels (Fig. 3B, lower panel).
Similar results were obtained in in vitro translation experiments in
NMB cells transfected with the same constructs using a SV40 
promoter-controlled vector (Fig. 3C).

© 2009 The Authors
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Fig. 1 Schematic of the human mu
opioid receptor (OPRM1) and puta-
tive uORF sequences. (A) The
OPRM1 structure and main tran-
script. Exons and introns are shown
by boxes and horizontal lines,
respectively. The promoter is indi-
cated by the arrow. Exons are num-
bered in the order in which they
were identified. Translation start and
stop sites are shown by bars above
the exon boxes. OPRM1 is the main
MOR messenger RNA identified in
humans. (B) Sequence of the
OPRM1 5�-UTR used in this study.
Four uAUG codons (#1–#4) and the
main AUG are shown in bold, and
the termination codon of the uORFs
is italicized. Bold peptide sequences
represent the uAUG and stop
codons. The arrowheads above the
sequence indicate the transcription
initiation sites. mToe 1 and 2 indi-
cate radiolabelled oligonucleotide
primers for toeprinting. (C) uAUG
sequences compared with the
Kozak sequence. The �3 and �4
positions relative to the start codon
(underlined) are represented in
bold. Each uORF consists of 17, 27,
462 and 8 putative amino acids,
respectively. The uAUG #3 uORF
consists of 62 additional amino
acids, relative to the main ORF (i.e.
400 amino acids) at the 5�-end.
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Overlapping uORFs preclude downstream 
initiations

As shown earlier, constructs mutated at all four uAUGs
[huAUG(�)] showed only a minor increase in translation levels
relative to constructs mutated at the third uAUG alone.
Nevertheless, both in vitro translation (Fig. 3B) and transient
transfection (Fig. 3C) were altered by the huAUG(�) construct.
Therefore, we considered that the other uAUGs might have a syn-
ergistic effect on the effect of the #3 uAUG mutation with regard
to downstream regulation. Double mutations including #3 uAUG
(Fig. 4A) increased expression by the main ORF (Fig. 4B).
Interestingly, the construct with in-frame mutations of both the #1
and #3 uAUGs (huAUG #1, 3) increased downstream expression
nearly 3.5-fold (Fig. 4B). These effects did not result from differ-
ences in transcription levels (Fig. 4B, lower panel).

The strongest inhibition is caused by a uORF that overlaps the
start of the downstream cistron [15, 26–28]. Indeed, the size of

the first ORF is a major limitation on re-initiation in eukaryotes: 
re-initiation can occur following the translation of a ‘minicistron’
(a small first ORF) but not following the translation of a full-length
5� cistron [15]. Other studies have suggested that a uORF that
extensively overlaps the downstream cistron is even more
inhibitory than one that terminates very close to the beginning of
the next coding sequence, presumably because re-initiation is very
inefficient when ribosomes are forced to scan ‘backwards’ over
large distances or additional AUG codons [29, 30].

To test this effect, we made constructs containing strong
sequences at the #1 and #2 uAUGs (Fig. 4C) and examined down-
stream ORF initiation by in vitro translation (Fig. 4D). The #1 uORF
overlaps the #2 uAUG and the #2 uORF overlaps the #3 uAUG site
(Fig. 1C). However, improving the context at the upstream site
reduces or abolishes initiation from the second site. Whether the
second AUG codon resides in a strong or weak context is irrele-
vant: the ribosomes read the mRNA linearly, and thus the decision
to stop or to bypass the first AUG is not influenced by the pres-
ence of a better initiation site downstream [15]. Also, improving
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Fig. 2 Translation of the OPRM1 gene
is controlled by uORFs. (A) Schematic
representation of reporter constructs
with wild-type and mutant human 
5�-UTRs. Vertical dotted lines repre-
sent ATGs converted to ACGs by point
mutations. (B) Transient transfection
of each mutant construct in NMB
cells. After transfection, cells were
trypsinized and half were used for
luciferase and 
-galactosidase activ-
ity assays, whereas the other half was
examined by RNA extraction and tran-
script quantification. Relative LUC
activity and mRNA levels were deter-
mined as the ratio LUC/
-gal and
LUC/LacZ. Error bars indicate the stan-
dard errors of triplicate LUC assays.
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the context at the #2 uAUG relative to huAUG(�) reduced down-
stream #3 initiation, and consequently increased initiation at the
main ORF (Fig. 4D, lane 6) but only at the level of translation. In
addition, the strong #1 uAUG construct only affected initiation at
the overlapped #2 uAUG site. Therefore, initiation at the #3 uAUG
continuously represses the downstream initiation (Fig. 4D, lane 5),
relative to the huAUG(�) control.

