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G protein–coupled receptors (GPCRs) are a protein superfamily comprising >800 members that regulate numerous cellular and physiologic responses. GPCRs represent the largest class of therapeutic targets with implications in various diseases. Although advances in GPCR structural and pharmacological research have significantly improved our knowledge of GPCR signaling mechanisms, mapping diverse post-translational modifications (PTMs) of GPCR proteins and understanding their regulatory roles have received much less attention. Mass spectrometry-based proteomics has become the most popular technology for profiling protein PTMs in a systematic manner. Herein we provide an overview of PTM types, locations, crosstalk and dynamic regulation for different GPCRs that are characterized using proteomic and/or biochemical approaches. Our main focus is on glycosylation, phosphorylation, ubiquitination and palmitoylation that are known to modulate receptor folding, biosynthesis, trafficking, dimerization and signaling. Furthermore, we discuss the locations of specific PTM sites in the structure of a given GPCR and its signaling complex to highlight the importance of PTM regulation in the molecular basis of GPCRs, which may shed new light on structure-based drug discovery.
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INTRODUCTION
G protein-coupled receptors (GPCRs), which are seven-transmembrane proteins, constitute the largest family of cell surface receptors in mammalian cells (>800 in human). According to sequence homology, mammalian GPCRs are divided into five major subfamilies: Rhodopsin (Class A), Secretin/Adhesion (Class B), Glutamate (Class C), Frizzled (Class F) and Taste 2 (Class T) (Lagerstrom and Schioth, 2008). GPCR activation results in coupling to G proteins at the plasma membrane and signaling from endosomes after receptor internalization (Thomsen et al., 2016). Dysregulation of GPCR signaling contributes to various human diseases such as obesity, diabetes, depression, Alzheimer’s disease and multiple types of cancer (Dorsam and Gutkind, 2007; Hauser et al., 2017; Huang et al., 2017; Zhou and Wild, 2019). Serving as the most successful drug target family, GPCRs currently account for targets of over 34% of FDA approved therapeutics (Kooistra et al., 2021).
Post-translational modifications (PTMs) mediate the abundance and/or activity of vast proteins and thus play a critical role in modulating signal transduction. Through covalently attaching a chemical or protein moiety to specific sites, PTMs increase the functional diversity of proteins and fine-tune signaling cascades (Krishna and Wold, 1993). These modifications including phosphorylation, glycosylation, ubiquitination, palmitoylation, methylation, acetylation and lipidation affect almost all aspects of normal cell biology and pathogenesis. For GPCRs, the most extensively characterized PTMs are glycosylation, phosphorylation, ubiquitination and palmitoylation which control the spatial and temporal dynamics of receptor signaling and physiologic responses (Duarte and Devi, 2020; Patwardhan et al., 2021). Specific PTMs are known to regulate receptor folding, maturation, trafficking, dimerization, and signaling activity (Patwardhan et al., 2021). Disorders of GPCR PTMs, which cause deficient or overabundant signaling responses, are linked to a variety of diseases, such as neurodegenerative disorders (Fang et al., 2020), immune dysfunction (Farzan et al., 1999) and cancer (Chen et al., 2017; Xiao et al., 2017).
The characterized GPCR PTMs occur at different domains of the receptor including N-terminus, extracellular loops (ECLs), intracellular loops (ICLs) and C-terminus. Compared to the seven transmembrane domains, these regions are much more accessible to PTM enzymes. Figure 1 summarizes the locations of multiple PTM types in the extracellular or cytoplasmic regions of a GPCR protein. Historically, these PTM types were discovered using metabolic labeling with radioactive probes or enzymatic methods, and PTM sites were deduced by site-directed mutagenesis (Prihandoko et al., 2015; Lu and Fang, 2020). More recently, prominent advancements in mass spectrometry (Nguyen et al.)-based proteomics allow for systematic analysis of protein PTM sites and abundances in cultured cells and tissues (Olsen and Mann, 2013; Hansen et al., 2021; Kitata et al., 2021), which facilitates PTM profiling in various GPCR proteins. In this review, we provide an overview of PTM types, locations, crosstalk and dynamic regulation for different GPCR proteins that are characterized mainly with proteomic approaches. In addition, specific PTMs revealed by structural biology are highlighted to understand the importance of PTMs in regulating the molecular function of GPCRs.
