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Molecular basis of opioid action: from structures to new leads
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Abstract

Since the isolation of morphine from the opium poppy over two centuries ago, the molecular basis 

of opioid action has remained the subject of intense inquiry. The identification of specific 

receptors responsible for opioid function and the discovery of many chemically diverse molecules 

with unique opioid-like efficacies has provided glimpses into the molecular logic of opioid action. 

Recent revolutions in the structural biology of transmembrane proteins have, for the first time, 

yielded high-resolution views into the three dimensional shapes of all four opioid receptors. These 

studies have begun to decode the chemical logic that enables opioids to specifically bind and 

activate their receptor targets. A combination of spectroscopic experiments and computational 

simulations have provided a view into the molecular movements of the opioid receptors, which 

itself gives rise to the complex opioid pharmacology observed at the cellular and behavioral levels. 

Further diversity in opioid receptor structure is driven by both genetic variation and receptor 

oligomerization. These insights have enabled computational drug discovery efforts, with some 

evidence of success in the design of completely novel opioids with unique efficacies. The 

combined progress over the past few years provides hope for new, efficacious opioids devoid of 

the side effects that have made them the scourge of humanity for millennia.
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Introduction

Purification of morphine from the opium poppy over two centuries ago ushered in a new era 

of analgesic pharmacology(1). Morphine provided the first example that a purified natural 

product could recapitulate the complex pharmacology of plant matter. Though morphine 

enabled control over the desired effect of pain relief, it retained the critical liabilities of 

opium. Over the following two centuries, enormous effort focused on identification of the 

ideal opioid, one that provides analgesia without either the lethal side effect of respiratory 

suppression or the tolerance and physical dependence that contribute to addiction. Critical to 

this search has been synthesis of thousands of molecules with similar properties to the 
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original opium plant matter. While initially driven by variations on the morphine scaffold 

itself, subsequent efforts have identified diverse molecules with opioid-like effects, ranging 

from completely synthetic opioids like fentanyl to endogenous peptides like β-endorphin.

Identification of the molecular targets for opioids, initially by radioligand binding studies(2–

6) and subsequently by the cloning of individual receptor genes(7–12), generated an entirely 

new molecular perspective on opioid pharmacology. These studies revealed the remarkable 

complexity of the endogenous opioidergic system, with four receptors, the μOR, δOR, κOR, 

and nociceptin receptor, as well as numerous endogenous opioid peptides that act either 

promiscuously or selectively at each subtype(13). Activation of each of these opioid 

receptors instigates numerous intracellular signaling pathways. Most proximally to the 

membrane, opioid receptors activate Gi/o heterotrimeric G proteins. Activated opioid 

receptors are rapidly desensitized by the action of GPCR-regulated kinases (GRKs), which 

phosphorylate receptors, and β-arrestins, which internalize phosphorylated receptors. The 

interaction dynamics of opioid receptors with these proteins, and numerous other 

intracellular partners, gives rise to varied signaling outcomes(14).

This biological complexity, combined with the exceptionally diverse molecular properties of 

opioid receptor-binding molecules, continues to provide hope that an ideal opioid analgesic, 

one devoid of the lethal and addictive properties of most opioids, may exist. Critical to 

achieving this goal is an understanding of the molecular logic of opioid activity. A great 

hope of such insight would be the ability to rationally design opioids with desired specificity 

and efficacy. Though still at an early stage, new biophysical approaches have enabled a deep 

molecular analysis of opioid receptors, providing a completely new view of opioid action. 

This review will highlight the key insights gained from such studies, how they reconcile 

various aspects of opioid function and complexity, and how they offer a new approach for 

the discovery of novel opioids.

Molecular recognition of opioids

Over a half century prior to the discovery of opioid receptors, the structure of morphine 

itself was proposed(15). The ability to modify morphinan and other opioid scaffolds led to 

numerous compounds with varying levels of analgesic activity. Levying this broad structure-

activity-relationship, Beckett and Casy proposed a common set of “rules” that govern opioid 

analgesic activity(16–18). Central to this concept was a common receptor binding site that 

recognizes diverse opioid analgesics. Key features included an anionic site to interact with 

the positively charged amine common to most opioids, a cavity to accommodate amino 

group substituents, and a flat surface to accommodate an aromatic ring (Figure 1a).

Initial efforts to determine the structures of opioid receptors focused on the inactive, “off’ 

state. Like other G protein-coupled receptors (GPCRs), opioid receptors are incredibly 

dynamic proteins(19). Most structural biology methods, by contrast, require 

conformationally homogeneous protein samples for high resolution visualization. To 

generate such biochemical preparations, high affinity or covalent antagonists were used to 

stabilize the inactive conformation of the receptors. Combined with advances in GPCR 
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biochemistry and X-ray crystallography(20), such preparations enabled the first structural 

insights into all four opioid receptors (Figure 1c)(21–24).

For the classic opioid receptors (μOR, δOR, κOR), these structures revealed a common logic 

for opioid recognition. As predicted by Beckett and Casy five decades prior, the binding 

sites contain an anionic aspartic acid residue that forms a salt bridge with the positively 

charged amino group of opioid ligands (Figure 1b). A deep cavity accommodates the 

aliphatic substituents on the amino group. Molecular recognition of the common phenolic 

group in morphinans, which had been postulated to resemble the amino-terminal tyrosine 

residue of endogenous opioids like β-endorphin, was more unprecedented. The phenol of co-

crystallized morphinans (β-funaltrexamine for μOR and naltrindole for δOR) and a synthetic 

opioid (JDTic for κOR) engages an extended hydrogen bonding network between two water 

molecules and a conserved histidine residue in transmembrane helix 6 (TM6). A similar 

positioning of the phenolic tyrosine in opioid peptide ligands was initially observed for the 

bifunctional μOR agonist/δR antagonist DIPP-NH2 bound to the δOR(25) and subsequently 

in a cryo-electron microscopy structure of the μOR agonist DAMGO(26).

These structures also revealed the molecular basis for ligand selectivity at different opioid 

receptors. For example, naltrindole is 20-fold more selective for δOR over the μOR(27). 

Mutagenesis studies had demonstrated that a specific region in the opioid receptors around 

extracellular loop 3, more specifically W318 in the μOR, was important in naltrindole 

selectivity(28). The opioid crystal structures provided high resolution insight into this 

selectivity; naltrindole binding to the μOR is sterically precluded by the bulky W318 residue 

but tolerated by leucine at the same position in the δOR. More broadly, these structures 

revealed significant diversity in the binding pockets of the opioid receptors. Subtype-specific 

molecules extend a functional group into one of these subpockets, thereby increasing affinity 

at one opioid receptor while decreasing affinity at another.

