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Abstract Ligand selectivity between μ-opioid receptors (μ-OR) and δ-opioid receptors (δ-OR) is key

for improving opioid analgesics. While the “message—address” hypothesis has been central to explaining

this selectivity, we present evidence for an additional mechanism. Chimeric receptor and mutagenesis

studies identify residue 2.63 in the orthosteric pocket as a key determinant of morphine’s μ/δ-OR selec-

tivity, while EM-1’s selectivity involves a combination of residues at positions 2.63 and 3.29, the

N-terminus, and extracellular loop 3 (ECL3). Approaches like voltage-clamp fluorometry, engineered

zinc-bridge and microscale thermophoresis show that EM-1’s Y1P2W3F4 sequence confers over 1500-

fold μ/δ-OR selectivity, driven by steric hindrance and a ß-turn structure. ß-Endorphin, with a more flex-

ible sequence, binds non-selectively to both receptors. Morphine’s rigid isoquinoline scaffold and broader

geometry restrict it to binding through the wide ECL2-transmembrane (TM) 5 cleft, explaining its modest

μ/δ-OR selectivity. These findings reveal that μ/δ-OR selectivity is driven by both “message—address”

interactions and receptor—specific binding pathways, advancing opioid drug design.
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1. Introduction

The G protein-coupled receptor (GPCR) family represents the

largest and most diverse group of membrane protein receptors and

is a cornerstone of modern drug development1. Opioid receptors

(ORs), members of the Class A GPCRs, are primarily categorized

into μ-opioid receptors (μ-OR), δ-opioid receptors (δ-OR), and

κ-opioid receptors (κ-OR), with μ-OR serving as the principal

target for highly effective clinical analgesics2. However, μ-OR

activation is often accompanied by significant side effects,

including addiction, tolerance, respiratory depression, and con-

stipation, limiting their therapeutic utility2,3. Overcoming these

limitations necessitates the design of functionally selective

ligands that harness distinct structural features of opioid receptors.

Such ligands―including bivalent4,5 and biased6-8 ligands―hold

the potential to minimize adverse effects9,10, thereby paving the

way toward the development of safer and more efficacious

analgesics11. Endogenous ligands also demonstrate diverse

selectivity profiles12, such as the non-selective μ-OR/δ-OR

peptide ß-endorphin13 and the μ-OR-specific tetrapeptides

endomorphin-1 (EM-1, Y1P2W3F4-NH2) and endomorphin-2

(EM-2, Y1P2F3F4-NH2)14. Yet, the evolutionary mechanisms

driving receptor subtype selectivity remain elusive. Unraveling

these mechanisms is crucial not only for optimizing opioid drug

development but also for deepening our understanding of how

endogenous ligands evolved to achieve selective receptor interactions.

Class A GPCRs are characterized by a conserved orthosteric

binding pocket15, formed by seven transmembrane helices, which

creates a large cavity subdivided into multiple functional sub-

pockets16. This pocket is partially shielded by three extracellular

loops (ECL1, ECL2, and ECL3) and the N-terminal domain,

imparting a semi-buried architecture17. Investigations into the

interactions of endogenous peptides and exogenous small mole-

cules with three main types of opioid receptors―μ-OR, δ-OR, and

κ-OR―have revealed nuanced mechanisms of ligand selectivity

and binding affinity18-20. The “message—address” hypothesis,

introduced in the 1970s, has been pivotal in rationalizing these

interactions21,22. This model proposes that ligands are composed

of a “message” motif, responsible for receptor binding and acti-

vation, and an “address” segment, which enhances the binding

affinity and receptor subtype specificity21 (Fig. 1A). This con-

ceptual framework has driven the design of highly selective opioid

receptor agonists and antagonists for decades22-24. Insights from

structural studies have pinpointed key conserved residue-

s25,26―D3.32, H6.52, and Y7.43 (Ballesteros/Weinstein

numbering27)―as crucial mediators of the “message” function.

In contrast, the “address” region is shaped by non-conserved

residues in the upper portion of the orthosteric pocket. For

example, δ-OR-selective antagonists like naltrindole18 depend on

interactions with L7.35 and W6.58, whereas κ-OR ligands such as

nor-BNI and GNTI exploit E6.58 for selectivity19. Longer peptide

ligands extend their interactions beyond the orthosteric pocket,

engaging non-conserved extracellular residues to achieve speci-

ficity. The δ-OR endogenous peptide deltorphin, for instance,

interacts with ECL3, W6.58, and K2.63, achieving more than 1000-

fold selectivity for δ-OR20. These findings underscore the com-

plementary roles of conserved and non-conserved residues in

opioid receptor selectivity, providing a framework for designing

receptor-specific opioid therapeutics.

The “message—address” hypothesis, however, fails to

fully account for the selectivity observed in all opioid receptor

ligands19,28. For example, ß-endorphin, despite its extended

27-residue “address” domain, shows no discernible preference

between μ-OR and δ-OR29,30 (Fig. 1B). In contrast, the endoge-

nous tetrapeptides EM-1 and EM-2 achieve remarkable μ-OR

selectivity (>1500-fold over δ-OR) without any apparent

“address” sequence31 (Fig. 1B). Unlike ß-endorphin, EM-1 and

EM-2 lack the extended peptide length necessary for direct in-

teractions with ECL1, ECL3, or the N-terminal domain, as

confirmed by the structure of the EM-1/human μ-OR (hμ-OR)

complex (PDB ID: 8F7R)20. Similarly, the human κ-OR(hκ-OR)/

JDTic complex (PDB ID: 4DJH)19 reveals that JDTic and its

derivatives achieve more than 1000-fold selectivity for hκ-OR

without engaging in “address” interactions with E6.58. These

observations challenge the sufficiency of non-conserved orthos-

teric pocket residues as the sole drivers of selectivity, suggesting

the need to refine the “message—address” hypothesis or explore

alternative models. Additionally, structural studies of the BU72/

mouse μ-OR (mμ-OR) complex (PDB ID: 5C1M)32 provide

compelling evidence that ECL1-3 and the N-terminal domain

encapsulate the μ-OR orthosteric pocket, creating a partially

buried ligand-binding site (Fig. 1C). The EM-1/hμ-OR structure

(PDB ID: 8F7R) also reveals a substantial gap between the

pocket’s entry point and the activation site at its base20. This raises

intriguing questions about how key residues in ligands like EM-1

(Y1P2W3F4) and ß-endorphin (Y1G2G3F4) navigate these binding

pathways and whether such differences contribute to their con-

trasting μ-OR/δ-OR selectivity profiles. Morphine, one of the most

widely used opioids for over two centuries33, exhibits modest

selectivity (20-fold) for μ-OR over δ-OR, despite its structural

divergence from both EM-1 and ß-endorphin. Elucidating the

mechanisms underlying morphine’s limited μ-/δ-OR selectivity

remains an important avenue for further studies.

To elucidate the molecular basis of opioid receptor subtype

selectivity, we engineered μ-OR/δ-OR chimeric receptors and

performed gain-of-function mutagenesis, identifying critical

amino acid residues that govern EM-1 and morphine selectivity.

EM-1 exhibits precise μ-OR versus δ-OR discrimination by

interacting with residues at positions 2.63 and 3.29 and forming

additional coupling with ECL3 and the N-terminal domain. In

contrast, morphine’s weak μ-OR/δ-OR selectivity is mediated

through its interactions with residues at positions 2.63 and 7.35.

Intriguingly, modifying the side-chain size of amino acids within

ECL1 and the N-terminal region enables ß-endorphin, an endog-

enous peptide typically lacking receptor selectivity, to “acquire”

preferential binding to either μ-OR or δ-OR. Through enhanced

conformational sampling, engineered zinc bridge, and incorpora-

tion of the fluorescent unnatural amino acid (flUAA) Anap,

combined with voltage-clamp fluorometry (VCF) to monitor

protein conformational dynamics, we identified distinct ligand

entry pathways. EM-1 accesses the orthosteric pocket through a

narrow cleft formed by ECL3 and the N-terminal domain, whereas

morphine utilizes a broader pathway at the ECL2—TM5 interface.

The bulky side chains and ß-turn structure of EM-1 (Y1P2W3F4)

impede its δ-OR binding by limiting accessibility and reducing

affinity. Conversely, ß-endorphin, with smaller and more flexible

side chains (Y1G2G3F4), exhibits comparable accessibility to both

μ-OR and δ-OR, resulting in non-selectivity. By elucidating the

mechanisms of μ-OR/δ-OR selectivity, this study refines and

extends the “message—address” hypothesis, providing insights

into the evolutionary divergence of endogenous peptides and their

selectivity profiles.
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2. Results

2.1. Engineering selective binding of ß-endorphin to μ-/δ-ORs

via N-terminal and extracellular loop (ECL) modifications

Cryo-electron microscopy (cryo-EM) structural analysis34,35 of

the hμ-OR/ß-endorphin complex (PDB ID: 8F7Q)36 reveals that

ß-endorphin’s “message” motif (Y1G2G3F4) is tightly bound

within the orthosteric pocket of hμ-OR, with its C-terminal region

extending extracellularly between ECL1 and ECL3 (Fig. 1D).

This finding suggests that the Y1G2G3F4 core accesses the

orthosteric pocket via a defined pathway, while the remaining 27

amino acids, forming secondary structural elements, primarily

stabilize the Y1G2G3F4—hμ-OR interaction rather than conferring

μ-/δ-OR selectivity, consistent with ß-endorphin’s non-selective

binding profile. To investigate the pathway by which Y1G2G3F4

reaches the hμ-OR orthosteric pocket and to identify potential

entry routes for other ligands such as EM-1 and morphine, we

supplemented the structural information of the hμ-OR/ß-endor-

phin complex (PDB ID: 8F7Q) with N-terminal data from the

BU72/mμ-OR structure (PDB ID: 5C1M). Using metadynamics

(MetaD) simulations37, we enhanced conformational sampling to

explore the dynamic interactions of the Y1G2G3F4 motif along its

path to the orthosteric pocket, under the assumption that binding

and dissociation pathways are analogous38. Two collective vari-

ables (CVs) were defined (Fig. 1E). CV1, the interatomic distance

between the Cα atom of W2956.48 and the nitrogen atom of the Y1

residue in ß-endorphin, was chosen based on the well-documented

role of W2956.48 as a structurally conserved anchor at the base of

the orthosteric binding pocket, where it forms persistent in-

teractions with ß-endorphin during receptor activation. CV2 was

defined as the dihedral angle involving four consecutive backbone

atoms―Cα
Y1, Cα

G2, Cα
G3 and NF4―to enable thorough sampling

of the ligand’s torsional flexibility, thereby capturing a

broad range of plausible binding conformations (Fig. 1E). The

reconstructed free energy landscape (Fig. 1E) revealed a pathway

Figure 1 The “message—address” conceptual framework and the binding mechanism of ß-endorphin’s Y1G2G3F4 motif at the hμ-OR

orthosteric site via the extracellular loop (ECL)1-ECL3 cleft. (A) Conceptual diagram of the “message—address” model for opioid receptor li-

gands. The “message” structure (blue) mediates receptor activation, whereas the “address” structure (orange) enhances receptor selectivity and

binding affinity. (B) Application of the “message—address” hypothesis to opioid peptides. The conserved YXXF sequence functions as the