[image: Figure 1]FIGURE 1 | Structural localization of GPCR post-translational modifications overviewed in this review. Four major types of PTMs are distributed on the N-terminus, ECLs, ICLs and C-terminus of a GPCR protein. Glycosylation occurs on the N-terminal and ECL domains, with N-glycosylation at N of the sequence motif N-X-S/T (X≠P) and O-glycosylation at S/T residues. Phosphorylation occurs at S, T or Y residues on the C-terminal and ICL domains. Ubiquitination occurs at K residues and palmitoylation at C residues, both on the C-terminus.
GPCR GLYCOSYLATION
Glycosylation mainly takes place in the endoplasmic reticulum (ER) and Golgi apparatus and serves as a tag to direct the receptor to the plasma membrane (Schjoldager et al., 2020). N- and O-linked glycosylation are prevalently present at the N-terminal or ECL domains of GPCRs, and both modulate receptor maturation, trafficking, ligand binding and cell signaling (Chen et al., 2010; Lackman et al., 2018; Wang et al., 2020). N-glycosylation which links a sugar molecular to the nitrogen of Asn (N) residue in the consensus motif N-X-S/T (X≠P) is the major form of glycosylation found in GPCRs. Traditionally, enzymatic cleavage with PNGase F or Endo H to remove glycans along with site-directed mutagenesis is widely employed to detect N-glycosylation of specific receptors. For instance, three sites of GLP-1R (N63, N82 and N115) and four sites of mGluR7 (N98, N458, N486, N572), all at the N-terminus, were found to be glycosylated using this approach (Chen et al., 2010; Irwin et al., 2012; Park et al., 2020). Combined mutation of 2-3 glycosites caused significant reduction of GLP-1R cell surface expression, indicating that the cooperative function of multiple glycosites (Chen et al., 2010; Irwin et al., 2012).
Although biochemical methods have been effective for mapping glycosylation sites of specific GPCRs in an overexpression system, comprehensive profiling of glycosites and glycan compositions of various receptors in vivo remain very difficult because of the structural complexity and varying abundance of glycans. Fortunately, development of new methods for the enrichment and MS analysis of glycopeptides has largely promoted systematic profiling of various glycoproteins including GPCRs. Zielinska et al. developed a ‘‘filter aided sample preparation’’ (FASP) method to enrich glycopeptides bound to lectins on top of a filter (Zielinska et al., 2010). After removal of the N-glycans, peptides were analyzed by high-resolution MS to determine their N-glycosites. This work identifeid 6367 N-glycosites on 2352 proteins in four mouse tissues and plasma, among which many novel glycosites were detected for tissue-specific proteins, such as neurotransmitter receptors and contactins in the brain. Liu et al. employed zwitterioic hydrophilic interaction liquid chromatography (ZIC-HILIC) for separating and enriching glycopeptides (Liu et al., 2017). They analyzed intact N-glycopeptides at the proteome scale using a stepped collision energy-based MS method. The MS data were processing with a dedicated search engine pGlyco 2.0 to decode the N-glycosites and N-glycan composition simultaneously. This study generated a large-scale glycoproteome dataset consisting of 10,009 site-specific N-glycans on 1988 glycosites from 955 glycoproteins in five mouse tissues. Of note, the two previous glycoproteomic datasets included a small fraction of glycosylated GPCRs identified in different mouse tissues (180 N-glycosites mapped to 84 GPCRs by Zielinska et al., and 51 N-glycosites mapped to 26 GPCRs by Liu et al.). A similar approach of intact glycopeptide analysis was adopted by Fang et al. to map the brain N-glycoproteomic landscape in an AD mouse model (Fang et al., 2020). Interestingly, among the hundreds of up- or down-regulated N-glycopeptides from the AD mouse brain relative to the control, we noticed that 25 N-glycopeptides mapped to 8 GPCRs such as S1P1, Gpr158, mGluR3 showed dysregulated glycosylation occupancy on specific sites.
