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Abstract

Background and Purpose The development of biased agonism provides a promising avenue to improve the pharmacological

properties of fentanyl derivatives, but the molecular mechanism underlying ligand bias still remains ambiguous. Therefore,

we sought to find out the critical sites of μ-receptor governing ligand bias and clarify corresponding molecular mechanism for

designing and synthesizing effective analgesics with reduced adverse effects. Experimental Approach Critical sites governing

ligand bias were identified both by computational prediction and cell assay-based bias analysis on wild-type and site-directed

mutant μ-opioid receptor. Then molecular dynamics simulations of wild-type and mutant μ-opioid receptor were conducted

to investigate the mechanism of bias activation. Key Results D3.32A and H6.52L mutation disrupted the binding of fentanyl

derivatives with μ-opioid receptor. W6.48L mutation drove most fentanyl derivatives to β-arrestin-bias but promote sufentanil

to cAMP signaling-bias. The result of molecular dynamics simulation showed that W6.48 and Y7.43 were paired activation

switches of ligand bias at μ-opioid receptor. Conclusion and Implications D3.32 and H6.52 were critical residues in driving

morphine and fentanyl derivatives to bind with μ-opioid receptor. W6.48 was a pivotal residue in governing the bias signaling

and the interactions of ligands with W6.48 and Y7.43 were the structural determinants for the signaling bias of μ-opioid receptor,

which will be conducive for better design and synthesis of effective opioid analgesics with the reduced adverse effects.

Abstract

Background and Purpose

The development of biased agonism provides a promising avenue to improve the pharmacological properties of
fentanyl derivatives, but the molecular mechanism underlying ligand bias still remains ambiguous. Therefore
we sought to find out the critical sites of μ-receptor governing ligand bias and clarify corresponding molecular
mechanism for designing and synthesizing effective analgesics with reduced adverse effects.

Experimental Approach

Critical sites governing ligand bias were identified both by computational prediction and cell assay-based
bias analysis on wild-type and site-directed mutant μ-opioid receptor. Then molecular dynamics simulations
of wild-type and mutant μ-opioid receptor were conducted to investigate the mechanism of bias activation.

Key Results

D3.32A and H6.52L mutation disrupted the binding of fentanyl derivatives with μ-opioid receptor. W6.48L
mutation drove most fentanyl derivatives to β-arrestin-bias but promote sufentanil to cAMP signaling-bias.
The result of molecular dynamics simulation showed that W6.48 and Y7.43 were paired activation switches
of ligand bias at μ-opioid receptor.
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Conclusion and Implications

D3.32 and H6.52 were critical residues in driving morphine and fentanyl derivatives to bind with μ-opioid
receptor. W6.48 was a pivotal residue in governing the bias signaling and the interactions of ligands with
W6.48 and Y7.43 were the structural determinants for the signaling bias of μ-opioid receptor, which will be
conducive for better design and synthesis of effective opioid analgesics with the reduced adverse effects.

Fentanyl derivatives | ligand bias | μ-opioid receptor | molecular dynamics simulations | biased mechanism

Morphine and fentanyl derivatives have been the world’s most widely and frequently used opioid analgesics
for decades(1 ). However, various adverse effects threaten the medication safety of morphine and fentanyl
derivatives, such as gastrointestinal disorder, tolerance, dependence and respiratory depression etc(2 ).
Notably, morphine and fentanyl derivatives have been evolved in the global public health threat recent years
for an unprecedented rise of death due to respiratory depression caused by overdose(3 ,4 ). Consequently,
unremitting efforts have been directed towards seeking novel opioid analgesics with improved therapeutic
profiles.

A recent development in theory of biased agonism at μ-opioid receptor (MOR) provides a promising av-
enue for therapeutic improvement. It is reported that both desirable and adverse effects of morphine and
fentanyl derivatives are attributed to the activation of MOR(5 ). As other G-protein-coupled receptors
(GPCRs), two parallel signaling pathways mediated the function of MOR through its activation, one is G
protein-dependent signaling and the other is β-arrestin-dependent signaling. A series of β-arrestin-knockout
mice experiments displayed enhanced and prolonged morphine-induced antinociception with attenuated res-
piratory suppression(6-10 ). Recent research indicated that β-arrestin-biased compounds of morphine and
fentanyl derivatives are devoted to the respiratory depression while G protein-bias pathway is responsible for
the antinociception(11 ). These findings showed that MOR agonists preferentially biased towards G protein
signaling over β-arrestin signaling exert analgesia with reduced unwanted fatal side effects. The discovery of
several G-protein biased compounds proves the rationality and practicality of biased agonism theory, such
as PZM21 and TRV130(12 ) (13 ), which were promising potential novel analgesics.

The molecular mechanism underlying biased agonism still remains ambiguous. Recent crystal structure
analyses of MOR displayed the binding modes of MOR with agonists(14 ,15 ), which suggested that different
ligands may induce diverse multiple stable receptor conformations that leads to variety degrees of activation of
downstream signaling pathways. Jeffrey S. Smith advanced a ternary complex model to explain the factors
resulted in the development of biased response, allosterically interpret the interactions of receptors with
ligand and transducer(16 ). The intermediate conformational state of receptor induced by ligand decides
either transducer-G protein or β-arrestin is needed for stabilization of the ternary complex. Researches of
other GPCR, such as neuropeptide Y1 and Y4 receptor, CXC-chemokine receptor 4 and 7, suggested that
distinct amino acid within the receptor can influence the downstream signaling bias(17 ,18 ). Hence, there
may be some crucial residues in MOR within core binding region accounting for biased agonism, and these
residues are the breakthrough to explore the mechanism underlying the development of signaling bias, which
will direct the design and syntheses of desirable biased ligands. In this study, the mutation experiments
and cell-based G-protein and β-arrestin assays are in combination with computational modeling studies were
used to identify the key residues governing ligand bias and to clarify the molecular mechanism underlying
biased agonism.