“message” motif responsible for activation, while adjacent peptide regions serve as “address” structures, providing selectivity and affinity. (C)

Sectional rendering of BU72 (red, stick representation) bound to the mμ-OR orthosteric pocket (PDB ID: 5C1M, gray). The “message” domain

(solid purple circle) anchors to the basal orthosteric pocket, while the “address” domain (solid orange circle) occupies an upper sub-pocket. The

receptor’s N-terminal domain (blue) partially encapsulates the binding site, forming a protective cover. (D) ß-endorphin binding to hμ-OR (PDB

ID: 87FQ). The N-terminal Y1G2G3F4 sequence tightly engages the orthosteric pocket, while the C-terminal domain extends outward, threading

through the cleft formed by ECL1 and ECL3. Side and top views (left and right, respectively) depict ß-endorphin’s orientation in the receptor

pocket. The cleft between ECL1 and ECL3 serves as the entry site for the Y1G2G3F4 motif. (E) Metadynamics (MetaD) simulations reveal the free

energy landscape of ß-endorphin binding to hμ-OR, providing insight into conformational sampling during ligand binding. The black wavy line

highlights the energy changes associated with intermediate binding states, supporting the proposed binding mechanism.
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for Y1G2G3F4 traversing the cleft between ECL1 and ECL3 to

access (or exit) the orthosteric pocket (Supporting Information

Fig. S1A). This process is characterized by a series of specific

interactions: initially, the Y1G2G3F4 motif engaged with the

N-terminal region of hμ-OR, forming hydrogen bonds with polar

residues L52N-terminal and D56N-terminal (Fig. S1B). As the motif

progressed, it disengaged from L52N-terminal but retains interaction

with D56N-terminal (Fig. S1C). Subsequently, the Y1G2G3F4

sequence interacted with residues E2315.36 and K2355.40 near

TM5, forming hydrogen bonds with T220ECL2 on ECL2

(Fig. S1D). Finally, as shown by structural studies (PDB ID:

8F7Q), Y1G2G3F4 binds stably in the orthosteric pocket through

hydrogen bonds and salt bridges with residues Q1262.60, D1493.32,

H2996.52, and W3207.35 (Fig. S1E). Interestingly, despite exiting

the orthosteric pocket via the ECL1—ECL3 cleft, ß-endorphin’s

entry point is predominantly aligned with the ECL1/ECL2 inter-

face (Fig. S1C and S1D). This may be attributable to the

N-terminal structure partitioning the μ-OR orthosteric pocket

entrance into two regions (PDB ID: 5C1M)32, thereby limiting

interactions with ECL3.

To investigate how flexible regions above the orthosteric

pocket―ECL1, ECL2, ECL3, and the N-terminal―impact ß-

endorphin binding and selectivity mechanisms in μ-OR and δ-OR,

we performed extensive mutagenesis studies. As a strategy to

evaluate wild-type (WT) and mutant μ-OR responses, we

employed the G protein-gated inwardly rectifying potassium

(GIRK) channel as a reporter, given its established role as a

downstream effector of Gßγ subunits39. Conventionally, GIRK

activity is achieved through co-expression of GIRK1 and GIRK4

subunits40. However, a single-point mutation in GIRK4 (S143T)41

yields a variant, GIRK4S143T, which can form functional homo-

tetrameric channels that respond to Gßγ signals upon μ-OR

agonist-induced G protein activation42,43. This system, coupled

with electrophysiological recordings41, allowed us to directly

monitor changes in current amplitudes elicited by OR activation,

providing an efficient and precise tool for functional studies

(Fig. 2A). In HEK293 cells expressing GIRK4S143T and mORs, ß-

endorphin-induced currents were recorded for both mμ-OR and

mδ-OR (Fig. 2A and B). Consistent with its known non-selective

profile, ß-endorphin demonstrated similar potency for the two

receptor subtypes, with EC50 values (the half-maximal effective

concentration, indicative of the ligand’s potency) of

6.03 ± 3.01 nmol/L for mμ-OR and 7.97 ± 0.87 nmol/L for

mouse δ-OR (mδ-OR) (Fig. 2B). In addition, the measured

potency for mμ-OR was marginally lower than previously iden-

tified values from cAMP inhibition assays (30.2 ± 11.0 nmol/L)20,

supporting the validity of employing GIRK4S143T -based electro-

physiological recordings as a reliable approach for studying

receptor—ligand interactions.

Interestingly, substituting non-conserved amino acids in the

ECL1, ECL2, ECL3, and N-terminal regions of mμ-OR and mδ-

OR with residues possessing bulkier side chains to increase steric

hindrance resulted in a pronounced μ/δ “selectivity” for ß-

endorphin (Fig. 2C—E). In mδ-OR mutants R41N-terminalW,

E112ECL1W, and V2977.32R, the potency of ß-endorphin

for mδ-OR was reduced by 2- to 10-fold (P � 0.0047, 0.0001,

and 0.0006, respectively; mutations vs. WT, two-way ANOVA,

Dunnett’s multiple comparisons test, F (7, 32) � 15.50;

Fig. 2D). Similarly, in mμ-OR mutants G61N-terminalW,

G131ECL1W, G131ECL1R, T3157.32W, T3157.32R, and LGG

(50—52)N-terminalWRF, the potency of ß-endorphin for mμ-OR

decreased by 10- to 100-fold (P � 0.0287, P < 0.0001,

P < 0.0001, P < 0.0001, P < 0.0001, and P � 0.0111, respec-

tively; mutations vs. WT, two-way ANOVA, Dunnett’s multiple

comparisons test, F (7, 32) � 15.50; Fig. 2D). These findings

underscore the critical role of ECL1 and the N-terminal regions in

differential recognition of ß-endorphin by mμ-OR and mδ-OR,

aligning with the predictions derived from MetaD simulations.

Mutations at equivalent positions with similar chemical prop-

erties resulted in varying degrees of reduction in the potency of ß-

endorphin for mμ-OR and mδ-OR. For example, the potency of ß-

endorphin for mδ-R41N-terminalW was approximately 10-fold

lower than that for the mμ-P63N-terminalW mutant (Fig. 2E).

Conversely, ß-endorphin exhibited a 10-fold higher potency for

mδ-E112ECL1W compared to mμ-G131ECL1W (Fig. 2E). Muta-

tions near TM7 at position 7.32 (7.32W and 7.32R) induced even

greater reductions in ß-endorphin’s potency for mμ-OR (Fig. 2D

and E). These findings reveal that ß-endorphin, while inherently

non-selective between μ- and δ-OR, can “achieve” significant

subtype selectivity in the presence of these mutations

(P � 0.0007, 0.0435, 0.0001, and 0.0486; mutations vs. WT; one-

way ANOVA, Dunnett’s multiple comparisons test, F (7,

16) � 20.28; Fig. 2E).

Notably, these mutated residues are not part of the key amino

acids identified in the ß-endorphin/hμ-OR complex structure (PDB

ID: 8F7Q) that mediate direct interactions with the Y1G2G3F4 motif

(e.g., Q1262.60, D1493.32, H2996.52, and W3207.35). They also

display minimal interaction with the remaining 27 residues of ß-

endorphin, which form an α-helix. These observations suggest three

critical insights: 1) The small side chains and high flexibility of the

Y1G2G3F4 motif may allow ß-endorphin to traverse the cleft

formed by the ECL2/ECL1—N-terminal regions of μ/δ-OR without

substantial differentiation in potency due to non-conserved residues.

2) Substituting bulkier side chains into this cleft narrows the

μ/δ-OR ECL2/ECL1—N-terminal interface, impeding the uniform

access of ß-endorphin Y1G2G3F4 to orthosteric pockets of μ/δ-OR,

thus conferring relative selectivity. 3) The pathway and geometry of

ligand entry, rather than the absolute diameter of the cleft, are the

key determinants of selectivity. This mechanism provides an

explanation for μ/δ-OR’s evolutionary tuning to exhibit negligible

selectivity for endogenous ß-endorphin while maintaining sharp

specificity for EM-1 (see below).

2.2. EM-1’s μ/δ-OR selectivity is dictated by non-conserved

residues within the orthosteric pocket and ECL

ECL1-3 and N-terminal regions, highly flexible and non-

conserved44 (Supporting Information Fig. S2A—S2C), form

receptor-specific extracellular conformations influencing ligand

recognition and entry pathways. Structural analyses (PDB IDs:

8F7R20 and 8EF645) show EM-1 and morphine interact predom-

inantly with residues in transmembrane TM2, TM3, TM5, TM6,

and TM7, without engaging ECL1-3 or the N-terminal region

(Fig. S2E and S2H). Morphine demonstrates negligible μ/δ-OR

selectivity46 (see below), whereas EM-1 exhibits a pronounced

preference for mμ-OR. Electrophysiological data obtained from

HEK293 cells expressing μ/δ-ORs and GIRKS143T channels

indicated that EM-1 binds mμ-OR with a potency of

1.09 ± 0.13 nmol/L and mδ-OR with a potency of

1708 ± 102 nmol/L, yielding a μ/δ selectivity ratio of 1566-fold

(Fig. S2D). These results are consistent with prior radioligand

binding studies (1.91 ± 0.13 nmol/L)20 and previous datasets

(2.68 ± 0.28 nmol/L)47. The structural basis for this selectivity

may be attributed to EM-1’s distinct Y1P2W3F4 sequence, which

Ligand selectivity in μ-/δ-opioid receptors 1533



contrasts with ß-endorphin’s Y1G2G3F4. This difference in-

troduces steric hindrance and facilitates the formation of a ß-turn

in EM-120,48,49. However, whether this remarkable selectivity re-

sults from differential accessibility or alternative binding

pathways to the μ/δ-OR orthosteric pockets remains an open

question.

To elucidate this, we first investigated the role of non-

conserved residues within the orthosteric pocket. Conserved res-

idues in μ-OR form the “message” structure of EM-1 (cyan,

Fig. S2F), while non-conserved residues in TM2, TM3, and

TM7 define the “address” structure (blue and fuchsia, Fig. S2F).