Radioligand binding studies in the 1970s revealed a strong effect of various cations on 

opioid pharmacology, with sodium increasing the affinity for antagonists and divalent 

cations, like magnesium, increasing agonist affinity(2, 4, 29). These early studies provided 

evidence that opioid receptors existed in multiple conformations, with ions or guanine 

nucleotides allosterically influencing the conformational state of the receptor. Though 

residues involved in sodium binding had been identified for other GPCRs by mutagenesis 

studies, the structural basis for sodium modulation of GPCR function came from a high-

resolution structure of the δOR(30), which revealed a sodium ion deep in the core of inactive 

δOR. Visualization of this site provided a structural rationale for how a single ion 

allosterically regulates opioid receptor conformation.

For the broader GPCR family, numerous small molecule allosteric modulators have been 

discovered that either potentiate or dampen signaling by endogenous hormones. As 

therapeutic candidates, allosteric modulators retain the spatial and temporal context of 

endogenous signaling, providing a unique avenue towards the design of safer drugs. Recent 

efforts have identified a number of small molecule allosteric modulators for the opioid 

receptors that potentiate the activity of endogenous endorphins and enkephalins(31–33). 

Optimization of allosteric modulators, however, remains challenging, in part due to a lack of 
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experimental high resolution structures of opioid receptors bound to such molecules. Classic 

pharmacological studies and molecular dynamics simulations have begun to fill this gap(34–

36). Further characterization of allosteric sites will likely enable not only ways to potentiate 

opioidergic signaling, but also potential avenues for exceptional opioid antagonists effective 

in reversing the effect of exceptionally potent opioids like carfentanil(37).

Opioid receptor activation and signal transduction

A deeper understanding of how opioids initiate cellular signaling has required structures of 

activated opioid receptors bound to opioid agonists. This poses several technical challenges, 

as agonist-bound GPCRs are highly dynamic(38) and biochemically unstable(39). 

Pioneering structural elucidation of active β2-adrenergic receptor required a number of new 

approaches in GPCR structural biology, including the identification of exceptionally potent 

agonists(40), the development of new detergents to stabilize transmembrane proteins(41), 

and single domain antibody fragments from camelids (nanobodies) that would “lock” the 

receptor in an active conformation(42, 43).

Initial insights into opioid receptor activation came from a high-resolution X-ray crystal 

structure of the μOR(44) bound to BU72, an exceptionally potent morphinan agonist with 60 

pM affinity(45). Though BU72 preferentially stabilizes the active conformation of μOR, 

obtaining crystals required a camelid-derived single domain antibody (nanobody 39, Nb39) 

that binds to the intracellular domain of the activated receptor. The structure of the μOR-

BU72-Nb39 complex revealed important features that drive opioid receptor activation. The 

largest change in the receptor upon activation is a ∼10 Å outward displacement of 

transmembrane helix 6 (TM6), coupled with more subtle motions of TM5 and TM7 (Figure 

2A). These movements, which have also been observed in other active GPCRs(39), open a 

large cavity in the intracellular side of the receptor which couples to heterotrimeric G 

proteins, GRKs and β-arrestin(46).

In contrast to this large conformational movement, the changes around the ligand-binding 

pocket are more subtle. Indeed, the majority of chemical contacts between the BU72 agonist 

and the μOR are similar to that observed for the inactive receptor bound to the morphinan 

irreversible antagonist β-funaltrexamine (Figure 2C). However, the larger cyclopropyl group 

of β-funaltrexamine displaces the ligand within the binding pocket towards the extracellular 

side of the receptor. Further insights into how these subtle changes drive receptor activation 

came from molecular dynamics simulations of the μOR, which revealed that TM3 in the 

receptor acts as a key conduit between the ligand binding pocket and the intracellular 

domain.

High sequence similarity between the μOR, δOR, and κOR may suggest a conserved 

activation mechanism across the opioid receptor family. The molecular pharmacology of 

morphinan agonists, however, suggests much more complexity and diversity in the chemical 

interactions that drive activation of the individual opioid receptors. Within the oripavine 

class of morphinan compounds, for example, diprenorphine is a potent μOR antagonist 

while displaying potent partial agonism at δOR and κOR(47). By contrast, buprenorphine is 

a partial μOR agonist with potent κOR antagonism(48). A recently determined structure of 
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activated κOR bound to the morphinan agonist MP1104 and the same nanobody used for 

active μOR, Nb39, has revealed some of the key similarities and differences in opioid 

receptor activation(49). Although the global conformational changes in the intracellular 

domain and regions that connect the ligand-binding pocket and the intracellular domain are 

shared between μOR and κOR, more subtle differences in the ligand binding pockets likely 

drive differences in the efficacy of opioids like diprenorphine and buprenorphine at 

individual receptors.

A deep molecular understanding of opioid action requires not only insight into how opioids 

activate their receptors, but also how these activated receptors engage downstream signaling 

partners. Obtaining structures of opioid receptors engaged with G proteins, GRKs, and β-

arrestins presents new technical hurdles, with a primary challenge being the relative 

biochemical instability and dynamics of such complexes(46). Rapid advances in cryo-

electron microscopy (cryo-EM), however, have enabled significant advances in the structural 

biology of such GPCR-effector complexes(50). This technology, combined with new 

stabilizing antibody fragments(51), recently enabled determination of the structure of the 

μOR in complex with the peptide agonist DAMGO and the heterotrimeric Gi protein(26). 

The overall conformation of the μOR bound to Gi is similar to that when bound to Nb39, 

with a key difference in the conformation of intracellular loop 3 (Figure 2B). As previously 

observed for the β2AR in complex with the stimulatory G protein Gs(52), active μOR 

induces a large conformational change in the C-terminal helix of the α-subunit of Gi. This 

change, coupled with a relative disordering of the helical domain of the α-subunit, leads to 

release of GDP, providing the key basis for how the μOR acts as a guanine exchange factor 

for Gi. Comparison of the structure of μOR bound to Gi with prior structures of other 

GPCRs in complex with Gs provides clues into the selective coupling of opioid receptors to 

Gi, with a primary cause being a steric incompatibility between the active μOR and the C-

terminal α5 helix of Gs. These detailed insights provide a mechanistic understanding of 

opioid signaling. A more complete picture of opioid receptor regulation will require 

structures of opioid receptors in complex with GRKs and β-arrestins. Such studies have the 

potential to illuminate how opioids both activate their receptors and induce recruitment of 

signaling regulators.