Method

Homology modeling

The homo sapiens active μ opioid receptor was built by taking the X-ray structure of musculus active μ opioid
receptor (PDB code: 5C1M) as a template by using the homology modeling module of Discovery Studio 3.5
software(15 ). All water molecules in the X-ray structure were retained. Ramachandran plot was employed

2
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to evaluate the validity of the homology models in Figure S1 . Residues were numbered according to the
generalized numbering scheme proposed by Ballesteros and Weinstein(19 ).

Molecular docking

The morphine, fentanyl and sufentanil were docked into the 3D structure of homo sapiens active μ opioid
receptor. We used the Glide Docking module in Maestro 3.5 program to dock these compounds into the
binding site of the active μ opioid receptor. These three systems were subjected to Monte Carlo Multiple
Minimum conformational searches using the OPLS 2005 force field. The minimized conformations were
selected for the next molecular dynamics simulations.

Molecular dynamic simulations

Eight systems were built for molecular dynamics simulations: (1) μ opioid receptor without ligand (Apo); (2)
morphine-bound active MOR; (3) sufentanil-bound active MOR; and (4) fentanyl-bound active MOR; (5)
mutant μ opioid receptor without ligand (Apo-W6.48L); (6) morphine-bound active mutant MOR (W6.48L);
(7) sentinel-bound active mutant MOR (W6.48L); and (8) fentanyl-bound mutant MOR (W6.48L). MD
simulations were performed using the Gromacs5.1.2 package. All systems were embedded in a hydrated
POPC lipid bilayer. Water molecules were used to solvate the protein. After that, Na+ and Cl-ions were
added in the water to neutralize the system using 0.15 mol/L NaCl. The steepest descent followed by
conjugate gradient methods were used for the energy minimization for these systems. Then, we gradually
heated the systems from 0 K to 310 K. The systems were subjected to equilibrate at constant pressure
and temperature for 1 ns (310 K, 1 atm). Finally, the production MD simulations of eight systems were
performed for 100 ns. All analyses of MD trajectories were performed using the tools implemented in the
Gromacs5.1.2 package.

Plasmid construction and site-directed mutagenesis

To make wild-type and mutant (WT & mutant) MOR plasmids, full-length hOPRM1 cDNA was subcloned
into the Tag-lite® pT8-SNAP vector (Cisbio, France). The Vazyme® Fast Mutagenesis Kit V2 (Vazyme,
China)was used to introduce the D3.32A, W6.48L, H6.52L site mutation to the MOR recombinant plasmid,
the nucleotide sequences of mutant MOR were confirmed by DNA sequencing and sequence alignment.
Primers designed to amplify MOR plasmid containing mutant site are listed here:

D3.32A

F 5’-TCCATAGC TTACTATAACATGTTCACCAGC-3’

R 5’-ATAGTAAG CTATGGAGATCACTATCTTGCA-3’

W6.48L

F 5’-GTCTGCTT GACTCCCATTCACATTTACGTC-3’

R 5’-GGGAGTCA AGCAGACGATGAACACAGCCAC-3’

H6.52L

F 5’-CCCATTCT CATTTACGTCATCATTAAAGCC-3’

R 5’-GTAAATGA GAATGGGAGTCCAGCAGACGAT-3’

Cell lines

Chinese Hamster Ovary (CHO-K1) cells were purchased from ATCC and maintained in F12 medium con-
taining 10% fetal bovine serum (FBS).

3



P
os

te
d

on
A

u
th

or
ea

17
M

ar
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

44
78

59
.9

65
47

60
6

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

To obtain CHO stably expressing MOR (WT & mutant) cell lines, wild-type and D3.32A, W6.48L, H6.52L
mutant MOR plasmids were respectively transfected into CHO-K1 cells using lipofectamine(r) LTX regent.
The transfected cell mixtures were grown under the selection pressure of 200 μg/ml hygromycin for 10 days,
then cells were seeded in 96-well plates at an approximate density of 1 cell per well to isolate clones. An
appropriate clone was selected for further experimental studies. The MOR expression of CHO-MOR cell
lines was confirmed by western-blot analysis (Figure S3A ). To verify the site mutation of each CHO-
MOR cell line, we amplified the target MOR fragments from total genomic DNA (Figure S3B ). Then
DNA sequencing analysis of the PCR products verified the correct site mutation of MOR in CHO-MOR cell
lines. Membrane MOR expression of the CHO-MOR cell lines was measured by immunofluorescence analysis
(Figure S3D ). The expression level of wild-type and D3.32A MOR on membranes was confirmed to be
similar, and the W6.48L and H6.52L mutant MOR is approximately 63% of wild-type. CHO-MOR (WT &
mutant) cells were maintained in F12 medium supplemented with 10% FBS and 40 μg/ml hygromycin.

To obtain CHO-stably expressing both MOR (WT & mutant) and β-arrestin2-EGFP cell lines, we transfected
the β-arrestin2-EGFP plasmid into each CHO-MOR (WT & mutant) cell line. After growing under the
selection pressure of 6 μg/ml puromycin for 10 days, cell mixtures were seeded in 96-well plates at an
approximate density of 1 cell per well to isolate clones. An appropriate clone was selected for further
experiments. The expression of β-arrestin2 was verified by western-blot analysis and the expression level of
each cell line was confirmed to be similar (Figure S3C ). CHO-MOR (WT & mutant)-β-arrestin2-EGFP
cells were maintained in F12 medium supplemented with 10% FBS and 40 μg/ml hygromycin and 2 μg/ml
puromycin.