The “message—address” paradigm posits that subtype selectivity

is dictated by interactions with non-conserved residues within the

pocket, with no direct contributions from ECL residues

(Fig. S2E). Comprehensive mutagenesis of mδ-OR residues

(Supporting Information Fig. S3A, S3B and S3E) implicated in

EM-1 binding identified critical determinants of ligand selectivity

(Fig. 3A). For instance, the mδ-OR-K1082.63N mutation enhanced

EM-1 potency by 5.89-fold (EC50 reduced from 1708 ± 102 to

290 ± 14 nmol/L, Fig. 3C), while the mδ-OR-L1253.29I mutation

improved potency by 3.40-fold (EC50 reduced to 503 ± 181

nmol/L, Fig. 3C). Furthermore, the K1082.63N/L1253.29I double

mutant exhibited a remarkable 28-fold increase in potency (EC50

reduced to 60.9 ± 6.88 nmol/L, Fig. 3C). These findings underscore

the critical role of non-conserved orthosteric residues in shaping

EM-1 selectivity, reinforcing the “message—address” conceptual

framework as a basis for rational drug design and evolutionary

studies. Nonetheless, the relatively modest enhancement (28-fold)

in selectivity achieved through these mutations suggests that

additional, “non-message—address” factors contribute significantly

to EM-1’s pronounced μ/δ-OR selectivity (1500-fold).

To further elucidate the role of ECL and the N-terminal region

in EM-1’s μ-/δ-OR selectivity, we engineered chimeric receptors.

Non-conserved amino acids within the mμ-OR orthosteric pocket,

as well as ECL and N-terminal structures, were replaced with their

mδ-OR counterparts to introduce new side chains potentially

capable of restoring EM-1 recognition in mδ-OR (Fig. 3D).

Among the three chimeras, the δ/μN-terminal Chimera completely

Figure 2 Analysis of N-terminal and ECL1 contributions to ß-endorphin binding via mutagenesis and GIRK4S143T channel current recordings.

(A) Schematic representation of GIRK4S143T channel current detection using whole-cell patch clamp to evaluate receptor activation. (B)

Concentration-response analysis of ß-endorphin-induced Gi protein activation in mδ-OR-wild type (WT) and mμ-OR-WT. Hill 1 equation fits

(solid lines) model the data. Data are presented as mean ± SEM (n � 3). (C) Top-down view of μ-OR and δ-OR mutation sites. Mutation

positions are shown as yellow sticks (mμ-OR) and cyan sticks (mδ-OR), with the receptors rendered as gray cartoons. (D) ß-endorphin-evoked

changes in Gi protein activation detected through GIRK4S143T currents in mutants of mμ-OR (red) and mδ-OR (blue). Bars represent the EC50

potency differences of each mutant relative to WT. Statistical significance was assessed using two-way ANOVA with Dunnett’s multiple com-

parisons test (F (7, 32) � 15.50). Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are shown as mean ± SEM

(n � 3). (E) The relative selectivity of ß-endorphin potency (EC50) for μ-OR versus δ-OR, presented as the logarithmic ratio of affinities (Y-axis).

WT and site-directed mutations paired with identical positions are shown on the X-axis. Statistical analysis was performed with one-way ANOVA

using Dunnett’s multiple comparisons test (F (7, 16) � 20.28). Significance levels: *P < 0.05, ***P < 0.001 vs. WT. Data are presented as

mean ± SEM (n � 3).
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abolished EM-1-induced K+ currents (Fig. 3E). By contrast, the

δ/μECL2 Chimera produced minimal changes in EM-1’s potency

for mδ-OR (EC50 shifted slightly from 1708 ± 102 to

1495 ± 589 nmol/L; Fig. 3E). Notably, the δ/μECL3 Chimera

enhanced EM-1’s potency for mδ-OR by 6.9-fold, reducing the

EC50 to 246 ± 25 nmol/L (Fig. 3E).

These observations suggest that residues within ECL3, in

addition to the non-conserved amino acids of the orthosteric

pocket, play a pivotal role in EM-1’s subtype selectivity. Subse-

quent analysis pinpointed R291 in ECL3 as a critical determinant

of EM-1 binding to mδ-OR. Mutation of this residue (mδ-OR-

R291ECL3A) led to a significant improvement in EM-1’s potency

for mδ-OR, reducing the EC50 to 422 ± 69.1 nmol/L (Fig. S3A,

S3B and S3E). Combining this mutation with two previously

identified gain-of-function mutations (mδ-OR-K1082.63N and mδ-

OR-L1253.29I) yielded the triple mutant mδ-OR-K1082.63N-

L1253.29I-R291ECL3A (3M), which demonstrated a remarkable

120-fold increase in EM-1’s potency, reducing the EC50 from

1708 ± 102 to 14.2 ± 3.47 nmol/L (Fig. 3F).

To further reinforce our findings, we introduced loss-of-function

mutations in mμ-OR at positions corresponding to the gain-of-

function mutations observed in mδ-OR. These mutations markedly

reduced EM-1’s potency for the mμ-OR-N1272.63K, mμ-OR-

I1443.29L, and mμ-OR-E310ECL3R variants by 211-, 6.28-, and 8.94-

fold, respectively (EC50 values shifted from 1.09 ± 0.13 to

230± 51.0 nmol/L, 6.85± 0.50 and 9.75± 1.67 nmol/L; Supporting

Information Fig. S4A and S4B). These data emphasize the indis-

pensable role of specific residues within the orthosteric pocket and

ECL1-3 in determining EM-1’s potency and μ-/δ-OR selectivity.

2.3. Microscale thermophoresis (MST) and receptor—ligand

binding dynamics confirm ECL1’s role in EM-1 binding to

μ-/δ-OR, independent of G-protein signaling

However, it is important to note that electrophysiological assays of

μ-/δ-OR are designed to reflect the potency between ligand and

receptor through the activation of downstream GIRKS143T channel.

This response could be influenced by enhanced G-protein activa-

tion, driven by EM-1-induced conformational changes in the

orthosteric pocket, rather than through direct binding or accessi-

bility to the orthosteric site. To rule out this possibility, we per-

formed MST50 to directly assess the binding affinity of EM-1 for

receptor mutants (Fig. 4A). Our results reveal that the binding

affinity of EM-1 to mδ-OR-R291ECL3A, mδ-OR-R292ECL3E, mδ-

OR-K108ECL3N, and mδ-OR-K1082.63N-L1253.29I-R291ECL3A

increased by 8.56, 7.21, 9.85, and 312-fold, respectively (Kd values

from 2945 ± 710 to 344 ± 101, 408 ± 116, 299 ± 72 and

9.42 ± 2.83 nmol/L; Fig. 4A—F), which basically corroborates the

electrophysiological data on changes in potency. These results

indicate that EM-1 discriminates between mμ-OR and mδ-OR via

the key residues K1082.63, L1253.29, and R291ECL3, and this

discrimination may be driven by changes in the binding process,

rather than through the modulation of G-protein signaling. Spe-

cifically, K1082.63 and L1253.29 directly affect EM-1 binding to

mδ-OR, while R291ECL3 likely influences ligand access to the re-

ceptor’s orthosteric pocket, indirectly impacting the EM-1/mδ-OR

interaction. This is consistent with the structure of the EM-1/hμ-

OR complex (PDB ID: 87FR)20, where no direct interaction is

observed between EM-1 and R291ECL3.

Figure 3 Identification of key residues in μ/δ-OR critical for endomorphin-1 (EM-1) and morphine selectivity. (A) Structural locations of key

amino acids in morphine (left, stick, red) and EM-1 (right, stick, blue) distinguishing hμ/δ-ORs (gray cartoon representation). (B, C)

Concentration-response curves for Gi protein activation induced by morphine (B) and EM-1 (C) in WT mδ-OR and mutant receptors. Solid lines

represent Hill 1 equation fits. Data are shown as mean ± SEM (n � 3—5). (D) Schematic illustration of μ/δ-OR chimeric constructs. The

N-terminal, ECL2, and ECL3 regions of δ-OR (navy blue) were sequentially replaced with the corresponding regions of μ-OR (orange). (E)

Concentration-response curves for Gi protein activation induced by morphine (left) and EM-1 (right) in WT mδ-OR and μ/δ-OR chimeras. Solid

lines indicate Hill 1 equation fits. Data are presented as mean ± SEM (n � 3—5). (F) Concentration-response curves for Gi protein activation

induced by EM-1 in WT mδ-OR and the triple mutant mδ-OR-K1082.63N-L1253.29I-R291ECL3A (3M). The triple mutation increased the potency

of EM-1 approximately 120-fold. Solid lines represent Hill 1 equation fits. Data are presented as mean ± SEM (n � 3—5).
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To deepen our understanding of the dynamic receptor—ligand

interactions, we constructed unbiased molecular dynamics simu-

lation systems for both EM-1/hδ-OR and EM-1/hμ-OR and per-

formed a comprehensive 5-μs conventional molecular dynamics

(CMD) analysis (Supporting Information Fig. S5A—S5C). After

performing extensive conformational sampling over 5 μs, we

found that the binding conformations of EM-1 to μ-OR and δ-OR

were almost indistinguishable, with the only exception being the

differing orientation of the phenyl ring in the Phe4 side chain

(Fig. 5A). This observation implies that the non-conserved amino

acids within the binding pocket do not induce subtype selectivity

by significantly altering the conformation of EM-1 upon binding.

Further interaction analysis between the ligand and receptor

revealed that K1082.63 (equivalent to N1292.63 in hμ-OR) and

L1253.29 (corresponding to I1463.29 in hμ-OR) are key to stabi-

lizing the interaction of EM-1 with hδ-OR (highlighted by solid

orange boxes in Fig. S5B and S5C). The variations at these two

positions between μ-OR and δ-OR may be central to the μ-/δ-OR

selectivity exhibited by EM-1. Importantly, throughout the entire 5

μs CMD sampling, we observed no direct interaction between

EM-1 and R291ECL3, which further strengthens the validity of our

points regarding the dynamic receptor—ligand interactions.

While the structure of the EM-1/μ-OR complex (PDB ID:

87FR) has been determined20, the EM-1/δ-OR complex remains

uncharacterized. Consequently, it is essential to validate the EM-1/

μ-OR structure alongside the homology model for EM-1/δ-OR, as

well as the corresponding receptor—ligand interactions obtained

from CMD simulations (Fig. 5A—C). Notably, mutations in TM1/

4/5 of mδ-OR (Y561.39A, D1283.32A, and V2175.43A) completely

abrogated EM-1’s activation of mδ-OR, whereas mutations in

TM6 (I2776.51A and I3047.39A) only minimally affected its

activation (Fig. 5B and C). Conversely, alanine substitutions at

several TM positions (Y751.39A, N1272.63A, Y1282.64A,

D1473.32A, V2365.43A, I2966.51A, and I3227.39A) caused signifi-

cant reductions in the potency of EM-1 for mμ-OR, indicating that

EM-1 extensively occupies the orthosteric pocket of mμ-OR, in

line with its high-potency binding profile (P < 0.0001,

P < 0.0001, P � 0.002, P < 0.0001, P < 0.0001, P < 0.0001,

P < 0.0001, mutations vs. WT, one-way ANOVA, Dunnett’s

multiple comparison tests, F (7, 16) � 67.27; Fig. 5D and E).