Apart from the direct glycopeptide enrichment, capturing cell-surface proteins prior to glycopeptide enrichment is another approach to improve the sensitivity of profiling low-abundance N-glycosylation. Through covalently labeling extracellular glycan moieties in live cells, Danzer et al. identified N-glycosites of 28 GPCRs in mouse pancreatic β-cells or human islets (Danzer et al., 2012). These glycosylated GPCRs span orphan receptors (e.g., GPR116, GPR158), class A (e.g., ADRA2A, GALR1), class B (e.g., GLP-1R, CRHR1), and class C (e.g., CASR, GABBR2) receptors. For GLP-1R which represents an important therapeutic target of type II diabetes and obesity, glycosylation at both N63 and N115 were detected in this study. Moreover, glycopeptides released from these two sites were reduced by 9-fold in response to glucose and GLP-1 stimulation as measured by quantitative MS analysis, implying the involvement of N-glycosylation of GLP-1R in insulin secretion and blood glucose control.
In regard to mucin-type O-linked glycosylation, up to 20 different GalNAc transferases installs N-acetylgalactosamine to the hydroxyl group of S, T or Y residues in Golgi after protein folding. Different monosaccharides are then added successively to the growing oligosaccharide before the elongated glycans are capped with terminal sialic acids (Patwardhan et al., 2021). Lack of a consensus sequence and enzymatic tools, together with highly complex and heterogeneous glycan structures, makes it more difficult to determine the modification site and glycan composition of O-glycosylation than N-glycosylation (Wilkinson and Saldova, 2020). Although computational prediction implicates over 350 GPCRs could be O-glycosylated, most of them are not experimentally verified (Steentoft et al., 2013). To reduce the complexity of O-glycosylation in cells, Steentoft et al. developed a genetic engineering strategy to produce truncated and homogeneous O-glycans by blocking the elongation process. The simplified O-linked glycopeptides were then analyzed with an HCD/ETD hybrid MS method to determine the O-glycosylation sites on various peptides (Steentoft et al., 2011). Applying this strategy to O-glycoproteome profiling of 12 human cell lines generated an expanded map of almost 3,000 glycosites from over 600 O-glycoproteins (Steentoft et al., 2013). From this dataset, we found 35 O-glycosites mapped to 14 GPCRs. For instance, 5 O-glycosites were identified in Frizzled-2 receptor (FZD2) and 3 O-glycosites in adhesion receptor GPR64, all within the N-terminal domain. Recently a new chemoenzymatic method named EXoO was introduced for the selective extraction of O-linked glycopeptides from protein digests. Yang et al. exploited an endo-protease OpeRATOR to specifically release O-glycopeptides from proteins conjugated to a solid support before their glycosites were assigned by high-resolution MS/MS analysis (Yang et al., 2018). EXoO was benchmarked with human kidney tissue, T cells, and serum to map a total of 3,055 O-glycosites from 1,060 glycoproteins, which included 23 GPCRs with 39 O-glycosites assigned.
A profound breakthrough in the glycoproteomics field is the recent development of a panel of bioinformatics tools such as Byonic (Bern et al., 2012), GPQuest (Toghi Eshghi et al., 2015), pGlyco3 (Zeng et al., 2021) and StrucGP (Shen et al., 2021) for efficient interpretation of tandem MS data from N-linked or O-linked glycopeptides. These search engines enable accurate identification of the composition and localization of glycans on glycopeptides as well as elucidation of site-specific glycan structures on a proteome-wide scale. Major characteristics of these software tools are summarized in Table 1. We envision such bioinformatic advances would facilitate the structural and functional study of GPCR glycosylation.
TABLE 1 | Major characteristics of different glycoproteomic search engines.
[image: Table 1]GPCR Phosphorylation
Phosphorylation is a major regulator of GPCR transduction signaling dynamics in mammalian cells. GPCR phosphorylation mainly mediated by two classes of serine/threonine kinases, namely GPCR kinases and second message kinases (such as protein kinase A and protein kinase C) (Lefkowitz, 1998). A large number of GPCR phosphorylation sites have been reported, mostly using mass spectrometry, phosphor-specific immunoblotting and metabolic labeling approaches (Prihandoko et al., 2015).
The traditional method for detecting GPCR phosphorylation in early studies is through metabolic labeling of cultured cells with the radioactive phosphate (usually 32P orthophosphate) (Fredericks et al., 1996; Prihandoko et al., 2015). Metabolic labeling employed together with receptor–specific immunoprecipitation provides a global assessment of GPCR phosphorylation. However, this approach does not allow precise mapping of phosphorylated residues, which requires mass spectrometry or phosphosite-specific antibodies.