All cells were cultured according to the standard protocol in 37 incubator with 5% CO2.

Western-blot

Adherent CHO cells expressing MOR (WT & mutant) or β-arrestin2 were lysed in RIPA lysis buffer (50
mM pH 7.4 Tris, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) supplemented
with protease inhibitor cocktail and phosphatase inhibitor. The lysate was incubated at 37 for 10 min,
then separated by SDS-PAGE of 8% polyacrylamide gels and transferred to PVDF membranes. Membranes
were immunoblotted with anti-MOR antibody (Millipore, AB1580-I) to verify the expression of MOR or
immunoblotted with anti-β-arrestin 2 antibody (Cell signaling technology, 3857) to verify the expression of
β-arrestin 2. To ensure equal loading into each lane, blots were also incubated with GAPDH antibody.

Immunofluorescence

Membrane MOR can be labelled with SNAP-Lumi4-Tb, and MOR-Tb level could be quantified by Envision
Multilabel Reader at 615 nm. CHO-MOR (WT & mutant) cells were seeded on 35 mm dishes and grown
to 80% confluence. Cells were incubated with SNAP-Lumi4-Tb solution (Cisbio, France) for 1 h. Then cells
were digested and dispensed into 384-well plate at a density of 20000 cells per well, and the total test volume
is 20 μl. Read the plate on Envision Multilabel Reader (Perkin Elmer) at 615 nm. The response represents
the expression level of MOR.

Genomic DNA PCR

CHO-MOR (WT & mutant) cells were seeded on 35 mm dishes and grown to 80% confluence. Genomic
DNA was extracted from cells using the Gentra pure gene cell kit (Qiagen, Germany). MOR DNA frag-
ments were amplified from genomic DNA by PCR primers F: 5’-CTCGCCGTGAAAGAGTGGCT-3’, R:
5’-GGGCAACGGAGCAGTTTCT-3’. Then the PCR products were sequenced to verify the mutant site.

4
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Radioligand saturation binding assay

Radioligand saturation binding assay was performed to determine the affinity of fentanyl in binding with
MOR. Membrane proteins were extracted from CHO cells expressing MOR (WT & mutant), and 20 μg
proteins were used for each reaction. In specific binding reaction, membranes were incubated with a series
of concentrations of [3H]Fentanyl (ranging from 1.5625 nM to 50 nM) for 30 min at 37 in Tris-HCl buffer
(50 mM Tris, pH 7.4). In nonspecific binding reaction, membranes were incubated with 5 μM naloxone
and [3H]Fentanyl (ranging from 1.5625 nM to 50 nM) for 30 min at 37 in Tris-HCl buffer. The reaction
mixtures were filtered over GF/C filters, and then the filters were washed three times by cold Tris-HCl buffer.
Radioactivity was assayed by liquid scintillation counting overnight.

HTRF competitive binding assay

HTRF competitive binding assay was performed according to the Tag-lite® binding assay recommended
protocol (Cisbio, France). This assay is based on the competition between the Tag-lite® fluorescent ligand
and test compounds. CHO-MOR (WT & mutant) cells were labeled in batch with SNAP-Lumi4-Tb and
suspended in Tag-lite® labeling buffer (TLB), then cells dispensed into 384 well small volume white plate
(Thermo Scientific Nunc, USA) at a density of 5000 cells per well. To determine saturation binding constant
Kd of the fluorescent ligand, cells were incubated with a series of concentrations (ranging from 0.1 nM to
100 nM) of the fluorescent ligand in TLB. Non-specific binding signal wells were incubated with 100 nM
Naltrindole. For competition binding experiments, cells were incubated with varying concentrations (ranging
from 10-4 M to 10-14 M) of test compounds in the presence of 8 nM fluorescent ligand. The total binding
reaction volume is 20 μl, and the concentration mentioned above means final concentration. Read the plate
on Envision Multilabel Reader (Perkin Elmer) at 665 nm and 615 nm after 3 h incubation. The HTFR ratio
was calculated as the equation:

HTRF Ratio = Signal 665 nm
Signal 615 nm × 104#Equation 1

cAMP assay

The cAMP assay was performed according to the cAMP-Gi kit protocol (Cisbio, France). CHO-MOR (WT
& mutant) cells were harvested and suspended in stimulation buffer supplemented with 0.5 mM IBMX. Then
cells were dispensed into 384-well small volume white plate (Thermo Scientific Nunc, USA) at a density of
5000 cells per well. Add a series of concentrations (ranging from 10-12 M to 10-6 M) of test compounds and
3 μM forskolin into wells (non-stimulated control wells add stimulation buffer instead of test compounds at
this step), seal the plate and incubate at room temperature (RT) for 15 min. Add cAMP-Cryptate and
anti-cAMP-d2 working solution into wells, seal the plate and incubate at RT for 1 h. The total binding
reaction volume is 20 μl, and the concentration mentioned above means final concentration. Read the plate
on Envision Multilabel Reader (Perkin Elmer) at 665 nm and 615 nm after 3 h incubation. The response
was calculated as Equation 1 .