Conformational dynamics and functional selectivity

Structural studies have provided high-resolution insights into the chemical recognition of 

opioids and the conformational changes that drive opioid receptor signaling. However these 

are single snapshots of a highly dynamic process involving drug binding, receptor 

conformational changes, and subsequent interactions with cellular signaling partners. Such 

complexity is critical for opioid receptor function as it likely drives many aspects of opioid 

pharmacology, including the ability of some opioid agonists to preferentially activate G 

protein signaling over β-arrestin recruitment(53). Such “biased” opioid agonists have been 

proposed to display increased therapeutic indices(54). The biophysical basis of their unique 

efficacy, however, remains poorly understood. Methods like X-ray crystallography and cryo-

EM are relatively poorly positioned to provide insight into the dynamics of transmembrane 

proteins. Instead, approaches that directly observe the conformational ensemble of opioid 

receptors are required.
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Experimental methods to examine the molecular movements of transmembrane proteins rely 

on spectroscopic “probes” that change in some measurable physical property as the protein 

visits different conformational states(55). Among many such approaches, nuclear magnetic 

resonance spectroscopy (NMR) is uniquely positioned to identify conformations not 

observed by high resolution structures. In one illustrative example, NMR of dynorphin 

bound to the κOR revealed significant disorder in the “YGGF” region of the peptide, 

showing that structural dynamics are present in even the key regions of opioid peptide as 

they bind their receptors(56). Further NMR experiments have directly examined the opioid 

receptors. Solution-state NMR of 13C-methyl probes chemically attached to lysine residues 

in the μOR(57) revealed that agonists only partially activate the receptor, which is similar to 

dynamics of the β2-adrenergic receptor(38, 58). Evidence for conformational states that 

remain unobserved by high-resolution structural methods was also demonstrated in another 

NMR study that labeled methionine residues within the core of the μOR(59). Spectra from 

these methionine residues clearly demonstrate that the G protein biased agonist TRV130(60) 

induces a different conformation of the μOR than the balanced agonist DAMGO. Most 

importantly, these NMR studies show that the μOR exists in a conformational equilibrium in 

solution, with agonists and antagonists stabilizing unique active or inactive states, 

respectively. The question of what drives partial agonist efficacy, though, remains poorly 

explored for opioid receptors and for GPCRs broadly. Recent biophysical studies on the β-

adrenoceptors suggest that partial agonists stabilize unique GPCR conformational ensembles 

with a resulting unique ensemble of the GPCR-G protein complex(61–64). For opioid 

receptors, it remains unknown whether partial agonists induce unique receptor states, alter 

receptor conformational dynamics, or influence some other property of the receptor. 

Spectroscopic techniques like NMR are best poised to answer such questions.

Despite providing the best experimental evidence of conformational heterogeneity, current 

NMR studies lack atomic-level precision for the entire receptor. Computational molecular 

dynamics simulations provide a critical bridge between atomic-level insights and molecular 

motion(19). Simulations can enable direct visualization of ligand binding events, 

conformational changes in receptors, and activation of intracellular signaling partners. 

Enhanced simulation approaches have demonstrated the binding and unbinding pathways for 

opioid ligands and identified binding pockets for allosteric modulators(32). Simulations have 

also revealed key conduits of allosteric communication between the ligand binding pocket 

and the intracellular domains of opioid receptors(44), providing clues into how biased 

agonists achieve their conformational selectivity(65). Although remarkable recent progress 

has enabled long simulation timescales, a key limitation remains the inability to fully access 

the broad conformational ensemble of complex proteins like GPCRs. Future efforts 

combining enhanced simulation approaches and theories for analyzing dynamic systems(66) 

have the potential to provide an unprecedented level of insight into the experimentally 

observed conformational dynamics that drives opioid receptor pharmacological 

complexity(67).

Genetic variation in opioid receptor structure

Structural and biophysical approaches to examine opioid receptor structure have, by 

necessity, focused on a singular “wild-type” gene product. Genetic variation, however, 
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generates significant further heterogeneity in opioid receptor structure. Two sources of such 

variation, including alternative splicing of opioid receptor genes and population-level 

polymorphisms in coding or regulatory regions, have direct consequences for opioid 

receptor structure and function.

The most common μOR variant substitutes Asn40 with Asp(68), which ablates one of the 

five potential N-linked glycosylation sites within the amino terminus. This mutation leads to 

decreased cell surface expression and overall receptor stability combined with more subtle 

effects on the binding affinity of opioid peptides and small molecules(69, 70). Increasing 

evidence suggests that this variant may alter pain threshold levels, sensitivity to clinically 

used opioids, and risk of opioid-induced respiratory depression(71–73). At a structural level, 

the direct consequence of this variant remains unknown due to truncations in the presumably 

flexible amino terminus required for crystallography.

A number of less common opioid receptor variants map to regions that have been observed 

by structural methods(74–76), providing a mechanistic basis to understand opioid receptor 

functional variance. For example, the recent cryo-EM derived structure of the μOR-Gi 

complex provides a structural rationale for the complete loss of signaling activity for the 

Arg181Cys variant of μOR(74); in this case, the Arg181 makes a direct contact with the C-

terminus of the Gαi subunit. Other rare opioid receptor variants identified by large exome 

datasets map to many regions of the various opioid receptors, including the ligand binding 

pocket, key microswitches responsible for receptor activation, interaction interfaces between 

receptors and signal transducers, and posttranslational sites critical for regulatory 

processes(76). Many such variants have important consequences for opioid receptor 

signaling, but the exact mechanism remains unknown. A key future challenge will be to 

develop structure-guide models, similar to that for Arg181, that enable accurate prediction of 

how such variants will recognize different opioids and signal to different downstream 

partners.

