
Available online at www.sciencedirect.com
Bioorganic & Medicinal Chemistry 16 (2008) 4341–4346
Internalisation of the l-opioid receptor by endomorphin-1 and
leu-enkephalin is dependant on aromatic amino acid residues
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Abstract—The opioid receptor system in the central nervous system controls a number of physiological processes, most notably
pain. However, most opioids currently available have a variety of side-effects as well as exhibiting tolerance. Tolerance is most likely
to be a complex phenomenon, however, the role of receptor internalisation is thought to play a crucial role. In this study, we exam-
ined the role of aromaticity in ligand-mediated receptor internalisation of the l-opioid receptor (MOPR). These studies show that
the amount of receptor internalisation may be dependant on the amphiphilicity of the ligand. Specifically, deletion of the C-terminus
aromatic residues of endomorphin 1, particularly tryptophan reduces receptor-mediated internalisation whilst the addition of tryp-
tophan within the enkephalin sequence increases receptor internalisation and decreases tolerance.
� 2008 Published by Elsevier Ltd.
1. Introduction

l-Opioid receptors (MOPR’s) are similar to many other
G protein-coupled receptors (GPCR) in that they under-
go desensitisation within several minutes of stimulation
by agonists,1,2 and continued agonist exposure results in
the removal of receptors from the cell surface.3,4 MOPR
phosphorylation is increased as a consequence of ago-
nist exposure, leading to a commonly held assumption
that receptor phosphorylation is essential for MOPR
desensitisation and internalisation3,5–7 and subsequent
binding of b-arrestins to the phosphorylated receptor,
and removal of MOPR from the cell surface via a clath-
rin-dependent process.5,6 The enhanced analgesic po-
tency of morphine and diminished analgesic tolerance
in b-arrestin2 knockout mice suggest that the capacity
of opioid agonists to cause receptor desensitisation
and endocytosis is one of the key cellular mechanisms
underlying tolerance.7 Analgesic tolerance is likely to
be a complex phenomenon and an understanding of
how MOPR’s are regulated by opioid agonists will lead
to important insights into this phenomenon.

GPCR internalisation is not simply a secondary conse-
quence of receptor activation by agonists but can be af-
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fected differentially by different ligands independently of
their efficacy of coupling to G proteins, and for some
receptors even apparent antagonists can induce receptor
internalisation.8,9 MOPR agonists appear to have differ-
ential capacities to promote receptor internalisation.
Etorphine, methadone, endomorphin-1 and DAMGO
produce significant MOPR endocytosis, whereas others,
most notably morphine, are much less effective.5,6,10 The
relationship between the coupling efficiency of MOPR
agonists to stimulate G proteins and induce receptor
internalisation is controversial. Some studies have re-
ported that morphine and other agonists such as DAM-
GO and methadone have similar signalling efficacies but
that morphine has a much lower efficacy to induce
receptor internalisation.11,12 Other studies suggest that
the capacity of MOPR agonists to induce desensitisation
or endocytosis is simply a function of their efficacy to in-
duce activation of G proteins13,14 and that the partial
agonist properties of morphine are the reason for its
poor efficacy to induce internalisation. The uncertainty
concerning differential efficacy of MOPR agonists
for G protein activation, rapid desensitisation and
endocytosis has probably arisen for three main reasons.
First, most studies of these processes have used heterol-
ogous expression systems that greatly overexpress recep-
tors, thus disrupting quantitative determination of
relative signalling efficacy as well as the stoichiometry
of MOPR/GRK/b-arrestin interactions.14,18,19 Second,
MOPR activation, desensitisation and endocytosis have
generally been compared between different cellular
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expression systems under different conditions.16,17 This
is mostly because cell lines do not generally express effec-
tor proteins that can be used as rapid reporters of
MOPR activation, whereas receptor internalisation is
difficult to study quantitatively in native cells because
of relatively low levels of native receptor expression. Fi-
nally, the term ‘receptor desensitisation’ has probably
been used to describe different phenomena in different
types of studies. In biochemical studies of MOPR func-
tion that measure agonist inhibition of cAMP genera-
tion or stimulation of GTPcS binding to G proteins,
the basic assays take a minimum of 15 min and often
longer. Studies of MOPR responses in neurons indicate
that fast desensitisation occurs with a time constant of
about 3 min,15 and substantial internalisation is appar-
ent as early as 5–10 min in MOPR-expressing cell
lines,11 meaning that the biochemical studies are starting
from a baseline of an at least partially desensitised and/
or internalised receptor. Thus, studies to date have not
been able to adequately resolve the relationships be-
tween MOPR agonist efficacy for activation of G pro-
teins, rapid desensitisation, or internalisation under
similar experimental conditions.