Because human uORFs apparently can repress downstream
MOR gene expression, we performed opioid radioligand-binding
assays (Fig. 5A). NMB cells transfected with hMUEF #3 showed
binding activity up to 2 times higher than that observed in cells
transfected with the control vector [hMUEF(�)], and hMUEF(�)-
transfected cells showed binding activity up to 3.5 times higher

than controls. This is even greater than the two-fold increase 
in luciferase activity seen in uAUG(�)-luciferase constructs (Fig. 4B).
These results support the notion that uORFs can synergistically
regulate MOR expression.

Toeprints correspond to ribosomes at the uAUG
start codons, and ribosome re-initiation regulates
OPRM1 expression

Toeprinting assays can reveal the effects of initiation context and
regulated-ribosome stalling on the association of ribosomes with
mRNA [31]. We therefore examined two mRNAs: the huAUG(�)

© 2009 The Authors
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Fig. 3 The expression levels from
the in-frame #3 uAUG and main ini-
tiation codons within the OPRM1
5�-UTR region. (A) Schematics of
the constructs used. Initiation
codons with vertical dotted lines
indicate point mutations of ATGs to
ACGs. (B) Representative autoradi-
ogram of proteins translated by a
coupled transcription/translation
system in the presence of [35S]-
methionine from in vitro transla-
tions. The lower panel shows the
relative mRNA levels from the sys-
tem as quantified by real-time PCR.
(C) Forty-eight hours after transfec-
tion with the above constructs (con-
trolled by an SV40 promoter), cells
were trypsinized and examined for
luciferase and 
-galactosidase
activities, as well as by RNA extrac-
tion and transcript quantification.
Relative LUC activity and mRNA lev-
els are expressed as the ratio
LUC/
-gal and LUC/LacZ, respec-
tively.
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Fig. 4 Overlapping uORFs can regu-
late re-initiation at the main ORF. (A)
Schematic representation of reporter
constructs with wild-type and mutant
human 5�-UTRs. Vertical dotted lines
represent ATGs converted to ACGs 
by point mutations. (B) Relative 
LUC activity and mRNA levels are
expressed as the ratio LUC/
-gal and
LUC/LacZ, respectively. Error bars
indicate the standard errors of tripli-
cate LUC assays. (C) Schematics of
the constructs used. Initiation codons
with vertical dotted lines indicate
point mutations of ATGs to ACGs.
Thick lines (1S and 2S) indicate
strong Kozak sequences. (D) Re -
presentative autoradiogram of pro-
teins translated by a coupled tran-
scription/translation system in the
presence of [35S]-methionine from in
vitro translations. Data are mean val-
ues from triplicate determinations
with standard error bars.
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construct containing the uORFs in their wild-type initiation con-
text, and the huAUG(�) construct mutated at all four uAUG sites.