Alternative mRNA splicing drives significant protein diversity within the human 

genome(77). Splicing within the 3’ region of the OPRM1 gene leads to alternative carboxy-

termini for both rodent and human μOR which likely has important implications for tissue-

specific regulation of opioid receptors. At a structural level, the most intriguing variants are 

exon 11 splice variants that lead to a gene product encoding a 6TM variant of the μOR with 

truncation of the first transmembrane helix (TM1). The functional significance of such 6TM 

variants has remained controversial, likely stemming from the low probability that such a 

gene product would successfully fold and traffic to the cell membrane. Indeed, functional 

expression of the 6TM variant in model cell lines requires co-expression with the ORL1 

receptor(78, 79). Intriguingly, however, the analgesic activity of the potent opioid agonist 

IBNtxA was in OPRM1−/− knockout mice virally transduced with a cloned 6TM μOR 

missing TM1(80). Although TM1 makes no direct contacts with either morphinan ligands or 

DAMGO in structures of μOR, this pharmacological observation is challenging to reconcile 

with the extensive contacts that TM1 makes with TM2 and TM7, which suggest that it is 

critical for proper receptor folding.
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Receptor oligomerization

Although monomeric opioid receptors are sufficient to activate heterotrimeric G 

proteins(81), a number of studies have proposed that opioid receptors can form higher-order 

oligomers. Several lines of evidence support functional interactions between individual 

opioid receptors and either other opioid receptors or other GPCRs(82). Co-

immunoprecipitation, selective heteromer-specific antibody generation, unique 

pharmacological outputs, and biophysical experiments in living cells have provided support 

for the existence of opioid receptor dimers. Though such studies may support proximity 

between individual receptors, they do not directly support a physical association enabling 

allosteric communication from the ligand-binding pocket of one individual receptor to the 

binding-pocket of a neighboring receptor. Such direct evidence is critical to understanding, 

and eventually rationally manipulating, the unique pharmacological outcome of opioid 

receptors as part of putative hetero- or homodimers. Intriguingly, the crystal structure of 

inactive μOR displayed a large homodimeric interface between TM5 and TM6(22). 

Although this extensive interface was not observed in structures of the δOR or the κOR, a 

more limited interface including TM1 and helix 8 was observed for both μOR and κOR. The 

extensive TM5/TM6 interface observed for inactive μOR is incompatible with the active 

state, providing a potential mechanism for how dimerization may influence opioid 

pharmacology. However, the interfaces observed in such structures may represent artifacts 

from the conditions required for crystallogenesis, and alternative approaches are needed to 

test the existence and functional relevance of opioid receptor homo and heterodimerization. 

Indeed, recent molecular dynamics simulations and single molecule diffusion experiments 

suggest that the lifetime of opioid receptor homodimers are likely to be very transient(83). 

Reconciling how such transient interactions lead to unique pharmacological outcomes 

observed in cellular and in vivo systems will require significant further biochemical study, 

including the eventual reconstitution of opioid homo- and hetero-dimers.

Structure enabled drug discovery for opioid receptors

A great hope of the mechanistic studies outlined above is that they may enable the discovery 

of safer opioid analgesics. Though two centuries of medicinal chemistry efforts have yielded 

thousands of molecules with varying efficacies and potencies at the opioid receptors, the 

core molecular scaffolds on which this diversity rests is much more limited, stemming 

primarily from the morphinans derived from the opioid poppy and a few related synthetic 

scaffolds. More recent approaches to opioid discovery have leveraged high-throughput 

screening and defined signaling assays in model cell lines(84, 85).

Opioid receptor structures have provided an unprecedented opportunity for computational 

drug discovery. Computational approaches directly predict whether a given molecule will 

productively bind in the receptor pocket(86, 87). A number of improvements in 

computational chemistry over the past two decades have significantly increased the accuracy 

of such “docking” calculations and rapidly increasing computational power has enabled 

screening of ever larger libraries. Such computational drug discovery provides several 

advantages. First, they enable sampling of an immense breadth of biologically compatible 

chemical space that is significantly larger than traditional high-throughput screening and 
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even the largest DNA-encoded libraries described to date(88). With the simple hypothesis 

that new, structurally divergent chemicals acting at the opioid receptors are likely to come 

with unique biological properties(86), this provides a powerful discovery platform for 

potentially safer opioids. Second, molecules derived from computational docking have 

strong hypotheses for binding interactions within the receptor pockets, providing an easier 

path towards optimization of affinity and receptor selectivity. Finally, docking enables 

targeting of new allosteric sites revealed in the structures(89, 90).

In an early example using the inactive structure of the κOR, virtual screening enabled 

discovery of a potent agonist for the κOR(91). A subsequent virtual screen of against the 

κOR similarly yielded 11 new chemical scaffolds, with one (compound 81) displaying Gi 

biased agonism(92). For the μOR, docking 3 million molecules against the inactive μOR 

yielded seven completely new molecular scaffolds targeting the receptor(93). Further 

optimization of one of these yielded the Gi biased agonist PZM21, which, in preliminary 

rodent studies, provides some separation of analgesia from important side effects like 

respiratory suppression. It is notable that each of these campaigns derived agonists while 

starting from the inactive structure of the receptors, demonstrating that docking, although 

highly useful as a discovery engine, is far from providing true predictions on molecular 

efficacy. An alternative strategy to specifically target opioids to sites of injury used 

computational approaches to alter the molecular properties of fentanyl, generating a 

molecule (NFEPP) that is selectively protonated in inflamed peripheral tissues(94). The 

resulting selectivity increased the overall therapeutic window of this potent analgesic. While 

each these successes are encouraging, a critically important goal for the future is to 

predictively design not only the desired selectivity and efficacy at each of the four opioid 

receptor subtypes, but also the molecular properties needed to advance molecules into the 

clinic.

Conclusion and Outlook

Rapid progress over the past decade in the structural biophysics and cellular biology of 

opioid receptors has yielded one of the most detailed perspectives on this important family 

of drug targets. While the cellular biology and circuit-level function of opioid receptors are 

clearly critically important for the range of opioid receptor function, even the receptor 

proteins themselves have a remarkable array of sequence-level diversity. Each of these 

opioid receptor variants may form higher order interactions with either other receptors or 

signaling adapters, likely giving rise to unique signaling outcomes. Even the receptor 

proteins themselves are incredibly conformationally dynamic, which yields a broad range of 

diverse signaling outcomes for agonists that target the same receptor. A critical goal remains 

to understand this complexity and to harness it towards the development of novel opioids 

devoid of their lethal side effects.

Acknowledgements

A.M. is supported by NIH grant DP5OD023048. A.M. further acknowledges support from the Pew Charitable 
Trusts, the Esther and A. & Joseph Klingenstein Fund and the Searle Scholars Program.

Financial disclosures

Manglik Page 9

Biol Psychiatry. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A.M. reports having received lecture fees from Alkermes and Merck and is a co-founder and consultant for 
Epiodyne.

References

1. Sertürner F (1805): Säure im Opium. Journal der Pharmacie. 13.

2. Pert CB, Pasternak G, Snyder SH (1973): Opiate agonists and antagonist discriminated by receptor 
binding in brain. Science. 182:1359–1361. [PubMed: 4128222] 

3. Simon EJ, Hiller JM, Edelman I (1973): Stereospecific binding of the potent narcotic analgesic (3H) 
Etorphine to rat-brain homogenate. Proc Natl Acad Sci U S A. 70:1947–1949. [PubMed: 4516196] 

4. PERT CB, Snyder SH (1974): Opiate receptor binding of agonists and antagonists affected 
differentially by sodium. Molecular Pharmacology. 10:868–879.