In the present study, we have analysed the amount of
receptor internalisation over time mediated by the native
opioid peptides endomorphin-1, leu-enkephalin and
analogues of these to assess which residues, if any, are
crucial to MOPR internalisation, whether this is linked
to affinity for the receptor and whether internalisation
can be increased by the mutation of residues within
the ligand which would explain the differential capacities
of these ligands to cause receptor internalisation.
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2. Results

In order to determine the relationship of aromatic resi-
dues and agonist-induced receptor endocytosis the se-
quence of endomorphin-1 (YPWF-NH2, compound 1)
was mutated to give four new analogues numbered 2–
5. Leu-enkephalin and analogues were numbered 6–9
and these are shown in Table 1.

Each analogue was synthesised without difficulty and
purified to homogeneity by reversed phase HPLC and
detailed chemical characterisation by ESI-MS. Peptide
9 is a typical example of all peptides. The principal prod-
uct was shown to have the expected molecular weight
Table 1. A list of all peptides synthesised showing the observed mass

obtained from ESI-MS as well as the Ki of each compound

Compound Sequence [M+H]+ Ki (nM)

1 YPWF-NH2 611.2 1.45 ± 0.2

2 YPWA-NH2 535.7 72.7 ± 2.1

3 YPAF-NH2 495.7 225.9 ± 4.8

4 YAWF-NH2 585.4 3190 ± 7.4

5 YPAA-NH2 420.5 705 ± 5.1

6 YGGFL-NH2 555.4 11.4 ± 0.8

7 YGGWL-NH2 594.7 12.1 ± 0.6

8 Ac-YGGFL-NH2 597.8 37.3 ± 0.8

9 YGWFL-NH2 684.7 112.5 ± 3.7
(Fig. 1B) and following purification, analytical reversed
phase HPLC of this species gave a single peak (Fig. 1A).
After purification, all peptides were obtained in 70–90%
overall yield relative to starting crude peptide. A sum-
mary of the ESI-MS data for the peptides prepared in
this study is provided in Table 1. Following purification,
peptides were analysed for their binding affinity to
MOPR’s. Compounds 2 and 3 retained biological activ-
ity of the native peptide 1 despite the mutation of large
aromatic residues. However, a drop in affinity of the
peptides was observed. Furthermore, a mutation of the
proline residue (compound 4) causes a large drop in
affinity (see Table 1). A double mutation in the endo-
morphin sequence (compound 5) causes a drop in activ-
ity but much less than that seen for compound 4 (Table
1). Compounds 7 and 8 show binding affinities similar to
that of the native peptide (6) with compound 9 exhibit-
ing an order of magnitude drop in receptor affinity (Ta-
ble 1).

Compounds were then examined for their ability to
cause receptor internalisation. Shown in Figure 2 are
the internalisation curves for compounds 1–5. Com-
pounds 1 and 4 exhibit a similar trend of receptor inter-
nalisation, despite the removal of a residue required for
binding in compound 4. However, compounds 2, 3 and
5 all show decreased receptor internalisation. Com-
pound 5 shows that removal of both aromatic groups
has a synergistic effect on preventing receptor
internalisation.

The enkephalin analogues were then examined to deter-
mine whether internalisation could be promoted by
insertion of aromatic residues. Native leu-enkephalin,
6, caused approximately 18% of receptors to be interna-
lised. Compounds 7 and 9, showed an increase in recep-
tor internalisation of 22% and 40%, respectively (see
Fig. 3).
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Figure 1. (A) A typical example of an RP-HPLC profile showing a

single-peak product and (B) a typical mass spectrum showing the

correct molecular weight (compound 9).
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Figure 2. The amount of MOPR internalisation seen in SH-SY5Y cells

treated with endomorphin analogues.
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Figure 3. The amount of MOPR internalisation seen in SH-SY5Y cells

treated with leu-enkephalin analogues.
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Non-specific binding for all compounds was below 3%
and was determined by using a large excess of endomor-
phin-1 (data not shown). The experiment was also car-
ried out in HEK-293T cells without MOPR’s to assess
non-specific binding, which also proved to be very
low. No internalisation was seen in these cells as
expected.