β-αρρεστιν2 ρεςρυιτμεντ ασσαψ

CHO-MOR (WT & mutant)-βarrestin2 cells were seeded into 96-well, black-walled, clear-bottom assay plate
(Costar, USA) at an appropriate density to ensure they will be 50%˜70% confluent next day. For the assay,
cells were serum-starved for 1 h, then treated with a series of concentrations (ranging from 10-12 M to 10-5 M)
of test compounds for 5 min at 37 . Cells were fixed and dyed using 4% paraformaldehyde (PFA) with Hoechst
nuclear stain (1:10000) for 30 min. β-arrestin2 translocation images were captured with a 20× objective on
an ArrayScan XTI High Content Analysis (HCA) Reader (Thermo Scientific, USA). The spots/nuclear ratio
per well was quantified using Cellomics Spot(r) Detection BioApplication (Thermo Scientific, USA).

5



P
os

te
d

on
A

u
th

or
ea

17
M

ar
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

44
78

59
.9

65
47

60
6

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Data analysis and statistical procedures

GraphPad Prism (V7.0) software was used for curve fitting and data analysis. All data are shown as mean
+- SEM of at least three independent experiments run in duplicate or triplicate.

For binding assays, concentration-response curves were fit to one-site binding models provided in Prism
software to determine Kd, Bmax, and Ki.

For functional assays, data are shown by subtracting basal values and presented as percentage of DAMGO,
then were fit to a non-linear regression (three-parameter) model to determine EC50 and Emax. As indicated,
the difference between all the fitting parameters of wild-type MOR versus W6.48L mutant MOR was acquired
via unpaired, two-tailed t-test.

We used the classic operational model analysis method to calculate ligand bias. The operational model
(Black and Leff, 1983)(20 ) was applied to calculate bias as described by van der Westhuizen et al. (2014)
(21 )and Laura M. Bohn et al. (2017)(22 ). The transduction ratio (τ/KA) was determined based on the
equation:

E = Emax

1+

 1+ A

10
log(KA)

A×10
log

(
τ
KA

)
n#Equation 2

Where E is the effect of ligand, Emax is the maximal response, A is the molar concentration of the ligand,
KAis the equilibrium dissociation constant, and the log(τ/KA) is the transduction coefficient(21 ,23 ). For
each assay, the Emax is constrained to be a shared value, the basal is constrained to be the value of zero and
n is constrained to the value of 1.

DAMGO was chosen as the reference ligand. To eliminate system deviation, the Δ log (τ/KA) of test ligand
and SEM were calculated by Equation 3 and Equation 4 :

log
(

τ
KA

)
= log

(
τ
KA

)
test
− log

(
τ
KA

)
DAMGO

#Equation 3

ΣΕ(
Δ λογ

(
τ
KA

)) =

√(
SE(

log
(

τ
KA

))
test

)2

+

(
SE(

log
(

τ
KA

))
DAMGO

)2

#Equation 4

The bias parameter ΔΔ log (τ/KA) and SEM were calculated by Equation 5 and Equation 6 :

log
(

τ
KA

)
cAMP
βarr2

= log
(

τ
KA

)
cAMP

− log
(

τ
KA

)
βarr2

#Equation 5

ΣΕ(
ΔΔ λογ

(
τ
KA

)) =

√(
ΣΕ(

Δ λογ

(
τ
KA

))
test:cAMP

)2

+

(
ΣΕ(

Δ λογ

(
τ
KA

))
test:βarr2

)2

#Equation 6

Materials

[3H]Fentanyl was purchased from Perkin Elmer (USA). DAMGO and Naltrindole were purchased from Tocris
(UK). Forskolin and 3-isobutyl-1-methylxanthine (IBMX) were purchased from Sigma-Aldrich (USA). Mor-
phine was purchased from QINHAI pharmaceutical factory (China). Fentanyl derivatives were synthesized
by our institute. Cell culture reagents were purchased from Gibco (USA).
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Result

Τηε βινδινγ μοδες οφ μ-οπιοιδ ρεςεπτορ ωιτη μορπηινε, φεντανψλ ανδ συ-

φεντανιλ

The 3D model of homo sapiens active μ opioid receptor was constructed based on the crystal structure
of mouse active μ opioid receptor (PDB code: 5c1m)(15 ) and shown inFigure S1A , 91.2% amino acids
(270aa/296aa) located in the additional allowed regions in Ramachandran plot (Figure S1B ). The molecular
docking followed by molecular dynamics simulations identified the accurate binding modes of μ opioid receptor
with morphine, fentanyl and sufentanil. These three binding modes were representative structures which
accounted for the largest group in cluster analysis.

As shown in Figure 1A˜C, the protonated nitrogen atom of three drug molecules forms a strong salt bridge
with the carboxyl oxygen atom of residue D3.32 in μ opioid receptor, though the structure of morphine is
completely different from that of fentanyl and sufentanil. In addition, the role of H6.52 was identified: the
epoxy group of morphine interacted with the imidazole side chain of H6.52 through the water bridge. At
the same time, the phenolic hydroxyl group of morphine formed a hydrogen bond with the nitrogen atom of
the imidazole ring in H6.52. In terms of the binding mode of fentanyl and sufentanil with MOR, the oxygen
of amide forms the hydrogen bond network with the side chains of H6.52 through water bridges. Therefore,
these two residues were selected to mutate to investigate their role in the binding and biased agonism.
Another important residue W6.48 was identified to be a molecular switch in the activation of MOR. W6.48
was relatively far from the active pocket and does not have direct interaction with the ligand, while its role
was identified by MD simulations in adjusting the signal transduction of G-protein or β-arrestin. Therefore,
D3.32, H6.52, and W6.48 were selected to mutate and test their biased signals in order to investigate their
roles in the biased mechanism.