5. Wilson HA, Pasternak GW, Snyder SH (1975): Differentiation of opiate agonist and antagonist 
receptor binding by protein modifying reagents. Nature. 253:448–450. [PubMed: 46111] 

6. Wolozin BL, Pasternak GW (1981): Classification of multiple morphine and enkephalin binding 
sites in the central nervous system. Proc Natl Acad Sci U S A. 78:6181–6185. [PubMed: 6273857] 

7. Evans CJ, Keith DE Jr., Morrison H, Magendzo K, Edwards RH (1992): Cloning of a delta opioid 
receptor by functional expression. Science. 258:1952–1955. [PubMed: 1335167] 

8. Kieffer BL, Befort K, Gaveriaux-Ruff C, Hirth CG (1992): The delta-opioid receptor: isolation of a 
cDNA by expression cloning and pharmacological characterization. Proc Natl Acad Sci U S A. 
89:12048–12052. [PubMed: 1334555] 

9. Chen Y, Mestek A, Liu J, Hurley JA, Yu L (1993): Molecular cloning and functional expression of a 
mu-opioid receptor from rat brain. Mol Pharmacol. 44:8–12. [PubMed: 8393525] 

10. Eppler CM, Hulmes JD, Wang JB, Johnson B, Corbett M, Luthin DR, et al. (1993): Purification 
and partial amino acid sequence of a mu opioid receptor from rat brain. J Biol Chem. 268:26447–
26451. [PubMed: 8253772] 

11. Thompson RC, Mansour A, Akil H, Watson SJ (1993): Cloning and pharmacological 
characterization of a rat mu opioid receptor. Neuron. 11:903–913. [PubMed: 8240812] 

12. Wang JB, Imai Y, Eppler CM, Gregor P, Spivak CE, Uhl GR (1993): mu opiate receptor: cDNA 
cloning and expression. Proc Natl Acad Sci U S A. 90:10230–10234. [PubMed: 8234282] 

13. Pasternak GW, Pan YX (2013): Mu opioids and their receptors: evolution of a concept. Pharmacol 
Rev. 65:1257–1317. [PubMed: 24076545] 

14. Al-Hasani R, Bruchas MR (2011): Molecular mechanisms of opioid receptor-dependent signaling 
and behavior. Anesthesiology. 115:1363–1381. [PubMed: 22020140] 

15. Gulland JM, Robinson R (1925): Constitution of codeine and thebaine. Mem Proc Manchester Lit 
Phil Soc. 69:79–86.

16. Beckett AH, Casy AF (1954): Synthetic analgesics: stereochemical considerations. J Pharm 
Pharmacol. 6:986–1001. [PubMed: 13212680] 

17. Beckett AH (1956): Analgesics and their antagonists: some steric and chemical considerations. I. 
The dissociation constants of some tertiary amines and synthetic analgesics, the conformations of 
methadone-type compounds. J Pharm Pharmacol. 8:848–859. [PubMed: 13368082] 

18. Beckett AH, Casy AF (1965): Analgesics and their antagonists: biochemical aspects and structure-
activity relationships. Prog Med Chem. 4:171–218. [PubMed: 5319798] 

19. Latorraca NR, Venkatakrishnan AJ, Dror RO (2017): GPCR Dynamics: Structures in Motion. 
Chem Rev. 117:139–155. [PubMed: 27622975] 

20. Ghosh E, Kumari P, Jaiman D, Shukla AK (2015): Methodological advances: the unsung heroes of 
the GPCR structural revolution. Nature Reviews Molecular Cell Biology. 16:69. [PubMed: 
25589408] 

21. Granier S, Manglik A, Kruse AC, Kobilka TS, Thian FS, Weis WI, et al. (2012): Structure of the 
delta-opioid receptor bound to naltrindole. Nature. 485:400–404. [PubMed: 22596164] 

22. Manglik A, Kruse AC, Kobilka TS, Thian FS, Mathiesen JM, Sunahara RK, et al. (2012): Crystal 
structure of the micro-opioid receptor bound to a morphinan antagonist. Nature. 485:321–326. 
[PubMed: 22437502] 

Manglik Page 10

Biol Psychiatry. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Thompson AA, Liu W, Chun E, Katritch V, Wu H, Vardy E, et al. (2012): Structure of the 
nociceptin/orphanin FQ receptor in complex with a peptide mimetic. Nature. 485:395–399. 
[PubMed: 22596163] 

24. Wu H, Wacker D, Mileni M, Katritch V, Han GW, Vardy E, et al. (2012): Structure of the human 
kappa-opioid receptor in complex with JDTic. Nature. 485:327–332. [PubMed: 22437504] 

25. G Fenalti, Zatsepin NA, Bett C, Giguere P, Han GW, Ishchenko A, et al. (2015): Structural basis 
for bifunctional peptide recognition at human δ-opioid receptor. Nature Structural &Amp; 
Molecular Biology. 22:265.

26. Koehl A, Hu H, Maeda S, Zhang Y, Qu Q, Paggi JM, et al. (2018): Structure of the micro-opioid 
receptor-Gi protein complex. Nature. 558:547–552. [PubMed: 29899455] 

27. Rogers H, Hayes AG, Birch PJ, Traynor JR, Lawrence AJ (1990): The selectivity of the opioid 
antagonist, naltrindole, for delta-opioid receptors. J Pharm Pharmacol. 42:358–359. [PubMed: 
1976787] 

28. Bonner G, Meng F, Akil H (2000): Selectivity of mu-opioid receptor determined by interfacial 
residues near third extracellular loop. European journal of pharmacology. 403:37–44. [PubMed: 
10969141] 

29. Pasternak GW, Snowman AM, Snyder SH (1975): Selective enhancement of [3H]opiate agonist 
binding by divalent cations. Mol Pharmacol. 11:735–744. [PubMed: 54869] 

30. Fenalti G, Giguere PM, Katritch V, Huang XP, Thompson AA, Cherezov V, et al. (2014): 
Molecular control of delta-opioid receptor signalling. Nature. 506:191–196. [PubMed: 24413399] 

31. Stanczyk MA, Livingston KE, Chang L, Weinberg ZY, Puthenveedu MA, Traynor JR (2019): The 
delta-opioid receptor positive allosteric modulator BMS 986187 is a G-protein-biased allosteric 
agonist. Br J Pharmacol. 176:1649–1663. [PubMed: 30710458] 