Toeprints corresponding to ribosomes at each of the OPRM1
uORF start codons and the main ORF start codon (Fig. 1B) were
observed in rabbit reticulocyte lysates by radiolabelled mToe
primer 2 (to verify the scanning mechanisms) and mToe primer 1
(to elucidate the exact toeprints on each uAUG). The huAUG(�)
toeprint map showed 16 nucleotides downstream of the AUG
codons, indicating ribosomes with the initiation codon in their 
P-site [32, 33]. As shown in the preceding experiments, all the
uAUG sequences were sufficient by the Kozak sequence rule
except uAUG #4 (i.e. a weak Kozak sequence). The uAUG #1
toeprint was stronger than other uAUGs (Fig. 6A and B), illustrat-
ing the ‘first AUG rule’. In higher eukaryotes, this rule holds
strictly only when the 5� proximal AUG codon resides in a
favourable context [34, 35]. In all cases in which one or more
OPRM1 uORFs were present, the initiation codon closest to the
mRNA 5�-end showed the greatest extent of ribosome loaded dur-
ing steady-state translation. Re-initiation allows ribosomes to
reach and initiate at downstream AUG codons. Many studies have
shown that when the first AUG codon is followed shortly by an in-
frame terminator codon, post-termination ribosomes apparently
resume scanning and can re-initiate at a downstream site [16].

To test the OPRM1 translational mechanism, we compared
toeprints with cycloheximide added to extracts before adding RNA

template (T0) or added after translation was underway (T5) 
(Fig. 6A). During re-initiation, scanning ribosomes load at the
uORF start codon and initiate translation at each uAUG; they then
re-initiate translation downstream. Adding cycloheximide at T0
traps ribosomes at the positions where they first load on the
mRNA. Adding it during steady-state translation (T5) traps ribo-
somes where they are loaded following the primary initiation event
and subsequent re-initiation events.

When cycloheximide was added at T0, toeprints corresponding
predominantly to the start codon nearest the 5�-end of the mRNA
were observed (Fig. 6A, lane 1). However, the other uAUG
toeprints also showed 16 nucleotides after the uAUG site. When
no uORFs were present, substantial loading of ribosomes
occurred at the main AUG start codon (Fig. 6A, lanes 2 and 4).
When cycloheximide was added at T5, toeprints should have
revealed both the uAUGs and the main AUG. However, toeprints
from these samples showed only the uAUGs (Fig. 6A, lane 3),
which suggests that some other factor inhibits loading the ribo-
some at the main AUG initiation site. This inhibition can be
explained by the #3 in-frame uORF initiation sites. Ideally, ribo-
somes should be present both on the uAUGs and the main AUG
sites in T5 samples. However, in OPRM1, the ribosomes appar-
ently bind only to the uAUGs sites, likely because ribosomes
loaded on the in-frame #1 and #3 uAUGs translate until the ribo-
some complex reaches the main ORF stop codon. Overall, these
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Fig. 5 The uORFs can affect the
expression of human mu opioid
receptor. (A) Structures of fused
constructs. Each construct contains
OPRM1 promoter and coding
regions. The coding regions were
fused in-frame to the Flag tag,
except for the negative control vec-
tor (pCMV-Taq4A). (B) Radioligand-
binding assay. Opioid receptor-
expressing cells were transfected
transiently with the above reporter
DNA constructs. Data represent the
binding of [3H]diprenorphine to
NMB cells. Mean values from repre-
sentative triplicate are shown with
standard error bars.
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data indicate that ribosomes that translate uORFs re-initiate 
downstream at the main start codon, that is, when the first AUG
codon is followed shortly by an in-frame termination codon. Post-
termination ribosomes apparently resume scanning and re-initiate
at a downstream site [16]. Minor bands were also seen; these
minor products might represent either authentic truncated mRNAs
or false priming [31]. Figure 6B shows the relative strengths of
toeprints using the mToe primer 1: Toeprints appear 16 bp down-
stream of each ATG sequence.

Discussion

The use of heroin and the high mortality associated with heroin
intoxication continue to escalate, as does addiction to prescription
opiate drugs. The rewarding effects of heroin and its psychoactive
metabolites, for example, morphine, are mediated strongly via the
mu opioid receptor [36].

To date, mu opioid receptor genes have been cloned and
revealed the dendrogram (Fig. 7A] [37]. The alignment of the 
5�-UTR sequences from human, monkey, guinea pig, pig, cow,
rat and mouse mu opioid receptor transcripts reveals a low
degree of similarity (Fig. 7B). However, human #2 uAUG is
conserved in pig #1 uAUG and mouse #3 uAUG, human #3
uAUG is conserved in pig #3 uAUG only. These sequences
came from their mRNA transcript (GenBank database acces-
sion no. shown in Fig. 7 legends). In addition, the alignment of
the amino acid sequences for the uORFs in these species also
showed a low degree of similarity (Fig. 7C). These results
show that the relative positions of the uAUGs and uORFs from
human and other mammal’s mu opioid receptor show no 
significant similarities.