Compared to immunoblotting with site-specific antibodies, MS-based proteomic profiling enables more comprehensive site determination and accurate quantification of protein phosphophorylation in vitro and in vivo (Lawrence et al., 2016; Liu et al., 2018). This powerful technology has been applied to phosphorylation mapping and signaling investigation of numerous GPCRs. In the case of β2-adrenergic receptor (β2AR) expressed in HEK293 cells, by performing MS analysis of phosphosite-specific regulation, the authors reported the induction of phosphorylation at 13 sites located at ICL3 or C-terminus by an unbiased agonist (Nobles et al., 2011). Distinct phosphorylation only occurred at S355 and S356 in response to the stimulation with a β-arrestin-biased agonist carvedilol, which was discovered by MS analysis and validated with site-specific antibodies (Nobles et al., 2011). Application of the same strategy has led to decoding 14 phosphorylation sites on M1 muscarinic acetylcholine receptor (M1 mAChR) upon the simulation of acetylcholine (Butcher et al., 2016). Although S228 in ICL3 of M1 mAChR displayed an extremely low level of constitutive phosphorylation, its modification level was dramatically up-regulated under the stimulation of an orthosteric agonist. A positive allosteric modulator was able to further enhance acetylcholine-induced phosphorylation at S228. The MS-based proteomic approach has also been applied to mapping three endogenous phosphosites of MOP in the mouse brain (Mouledous et al., 2015). Only the phosphorylation of T370 and S375 was enhanced by agonist administration in vivo.
MS-based phosphoproteomics has become the method of choice for the genome-wide study of protein phosphorylation and dynamic cell signaling (Humphrey et al., 2015). Recently, Liu et al. employed high-throughput phosphoproteomics to study in vivo signaling of kappa opioid receptor (KOR) induced by structurally diverse agonists in five mouse brain regions (Liu et al., 2018). By analyzing this proteomics dataset, we noticed the phosphorylation level at S317 of cannabinoid receptor 1 (CB1) was downregulated upon KOR’s aversive agonist administration, suggesting a signaling crosstalk might be present between CB1 and KOR through dynamic regulation of phosphorylation. We also analyzed the percentage of phosphorylated GPCRs and their phosphosites in total identifications as well as topological localization of identified phosphosites in GPCRs included in this dataset and in a most comprehensive human phosphoproteome database (Christensen et al., 2010; Lawrence et al., 2016) (Figure 2). Among the 6766 phosphoproteins reported in the KOR signaling study, a very small fraction (1.36%) was phosphorylated GPCRs (Figure 2C), highlighting the challenge of detecting endogenous GPCR phosphorylation in tissues.
[image: Figure 2]FIGURE 2 | Percentage of phosphorylated GPCRs and their phosphosites in the total identifications from two published phophosproteomics datasets (A,C), and the distribution of identified phosphosites on GPCR topological domains (B,D). (A,B) Results based on a human phosphoproteome dataset (Lawrence et al., 2016). (C,D) Results based on a mouse brain phosphoproteomics dataset (Liu et al., 2018). Criteria for phosphoprotein and phosphosite identification are PSM FDR <0.01, phosphopeptide FDR <0.05, and Ascore >13 at the phosphosite level for (A,B), and PSM FDR <0.01, protein FDR <0.01, and phosphosite localization probability >0.75 for (C,D).
Given that the C-terminus of GPCRs often contains multiple serine, threonine and tyrosine residues, the hydrophilic phosphopeptides released from this region are easily overlooked in conventional proteomic workflows. To address this issue, a TMT chemical labeling method was developed to increase the phosphopeptide hydrophobicity so as to render quantitative measurement of the phosphorylated C-terminus of a selected GPCR (Tsai et al., 2019). Using CXCR3 as an example, both its unphosphorylated and single-site phosphorylated form at the C-terminus were detected and quantified under agonist stimulation. This method is anticipated to expand the coverage of GPCR phosphoproteome profiling.