Ω6.48 ις α ςριτιςαλ σιτε ινφλυενςινγ λιγανδ βιας ατ μ-οπιοιδ ρεςεπτορ

We developed CHO stably expressing MOR (wild-type and D3.32A, W6.48L, H6.52L mutant) cell lines to
explore the role of these three sites in the interaction between ligand and μ-opioid receptor.

The D3.32A and H6.52L mutation disrupted the binding of fentanyl with MOR in radioligand binding assay
(Figure 1D ), as well as the binding of the fluorescent ligand with MOR in HTRF binding assay (Figure
1E ). Both in the cAMP assay and β-arrestin recruitment assay, the effects of test agonists to stimulate
D3.32A and H6.52L mutant MOR were completely or notably decreased in comparison with wild-type MOR
(Figure S5C, D, G, H ). It did not contradict the results of binding assays and was in agreement with the
binding mode that these two residues form hydrogen bond network with morphine, fentanyl, and sufentanil
molecules. The D3.32A, and H6.52L mutations result in the breakdown of the hydrogen bond network,
which interfered the ligand-receptor binding, thus led to completely loss in activity of MOR.

W6.48L mutation increased the affinity of fentanyl derivatives in binding with MOR. As shown in radioligand
saturation binding curves (Figure 1D ), the affinity of [3H]fentanyl in binding with the W6.48L mutant
MOR (Kd = 0.23 ± 0.03 nM) was stronger than that of the wild-type MOR (Kd = 1.07 ± 0.21 nM). Then
we performed HTRF binding assay to test the affinity of a series of fentanyl derivatives in binding with
MOR and determined the differences between the affinity of W6.48L mutant MOR and wild-type MOR.
In HTRF saturation binding, there was no significant difference observed between the Kd value of W6.48L
mutant MOR and wild-type MOR via unpaired, two-tailed t-test, which enabled the following determined
Ki and Bmax values of wild-type and W6.48L mutant MOR to be statistically comparable. The competition
binding curves showed that W6.48L mutation did not block the binding of test agonists with MOR (Figure
1G ). The corresponding Ki values of test agonists for wild-type and W6.48L mutant MOR were shown in
Table 1 . Unlike classic MOR ligands DAMGO and morphine, fentanyl derivatives showed stronger affinity
at W6.48L mutant MOR over the wild-type. Collectively, W6.48L mutation promoted the binding of fentanyl
derivatives with MOR.
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We carried out the commercially available cAMP assay (Figure 2A, C ) and β-arrestin recruitment assay
(Figure 2B, D ) to further investigate if W6.48L mutation influenced the functional activity of fentanyl
derivatives to stimulate MOR-mediated G-protein-dependent signaling and β-arrestin-dependent signaling.
As shown in Table 1 , the potencies of morphine, DAMGO and fentanyl to activate cAMP assay for W6.48L
mutant MOR were lower than wild-type MOR. The efficacies of fentanyl, sufentanil and remifentanil for
W6.48L mutant MOR were significantly reduced versus the wild-type. It is suggested that W6.48L muta-
tion decreased the activities of fentanyl derivatives to stimulate G-protein-dependent signaling. However,
remifentanil and 3-methyfentany showed improved potency and efficacy to promote β-arrestin recruitment
for W6.48L mutant MOR over the wild-type (Table 1 ), which indicated that W6.48L mutation increase
the effects of fentanyl derivatives to activate β-arrestin-dependent signaling. Altogether, W6.48L mutation
exerted contrary influences to G-protein-dependent signaling and β-arrestin-dependent signaling, suggesting
that W6.48L changes the ligand bias of fentanyl derivatives at MOR.

To quantify the ligand bias of fentanyl derivatives, the operational model was applied to calculate the bias
factor ΔΔlog(τ/KA)(21 ,22 ). We found that W6.48L mutation drove most test agonists relatively bias
toward β-arrestin-dependent signaling except sufentanil (Table 2 ). It is important to note that W6.48L
mutation had comparatively considerate but not identical impacts on morphine, fentanyl and sufentanil
(Figure 2E ). The mutation reduced the degree of G-protein-bias for morphine, made the G-protein-
bias convert to β-arrestin-bias for fentanyl, while it made the β-arrestin-bias convert to G-protein-bias for
sufentanil.

W6.48 acts as a structural determinant in adjusting the 3-7 lock

Above studys show that W6.48 is a critical site affecting ligand bias at MOR, but how the W6.48L mutation
changes the ligand bias and why the mutation have varying impact on the three different ligands remain
unknown. The molecular docking and molecular dynamics (MD) simulations were used to investigate the
biased mechanism of morphine and fentanyl derivatives to activate MOR-mediated signaling.

The MD simulations showed that, for all of these systems, the temperature, mass density and volume are
relatively stable after 2 ns, the fluctuations scale became much smaller for both the RMS deviations of the Cα
atoms and potential energy of all of the systems (Figure S2 ), indicating that all of the molecular systems
were well behaved.