32. Shang Y, Yeatman HR, Provasi D, Alt A, Christopoulos A, Canals M, et al. (2016): Proposed Mode 
of Binding and Action of Positive Allosteric Modulators at Opioid Receptors. ACS Chem Biol. 
11:1220–1229. [PubMed: 26841170] 

33. Burford NT, Wehrman T, Bassoni D, O’Connell J, Banks M, Zhang L, et al. (2014): Identification 
of selective agonists and positive allosteric modulators for micro- and delta-opioid receptors from 
a single high-throughput screen. J Biomol Screen. 19:1255–1265. [PubMed: 25047277] 

34. Filizola M (2019): Insights from molecular dynamics simulations to exploit new trends for the 
development of improved opioid drugs. Neurosci Lett. 700:50–55. [PubMed: 29466721] 

35. Bartuzi D, Kaczor AA, Matosiuk D (2019): Molecular mechanisms of allosteric probe dependence 
in mu opioid receptor. J Biomol Struct Dyn. 37:36–47. [PubMed: 29241414] 

36. Livingston KE, Stanczyk MA, Burford NT, Alt A, Canals M, Traynor JR (2018): Pharmacologic 
Evidence for a Putative Conserved Allosteric Site on Opioid Receptors. Mol Pharmacol. 93:157–
167. [PubMed: 29233847] 

37. Kenakin T, Strachan RT (2018): PAM-Antagonists: A Better Way to Block Pathological Receptor 
Signaling? Trends Pharmacol Sci. 39:748–765. [PubMed: 29885909] 

38. Manglik A, Kim TH, Masureel M, Altenbach C, Yang Z, Hilger D, et al. (2015): Structural Insights 
into the Dynamic Process of beta2-Adrenergic Receptor Signaling. Cell. 161:1101–1111. 
[PubMed: 25981665] 

39. Manglik A, Kruse AC (2017): Structural Basis for G Protein-Coupled Receptor Activation. 
Biochemistry. 56:5628–5634. [PubMed: 28967738] 

40. Rasmussen SG, Choi HJ, Fung JJ, Pardon E, Casarosa P, Chae PS, et al. (2011): Structure of a 
nanobody-stabilized active state of the beta(2) adrenoceptor. Nature. 469:175–180. [PubMed: 
21228869] 

41. Chae PS, Rasmussen SG, Rana RR, Gotfryd K, Chandra R, Goren MA, et al. (2010): Maltose-
neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of 
membrane proteins. Nat Methods. 7:1003–1008. [PubMed: 21037590] 

42. Steyaert J, Kobilka BK (2011): Nanobody stabilization of G protein-coupled receptor 
conformational states. Curr Opin Struct Biol. 21:567–572. [PubMed: 21782416] 

43. Manglik A, Kobilka BK, Steyaert J (2017): Nanobodies to Study G Protein-Coupled Receptor 
Structure and Function. Annu Rev Pharmacol Toxicol. 57: 19–37. [PubMed: 27959623] 

Manglik Page 11

Biol Psychiatry. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



44. Huang W, Manglik A, Venkatakrishnan AJ, Laeremans T, Feinberg EN, Sanborn AL, et al. (2015): 
Structural insights into micro-opioid receptor activation. Nature. 524:315–321. [PubMed: 
26245379] 

45. Husbands SM, Lewis JW (1995): Morphinan cyclic imines and pyrrolidines containing a 
constrained phenyl group: High affinity opioid agonists. Bioorganic & Medicinal Chemistry 
Letters. 5:2969–2974.

46. Hilger D, Masureel M, Kobilka BK (2018): Structure and dynamics of GPCR signaling complexes. 
Nat Struct Mol Biol. 25:4–12. [PubMed: 29323277] 

47. Payza K (2003): The Delta Receptor. Edited by Chang KJ: CRC Press.

48. Lee KO, Akil H, Woods JH, Traynor JR (1999): Differential binding properties of oripavines at 
cloned mu- and delta-opioid receptors. European journal of pharmacology. 378:323–330. 
[PubMed: 10493109] 

49. Che T, Majumdar S, Zaidi SA, Ondachi P, McCorvy JD, Wang S, et al. (2018): Structure of the 
Nanobody-Stabilized Active State of the Kappa Opioid Receptor. Cell. 172:55–67 e15. [PubMed: 
29307491] 

50. Safdari HA, Pandey S, Shukla AK, Dutta S (2018): Illuminating GPCR Signaling by Cryo-EM. 
Trends in Cell Biology. 28:591–594. [PubMed: 29945844] 

51. Maeda S, Koehl A, Matile H, Hu H, Hilger D, Schertler GFX, et al. (2018): Development of an 
antibody fragment that stabilizes GPCR/G-protein complexes. Nature communications. 9:3712.

52. Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, et al. (2011): Crystal 
structure of the beta2 adrenergic receptor-Gs protein complex. Nature. 477:549–555. [PubMed: 
21772288] 

53. Thal DM, Glukhova A, Sexton PM, Christopoulos A (2018): Structural insights into G-protein-
coupled receptor allostery. Nature. 559:45–53. [PubMed: 29973731] 

54. Schmid CL, Kennedy NM, Ross NC, Lovell KM, Yue Z, Morgenweck J, et al. (2017): Bias Factor 
and Therapeutic Window Correlate to Predict Safer Opioid Analgesics. Cell. 171:1165–
1175.e1113. [PubMed: 29149605] 

55. Shimada I, Ueda T, Kofuku Y, Eddy MT, Wuthrich K (2018): GPCR drug discovery: integrating 
solution NMR data with crystal and cryo-EM structures. Nature Reviews Drug Discovery. 18:59. 
[PubMed: 30410121] 

56. O’Connor C, White KL, Doncescu N, Didenko T, Roth BL, Czaplicki G, et al. (2015): NMR 
structure and dynamics of the agonist dynorphin peptide bound to the human kappa opioid 
receptor. Proc Natl Acad Sci U S A. 112:11852–11857. [PubMed: 26372966] 

57. Sounier R, Mas C, Steyaert J, Laeremans T, Manglik A, Huang W, et al. (2015): Propagation of 
conformational changes during mu-opioid receptor activation. Nature. 524:375–378. [PubMed: 
26245377] 

58. Nygaard R, Zou Y, Dror RO, Mildorf TJ, Arlow DH, Manglik A, et al. (2013): The dynamic 
process of beta(2)-adrenergic receptor activation. Cell. 152:532–542. [PubMed: 23374348] 