In this study, we have used the 291 bp of the OPRM1 5�-UTR
to test the expression patterns of MOR initiated at uAUGs. The
291-bp extension of the OPRM1 5�-UTR region includes 
the major MOR mRNA transcription sequence (derived from the
OPRM1 promoter) and contains four uORFs (Fig. 1 and
Supplemental Fig. 1).
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Fig. 6 Toeprinting analyses of
OPRM1 containing uORFs that regu-
late ribosome re-initiation. The posi-
tions of the uORFs and main start
codons in the DNA sequences are
boxed. (A) Synthetic OPRM1-LUC
RNA containing the wild-type uORFs
[huAUG(�)] or with all four uORFs
deleted [huAUG(�)] were incubated
with cycloheximide either before
incubation (T0) or after 5 min. of
incubation at 30�C (T5). Reaction
mixtures without extract (�EXT) or
mRNA (�RNA) served as controls.
The positions of the cDNA extension
products corresponding to the
mRNA 5� end, uORF initiation and
LUC initiation codons radiolabelled
by the mToe 2 primer are indicated.
Arrows indicate toeprints of the
uAUGs and the main AUG. (B)
Toeprint analyses of initiation at
uAUGs. Radiolabelled mToe 1 primer
was used for primer extension
analyses and for sequencing the
uAUG(�) templates. The nucleotide
complementary to the dideoxynu-
cleotide added to each sequencing
reaction is indicated above the cor-
responding lane (C�, T�, A� and G�)
so that the sequence of the template
can be deduced directly by 5�–3�

sequence reads from top to bottom.
Arrows indicate the toeprints of each
uAUG and the main AUG.
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An overlapping uORF down-modulates translation in murine
IL-12 [26], and the overlapping uORF in the mRNAs of human
GlyRS affects protein expression qualitatively [38]. Ribosomes
that translate the uORF thereby miss the first in-frame AUG codon
but proceed to re-initiate at another start codon downstream. In the
OPRM1, there are also two in-frame uAUGs (#1 and #3) before the
physiological AUG. Only mutations in the third uAUG site regulated
downstream ORF expression, and only at the level of translation.

The results of the in vitro translation assays (Fig. 3B) indicated
that mutating all four uAUG sites increased MOR expression rela-
tive to constructs mutated only at the #3 site. We reported previ-
ously that the Oprm1 gene has two different uAUGs that affect its
downstream expression synergistically [22]. Experiments with
double mutations showed that mutating both the #1 and #3 in-
frame uAUG codons tremendously increased downstream ORF
expression in humans as well. We also tested the ability of overlap-

ping uORFs to down-modulate translation by introducing strong
context sequences before the #3 in-frame uAUG (Fig. 4C and D).
The natural mRNA is slightly leaky because the context flanking the
#1 uAUG is not a perfect match to the Kozak sequence. In rat A2AR
adenosine receptor mRNA, an overlapping uORF that initiates at an
AUG codon in a strong context minimizes production of A2AR pro-
tein [15]. In OPRM1, an overlapping uORF containing a strong con-
text can more effectively regulate downstream ORF (Fig. 4C and D),
suggesting that in-frame uORFs (e.g. #1 and #3) in the OPRM1
could regulate the downstream ORF expression.

MOR receptor–binding assays confirmed that these uORFs
mediated down-regulation of cell surface MOR expression.
Indeed, the presence of the uORFs decreased expression almost
3.5-fold relative to samples lacking the uORFs (Fig. 5).