Using a cAMP assay, we subsequently performed an
in vitro assessment of tolerance formation for com-
pounds 7 and 9. The IC50 for compounds 7 and 9 did
not differ significantly, however, following overnight
incubation with the respective analogues, compound 7
showed a higher IC50, whereas the IC50 value for com-
pound 9 did not alter significantly.
3. Discussion

Receptor internalisation is a regulatory process that
modulates the number and functional activity of recep-
tors present in the plasma membrane. Rapid internalisa-
tion of l- or d-opioid receptors occurs within several
minutes of the continued presence of agonist and has
been observed in both transfected cell lines18 and neu-
rons.23 Once receptors are internalised, they can be
resensitised and recycled back to the plasma membrane.
Downregulation of receptors also reduces the number of
functional receptors on the cell surface. This process oc-
curs over several hours of continued agonist exposure.4

Although the l-opioid receptor agonist DAMGO and
other peptides are able to induce l-opioid receptor inter-
nalisation, morphine is much less effective.22,24 This has
led to the suggestion that different opioid ligands differ
in their ability to induce regulatory endocytosis of l-opi-
oid receptors independently of their efficacy for other
effectors. We have examined in detail the ability of end-
omorphin-1 to induce internalisation and whether there
are residues that are particularly important in this
process.

An alanine scan of endomorphin-2 has been previously
reported19 and our results confirmed those findings.
Although replacement of the C-terminal residues Trp
and Phe caused a slight decrease in binding (compounds
2, 3 and 5), endomorphin-1 was still able to bind to
MOPRs. However, mutation of the N-terminal Pro res-
idue caused severe impairment in binding (compound 4).
This mimics previous studies that show initial binding
and receptor activation to occur at the N-terminus and
additional or secondary binding at the C-terminus.26,27

Whilst the N-terminus seems crucial for binding, based
on our findings, the C-terminus seems to be most impor-
tant for initiating receptor internalisation. Compounds
2, 3 and 5, which have an aromatic residue mutated, lose
the ability to cause receptor internalisation. This is in
stark contrast to compound 4, which has a proline mu-
tated for an alanine and has no effect on MOPR inter-
nalisation despite having a significantly lower receptor
affinity. From these results, we then investigated
whether the opioid peptide, leu-enkephalin, would be
able to ‘regain’ the ability to cause MOPR internalisa-
tion. Endomorphin-1 and leu-enkephalin share similar
sequences (Tyr-Pro-Trp-Phe and Tyr-Gly-Gly-Phe-
Leu) but the MOPR internalisation caused from agon-
ism by these two peptides is quite different. Therefore,
it was hypothesised that the substitution to tryptophan,
increases MOPR internalisation to levels akin to those
achieved by endomorphin-1. Compounds 7 and 9
showed an increase in ligand-mediated MOPR internali-
sation due to the addition of Phe4 and Gly3 residues of
leu-enkephalin to tryptophan. The role of tryptophan in
membrane interactions has been widely described and
has been shown to be essential in stabilising proteins
within membranes20 as well as playing an important
role in membrane interaction with transmembrane
receptors.21

To assess whether increased internalisation had a func-
tional significance, we tested the ability of the leu-
enkephalin analogues to form tolerance in vitro. For in-
stance, continuous treatment of SH-SY5Y cells with
morphine (10 lM) or DAMGO (10 lM) for 24–48 h
has been shown to lead to a decreased ability to inhibit
cAMP accumulation.22–24 In our study, SH-SY5Y cells
were treated with analogues 7 and 9 as well as control
peptide 6 for 24 h and then washed with a mild acid to
strip the membrane off the ligand. These cells were sub-
sequently stimulated with forskolin and treated with
compounds 6, 7 and 9. In the case of leu-enkephalin
(6) the IC50 value increased significantly after incubation
of the cells with the compound for 24 h. This indicated
that the cells had developed tolerance to leu-enkephalin.



Table 2. The IC50 values of compounds 6, 7 and 9 to cause inhibition

of cAMP in SH-SY5Y cells with and without pre-exposure to excess

ligand

Compound Sequence IC50
a (nM) IC50

b (nM)