These findings suggest that EM-1’s interaction with residues in

TM6/7 may be less pronounced during δ-OR activation, indirectly

supporting the notion that non-conserved residues in these regions

are unlikely to function as key “address” residues for EM-1’s

subtype selectivity. This is in agreement with the protein—ligand

interaction analysis, which showed minimal interaction between

EM-1 and non-conserved residues (W2846.58 and L3007.35) in the

TM6/7 helices (Fig. S5B), with corresponding mutations not

increasing EM-1’s potency for mδ-OR (Fig. S3B and S3E). Thus,

the dynamic interactions observed between EM-1 and μ-OR or δ-

OR closely correlate with the findings outlined above (Figs. 1—3).

2.4. Non-conserved residues in the orthosteric pocket determine

morphine’s μ-/δ-OR selectivity beyond the “message—address”

model

In the hμ-OR/morphine complex (PDB ID: 8EF6)45, morphine

binds at the bottom of the μ-OR orthosteric pocket, making close

contact with TM regions 5, 6, and 7 (Fig. S2H). Like EM-1, the

conserved residues at the bottom of the pocket form the “mes-

sage” that guides morphine binding, while the non-conserved

residues in TM5/6/7 might serve as the “address” that

Figure 4 Microscale thermophoresis (MST) assay measuring direct binding of EM-1 to WT and mutant mδ-OR in HEK-293T lysates. (A)

Diagram of the MST optical system. MST measurements are conducted in capillaries containing a 10 μL sample volume. Fluorescence excitation

and detection are performed through the same optical objective, while a focused infrared laser generates a localized temperature gradient. This

gradient induces the thermophoretic movement of fluorescent molecules, which is recorded to quantify molecular interactions. (B—F) MST

experiments confirmed direct binding between EM-1 and GFP-tagged WT mδ-OR (B) or its mutant variants (C—F) in HEK-293T cell lysates. (C)

Mutants K1082.63N, (D) R291ECL3A, (E) R292ECL3E, and (F) K1082.63N-L1253.29I-R291ECL3A displayed significantly enhanced binding affinity

for EM-1 relative to WT mδ-OR.
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Figure 5 Molecular interactions and functional assays revealing the binding of EM-1 and morphine to μ-OR and δ-OR. (A) Superimposed

binding poses of EM-1 in hμ-OR (blue stick) and hδ-OR (red stick) after conventional molecular dynamics (CMD) simulations. (B, D) Structural

depiction of molecular interactions between EM-1 and hδ-OR (B) and hμ-OR (D). Key residues mediating interactions with EM-1 and morphine

are highlighted as colorful stick representations. (C, E) Functional characterization of Gi protein activation-induced GIRK4S143T channel currents

in HEK-293 cells expressing mδ-OR (C) or mμ-OR (E) mutants, activated by EM-1. Potency differences (EC50) of mutants are expressed relative

to WT receptors. Statistical analyses: one-way ANOVA with Dunnett’s multiple comparisons test; n � 3; ***P < 0.001, ****P < 0.0001 vs. WT.

F values: F (7, 17) [mδ-OR] � 16.43, F (7, 16) [mμ-OR] � 67.27. Data are presented as mean ± SEM. (F) Superimposed binding poses of

morphine in hμ-OR (blue stick) and hδ-OR (red stick) after CMD simulations. (G, I) Morphine binding interactions with hδ-OR (G) and hμ-OR

(I), with residues participating in interactions visualized as colorful sticks. (H, J) Functional Gi protein activation-induced GIRK4S143T current

responses in HEK-293 cells expressing mδ-OR (H) or mμ-OR (J) mutants activated by morphine. Potency differences (EC50) are shown relative to

WT receptors. Statistical analyses: one-way ANOVA with Dunnett’s multiple comparisons test; n � 3; *P < 0.05, **P < 0.01, ****P < 0.0001

vs. WT. F values: F (7, 18) [mδ-OR] � 8.819, F (7, 16) [mμ-OR] � 46.42.
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determines morphine’s receptor specificity45 (Fig. S2I). Morphine

has a potency of 12.5 ± 3.52 nmol/L for mμ-OR and

256 ± 27.1 nmol/L for mδ-OR, yielding a relative selectivity of

approximately 20.6-fold (Fig. S2G). Using gain-of-function

mutagenesis (Figs. S3C, S3D, and S3F), we identified that mor-

phine’s μ/δ-OR selectivity is driven by interactions with K1082.63

and L3007.35 within the mδ-OR binding pocket (Fig. 3A). When

K1082.63 was mutated to N and L3007.35 to W, morphine’s potency

increased 9.92- and 2.39-fold, respectively (EC50 from 256 ± 27.1

to 25.9 ± 4.65, and 140 ± 6.25 nmol/L; Fig. 3B). The double

mutation (mδ-OR-K1082.63N-L3007.35W) resulted in a 12.3-fold

increase in potency (EC50 from 256 ± 27.1 to

20.7 ± 3.69 nmol/L), narrowing the gap to only 1.67-fold

compared to mμ-OR-WT (EC50 � 12.4 ± 3.53 nmol/L;

Fig. 3B). In our chimera constructs, the δ/μN-terminal Chimera

abolished morphine-induced K+ currents, while the δ/μECL2

Chimera decreased morphine’s potency for mδ-OR by 8.9-fold

(EC50 from 256 ± 27.1 to 2267 ± 196.3 nmol/L; Fig. 3E),

possibly correlated to impaired binding pathway (see below). The

δ/μECL3 Chimera had a minimal effect on potency (EC50 from

256 ± 27.1 to 429 ± 36.1 nmol/L; Fig. 3E). Mutations in mμ-OR-

N1272.63K and mμ-OR-W3187.35L led to a 6.74-and 14.0-fold

reduction in morphine’s potency, respectively (EC50 from

12.4 ± 3.53 to 83.6 ± 32.9, and 174 ± 38.8 nmol/L; Fig. S4C and

S4D), suggesting that orthosteric site rather than ECL3 has an

impact on morphine’s μ/δ selectivity.

To explore the molecular mechanisms behind morphine’s in-

teractions with μ-OR and δ-OR, we performed 5 μs of CMD

simulations for the morphine/hδ-OR and morphine/hμ-OR com-

plexes (Fig. S5D—S5F). The stable binding conformations of

morphine at both receptors were strikingly similar (Fig. 5F, G, and

I), which might explain its low selectivity. Morphine formed

conserved interactions with D3.32 and Y3.33 on TM3, as well as

hydrophobic interactions with V5.43 and I6.51 on TM5/6 (Fig. S5E

and S5F). Mutations at these sites caused significant reductions in

morphine-induced activation (Fig. 5H and J). However, morphine

did not interact significantly with the critical selectivity residue

K1082.63 (corresponding to N1292.63 in hμ-OR; Fig. S5E and

S5F), as verified by the cryo-EM structure of the hμ-OR/

morphine complex (PDB ID: 8EF6)45 (Fig. S2H). Nevertheless,

K1082.63 is crucial for morphine’s μ/δ selectivity, suggesting that

the “message—address” model does not fully explain the molec-

ular basis for this selectivity. Notably, mutations of K1082.63 to

Ala or Asn increased the potency of both EM-1 and morphine for

mδ-OR (Fig. 5C and H), indicating that K1082.63, role in selec-

tivity may stem from steric effects rather than direct ligan-

d‒residue polar interactions.

2.5. EM-1 utilizes a binding pathway to the orthosteric pocket

similarly to ß-endorphin’s Y1G2G3F4 motif, while morphine

follows a different way

The μ-/δ-OR selectivity of EM-1, morphine, and ß-endorphin

challenges the simplistic “message—address” hypothesis within

the orthosteric pocket (Figs. 2—5). Interactions between amino

acids from the ECL and N-terminal regions possibly influence the

accessibility of the orthosteric pocket, thereby modulating re-

ceptor selectivity. Additionally, ECL3 plays a critical role in EM-

1’s binding to the δ-OR orthosteric pocket, contributing additional

subtype selectivity, while its influence on morphine’s binding to δ-

OR is minimal (Fig. 3E). Thus, we propose that morphine and

EM-1 adopt distinct binding pathways to δ-OR, which accounts

for their contrasting μ-/δ-OR selectivity. To explore this further,

we employed MetaD simulations, performing enhanced sampling

on hμ-OR/morphine (CV1, the distance between the hydroxyl

oxygen of D1493.32 and N2 of morphine; CV2, the distance be-

tween the Cα of W2956.48 and N2 of morphine, Supporting In-

formation Fig. S6A) and hμ-OR/EM-1 (CV1, the distance

between the hydroxyl oxygen of D1493.32 and N8 of EM-1; CV2,

the dihedral angles formed by CαY1, CαP2, CαW3, and CαF4, of

EM-1, Fig. S6B). These MetaD simulations revealed distinct

pathways for morphine and EM-1 to bind to the receptor orthos-

teric pocket (Fig. S6A and S6B): morphine enters via a large gap

between ECL2 and TM5 (Fig. 6A and C), while EM-1 enters

through a smaller gap formed by ECL3, ECL1, and the N-terminal

(Fig. 6B and C). This difference may explain why morphine’s

binding to the receptor is not influenced by ECL3.

To validate our hypothesis further, we designed engineered

zinc bridges to modify the binding pathways of EM-1 and

morphine into mδ-OR (Fig. 6D and E). The zinc bridge, formed by

interactions between Zn2+ (ZnCl2) and histidine51-53, stabilizes

receptor conformation and prevents ligand entry. A wealth of

structural studies establishes that the canonical zinc coordination

with histidine nitrogen typically features a bond angle close to

∼95—110◦ and a bond length around 1.95—2.25 Å53,54. We

constructed closed-state models of mδ-OR-Q190ECL2H/-

Q201ECL2H and mδ-OR-S45N-terminalH/E112ECL1H, in which the

initial zinc-bridge geometries conformed well to the canonical

bond angles and lengths52 (Fig. S6C). Throughout 1.2 μs of CMD

simulations, the NE2(Q201ECL2H)-Zn2+-NE2(Q190ECL2H) coor-

dination angle consistently fluctuated within ∼105—109◦

(Fig. S6D). The distances betweenNE2(Q201ECL2H)-Zn2+ and

Zn2+-NE2(Q190ECL2H) remained stably around 2.2 and 2.3 Å,

respectively, while the Cß—Cß distance between Q201ECL2H-

Q190ECL2H fluctuated steadily around 7.7 Å (Fig. S6E) suggesting

robust coordination of Zn2+ by NE2 atoms of both histidine

substitutions. Furthermore, the side-chain dihedral angles (Cα-Cß-

Cγ-ND1) of Q201ECL2H and Q190ECL2H maintained consistent

values near 120 and 50◦, respectively (Fig. S6F), indicating

conformational stabilization upon zinc coordination. Similarly, the

stability of the engineered zinc bridge between S45N-terminalH and

E112ECL1H was evaluated via a 1.2 μs CMD simulation

(Fig. S6G). The NE2(S45N-terminalH)-Zn2+-NE2(E112ECL1H)

bond angle, the Cß—Cß distance between S45N-terminalH and

E112ECL1H, and the NE2—Zn2+ coordination distances all

remained highly stable, fluctuating within 107—111◦, ∼9.5,

∼2.2, and ∼2.4 Å, respectively (Fig. S6H and S6I). The dihedral

angles (Cα—Cß—Cγ—ND1) of both residues also persisted near

120 and 60◦ (Fig. S6J), indicating that coordination with Zn2+

constrained their conformational flexibility. Collectively, these

findings suggest that our engineered zinc bridges fulfill key

valence geometry criteria and represent structurally plausible co-

ordination complexes.