59. Okude J, Ueda T, Kofuku Y, Sato M, Nobuyama N, Kondo K, et al. (2015): Identification of a 
Conformational Equilibrium That Determines the Efficacy and Functional Selectivity of the mu-
Opioid Receptor. Angew Chem Int Ed Engl. 54:15771–15776. [PubMed: 26568421] 

60. DeWire SM, Yamashita DS, Rominger DH, Liu G, Cowan CL, Graczyk TM, et al. (2013): A G 
Protein-Biased Ligand at the <em>μ</em>-Opioid Receptor Is Potently Analgesic with Reduced 
Gastrointestinal and Respiratory Dysfunction Compared with Morphine. Journal of Pharmacology 
and Experimental Therapeutics. 344:708–717. [PubMed: 23300227] 

61. Masureel M, Zou Y, Picard LP, van der Westhuizen E, Mahoney JP, Rodrigues J, et al. (2018): 
Structural insights into binding specificity, efficacy and bias of a beta2AR partial agonist. Nat 
Chem Biol. 14:1059–1066. [PubMed: 30327561] 

62. Solt AS, Bostock MJ, Shrestha B, Kumar P, Warne T, Tate CG, et al. (2017): Insight into partial 
agonism by observing multiple equilibria for ligand-bound and Gs-mimetic nanobody-bound 
beta1-adrenergic receptor. Nature communications. 8:1795.

63. Gregorio GG, Masureel M, Hilger D, Terry DS, Juette M, Zhao H, et al. (2017): Single-molecule 
analysis of ligand efficacy in beta2AR-G-protein activation. Nature. 547:68–73. [PubMed: 
28607487] 

Manglik Page 12

Biol Psychiatry. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



64. Kofuku Y, Ueda T, Okude J, Shiraishi Y, Kondo K, Maeda M, et al. (2012): Efficacy of the beta(2)-
adrenergic receptor is determined by conformational equilibrium in the transmembrane region. 
Nature communications. 3:1045.

65. Schneider S, Provasi D, Filizola M (2016): How Oliceridine (TRV-130) Binds and Stabilizes a mu-
Opioid Receptor Conformational State That Selectively Triggers G Protein Signaling Pathways. 
Biochemistry. 55:6456–6466. [PubMed: 27778501] 

66. Husic BE, Pande VS (2018): Markov State Models: From an Art to a Science. Journal of the 
American Chemical Society. 140:2386–2396. [PubMed: 29323881] 

67. Feinberg EN, Farimani AB, Hernandez CX, Pande VS (2017): Kinetic Machine Learning Unravels 
Ligand-Directed Conformational Change of μ Opioid Receptor. bioRxiv.170886.

68. Lotsch J, Geisslinger G (2005): Are μ-opioid receptor polymorphisms important for clinical opioid 
therapy? Trends in molecular medicine. 11:82–89. [PubMed: 15694871] 

69. Oertel BG, Kettner M, Scholich K, Renne C, Roskam B, Geisslinger G, et al. (2009): A common 
human micro-opioid receptor genetic variant diminishes the receptor signaling efficacy in brain 
regions processing the sensory information of pain. J Biol Chem. 284:6530–6535. [PubMed: 
19116204] 

70. Beyer A, Koch T, Schroder H, Schulz S, Hollt V (2004): Effect of the A118G polymorphism on 
binding affinity, potency and agonist-mediated endocytosis, desensitization, and resensitization of 
the human mu-opioid receptor. J Neurochem. 89:553–560. [PubMed: 15086512] 

71. Chidambaran V, Mavi J, Esslinger H, Pilipenko V, Martin LJ, Zhang K, et al. (2015): Association 
of OPRM1 A118G variant with risk of morphine-induced respiratory depression following spine 
fusion in adolescents. Pharmacogenomics J. 15:255–262. [PubMed: 25266679] 

72. Hwang IC, Park JY, Myung SK, Ahn HY, Fukuda K, Liao Q (2014): OPRM1 A118G gene variant 
and postoperative opioid requirement: a systematic review and meta-analysis. Anesthesiology. 
121:825–834. [PubMed: 25102313] 

73. Way BM, Taylor SE, Eisenberger NI (2009): Variation in the mu-opioid receptor gene (OPRM1) is 
associated with dispositional and neural sensitivity to social rejection. Proc Natl Acad Sci U S A. 
106:15079–15084. [PubMed: 19706472] 

74. Ravindranathan A, Joslyn G, Robertson M, Schuckit MA, Whistler JL, White RL (2009): 
Functional characterization of human variants of the mu-opioid receptor gene. Proceedings of the 
National Academy of Sciences. 106:10811–10816.

75. LaForge KS, Shick V, Spangler R, Proudnikov D, Yuferov V, Lysov Y, et al. (2000): Detection of 
single nucleotide polymorphisms of the human mu opioid receptor gene by hybridization or single 
nucleotide extension on custom oligonucleotide gelpad microchips: potential in studies of 
addiction. American journal of medical genetics. 96:604–615. [PubMed: 11054767] 

76. Hauser AS, Chavali S, Masuho I, Jahn LJ, Martemyanov KA, Gloriam DE, et al. (2018): 
Pharmacogenomics of GPCR Drug Targets. Cell. 172:41–54.e19. [PubMed: 29249361] 

77. Lee Y, Rio DC (2015): Mechanisms and regulation of alternative pre-mRNA splicing. Annual 
review of biochemistry. 84:291–323.

78. Majumdar S, Grinnell S, Le Rouzic V, Burgman M, Polikar L, Ansonoff M, et al. (2011): 
Truncated G protein-coupled mu opioid receptor MOR-1 splice variants are targets for highly 
potent opioid analgesics lacking side effects. Proceedings of the National Academy of Sciences. 
108:19778–19783.

79. Lu Z, Xu J, Xu M, Rossi GC, Majumdar S, Pasternak GW, et al. (2018): Truncated mu-Opioid 
Receptors With 6 Transmembrane Domains Are Essential for Opioid Analgesia. Anesth Analg. 
126:1050–1057. [PubMed: 28991118] 

80. Lu Z, Xu J, Rossi GC, Majumdar S, Pasternak GW, Pan YX (2015): Mediation of opioid analgesia 
by a truncated 6-transmembrane GPCR. J Clin Invest. 125:2626–2630. [PubMed: 26011641] 

81. Kuszak AJ, Pitchiaya S, Anand JP, Mosberg HI, Walter NG, Sunahara RK (2009): Purification and 
functional reconstitution of monomeric mu-opioid receptors: allosteric modulation of agonist 
binding by Gi2. J Biol Chem. 284:26732–26741. [PubMed: 19542234] 