It is reported that the states of 3-7 lock, which was formed by the hydrogen bond between D3.32 and Y7.43,
that impacts the activation of MOR. The distance of 3-7 lock was monitored to examine if the close or open
state of 3-7 lock is relative to the activation of wild and mutation MOR (Figure 3 ). In terms of wild type
MOR-drug systems, the distance in 3-7 lock of sufentanil fluctuated from 0.4 to 0.6 nm after simulation
of 10 ns, which is slightly longer than that of morphine and fentanyl’s bound MORs. While in terms of
drug-bound W6.48L mutant MORs, all distances among three systems tend to be smaller than 0.3 nm, i.e.,
the 3-7 lock is tightly closed, i.e. the strong interaction in TM3-TM7 was formed. Combining the biased
signaling assay (Figure 2 ) and the time-evolved distance changes in 3-7 lock (Figure 3 ), the tight pairs
were formed in morphine and fentanyl bound mutation systems. Correspondingly, the biased signalling is
propitious to β-arresin; while the distance in 3-7 lock is larger than that of morphine and fentanyl’s mutation
systmes, the G-protein biased signaling is enhanced. In this process, 3-7 lock was adjusted by W6.48, that
stabilized Y7.43 by forming paired stable hydrophobic interaction (Figure 4 ). It was indicated that W6.48
acted as a structural determinant in adjusting the 3-7 lock that functions as a molecular switch to activate
the downstream signaling.

Ω6.48 ανδ Ψ7.43 ωερε παιρεδ αςτιvατιον σωιτςηες οφ λιγανδ βιας ατ μ-οπιοιδ

ρεςεπτορ

By analyzing the processes of morphine, fentanyl and sufentanil interacting with MOR during the MD
simulations as well as the above results of functional assays, we found that W6.48 and Y7.43 are the paired
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activation switches in the biased signal transduction. The interactions of these two residues in MOR with
morphine, fentanyl and sufentanil were shown in Figure 1A-C . The distances between W6.48 and the
three ligands, together with the distance between Y7.43 and the three ligands were monitored to disclose
the molecular mechanism of biased agonism and elucidate the role of these two residues played in the biased
activation. The time evolved distances as well as the distance distributions were shown in Figure 4A-F .
Furthermore, the conformational states of the side chains in W6.48 and Y7.43 were monitored to see how
these two residues adjust the biased function of MOR (Figure 6 ).

In terms of morphine-bound MOR systems, morphine is far away from Y7.43 and does not interact with
it in both wild type and mutant MORs (Figure 1A ). All of the distances were kept stable during the
MD simulations except the distance between W6.48 and Y7.43 in wild-type morphine-MOR complex, which
changes from 0.6 nm to 1.0 nm after the simulation of 40 ns, and the distance was stable at ca. 0.9 nm
upon the mutation W6.48L. Combining the functional assays, the W6.48L mutation reduced the degree of
G-protein-bias for morphine, W6.48 is the key to adjust the G-protein bias.

In terms of fentanyl-bound MOR complex, the phenyl group in fentanyl was inserted into a small pocket
between W6.48 and Y7.43, its phenyl group forms strong π-π interaction and this kind of interaction was
kept during the whole simulations in both the wild-type and mutant MORs (Figure 1B ). The distance
between W6.48 and Y7.43 is stable at ca. 1.2 nm after the simulation of 40 ns in wild type MOR system,
while it became stable (ca. 0.8 nm) after the simulation of 40 ns in the mutant MOR system. Upon the
mutation W6.48L MOR system, Y7.43 approached to L6.48 and formed the stable hydrophobic network with
the phenyl group of fentanyl. Such stable hydrophobic network is conducive to the biased β-arrestin signal,
as demonstrated by the functional assays, which showed that the biased signal was strengthened (Figure 4
H and C ).

In terms of sufentanil-bound MORs system, the phenyl group stretches into the right part of the active site
in MOR since the introduction of methoxymethyl group in sufentanil results in the reorientation of phenyl
group (Figure 1C ). In addition, the phenyl is far away from Y7.43 in both the wild type and mutant
systems. It is quite different from that of the fentanyl bound MOR system (Figure 4B, C ). In contrast to
the wild type MOR system, W6.48 approached to Y7.43 due to the formation of hydrophobic network in the
W6.48L mutant system (Figure 4I, L ). The functional assays showed that the signal in β-arrestin became
stronger upon the W6.48L mutation within fentanyl-bound system and the signal in G-protein pathway is
much stronger than that of in β-arrestin pathway in sufentanil bound W6.48L MOR system.

All evidences indicated that the stabilization of Y7.43 by ligand and the stable interactions of ligand with
W6.48 and Y7.43 are propitious to the β-arrestin signal, while the stabilization of W6.48 is propitious to
biased G-protein signal. Correspondingly, both the Y7.43 and W6.48 existed in the gauch- conformational
state upon fentanyl modulated β-arrestin biased signal and existed in the gauch+conformational state upon
the sulfentanil modulated G-protein signal (Figure 6 ).

W6.48L-induced conformational change adjusts MOR signaling bias

Through further analyzing the states of transmembrane helix in ligand-MOR systems, we found that mor-
phine, fentanyl, sufentanil induced the different movement of helices due to the effect of 3-7 lock and the
interactions with D3.32, H6.52, W6.48 and Y7.43. In morphine bound wild system, Helix 6 (H6) moved
toward outside significantly (9.5 Å) and was far away from Helix 6 (H6). In fentanyl bound W6.48L mu-
tant MOR system, H6 moved toward H5 and it moved 2.9 Å, while in sufentanil bound W6.48L mutant
MOR, H6 was far away from H5 and it moved outside for 5.9 Å (Figure 5 ). Collectively, the fentanyl
induced the closure of H6 towards H5 in W6.48L mutant MOR system, correspondingly, it thus transduced
the β-arrestin-bias signal. In contrast to fentanyl, sufentanil made H6 away from H5, correspondingly, it
transduced the G-protein-bias signal. MD simulation showed that sufentanil induced larger conformational
change on MOR than that of fentanyl. It indicated that the G-protein biased agonist can induce the larger
helix movement in MOR.
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Discussion