Next, in the mδ-OR-Q190ECL2H/Q201ECL2H double mutant,

the zinc bridge formed by Q190ECL2H and Q201ECL2H residues

reduced morphine-induced GIRKS143T currents by approximately

80%, without affecting EM-1’s activation of mδ-OR (Fig. 6D,

P � 0.0005, unpaired t-test; ZnCl2, 1 mmol/L). In contrast, in the

mδ-OR-S45N-terminalH/E112ECL1H double mutant, the zinc bridge

between S45N-terminalH and E112ECL1H reduced EM-1-induced

GIRKS143T currents by about 50%, but had no effect

on morphine activation of mδ-OR (Fig. 6E, P � 0.0016,

unpaired t-test). 1 mmol/L ZnCl2, as a control, did not alter

EM-1 or morphine activation of WT mδ-OR, mδ-OR-Q190ECL2H,
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mδ-OR-Q201ECL2H (Supporting Information Fig. S7A—S7C);

3 mmol/L ZnCl2 did not alter EM-1 or morphine activation of mδ-

OR-S45N-terminalH, mδ-OR-E112ECL1H (Fig. S7D and S7E). Sta-

bilization of ECL2 by the engineered zinc bridge hindered

morphine binding to mδ-OR, suggesting a significant interaction

between morphine and ECL2 before entering the orthosteric

pocket. Conversely, stabilization of N-terminal-ECL1 blocked

EM-1 binding to mδ-OR, highlighting a prominent interaction

between EM-1 and the N-terminal during the binding process.

Additionally, mutating mδ-OR-Q201ECL2 to Arg, increasing

steric hindrance, reduced morphine’s potency by approximately

3.82-fold (EC50 from 256 ± 27.1 to 980 ± 180 nmol/L, Fig. S7F),

while EM-1’s potency for mδ-OR-Q201ECL2R increased by

approximately 1.45-fold (EC50 from 1708 ± 102 to

1172± 13 nmol/L, Fig. S7F). Deletion of the larger steric group mδ-

OR-R291ECL3 resulted in a 4.62-fold increase in EM-1’s potency for

mδ-OR (EC50 from 1708 ± 102 to 369 ± 15 nmol/L, Fig. S7F),

whereas morphine’s potency increased by 1.36-fold (EC50 from

256 ± 27 to 188 ± 24 nmol/L, Fig. S7F and S7G). The Q201ECL2R

mutation had a more substantial impact on morphine binding

(P � 0.0025, EM-1 vs. morphine, two-way ANOVA, Sidak’s

multiple comparison tests, F (2, 15) � 5.080; Fig. S7G), while the

R291ECL3 deletion mutation more notably affected EM-1 binding

(P � 0.0448, EM-1 vs. morphine, two-way ANOVA, Sidak’s

multiple comparisons test, F (2, 15) � 5.080; Fig. S7G). These

findings from engineered zinc bridge and site-directed mutagenesis

support the point that EM-1 and morphine may utilize distinct

pathways to access the mδ-OR orthosteric pocket.

2.6. Morphine and EM-1 induce distinct conformational

changes in extracellular flexible regions of the mδ-OR upon

binding to the orthosteric pocket

To bolster the evidence of their entry into the orthosteric pocket

and to illuminate their interactions with ECL and N-terminal re-

gions during binding, we utilized unnatural flUAA insertion

coupled with VCF analysis. The flUAA 3-(6-acetylnaphthalen-2-

ylamino)-2-aminopropanoic acid (Anap) is a noncanonical amino

acid endowed with an environment-sensitive fluorescent group,

the emission wavelength of which shifts in response to alterations

in solvent polarity55,56. Changes in conformation at the Anap site

or in adjacent residues, which affect the local hydrophobicity, lead

to a corresponding shift in the maximum absorption wavelength

(Fig. 7A and B). A stop codon (TAG) was introduced at specific

residues of mδ-OR (ECL1: M111, F116; ECL2: D193, Q201;

TM6: W284; ECL3: V287, R291, R292), and Anap was incor-

porated through tRNA-CUA and tRNA synthetase-specific inser-

tion (Fig. 7C and D). Compared to EM-1, morphine binding to

mδ-D193ECL2TAG and mδ-D201ECL2TAG resulted in a more

pronounced shift in the maximum emission wavelength of Anap

(P � 0.0483 and 0.0015, respectively, EM-1 vs. morphine, two-

way ANOVA, Sidak’s multiple comparisons test, F (7,

131) � 10.11; Fig. 7E and F). Conversely, when mδ-OR-

R291ECL3TAG and mδ-OR-R292ECL3TAG was activated, EM-1

caused a more significant shift in the maximum emission wave-

length of Anap compared to morphine (P < 0.0001, P < 0.0001,

EM-1 vs. morphine, Sidak’s multiple comparison tests, F (7,

Figure 6 Morphine and EM-1 possibly utilize distinct pathways to access the orthosteric pocket of ORs. (A) Morphine accesses the orthosteric

pocket of hμ-OR through a cleft between ECL2 and TM5, as shown in the top (right) and side(left) views. Morphine is represented as sticks, and

the receptor structure as a cartoon. (B) EM-1 follows a distinct pathway, entering the hμ-OR orthosteric pocket through a cleft formed by the

N-terminal domain and ECL3, illustrated in top (left) and side (right) views. EM-1 is represented as sticks, and the receptor as a cartoon. (C)

Visualization of the two binding pathways for morphine (orange) and EM-1 (blue). Pathway 1 (morphine) exhibits a greater average radius

compared to pathway 2 (EM-1). (D) Zinc coordination between Q201ECL2H and Q190ECL2H forms an artificial zinc bridge (left). Representative

whole-cell patch clamp recordings (middle) and pooled data (right) demonstrate ligand-induced GIRK4S143T currents in mδ-OR-Q190ECL2H-

Q201ECL2H transfected cells upon treatment with morphine (>10 μmol/L) or EM-1 (>1 μmol/L)) in ZnCl2 (1 mmol/L). Current ratios before and

after ZnCl2 treatment are shown. Each data point corresponds to an independent cell (n � 3—4). Statistical comparison: EM-1 vs. morphine,

unpaired t-test. Data are presented as mean ± SEM. (E) Zinc coordination between S45N-terminalH and E112ECL1H create a similar zinc bridge

(left). Whole-cell patch clamp recordings (middle) and pooled data (right) show ligand-induced currents in mδ-OR-S45N-terminalH-E112ECL1H-

transfected cells in the presence of ZnCl2 (3 mmol/L). Data represent current ratios before and after ZnCl2 treatment. Each point represents a cell

(n � 3—4). Statistical comparison: EM-1 vs. morphine, unpaired t-test. Data are presented as mean ± SEM.
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131) � 10.11; Fig. 7E and F). These results suggest that the

distinct Anap signal variations elicited by morphine and EM-1

reflect their capacity to induce divergent conformational changes

in specific regions of the receptor. Morphine primarily drives

notable conformational alterations in ECL2, whereas EM-1 ex-

hibits a stronger interaction with ECL3, consistent with their

respective binding mechanisms.

2.7. Combined N-terminal substitution and triple mutation

K1082.63N/L1253.29I/R291ECL3A in mδ-OR enhance EM-1 potency

to levels comparable with WT mμ-OR

The N-terminal structure plays a critical role in embedding the

orthosteric pockets in both mδ-OR and mμ-OR (Fig. 8A), while

also partitioning the ligand entry pathways32 into distinct regions

(Fig. 6A—C). This indicates that the N-terminal may interact

synergistically with different ECLs to modulate ligand access to

the orthosteric pocket. Although altering the size of N-terminal

amino acid side chains can “reclaim” μ/δ-OR selectivity for the

non-selective peptide ß-endorphin, introducing N-terminal chi-

meras in studies involving EM-1 and morphine resulted in re-

ceptor dysfunction (Fig. 3E). To refine our understanding of the

N-terminal’s essential role in μ/δ-OR selectivity, we took a more

cautious strategy by replacing N-terminal residues near TM1

every three amino acids, generating five triple mutants. The mδ-

OR-PSA(28—30)-LGG mutant, in particular, increased the EC50

for EM-1 by 4.39-fold (from 1728 ± 102 to 389 ± 25.9 nmol/L,

Fig. 8B), with other mutants showing modest increases in potency.

Next, we incorporated N-terminal modifications into the mδ-

OR-3M mutant (K1082.63N/L1253.29I/R291ECL3A), achieving an

EM-1 potency of 8.4 ± 0.23 nmol/L, a remarkable 203-fold

improvement over WT mδ-OR (Fig. 8C), and only 7.71-fold

lower than WT mμ-OR. MST analysis further confirmed a direct

binding affinity of 1.03 ± 0.48 nmol/L for EM-1 to the mδ-OR-

3M-PSA(28—30)-LGG mutant, a 2859-fold increase compared to

the WT receptor (Fig. 8D). The enhanced binding of EM-1 to mδ-

OR with N-terminal modifications highlights the pivotal role of

the N-terminal in shaping EM-1’s subtype selectivity. A signifi-

cant shift in the emission wavelength of the Anap group inserted at

the S37N-terminal position provides further evidence of a substantial

conformational change in the N-terminal upon EM-1 binding

(P � 0.0002, unpaired t-test; Fig. 8E and F).

The data presented herein suggest that the non-conserved

N-terminal and ECL3 regions are critical contributors to the se-

lective recognition of EM-1, primarily through steric constraints

imposed on its bulkier side chains during receptor engagement.