82. Fujita W, Gomes I, Devi LA (2014): Revolution in GPCR signalling: opioid receptor heteromers as 
novel therapeutic targets: IUPHAR review 10. Br J Pharmacol. 171:4155–4176. [PubMed: 
24916280] 

Manglik Page 13

Biol Psychiatry. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



83. Meral D, Provasi D, Prada-Gracia D, Moller J, Marino K, Lohse MJ, et al. (2018): Molecular 
details of dimerization kinetics reveal negligible populations of transient micro-opioid receptor 
homodimers at physiological concentrations. Sci Rep. 8:7705. [PubMed: 29769636] 

84. Winpenny D, Clark M, Cawkill D (2016): Biased ligand quantification in drug discovery: from 
theory to high throughput screening to identify new biased mu opioid receptor agonists. Br J 
Pharmacol. 173:1393–1403. [PubMed: 26791140] 

85. Chen XT, Pitis P, Liu G, Yuan C, Gotchev D, Cowan CL, et al. (2013): Structure-activity 
relationships and discovery of a G protein biased mu opioid receptor ligand, [(3-
methoxythiophen-2-yl)methyl]({2-[(9R)-9-(pyridin-2-yl)-6-oxaspiro-[4.5]decan- 9-
yl]ethyl})amine (TRV130), for the treatment of acute severe pain. J Med Chem. 56:8019–8031. 
[PubMed: 24063433] 

86. Roth BL, Irwin JJ, Shoichet BK (2017): Discovery of new GPCR ligands to illuminate new 
biology. Nat Chem Biol. 13:1143–1151. [PubMed: 29045379] 

87. Meng XY, Zhang HX, Mezei M, Cui M (2011): Molecular docking: a powerful approach for 
structure-based drug discovery. Curr Comput Aided Drug Des. 7:146–157. [PubMed: 21534921] 

88. Lyu J, Wang S, Balius TE, Singh I, Levit A, Moroz YS, et al. (2019): Ultra-large library docking 
for discovering new chemotypes. Nature. 566:224–229. [PubMed: 30728502] 

89. Korczynska M, Clark MJ, Valant C, Xu J, Moo EV, Albold S, et al. (2018): Structure-based 
discovery of selective positive allosteric modulators of antagonists for the M2 muscarinic 
acetylcholine receptor. Proc Natl Acad Sci U S A. 115:E2419–E2428. [PubMed: 29453275] 

90. Shoichet BK, Kobilka BK (2012): Structure-based drug screening for G-protein-coupled receptors. 
Trends Pharmacol Sci. 33:268–272. [PubMed: 22503476] 

91. Negri A, Rives ML, Caspers MJ, Prisinzano TE, Javitch JA, Filizola M (2013): Discovery of a 
novel selective kappa-opioid receptor agonist using crystal structure-based virtual screening. J 
Chem Inf Model. 53:521–526. [PubMed: 23461591] 

92. Zheng Z, Huang XP, Mangano TJ, Zou R, Chen X, Zaidi SA, et al. (2017): Structure-Based 
Discovery of New Antagonist and Biased Agonist Chemotypes for the Kappa Opioid Receptor. J 
Med Chem. 60:3070–3081. [PubMed: 28339199] 

93. Manglik A, Lin H, Aryal DK, McCorvy JD, Dengler D, Corder G, et al. (2016): Structure-based 
discovery of opioid analgesics with reduced side effects. Nature. 537:185–190. [PubMed: 
27533032] 

94. Spahn V, Del Vecchio G, Labuz D, Rodriguez-Gaztelumendi A, Massaly N, Temp J, et al. (2017): 
A nontoxic pain killer designed by modeling of pathological receptor conformations. Science. 
355:966–969. [PubMed: 28254944] 

Manglik Page 14

Biol Psychiatry. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Molecular recognition of opioids.
A. Comparison of an opioid receptor model proposed by Beckett and Casy based on 

extensive structure-activity relationships of opioid-active compounds. The crystal structure 

of μOR revealed many features consistent with this model, including a key anionic site, a 

cavity to accommodate substitutions on a common amine in opioid ligands, and a flat 

surface to enable recognition of a phenolic moiety common to many opioids. B. Inactive-

state structures of all four opioid receptors bound to antagonists. C. Close up view of the 

μOR binding site with the covalent antagonist β-funaltrexamine shown in green sticks. The 

position of the key anionic site (Asp147 in murine μOR) and a conserved histidine residue 

responsible for recognition of opioid phenols is shown.
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Figure 2. Opioid receptor activation.
A. Comparison of the inactive structure of μOR bound to the antagonist β-funaltrexamine 

and the active state bound to the agonist BU72 and a stabilizing nanobody (Nb39). Key 

structural changes associated with activation include and outward displacement of 

transmembrane helix 6 (TM6) and an inward displacement of TM5. B. Structure of μOR 

bound to the peptide agonist DAMGO and the heterotrimeric inhibitory G protein. The α5 

helix of the Gi α subunit binds in the core of the μOR leading to subsequent release of the 

bound GDP. C. Close up view comparing the binding pocket of active and inactive μOR. 
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Many of the contacts between the receptor and agonist/antagonist are conserved. These 

subtle changes, however, critically drive opioid receptor activation.
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Table 1.

Biophysical approaches to understand opioid receptor function

Technique Enabling technologies Key insight gained Key limitations

X-ray 
crystallography

•Protein engineering
•Stabilizing antibodies
•Membrane protein 
crystallization techniques
•Microfocus diffraction 
beamlines

•Three dimensional structures of 
receptors and ligands
•High resolution insights into the 
chemistry of ligand recognition

•Obtaining crystals is challenging
•Limited information on protein 
dynamics
•Dynamic complexes less amenable to 
crystallogenesis

Cryo-electron 
microscopy

•Direct electron detectors
•New computational algorithms 
for single particle analysis

•Three dimensional structures of 
receptors and ligands
•Structural heterogeneity of dynamic 
complexes

•High resolution structures remain 
challenging
•Extensive optimization often required

Nuclear magnetic 
resonance 
spectroscopy

•Novel detergents to stabilize 
membrane proteins
•High field magnets

•Structural dynamics of receptors and 
ligands
•Directly observe transient ligand-
receptor interactions

•Need three dimensional structures to 
provide context
•Receptor preparations challenging to 
produce; limited to smaller protein 
fragments

Molecular dynamics 
simulations

•Dedicated hardware/software 
for simulation
•Increasing computational 
power

•Structural dynamics of receptors and 
ligands
•Atomic “microscope” detailed 
insights into allostery and molecular 
recognition

•Limited to shorter timescales 
(milliseconds)
•Requires significant computational 
resources for long-timescale simulations
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