6 YGGFL-NH2 26.1 ± 2.4 57.8 ± 3.3c

7 YGGWL-NH2 27.5 ± 2.7 49.2 ± 4.1c

9 YGWFL-NH2 126.2 ± 3.3 132.4 ± 2.1

a Pre-treament for 24 h with DMEM medium.
b Pre-treament for 24 h with 20-fold excess of respective ligand.
c p < 0.05 (one-way ANOVA, post hoc Newman Kuels).
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Compound 7 exhibited a smaller increase in IC50 value
indicating less tolerance to the compound while com-
pound 9 did not show a significantly different IC50 value
indicating that there was little tolerance development to
compound 9 and suggests that the increase in receptor
internalisation correlates to a decrease in tolerance
formation (Table 2). The large difference in efficacy be-
tween compounds 7 and 9 also shows a lack in correla-
tion between efficacy and internalisation. There have
been a number of recent studies to confirm the correla-
tion between MOPR internalisation and tolerance for-
mation and the varying abilities of different ligands to
induce MOPR internalisation.13,25–27 Our findings con-
firm these results and also show a ligand-dependant
mechanism for MOPR internalisation that is focussed
within the aromatic residues at the C-terminus of the
opioid peptides. Most recently, a compound with signif-
icant aromaticity was also found to internalise DOP to a
high degree and subsequently showed a diminished tol-
erance profile.28 This would indicate that opioid recep-
tors, in general, may require the feature of aromaticity.

This study shows that aromatic residues, in particular
tryptophan, are crucially important in the initiation of
MOPR internalisation for l-opioid ligands and may
be important in the development of opioid drugs with
improved side-effect and tolerance profiles.
4. Methods and materials

4.1. Materials

N-Fmoc-LL-OH amino acids, N,N-dimethylformamide
(DMF), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-
uroniumhexafluorophosphate (HBTU), diisopropyleth-
ylamine (DIPEA) and HPLC grade piperidine were
purchased from Auspep (Melbourne, Australia). Rink
Amide MBHA resin was purchased from Merck (San
Francisco, USA). Tritium labelled acetic anhydride
and cAMP EIA kits were purchased from Amersham
Biosciences (Buckinghamshire, UK). All solvents used
were of synthesis grade.

4.2. Peptide synthesis

Endomorphin-1, leu-enkephalin and analogues were
synthesised on a 0.2 mmol scale using Rink Amide
MBHA resin as a solid support. Peptides were synthes-
ised using an HBTU/DIEA activation strategy as previ-
ously described.16 Following completion of the peptide
synthesis resin was treated with a cleavage mixture
of TFA/H2O/triisopropylsilane (TIS) (95:2.5:2.5 v/v,
10 mL). After 3 h, resin was removed by filtration and
the resulting filtrate was concentrated under a stream
of N2. Once the filtrate was reduced to less than 3 mL,
the peptide was precipitated by the addition of diethyl
ether. The resulting precipitate was centrifuged and dis-
solved in a solution of H2O/CH3CN/TFA (80:20:0.1)
and lyophilised.

4.3. Peptide purification and characterisation

All purification was performed by reverse phase-high
performance liquid chromatography (RP-HPLC) on a
Shimadzu instrument (Osaka, Japan) using a semi-pre-
parative Vydac C18 column (10 · 250 mm) (Hesperia,
USA). The solvents used were: buffer A: 0.1% aqueous
TFA; buffer B: 0.1% TFA in acetonitrile/water (90:10).
A Vydac C18 column (4.6 · 250 mm, 5 lm pore size)
was used for all analytical HPLC at a flow rate of
1.0 mL/min using a linear gradient. Peptides were
analysed by a Perkin-Elmer Sciex API 3000 mass spec-
trometer operating in positive ion electrospray mode
(ESI-MS) where the positive ion species was detected.

4.4. Acetylation of peptides

Peptides were acetylated with either labelled or unla-
belled acetic anhydride. Peptides were dissolved in a
small amount of DMF and 1.1 equiv of acetic anhydride
was added and the mixture was stirred overnight. The
acetic anhydride was evaporated using a stream of N2

and the resulting sludge was dissolved in acetonitrile/
water (20:80) and lyophilised. This process was repeated
until a white powder was obtained.

4.5. Cell culture

The human neuroblastoma cell line SH-SY5Y was cul-
tured in flasks with a mixture of Dulbecco’s modified
Eagle’s medium and Hams F12 solution (DMEM:F12)
(Life Technologies, USA) containing 100 U/ml penicil-
lin, 2 mM LL-glutamine and 10% foetal calf serum.