Conversely, these selectivity-conferring regions appear ineffective

in discriminating the flexible ß-endorphin, which possesses

Figure 7 Fluorescent unnatural amino acid (flUAA) incorporation and voltage-clamp fluorometry (VCF) reveal distinct conformational

changes during mδ-OR activation by EM-1 and morphine. (A) The molecular structure of L-Anap, the flUAA employed. (B) A diagram illus-

trating the effect of local hydrophilicity changes on the emission spectrum of L-Anap. (C) The approach used to incorporate L-Anap into specific

sites within the mδ-OR structure. (D) Top view of the receptor, showing L-Anap integrated into the ligand-binding pathway. Red arrows indicate

the respective binding pathways of EM-1 (green) and morphine (pink). (E) Emission peak shifts observed with L-Anap at residues 201 (ECL2) and

292 (ECL3) in response to saturating EM-1 (red) or morphine (blue) compared to bath solution (black). (F) Quantitative analysis of emission peak

shifts under ligand treatment. Data points (shown as circles) represent mean ± SEM from n � 6—14 independent experiments. Statistical analysis

was performed using two-way ANOVA with Sidak’s multiple comparisons test (F (7, 131) � 10.11).
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smaller side chains and a more adaptable sequence. Consistent

with this, ß-endorphin activates mδ/μN-terminal chimera, mδ/μECL2

chimera, mδ/μECL3 chimeras with EC50 values of 10.3 ± 0.9,

20.2 ± 5.2, and 45.8 ± 6.9 nmol/L, respectively (Fig. 8G), rep-

resenting approximately one-, two-, and five-fold decreases in

efficacy relative to the wild-type receptor. The pronounced

(>1500-fold) disparity in EM-1 potency between mμ-OR and mδ-

OR (Fig. S2E) further substantiates the notion that ß-endorphin’s

flexibility and reduced steric hindrance render the receptor

domain swaps insufficient to induce significant μ/δ subtype

selectivity.

To explore the ligand—N-terminal interactions in greater

detail, we employed the BU72/mμ-OR (PDB ID: 5C1M) model

to supplement partial N-terminal sequences in the EM-1-hμ-OR,

morphine-hμ-OR, and ß-endorphin-hμ-OR systems, followed by

CMD simulations. The key amino acids involved in persistent

interactions between EM-1, morphine, and hμ-OR were consis-

tent with the results of the initial CMD simulations (Supporting

Information Figs. S5 and S8). Notably, morphine forms transient

water-bridging and hydrogen-bonding interactions with residue

D56 of the N-terminal (yellow solid line box, Fig. S8A), a similar

interaction seen in the BU72—mMOR complex32. In contrast,

EM-1 showed minimal detectable interactions with the

N-terminal (Fig. S8B). These findings suggest that the

N-terminal, similar to ECL3, contributes to the specific confor-

mation that defines the EM-1 binding pathway, influencing

pocket accessibility without altering the stable binding state of

EM-1 to the receptor.

Figure 8 Impact of the N-terminal on the binding dynamics of EM-1 to mδ-OR and mμ-OR. (A) Side view of the homology models for the

N-terminal regions of mμ-OR (orange) and mδ-OR (blue), based on the BU72/mμ‒OR complex (PDB ID: 5C1M). (B, C) Concen-

tration‒response curves for Gi protein activation induced by EM-1 in WT mδ-OR and N-terminal mutants. The solid lines represent the fits to the

Hill 1 equation (n � 3—5). Data are expressed as mean ± SEM. (D) MST analysis detecting direct binding between eGFP-tagged mδ-OR-3M-

PSA (28—30) LGG and EM-1 in lysates from HEK293T cells expressing the tagged receptor. (E) Representative shifts in the emission peak

observed in HEK293T cells transfected with mδ-OR-S37N-terminalTAG and mδ-OR WT. Data points: black (bath solution), red (saturating EM-1).

(F) Pooled emission peak shift data for mδ-OR-S37N-terminalTAG versus WT mδ-OR following saturating EM-1 treatment. Statistical analysis was

performed using an unpaired t-test. Data are presented as mean ± SEM, with individual data points shown as circles. (G) Concentration-response

curves for Gi protein activation induced by ß-endorphin in WT mδ-OR and mδ/μN-terminal, mδ/μECL2 and mδ/μECL3 chimeras. The solid lines

represent the fits to the Hill 1 equation. Data are expressed as mean ± SEM (n � 3).
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Finally, correct plasma membrane localization and expression

are prerequisites for the functional performance of membrane

proteins57-59. To eliminate the confounding effects of altered re-

ceptor surface expression on functional outputs, we systematically

evaluated current density (pA/pF)60,61―an established proxy for

membrane protein abundance―across key mutants and chimeric

constructs. Leu-enkephalin (Leu-ENK, 10 μmol/L), a full agonist,

was used at saturating concentration to activate mδ-OR and its

variants (Supporting Information Fig. S9A). Mutants L1253.29I,

K1082.63N, L3007.35W, R291ECL3A, K1082.63N-L1253.29I,

K1082.63N-L1253.29I-R291ECL3A (3M), 3M-PSA(28—30)-LGG,

K1082.63N-L3007.35W, and chimeras such as mδ/μ(ECL2) and mδ/

μ(ECL3) all exhibited maximum currents statistically indistin-

guishable from wild-type receptor (one-way ANOVA, F (11,

46) � 3.815, Fig. S9A). The only construct demonstrating

significantly attenuated current amplitude was the mδ/μ(N-ter-

minal) chimera (*P < 0.05, Fig. S9A). These results imply that,

with the exception of the N-terminal chimera, the observed

functionality of the mutants is not attributable to differential sur-

face expression.

To rigorously validate the membrane localization of the re-

ceptors, we isolated membrane proteins from HEK293T cells,

encompassing both plasma membrane components and proteins

from other intracellular membranes, employing a commercially

available membrane and cytosol protein extraction kit (Beyotime

Biotechnology, P0033)62,63. All remaining mutants and chimeras

exhibited membrane expression levels comparable to that of the

WT receptor, with the L1253.29I mutant even showing a modest

increase, indicating intact receptor trafficking to the plasma

membrane (*P < 0.05; mutants and chimeras vs. WT, one-way

ANOVA, F (11, 35) � 4.226; Fig. S9B and S9C). Notably,

despite reduced current density, the mδ/μ(N-terminal) chimera

displayed no detectable difference in membrane expression rela-

tive to WT, suggesting that its diminished maximal response may

arise from altered ligand accessibility or activation-associated

conformational dynamics.

Figure 9 Mechanism of ligand selectivity in μ- and δ-opioid receptors via the “non-message—address” paradigm. (A) Diagram illustrating the

contributions of the “message” and “address” motifs in opioid receptor ligand recognition. The “message” structure (gray) engages conserved

amino acids at the receptor binding pocket’s base, facilitating receptor activation. Meanwhile, the “address” structure (yellow) interacts with non-

conserved amino acids at the top of the pocket, playing a crucial role in ligand selectivity. (B, C) Overview of the “non-message—address” model

of ligand binding. Ligands follow distinct pathways with varying accessibility to the receptor binding pocket (B). Arrows indicate the different

routes through which ligands bind. Ligands may utilize the same pathway to bind to different receptor subtypes; however, interactions with non-

conserved amino acids along these pathways limit ligand accessibility and lead to diverse receptor activation profiles (C). Non-conserved amino

acids are indicated by yellow and red squares. (D) Schematic of the ligand‒receptor binding process, highlighting its two stages: “entry” and

“binding”. High-affinity ligands rapidly and efficiently access the receptor binding pocket (left, red), while low-affinity ligands struggle to enter

(right, blue). In the second stage, high-affinity ligands bind tightly and strongly activate the receptor, whereas low-affinity ligands result in weaker

binding and activation.

1542 Xin Zhang et al.



3. Discussion

The “message—address” theory not only guides the design and

synthesis of opioid receptor-selective ligands, but also provides a

comprehensive framework for understanding the ligand—receptor

recognition patterns and activation mechanisms18,20-22,64,65,

thereby advancing our knowledge of opioid receptor signal

transduction. Ligand—receptor binding is a dynamic and contin-

uous process66 (Fig. 9A). However, the “message—address” theory

primarily describes the stable binding state between ligands and

receptors, overlooking the dynamics of the binding process itself28

(Fig. 9B and C). Our data reveal that the selective binding of EM-

1 to opioid receptors is influenced not only by non-selective amino

acids in the binding pocket, but also by non-conserved residues in

ECLs (Fig. 3). The effect of R291ECL3 on EM-1 binding cannot be

explained by the “message—address” theory (Fig. 3F), as no direct

interaction between EM-1 and R291ECL3 is observed in the hμ-

OR/EM-1 complex structure (PDB ID: 8F7R)20 (Fig. S2E).

Similarly, while the K2.63 residue in the binding pocket is pri-

marily responsible for the μ/δ selectivity of morphine (Fig. 3B),

there is no direct or evident interaction between this site and

morphine (Fig. S2H), further challenging the “message—address”

model. Previous studies of opioid receptor ligand selectivity have

focused mainly on non-conserved amino acid residues that

directly interact with ligands in the binding pocket18,19,67, with

less emphasis on the role of non-conserved regions above the

pocket. Through analysis of the hμ-OR/ß-endorphin complex

(PDB ID: 8F7Q) and site-directed mutagenesis, we propose that

ligands adopt specific binding paths to interact with opioid re-

ceptors, and that the binding process is modulated by non-

conserved amino acids in the flexible regions of ECL1, ECL2,

ECL3, and the N-terminal. To explore further how regions above

the binding pocket contribute to ligand subtype selectivity, we

examined two ligands―EM-1 and morphine―that fully occupy

the orthosteric pocket. Using chimeric constructs and extensive

site-directed mutagenesis, we identified key amino acid residues

that influence the μ/δ-OR selectivity of both ligands. The highly

selective EM-1 distinguishes μ-OR from δ-OR by relying on K2.63

and L3.29 in the binding pocket, and non-conserved residues in

ECL3 and the N-terminal. In contrast, the less selective morphine

relies on the K2.63 residue in the binding pocket. Our methods,

including MetaD and CMD conformational sampling, artificial

zinc bridge construction, and flUAA Anap insertion and VCF

analysis, reveal that ß-endorphin, EM-1, and morphine follow

distinct, narrow or broad pathways to reach the orthosteric pocket,

offering new insights into μ/δ-OR selectivity. This “non-messa-

ge—address” selective mechanism refines and complements the

“message—address” theory of the μ/δ-OR orthosteric pocket.

Ligands may adopt different binding paths to interact with

receptors, depending on their molecular structure, as exemplified

by EM-1 and morphine (Fig. 9B). Alternatively, the same ligand

may follow a similar binding path for a specific receptor subtype,

but variations in accessibility and conformational changes induced

by non-conserved amino acids along the binding path might lead

to differences in ligand binding and distinct agonistic effects68

(Fig. 9C). Whether such variations exist remains to be further

investigated, such as the possibility of subtle differences between

EM-1 and ß-endorphin that affect downstream functionality in

mμ-OR. Therefore, the ligand-OR orthosteric pocket interactions

can be divided into two stages―entry and binding―that together

influence ligand affinity, selectivity, and downstream effects. First,

ligands enter the receptor’s binding pocket via specific pathways,

with accessibility varying across receptor subtypes, affecting

ligand affinity. Second, ligands bind stably in a specific confor-

mation, with binding influenced by the selectivity determined by

non-conserved amino acids in the pocket (Fig. 9D). Our data show

that flexible regions above the orthosteric pocket could affect

ligand binding. For example, the chimeric construct mδ-OR-

K1082.63N/L1253.29I enhances the potency of EM-1 for mδ-OR by

approximately 28-fold (Fig. 3C). Further introduction of ECL3

residues in mδ-OR-K1082.63N-L1253.29I-R291ECL3A (3M) in-

creases EM-1’s potency by approximately 120-fold (Fig. 3F).