In this study, we intended to find out the critical residues of μ-opioid receptor governing ligand bias by
integrating computational simulations and cell assay based bias analysis. We first tried to predict the key
residues influencing ligand bias at MOR by computer modeling. Then the site-directed mutation on MOR
was conducted and CHO cell lines stably expressing wild-type and mutant MORs were established in order
to characterize the binding affinities and functional activities of morphine and fentanyl derivatives with
wild-type and mutant MORs. Based on results from functional assays, the bias profiles of morphine and
fentanyl derivatives were obtained by operational model analysis. We found that D3.32 and H6.52 were
critical residues in driving morphine and fentanyl derivatives to bind with μ-opioid receptor. W6.48 was a
pivotal residue in governing the bias signaling of MOR. The interactions among ligand and W6.48, Y7.43
were responsible for the signaling bias. The stabilization of Y7.43 by ligand and the stable interactions of
ligand with W6.48 and Y7.43 were propitious to the β-arrestin signal, while the stabilization of W6.48 is
propitious to biased G-protein signal.

Recent years, unremitting efforts continually put into the research about structures of GPCR. People were
trying to illustrate the mechanism underlying the activation of receptor through analysis of the structural
characteristics of active receptors. It is indicated that the ligand-induced comformation of receptor is con-
ducive to the bias signaling(24 ,25 ). In this work, we found that the residue W6.48 and Y7.43 were paired
activation switches of ligand bias at MOR, which is consistent with the computational result of Chen’s
work(26 ). And we proposed that the interaction between W6.48 and Y7.43 with fentanyl derivatives lead
to two contrary states of transmembrane helix. When H6 moved towards H5, the “close” state impeded the
activation of G-protein; When H6 moved far away from H5, the “open” state is in favour of the G-protein-
dependent signaling. This is in agreement with the previous structural researches of MOR and other GPCRs.
It is reported that, compared with the structure of MOR-Nb39(15 ), the TM6 of MOR-Gi is outward from
TM5(14 ). The structures of other active GPCRs, such as β2 adrenergic receptor and glucagon like peptide-1
receptor, revealed that activation always involves the relative outward movements of TM5 and TM6, which
allows cavity structure for accommodating the α subunit of G-protein(27-29 ).

Opioids were used to alleviate or cure pain for centuries, but the opioid side-effects still limited their use in
clinic. A great number of efforts were put in to solve the fatal hypoventilation and other adverse effects, but
no completely ideal ligand was found. People have ever tried to design μ or κ subtype-selective ligands(30
,31 ), as well as allosteric modulators(32 ), to obtain a pain-killer without those unwanted effects, but the
result is not satisfactory. Recently, the bias agonism stands a chance of separating analgesia and adverse
effects for opioid ligands, the discovery of potential drugs TRV130 and PZM21 was a good signal. However,
there is still a long way to go. On one hand, the mechanism of biased signaling was not clear enough. We
are not sure which structural features contribute to the specific conformation of the receptor that facilitate
G-protein-biased signaling. On the other hand, there is controversy in the quantification and assessment
of ligand bias, the method of bias analysis was not compeletely developed. In addition, TRV130 was not
approved to use clinically for its little difference of hypoventilation versus morphine in phase III study(33 ).
In this study, we found the critical sites affecting ligand bias and tried to explain the mechanim of ligand bias
at MOR, which contributed to better design and discovery of opioid ligands with reduced adverse effects.

Table

Table 1 pharmacological properties of test agonists for wild-type and W6.48L mutant MOR
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Competition binding constant values (Ki) were determined by HTRF binding assay. The values of potency
(EC50) and efficacy (Emax, normalized to DAMGO) come from cAMP assays performed on CHO-MOR
(WT & W6.48L) cells and β-arrestin2 recruitment performed on CHO-MOR (WT & W6.48L)-β-arrestin2
cells. Data were presented as mean ± SEM of three or more assays run in duplicate or triplicate. The
difference between Ki, EC50, and Emax values of wild-type versus W6.48L mutant MOR was acquired via
unpaired, two-tailed t-test. The corresponding binding curves were shown in Figure 2 , and corresponding
dose-response curves were shown in Figure 3 .

Table 2 Bias analysis of test agonists for wild-type and W6.48L mutant MOR

The bias parameter ΔΔlog(τ/KA) were quantified through operational model analysis as described in the
method. All data were shown as mean ± SEM of three or more assays run in triplicate. The intuitive bias
comparison of wild-type versus W6.48L mutant MOR was shown in Figure 4 .

Figure

Figure 1 Site-mutations influenced binding properties of the ligand with MOR

11
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A˜C. Details of the binding modes of (A) Morphine (67.1 ns), (B) Fentanyl (46.2 ns), (C) Sufentanil (66.4
ns)

D. Radioligand [3H]Fentanyl saturation binding of wild-type and mutant MOR

E. Fluorescent ligand naltrindole saturation binding of wild-type and mutant MOR

F,G. HTRF competition binding of (F) Wild-type and (G) W6.48L mutant MOR

All data in the curves are shown as mean ± SEM of three or more assays run in duplicate, the Ki values
were listed inTable 1 .

Figure 2. W6.48L mutation influenced ligand bias to stimulate MOR-mediated signaling

A, B. Inhibition of forskolin-stimulated cAMP accumulation in (A) wild-type and (B) W6.48L mutant MOR.

C, D. β-arrestin 2 translocations in (C) wild-type and (D) W6.48L mutant MOR.

