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Abstract 

This Commentary focuses on two articles in the October 2015 issue of Molecular Pharmacology that 

investigate the role of mu-opioid receptor phosphorylation in receptor agonist binding and desensitization. 

The work of Birdsong et al. (p. XXX) and Yousuf et al. (p. YYY) clearly highlights the complexity that 

researchers face when trying to assess the signaling and regulatory consequences of GPCR 

phosphorylation. 
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Introduction 

Opioid receptors represent one of the most widely studied families of G protein-coupled receptors (GPCRs). 

In particular, the mu-opioid receptor (MOPr) subtype has been the focus of intensive research as it is the 

main mediator of the actions of widely used analgesics, such as morphine. From initial observations of 

compromised MOPr internalisation induced by morphine, compared to other opioid agonists, significant 

advances have been made towards understanding how this receptor is regulated. As for most GPCRs, 

prolonged agonist stimulation of MOPr triggers phosphorylation of its intracellular and C-terminal domains. 

The phosphorylated receptor has higher affinity for β-arrestins, which bind to the receptor, prevent further G 

protein activation and scaffold the formation of a multiprotein complex that drives receptor endocytosis. 

Importantly, it has been suggested that MOPr desensitization (namely, uncoupling from G protein-mediated 

signaling) is an important initial step in the development of analgesic tolerance, which remains a major issue 

associated with this class of therapeutic agent (Christie et al.,1987). 

 

 

Receptor phosphorylation is a vital regulatory process that provides a broad dynamic range in which receptor 

signaling can be modulated. Indeed, GPCRs can be phosphorylated by numerous protein kinases at multiple 

sites throughout their intracellular domains. As such, the complement of receptor kinases expressed in a 

particular cell type may promote a specific phosphorylated state of a GPCR that directs the signaling 

outcome of the receptor in that particular cell type (Kohout and Lefkowitz, 2003, Tobin et al., 2008). Together, 

the intracellular and C-terminal domains of the MOPr contain more than 20 potential phosphorylation sites 

(comprised of Ser, Thr and Tyr residues). Not surprisingly, the phosphorylation pattern, as well as the 

kinases that mediate such phosphorylation, depends on the agonist bound to the MOPr (Raheal et al., 2011). 

The use of phosphorylation site mutants and the development of specific antibodies against phosphorylated 

MOPr residues have revealed the existence of ligand-dependent phosphorylation “barcodes” at this receptor. 

The role of MOPr phosphorylation in mediating receptor endocytosis has been characterized recently 

(Williams et al., 2013). It is now apparent that MOPr phosphorylation is highly hierarchical, and that high 

order phosphorylation is required to drive receptor internalization (Just et al., 2013). However, the impact of 

the different receptor phosphorylation profiles in the regulation of other aspects of MOPr signaling remains 

uncertain. In this issue, two independent studies from different groups tackle this important question by using 

“phosphosite” receptor mutants (p. XXX and p. YYY). Together these studies highlight that agonist-
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dependent phosphorylation of specific C-terminal motifs participates in the regulation of MOPr signaling via 

multiple mechanisms that extend beyond β-arrestin recruitment. 

By studying the binding kinetics of a fluorescently labelled opioid agonist (Dermorphin Alexa594, Derm-

A594) Birdsong and colleagues have previously shown that desensitizing conditions caused an increase in 

agonist (but not antagonist) affinity for MOPr, showing that the receptor could get “imprinted” with a memory 

of prior activation (Birdsong et al., 2013). However, this effect was independent of G protein coupling and of 

β-arrestin binding, and thus other mechanisms must be involved in such effect. In the current study, these 

researchers investigate whether phosphorylation is involved in the generation of this agonist-specific high 

affinity state in HEK293 cells expressing different MOPr phosphorylation mutants. They show that 

phosphorylation of the TSST motif at the C-terminus of MOPr is the major mediator of the generation of the 

high affinity state of the receptor upon high efficacy agonist stimulation, suggesting that phosphorylation of 

such motif can have an allosteric effect on ligand binding. Interestingly, morphine-induced changes in Derm-

A549 affinity were less dependent on the TSST-motif. Finally, to assess the role of phosphorylation in MOPr 

desensitization, the authors performed whole cell electrophysiological recordings of brain slices and LC 

neurons of MOPr knock-out mice after viral injection of wild-type or MOPr phosphorylation mutants. In this 

system, they show that both the TSST and STANT motifs are required for agonist-induced desensitization of 

the receptor. These results support the hypothesis that phosphorylation of the two main Ser/Thr clusters at 

the C-tail of MOPr participates in reduction of MOPr signaling via two parallel pathways, one (STANT) by 

mediating β-arrestin interactions while the other (TSST) by modulating agonist-receptor interactions.  

In the second study, Yousuf et al., directly assess the role of MOPr phosphorylation in receptor 

desensitization induced by met-enkephalin (ME, a high efficacy, internalizing MOPr agonist) or morphine 

using receptor mutagenesis, perforated patch clamp and phosphosite specific antibodies in an ATt20 cell 

background. An important observation is that the rates of MOPr desensitization do not correlate with the 

rates of receptor phosphorylation. In agreement with the study of Birdsong et al., Yousuf and colleagues 

show that ME-induced desensitization is severely compromised only when the 11 Ser/Thr residues of MOPr 

C-tail are mutated to Ala. In contrast, morphine-induced desensitization is unaffected by these mutations but 

compromised by PKC inhibition, both at the wild type receptor and more so at the receptor mutant lacking all 

phosphorylation sites. Importantly, both studies highlight that; i) desensitization occurs even when the 

residues required for β-arrestin recruitment are mutated and, ii) that the multiple mechanisms participating in 

MOPr desensitization are ligand-dependent and, in some cases, can occur independently of Ser/Thr 

phosphorylation. Although the contribution of the TSST motif was not directly assessed in the study by 
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Yousuf et al., it is likely that, as suggested by Birdsong et al., the motif participates in MOPr desensitization 

by stabilizing an uncoupled conformation of the receptor. 

The two studies in this issue of Molecular Pharmacology highlight the complex roles of MOPr 

phosphorylation. Indeed, both studies suggest an expanded role of MOPr phosphorylation in the regulation 

of receptor function that goes beyond β-arrestin recruitment and highlight the existence of multiple 

mechanisms mediating acute decline in signaling and sustained desensitization; a phenomenon likely to be 

relevant to other GPCR families. Indeed, this is also relevant when considering the role that GPCR 

phosphorylation may play in the manifestations of biased agonism (Kenakin 2007). It is anticipated that the 

contribution of these different mechanisms will vary depending on the kinase/phosphatase complement in 

different tissues or neuronal populations. Thus, investigating the consequences of ligand-dependent MOPr 

phosphorylation in different brain regions in vivo will be particularly relevant. Finally, it will be of interest to 

investigate to what extent distinct MOPr phosphorylation patterns determine the development of analgesic 

tolerance. 
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Figure Legend 

Figure 1. Phosphorylation of the Ser/Thr residues at the C-tail of the MOPr participates in multiple regulatory 

and signaling processes. 
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