Adding N-terminal residues in mδ-OR-3M-PSA(28—30)LGG el-

evates EM-1’s potency to 8.4 ± 0.23 nmol/L, a 203-fold increase

compared to mδ-OR-WT (Fig. 8C), which is only 7.71 times

weaker than EM-1’s potency for mμ-OR-WT. Additionally, MST

measurements show that the direct binding affinity of EM-1 for

mδ-OR-3M-PSA(28—30)LGG is 1.03 ± 0.48 nmol/L, a 2859-fold

increase compared to WT (Fig. 8D), suggesting that the amino

acids in ECL3 and the N-terminal are crucial for determining the

accessibility and μ/δ-OR selectivity of EM-1.

The “non-message—address” mechanism elucidated here may

also apply to ligand recognition and binding in other class A

GPCRs (Class B and C GPCRs may differ in mechanism due to

differences in N-terminal length and three-dimensional architec-

ture44), including other endogenous opioid peptides such as

enkephalin, endorphin, dynorphin and nociceptin, and their cor-

responding receptor subtypes13,69,70. The evolutionary mecha-

nisms driving selectivity in these peptides remain unclear. Non-

selective enkephalins and endorphins share a common

N-terminal sequence (Y1G2G3F4) and adopt specific binding paths

to the opioid receptor’s orthosteric pocket. Due to their small side-

chain structure and greater flexibility, these peptides pass through

the “filter” formed by non-conserved amino acids in the ECL1-3

and N-terminal regions, resulting in a lack of receptor selec-

tivity20. In contrast, dynorphins, which are selective for κ-OR and

share the Y1G2G3F4 structure, exhibit κ/μ/δ selectivity ratios of

1:120:17420,71. Endogenous peptides like EM-1 (Y1P2W3F4) and

EM-2 (Y1P2F3F4) show more than 1500-fold μ/δ subtype selec-

tivity31 (Fig. S2D). This likely results from evolutionary

reductions in peptide length and increases in the N-terminal side

chain size, which enhance selectivity by allowing these larger side

chains to interact more strongly with the “filter” of non-conserved

residues in the ECL1-3 and N-terminal regions. Thus, selectivity

in endogenous peptide ligands may be largely encoded by the

“YXXF” motif at the N-terminal that enters the orthosteric pocket.

Additionally, modifying the first amino acid of the Y1G2G3F4

motif to F1G2G3F4 results in nociceptin, a σ-OR-selective

ligand20,72,73. Exogenous high-selectivity peptide ligands, such as

DAMGO(Y1-{D-Ala}2-G-{Me-Phe}3-G-ol4)74 and deltorphin

(Y1A2F3E4V5V6G7)75, can also be engineered by modifying the

side-chain structure of the YXXF motif. The mechanisms under-

lying receptor subtype selectivity for these ligands are still being

elucidated.

The binding pathways of EM-1, morphine, and ß-endorphin

are defined by intricate molecular interactions and structural dy-

namics, warranting detailed discussion. The Y1G2W3F4 sequence

of EM-1 follows a binding path similar to that of ß-endorphin in

the hμ-OR/ß-endorphin complex20 (Fig. 6B), with ß-endorphin

likely entering the binding pocket from the ECL1-N-terminal re-

gion (Fig. 1D and Figs. S1—S4). In contrast, EM-1 engages the

orthosteric pocket via a cleft delineated by the N-terminal region

and ECL3 (Fig. 6B and C). Morphine diverges further, entering

the orthosteric pocket through a broader region spanning ECL2
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and TM5 (Fig. 6A and C). These pathways are governed by the

interplay between the ligands’ molecular properties and the

extracellular conformational dynamics of the receptor. For ß-

endorphin, its Y1G2G3F4 sequence, characterized by smaller side

chains and greater flexibility (Fig. 1D), ensures an unimpeded path

through the ECL1-N-terminal interface to the orthosteric pocket

of μ-OR or δ-OR. In contrast, the bulkier side chains of EM-1’s

Y1P2W3F4 motif result in pronounced accessibility differences

(Fig. S2E), allowing EM-1 to enter μ-OR through the N-terminal-

ECL3 cleft. However, the ECL3 region of mδ-OR, enriched in

arginine residues, imposes greater resistance, explaining EM-1’s

μ/δ selectivity exceeding 1500-fold. Morphine, with its rigid

polycyclic core and isoquinoline scaffold and wider lateral radius

(Fig. S5D), utilizes the expansive ECL2—TM5 region as its entry

point (Fig. 6A and C). The absence of marked accessibility dif-

ferences in this region between μ-OR and δ-OR likely underlies

morphine’s limited subtype selectivity. The distinct binding

pathways of these three ligands are shaped by three critical fac-

tors: (1) the semi-embedded architecture of the μ/δ-OR orthosteric

pocket, (2) the bifurcation of the entry point by the N-terminal

region, and (3) the differential spatial constraints posed by

linear peptides versus rigid small molecules. Importantly, ligand

access to the orthosteric pocket is not solely determined by the

size or diameter of the entry point but rather by the comprehensive

structural characteristics of the binding pathway. This structural

complexity fine-tunes ligand selectivity, as evidenced by side-

chain modifications influencing μ/δ-OR selectivity in varied and

ligand-specific ways (e.g., ß-endorphin; Fig. 2).

Despite significant advances in structural biology18-20,32,36,45,76,

the full architecture of the opioid receptor N-terminal

region remains unresolved in most ligand—receptor complexes.

This gap in structural information limits our understanding of the

N-terminal’s role in ligand recognition, receptor binding, activation,

and downstream signal transduction. Opioid receptor ligands

encompass a diverse repertoire, including endogenous short and

long peptides, exogenous small molecules like morphine, and

emerging biased ligands. Our findings demonstrate that these

ligands induce conformational changes in the N-terminal and ECL

regions, modulating binding affinity and functional selectivity. As

loosely coupled proteins, GPCRs transmit subtle differences in

ligand binding into distinct downstream signaling responses15.

Thus, investigating the dynamic interplay between ligands and

GPCRs, particularly focusing on orthosteric pocket accessibility in

μ/δ-OR, provides a promising strategy for the rational design of

functionally selective and subtype-selective ligands.

Finally, reducing the adverse effects of opioid analgesics re-

mains a primary focus of drug development77. Although μ-OR-

targeted drugs exhibit unparalleled analgesic potency, their severe

side effects stemming from receptor hyperactivation constrain

their clinical utility. Emerging studies highlight the potential of

multitarget ligands that engage multiple opioid receptor subtypes,

achieving robust analgesia with reduced side effects78. Dual μ-

OR/κ-OR agonists like oxycodone79 and κ-OR agonists with μ-

OR antagonistic properties like dezocine80 exemplify this

approach. While these agents lack high subtype selectivity, their

complementary pharmacological effects mitigate adverse out-

comes. Additionally, G protein-biased μ-OR agonists, such as

TRV13081, Tegileridine82, retain analgesic efficacy while mini-

mizing side effects83. These findings underscore that both func-

tional and subtype selectivity are crucial for improving the safety

profile of opioid therapeutics. Designing bivalent ligands with

functional bias, such as dual μ/κ-OR agonists4,78, represents a

promising avenue for next-generation opioid analgesics.

4. Conclusions

In conclusion, the “non-message—address” selectivity mechanism

proposed herein augments the classical “message—address” theory

by elucidating an additional layer of complexity in μ/δ-OR

orthosteric pocket interactions. This mechanism not only deepens

our understanding of the evolutionary underpinnings of endoge-

nous peptide selectivity but also provides a conceptual framework

for designing innovative opioid ligands with improved efficacy

and reduced side effects. Comprehensive elucidation of the

structural and molecular determinants underlying subtypes and

functional selectivity, including the “non-message—address”

mechanism described here, will be instrumental in guiding the

development of safer and more effective opioid therapeutics.

5. Experimental

5.1. Chemical agents and mutagenesis

All compounds were purchased from Sigma—Aldrich (St. Louis,

USA) except for endomorphin-1 (Aladdin, China), ß-endorphin

(Aladdin, China). The plasmid mμ-OR-pIRES2-eGFP, mδ-OR-

pIRES2-eGFP, mμ-OR-eYFP-pcDNA3.1+, mμ-OR-eGFP-

pcDNA3.1+ are constructed through homologous recombination

and confirmed by DNA sequencing. The plasmid-containing

AnapRS and the corresponding tRNAs were generously pro-

vided by Dr. Wei Yang (School of Medicine, Zhejiang University,

China). All mutations and chimeras were generated with the

KOD-Plus-Mutagenesis Kit and confirmed by DNA sequencing.

5.2. Cell culture and electrophysiology

Human embryonic kidney (HEK-293) cells were cultured in

DMEM medium adding 1% penicillin/streptomycin (Gibco), 1%

glutamate (Gibco) and 10% FBS (PAM) at 37 ◦C in a humidified

atmosphere of 5% CO2 and 95% air. The plasmids of mμ-OR,

mδ-OR and GIRK4S143T was transiently co-transfected in

HEK293 cells in a ratio 2:0.5 with the transfection agent containing

two types of solutions (solution A contains 250 mmol/L CaCl2 in

pure water; solution B contains (in mmol/L) 1.5 Na2HPO4, 140

NaCl, and 50 HEPES, and pH was adjusted to 6.96).

All electrophysiological recordings were performed at room

temperature (23 ± 2 ◦C) with Axon200B on HEK293 cells after at

least 24 h transfection84. The conventional whole-cell configura-

tion was performed under the voltage clamp with a holding po-

tential of − 60 mV. Patch pipettes had a resistance ranging from 3

to 5 MΩ when filled with intracellular solution containing (in

mmol/L) 30 NaCl, 0.5 CaCl2·2H2O, 10 HEPES, 120 KCl, 1

MgCl2·6H2O and 5 EGTA with pH adjusted to 7.4 by Tris-base.

Throughout the whole-cell recordings, cells were bathed in the

standard external solution containing (in mmol/L) 150 NaCl, 5

KCl, 10 glucose, 2 CaCl2·2H2 O, 10 HEPES and 1 MgCl2·6H2O

with pH being adjusted to 7.4. The high concentration of K+

solution contained (in mmol/L) 155 KCl, 10 glucose, 2

CaCl2·2H2O, 10 HEPES and 1 MgCl2·6H2O with pH being

adjusted to 7.4 by KOH, and was used to induce the inward cur-

rent of GIRK4S143T channel. All agonists were dissolved and
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diluted by the standard external solution. Membrane current sig-

nals were amplified by a patch clamp amplifier (Axon200B, Axon

Instruments, Foster City, CA, USA) with low-pass filtering at

1 kHz using low-pass Bessel filters and 0.5 of output gain (α)

(low-pass filter at 2 kHz and 50 of output gain (α) for single-

channel recordings). A Digidata 1440B interface and a computer

running the Clampex and Clampfit 10.6 software (Molecular

Devices) were used to sample and analyze all currents.