The toeprinting analysis showed that ribosomes initiate on
multiple uAUGs (except for the #4 uAUG, which contains a

© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 7 OPRM1 5�-UTR contains no conserved uORF. (A) Dendrogram of mu opioid receptors based on their amino acid identity [37]. (B) Sequence
alignment of the 5�-UTR region of the human (used in this study), monkey (GenBank database accession no. AY038989), guinea pig (GenBank data-
base accession no. AY166606), pig (GenBank database accession no. AF521309), cow (GenBank database accession no. U89677), rat (GenBank data-
base accession no. L13069) and mouse [22] opioid receptor mRNA. Bold nucleotide sequences are indicated uAUGs and main ATG site. The nucleotide
sequences of the human uORFs are boxed (#1, 2, 3 and 4). (C) Amino acid sequence alignment of the uORF of human, pig and mouse opioid receptor.
All uORF amino acid sequences showed before their stop codon except human uORF 3 (showed until main ORF initiation codon). The conserved amino
acids are bolded.
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weak context). Therefore, the mRNAs containing 5�-UTRs of
OPRM1 are translated by a re-initiation mechanism. The inefficient
re-initiation mode of translation can regulate gene expression in
eukaryotes in several ways [39]. First, uORFs can limit expression
of potent proteins, which are required in small amounts but would
be harmful if over-expressed [17]. Second, the site where transla-
tion re-initiates is dependent on the availability of eIF-GTP. This
can be manipulated by kinases, which respond to growth condi-
tions and other circumstances [40]. Third, the peptide produced
by translation of a small uORF has regulatory effects [41]. In the
case of MOR, uAUG/uORFs could regulate spatial and temporal
expression. Future studies will determine what factors affect the
re-initiation process in the OPRM1.

For downstream re-initiation to occur, the 40S sub-unit
must reacquire Met-tRNAi, and this appears to be an important
point of control [15]. Re-acquisition of Met-tRNAi is prompted
by lengthening the intercistronic domain [21]. As a rough 
guide, re-initiation often follows translation of a uORF of 10–12
codons; re-initiation is reduced, but not abolished, when a
uORF of 13 codons was lengthened to 33 codons [16].
Although the size of the uORF might have varying effects, 
in general, longer intercistronic distances tend to allow more
efficient re-initiation [20].

In conclusion, our results demonstrate that the first and third
in-frame uAUGs in the 5�-UTR of the OPRM1 mRNA can function
efficiently as translation initiation sites, and that the third uORF
negatively affects OPRM1 expression at the level of translation. In
addition, the negative effects of the uORFs act synergistically. Re-
initiation is involved in the inhibition of MOR expression initiated
at the physiological AUG. Such re-initiation results in weak expres-
sion of OPRM1 under normal conditions.

Acknowledgements

This work was supported by National Institutes of Health Research Grants
DA000564, DA001583, DA011806, K05-DA070554, DA011190, DA013926
and by the A&F Stark Fund of the Minnesota Medical Foundation.

Supporting Information

Additional Supporting Information may be found in the online ver-
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Real-time PCR

We performed real-time qRT-PCR in the Supporting Fig. 1
described in Materials and Methods. We used four different
primer set (Supporting Fig. 1A) for each transcript [Derived from
TIS 1 (-258), TIS 2 (-285), TIS 3 (-358), and TIS 4(-373)]. These
primer sets are same as the previous reported primer set [wen-
del B., Hoehe MR, J Mol Med, 1998; 76: 525–32]. except for the
antisense primers for the real-time PCR product size. Control
PCR experiments were also performed using the corresponding
templates.

Fig. S1 Expression of the transcription initiation sites (TIS)-derived
MOR transcript in NMB cells analyzed by real-time qRT-PCR. Levels
of MOR mRNA were determined by real-time qPCR analysis. Five
micrograms of total RNA was treated with DNase I and reverse tran-
scribed using reverse transcriptase (Roche) and primers combined
with oligo(dT) and random hexamer. One-fortieth of this cDNA sam-
ple was used for real-time qRT-PCR analysis of gene expression,
using the Quantitect SYBR Green PCR kit (QIAGEN) in an iCycler
(Bio-Rad). The relative expression of mRNA was calculated using
the comparative threshold cycle method as described in Materials
and Methods after normalization against 
-actin as an internal con-
trol. Primer sequences are shown in panel A.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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