4.6. Cell-based binding assays

To measure the total binding of endomorphin-1,
enkephalin and various analogues, SH-SY5Y cells were
plated with binding buffer (20 mM Hepes, pH 7.5, 2%
BSA, 0.1 mg/ml lysine, 1.5 mM CaCl2, 50 mM NaCl,
0.01% NaN4) in 24-well plates. Media was removed
and cells were washed with PBS before pre-incubation
in 300 ll of binding buffer. Competition binding studies
were performed with 100 ll of 3 nM of 3H-labelled
DAMGO in the absence or the presence of increasing
concentrations of 100 ll of competitor or in binding buf-
fer at 25 �C for 60 min. A 1 lM excess of unlabelled end-
omorphin-1 was used to determine non-specific binding.
Following incubation, the cells were washed with ice-
cold binding buffer three times and recovered from cul-
ture plates using 500 ll of 1 M NaOH before transfer to
scintillation vials. Liquid scintillation cocktail (Ultima
Gold, Packard, Meriden, USA) was added to these vials
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for counting in a liquid scintillation analyser (Beckman,
San Diego, USA). Data are expressed as means ± SEM
of % specific binding of triplicate determinations per-
formed on at least three independent plates of transfec-
ted cells. Data were plotted using the one-site
competition functions of the PRISM program (Graph-
pad Inc., San Diego, USA).

4.7. Cell-based assay of endomorphin-induced inhibition
of cAMP production

SH-SY5Y cells were plated (100 ll) in a 96-well plate
and incubated (usually overnight) until 80% confluent.
Once cells were ready for assay, endomorphin-1,
enkephalin and analogues were diluted in DMEM cul-
ture medium containing 30 lM forskolin to stimulate
cAMP production in the cell. Cells were incubated with
peptides at 37 �C for 15 min, medium was aspirated and
cells were lysed using lysis buffer from a cAMP Biotrak
enzyme immunoassay kit (Amersham, Buckingham-
shire, UK). An anti-cAMP antibody was added to the
lysate, and the mixture incubated at 4 �C for 2 h fol-
lowed by the addition of a cAMP peroxidase conjugate,
and incubated at 4 �C for a further hour. A 3,3 0,5,5 0-tet-
ramethylbenzidine (TMB) substrate provided by the
Biotrak EIA kit was then incubated with cell lysate for
1 h and finally 1 lM sulfuric acid was added to facilitate
a colour change, which is proportional to the amount of
cAMP captured. A cAMP standard curve from 0 to
3200 fmol was also run concurrently as were concentra-
tion–response curves for endomorphin-1 or enkephalin.
Plates were then read by a plate reader (Biorad model
3550-UV, USA) at 450 nm and compared back to the
cAMP standard curve. All data are compared to the
maximum amount of inhibition of cAMP in response
to endomorphin-1 or enkephalin and are represented
as means ± standard error of three experiments per-
formed in triplicate. Tolerance studies were performed
in exactly the same fashion with the exception that cells
were pre-incubated with endomorphin-1, enkephalin or
analogue for 24 h. Prior to commencement of the assay,
cells were washed with pre-warmed PBS and two 40-s
washes with 5 mM ice-cold acetic acid in 150 mM NaCl,
pH 2.5 to strip all ligand from the membrane and asso-
ciated receptors and a final wash with PBS. The assay
then proceeded as normal. All data are plotted using
PRISM program (GraphPad, San Diego, CA).

4.8. Internalisation assay

SH-SY5Y cells were grown in triplicate to confluence in
24-well culture plates. The rate and degree of agonist-in-
duced endocytosis was determined following a previ-
ously published procedure.17 Briefly, cells were washed
three times with PBS, covered with 0.9 ml of pre-
warmed binding buffer and the plates returned to
37 �C for 30 min. Labelled analogues, in 100 ml of bind-
ing buffer, were added to a final concentration 20 times
the binding affinity (Ki), and the incubation continued at
37 �C for 2, 10, 30 and 60 min. At each time point, plates
were chilled on ice and washed five times with 1.0 ml of
ice-cold binding buffer to prevent further internalisation
and to remove unbound endomorphin-1 or enkephalin
analogues. Bound agonist associated with non-interna-
lised receptors in the plasma membrane was removed
by two 40-s washes with 5 mM ice-cold acetic acid in
150 mM NaCl, pH 2.5. These acid washes were retained,
and the internalised radioactivity was collected by add-
ing 1.0 ml of 0.2 M NaOH, 0.25% sodium dodecyl sul-
fate to each well and washing with an additional
0.5 ml of the same solution. Radioactivity in the acid-
sensitive and acid-insensitive fractions was measured
with a liquid scintillation analyser (Beckman, Fullerton,
CA). An index of receptor internalisation was obtained
by expressing the acid-insensitive counts as a percentage
of the total binding (acid-insensitive plus acid-sensitive)
for each well.
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