5.3. Fluorescent unnatural amino acid (flUAA) incorporation

and the voltage-clamp fluorometry (VCF) analysis

As we previously described85, HEK293T cells were cultured in a

medium supplemented with 20 μmol/L L-Anap (AsisChem Inc.).

The plasmid containing AnapRS, the corresponding tRNA, and

receptor plasmids carrying wild-type (WT) or mutated genes were

co-transfected into cells using Lipofectamine� 3000 reagents. The

Anap-added medium was changed every 8 to 24 h and then

replaced with L-Anap-free culture medium for 24 h to fully ex-

press the channel prior to the experiment.

Anap fluorescence was excited by a wLS LED light source

(PHOTOMETRICS, Tucson, USA) using BP340—390 excitation

filters, DM410 dichroic filters and BA420-IF emission filters. The

emission spectra of Anap were captured using an Acton

SpectraPro SP-2150 spectrometer (Princeton Instruments) and a

Prime 95 B CCD camera (Photometrics), and the emission peak

value was found by fitting the spectrum with a tilted Gaussian

distribution55. Briefly, the emission spectra of individual cells

before and after administration of μ-OR ligands, were recorded

with the use of an excitation filter of 340—390 nm (UV). For each

cell, the maximum intensity was determined after subtracting the

background, and the emission intensities at individual wave-

lengths were normalized to the maximum intensity. After fitting

with the Gaussian equation, the peak emission wavelength was

determined as the wavelength corresponding to the peak of the

Gaussian curve. A shift in the peak emission wavelength (in nm)

before and after agonist or antagonist administration reflects a

conformational change in and near the ANAP-incorporated site

induced by the drug and was used for quantification.

5.4. Microscale thermophoresis test (MST)

As previously described86,87, MST experiments were performed

using Monolith NT.115 (Blue/Red) instrument (NanoTemper

Technologies GmbH, Germany). The cell lysates of HEK293T

cells expressing mμ-OR-eGFP were used as a source of fluo-

rescently labeled mμ-OR. HEK293T cells were transfected with

GFP-fused mμ-OR WT and mutants, and lysed 24 h after trans-

fection. Cells were collected by centrifugation and pellets were

included in PBS 20 mmol/L, EDTA 2 mmol/L, protease inhibitors

(PI), for 30 min on ice. The sample is homogenized using an ul-

trasonic disruptor and centrifuged 10 min 400 × g at 4 ◦C. Su-

pernatants were centrifuged 45 min at 20,000 × g at 4 ◦C to pellet

membrane fragments. The pellets were then collected in a smaller

volume with PBS, tween 0.05%, PI in order to obtain a total

protein concentration of 10 mg/mL, as controlled by bicinchoninic

acid assay (BCA) for each sample. Samples were stored at − 80 ◦C

before use. All dilutions were prepared to ensure that no other

gradient (salt, glycerol, DMSO, etc.) was created during buffer

mixing. To minimize adsorption of the sample to material, low

retention tips and tubes were used, and Tween 20 at 0.05% was

added to the PBS, buffer used to dilute all components. After

mixing the sample with the compound in a 1:1 ratio, the samples

were incubated at room temperature for 2 h before loading into

standard capillaries (NanoTemper Technologies GmbH, MO-

K022). The LED power was set to 20% and MST power to

“medium”. Hill model was used to evaluate binding affinity; each

data point represents mean △Fnorm values from four-six inde-

pendent experiments. The bound fraction of the mμ-OR-eGFP

was determined and the fitting was performed using the Hill 1

model method incorporated by the MO Affinity Analysis v2.3

software (NanoTemper Technologies).

5.5. Surface expressions of mδ-OR mutants

HEK293T cells expressing either the wild-type or site-directed

mutant variants of mδ-OR were washed three times with ice-cold

phosphate-buffered saline (PBS) to remove residual medium and

debris. Membrane proteins, comprising both plasma membrane

components and proteins associated with other intracellular mem-

brane systems, were subsequently extracted using the Cell Membrane

and Cytoplasmic Protein Extraction Kit (Beyotime) in strict accor-

dance with the manufacturer’s instruction62,63. The membrane pro-

tein fractions were solubilized in SDS sample buffer and resolved via

SDS—polyacrylamide gel electrophoresis (SDS—PAGE), followed

by transfer onto PVDF membranes. Membranes were blocked with

5% non-fat dry milk for 1—2 h at ambient temperature and incubated

overnight at 4 ◦C with primary antibodies targeting Oprd or Na+/

K+—ATPase, prepared in 5% milk. Following multiple washes (4—5

times) with Tris-buffered saline containing Tween-20 (TBST),

membranes were treated with horseradish peroxidase-conjugated

secondary antibodies for 2 h at room temperature. Protein bands

were visualized using enhanced chemiluminescence (ECL, Thermo),

and images were captured using the Tanon 5200 Multi chem-

iluminescence imaging system with an exposure duration of

1—3 min. Quantitative densitometric analyses were performed with

ImageJ software, based on data collected from no fewer than three

independent biological replicates.

5.6. Stimulations and opioid receptor modeling

Although multiple μ-OR structures exist, high-resolution full-

length models are lacking. We employed a multi-template

approach using the mouse μ-OR/BU72 crystal structure (5C1M,

residues 52—64) combined with human μ-OR cryo-EM structures

bound to EM-1 (8F7R), morphine (8EF6), and ß-endorphin

(8F7Q). Structural and sequence alignment allowed accurate

reconstruction of human μ-OR ligand-bound coordinates. The

N-terminal domain was modeled based on 5C1M, followed by

localized energy minimization of the N-terminal segment and

adjacent residues with MODELLER88. Multiple models under-

went Ramachandran validation89,90; the model with the highest

percentage of residues in allowed conformations was selected for

subsequent experimental and simulation studies.

The energy-minimized models of hμ-OR/EM-1, hμ-OR/

morphine, hμ-OR/ß-endorphin, hμ-OR/EM-1-N-terminal, hμ-OR/

morphine-N-terminal, hμ-OR/ß-endorphin-N-terminal were used

as the initial structures for molecular simulations. A large 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 300K)

bilayer, available in System Builder of DESMOND91, was built to

generate a suitable membrane system based on the OPM database

(https://opm.phar.umich.edu)92, in which the TM domain of the

μ-OR could be embedded properly. The hμ-OR/EM-1/POPC, hμ-

OR/morphine/POPC, hμ-OR/ß-endorphin/POPC, hμ-OR/EM-1-
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N-terminal/POPC, hμ-OR/morphine-N-terminal/POPC, hμ-OR/ß-

endorphin-N-terminal/POPC system was dissolved in simple point

charge (SPC) water molecules. Counterions were then added to

compensate for the net negative charge of the system. NaCl

(150 mmol/L) was added into the simulation box that represents

background salt at physiological condition. The DESMOND

default relaxation protocol was applied to each system prior to

the simulation run. Briefly, (1) 100 ps simulations in the NVT

(constant number (N), volume (V), and temperature (T) ensemble

with Brownian kinetics using a temperature of 10 K with solute

heavy atoms constrained; (2) simulations were performed for 12

ps in the NVT ensemble using a Berendsen thermostat at 10 K

with small-time steps and solute heavy atoms constrained. (3) 12

ps simulations in the NPT (constant number (N), pressure (P), and

temperature (T) ensemble using a Berendsen thermostat and

barostat for 12 ps simulations at 10 K and 1 atm, with solute heavy

atoms constrained; (4) 12 ps simulations using a Berendsen

thermostat and Barostat at 300 K and 1 atm, with solute heavy

atoms constrained; (5) 24 ps simulations using a Berendsen

thermostat and Barostat at 300 K and 1 atm, with no constraints.

After equilibration, the MD simulations were carried out for about

5 μs. The long-range electrostatic interactions were calculated

using the smooth particle grid Ewald method. The trajectory

recording interval was set to 500-ps and the other default pa-

rameters of DESMOND were used in the conventional molecular

dynamics (CMD) simulation runs93. All simulations used the

OPLS 2005 all-atomic force field94-96, which is used for proteins,

ions, lipids and SPC waters. The Simulation Interaction Diagram

(SID) module in DESMOND51,97 was used to explore the inter-

action analysis between morphine/EM-1/ß-endorphin and μ-OR.

The default relaxation protocol of DESMOND was applied to

each system before metadynamics (MetaD)37 simulations were run

(same steps as for CMD simulations, see above). The parameters

for height, width of the Gaussian, and the interval were set to

0.03 kcal/mol, 0.05 Å and 0.09 ps, respectively. All metadynamics

simulations were run for 120 ns until they showed free diffusion

along the defined CV. Gaussian sums and free energy surfaces were

generated by DESMOMD’s metadynamics analysis tool. The bias

V (s, t) is typically constructed in the form of periodically added

repulsive Gaussians, where s is the chosen CV which could be

multidimensional. Therefore, the free-energy surface (FES) can be

constructed in the space spanned by those CVs. The bias potential

V (s, t) at time t can be written as Eq. (1)98-100:

V(s; t)�

∫t

0

ω exp

(

−
∑d

i�1

(Si − Si(t′))2

2σ2i

)

dt′ (1)

where ω is the Gaussian height controlled by the deposition stride,

Si is one of d CVs, and σi is the Gaussian width. This method

pushes the system to escape the local minima to find the nearest

saddle point on the FES. When the transient happens, the bias

provides the free-energy estimate as Eq. (2):

V(s; t)� − F(S) +C (2)

where C is an arbitrary additive constant. Since the absolute free

energy is normally not important, this constant can be readily

eliminated for calculating the free-energy difference.

All MD simulations were performed in DELL T7920 armed by

NVIDIA TESLTA K40C or CAOWEI 4028 GR armed by

NVIDIA TESLTA K80. The simulation system was prepared,

trajectory analyzed and visualized on a CORE DELL T7500

graphics workstation with 12 CPUs.

5.7. Data analysis

Electrophysiological recordings were analyzed with Clampfit 10.6

(Molecular Devices). Pooled data were expressed as

mean ± standard error of mean (SEM). Statistical comparisons

were conducted using Student’s t-test, one-way ANOVA analysis

or two-way ANOVA analysis, where significance levels were

denoted as *P < 0.05, **P < 0.01, ***P < 0.001 or

****P < 0.0001. All data used to construct concentration-

response relationships originated from the same experimental

group. Data were fitted to the Hill 1 equation.
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