E. The bias parameter ΔΔ log (τ/KA) quantified through operational model analysis.

All data in the curves are shown as mean ± SEM of three or more assays run in triplicate, the efficacy and
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potency parameters were listed inTable 1. The Δ log (τ/KA) and ΔΔ log (τ/KA) values were listed in
Table 2.

Figure 3 The distance for 3-7 lock in ligand-receptor complex systems

A. Morphine; B. Fentanyl; C. Sufentanil.

Figure 4 The distances of the ligand with residues of wild-type and W6.48L mutant receptor

The distances of ligand with A. Y7.43 in wild type and W6.48L mutant MOR bound with morphine; B. Y7.43
in wild type and W6.48L mutant MOR bound with sufentanil; C. Y7.43 in wild type and W6.48L mutant
MOR bound with fentanyl; D. W6.48 in wild type and W6.48L mutant MOR bound with morphine; E.
W6.48 in wild type and mutant (W6.48L) MOR bound with sufentanil; F W6.48L in wild type and W6.48L
mutant MOR bound with fentanyl; The distances between Y7.43 and W6.48 in G. wild type and mutant
(W6.48L) MOR bound with morphine; H. wild type and mutant (W6.48L) MOR bound with sufentanil; I.
wild type and mutant (W6.48L) MOR bound with fentanyl; The Y7.43 and W6.48 distances distribution
of distances in J. wild type and mutant (W6.48L) MOR bound with morphine; K. wild type and mutant
(W6.48L) MOR bound with sufentanil; L. wild type and mutant (W6.48L) MOR bound with fentanyl.
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Figure 5 The transmembrane helix movements in 8 systems of ligand-bound MORs.

A. Morphine in wild type MOR B. Fentanyl in wild type MOR C. Sufentanil in wild type MOR D. Morphine
in W6.48L mutant MOR E. Fentanyl in W6.48L mutant MOR F. Sufentanil in W6.48L mutant MOR.

Figure 6 The conformational states of A. Y7.43 and B. W6.48 in fentanyl (blue) and sufentanil (yellow)
bound MOR systems
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Φιγυρε Σ1 Ηομολογψ μοδελινγ οφ μ-οπιοιδ ρεςεπτορ

1. Structure of μ-opioid receptor
2. Ramachandran plo

Figure S2 The time evolved potential energy and RMSD

The potential energy of eight systems: A. wild type apo system, B. morphine and active MOR system,
C. sulfentanil and active MOR system, D. fentanyl and active MOR system, E. MOR-W6.48L system, F.
morphine and active MOR-W6.48L system, G. sulfentanil and active MOR-W6.48L system, H. fentanyl
and active MOR-W6.48L system; The RMSD of wild type systems: I. protein, J. ligand; The RMSD of
mutational systems: K. protein, L. ligand.
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Φιγυρε Σ3 Ιδεντιφιςατιον οφ ῝ΗΟ σταβλψ εξπρεσσινγ ΜΟΡ ςελλ λινες ανδ ῝ΗΟ σταβλψ

εξπρεσσινγ ΜΟΡ ανδ β-αρρεστιν2 ςελλ λινες.

1. Identification of MOR expression of CHO-MOR(WT & mutant) cell lines by western-blot analysis.
Cells were lysed and immunoblotted with the anti-MOR antibody. To ensure equal loading into each
lane, blots were also incubated with GAPDH antibody.

2. Identification of MOR mutation of CHO-MOR (WT & mutant) cell lines by PCR analysis. Genomic
DNA was extracted from each CHO-MOR (WT & mutant) cell line, MOR DNA fragments were ampli-
fied from genomic DNA by PCR, then the mutant sites of MOR were confirmed by DNA sequencing.

3. Identification of β-arrestin2 expression of CHO-MOR (WT & mutant)-β-arresin2 cell lines by western-
blot analysis. Cells were lysed and immunoblotted with the anti-β-arrestin2 antibody. To ensure equal
loading into each lane, blots were also incubated with GAPDH antibody.

4. Identification of MOR expression on the membrane of CHO-MOR (WT & mutant) cell lines by im-
munofluorescence analysis. MOR on the cell membrane can be labeled with SNAP-Lumi4-Tb through
incubation, then the expression level of MOR-Tb was read on Envision Multilabel Reader at 615 nm.
The data are presented as mean ± SEM of three assays run in duplicate.

Figure S4 Competitive binding of remifentanil and 3-Methyfentanyl with wild-type and
W6.48L mutant MOR.

Wild-type MOR B. W6.48L mutant MOR

All data in the curves are shown as mean ± SEM of three or more assays run in duplicate. The Ki values
were listed in

Table 1.
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Φιγυρε Σ5 Φυνςτιοναλ αςτιvιτψ οφ τεστ αγονιστς το στιμυλατε ΜΟΡ-μεδιατεδ Γ-

προτειν-δεπενδεντ σιγναλινγ ανδ β-αρρεστιν-δεπενδεντ σιγναλινγ

A.B. Remifentanil and 3-methyfentanyl inhibited forskolin-stimulated cAMP accumulation in (A) wild-type
and (B) W6.48L mutant MOR.

C.D. Inhibition of forskolin-stimulated cAMP accumulation in (C) D3.32A and (D) H6.52L mutant MOR.

E.F. Remifentanil and 3-methyfentanyl induced β-arrestin 2 translocations in (E) wild-type and (F) W6.48L
mutant MOR.

G.H. β-arrestin 2 translocations in (G) wild-type and (H) W6.48L mutant MOR.

All data in the curves are shown as mean ± SEM of three or more assays run in triplicate. The efficacy and
potency parameters were listed in

Table 1.
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