GPCR Ubiquitination
GPCR ubiquitination is an enzymatic process that mediates the covalent conjugation of ubiquitin to a targeted protein. This process is critical for regulating biosynthesis, endocytosis, lysosomal sorting degradation and cellular signaling of GPCRs (Kennedy and Marchese, 2015; Patwardhan et al., 2021). In general, GPCRs are modified at one or multiple intracellular lysine residues with either monoubiquitin or polyubiquitin chains in an agonist-dependent or -independent manner (Imai et al., 2001; Marchese and Benovic, 2001). Currently, the major strategy adopted for profiling GPCR ubiquitination is target protein immunoprecipitation followed by immunoblotting or MS-based proteomic analysis. Immunoblotting coupled with mutagenesis of targeted lysine residues was performed to infer the ubiquitin-conjugation sites on mGluR7 (Lee et al., 2019). Two lysine residues at the ICL2 and eight lysine residues at the C terminus of mGluR7 were found to be ubiquitinated, which was primarily mediated by Nedde E3 ligase with agonist treatment. Complementary to immunoblotting and mutagenesis, proteomic analysis allows for direct and systematic identification of all putative ubiquitination sites in a specific GPCR. To study the regulation of β2AR ubiquitination, Xiao et al. performed LC-MS/MS analysis of tryptic digests of the purified receptor with or without agonist stimulation (Xiao and Shenoy, 2011). Lysines at the ICL3 (K263 and K270) and the C-terminus (K348, K372 and K375) of β2AR showed agonist-induced ubiquitination, which played a key role in the long-term receptor desensitization through lysosomal degradation. Using the same approach, Zhang et al. reported characteristic ubiquitin modifications of specific residues at the ICL3 (K388) and the C-terminus (K484) of parathyroid hormone receptor (PTHR) upon PTH (1–34) stimulation (Zhang et al., 2018). These two ubiquitination sites were then confirmed by site-directed mutagenesis and shown to modulate PTHR trafficking, signaling and function in HEK293 cells.
GPCR Palmitoylation
GPCR palmitoylation involves covalent attachment of palmitate (saturated 16-carbon fatty acid) to one or more cysteine residues of the receptor via a thioester bond (S-palmitate). This modification usually occurs basally at the C-terminus of GPCRs during their biosynthesis, and in some cases, can be induced by agonist stimulation (Qanbar and Bouvier, 2003). GPCR palmitoylation plays an important role in receptor trafficking, localization to cell surface, dimerization and signaling (Qanbar and Bouvier, 2003; Chini and Parenti, 2009). The analysis of GPCR palmitoylation remains challenging due to the hydrophobicity and instability of S-palmitate modified peptides. Recently, bioorthogonal labeling or click chemistry have been increasingly used for GPCR palmitoylation profiling in receptor-overexpressing cell lines (Zuckerman et al., 2011; Adachi et al., 2016). One of these methods is to use alkyne-modified palmitic acid reporters to label proteins in live cells and then apply azide biotin for isolation or immunoblotting of palmitoylated proteins from cell lysates (Ebersole et al., 2014; Kallemeijn et al., 2021). Notably, metabolic labeling or chemical labeling based on acyl-biotin replacement or acyl-polyethylene glycol (PEG) exchange have been developed to achieve sensitive analysis of protein S-palmitoylation sites and abundances on a proteome-wide scale (Yang et al., 2010; Percher et al., 2016). Similar to phophoproteomics, palmitoylation sites in a number of GPCRs such as FZD5, GPRC5A and mGluR7 were determined in a proteome-wide analysis of human palmitoylated proteins (Yang et al., 2010).
GPCR PTM Crosstalk
Typically, GPCRs are modified at multiple sites by various PTMs to regulate their structure, stability, activity and function. However, these PTMs do not exist in isolation and they can either positively or negatively influence each other. This combinatorial effect of different PTMs at the same or multiple residues is termed PTM crosstalk. PTM crosstalk offers unique mechanisms for GPCR functional regulation. The crosstalk between GPCR phosphorylation and ubiquitination has been extensively studied. For instance, mutation of phosphorylated residues S324 and S325 of CXCR4 inhibited agonist-induced ubiquitination of nearby lysine residues and eventually affected receptor degradation. This was attributed to the impaired recruitment of E3 ubiquitin ligase AIP4 to the cell membrane by the phosphor-deficient mutants (Bhandari et al., 2009). In another work, mutation of phosphorylated residues T387 and T392 of PTHR suppressed β-arrestin recruitment after agonist activation and inhibited subsequent PHTR ubiquitination (Zhang et al., 2018). In fact, it is proposed that most of GPCR agonist-induced ubiquitination requires phosphorylation for direct recruitment of the E3 ligase or adaptor proteins that mediate the interaction or activity of the ubiquitination machinery. However, a comprehensive proteomic map and mechanistic details of interdependent GPCR phosphorylation and ubiquitination remain unavailable.
PTMs Observed in High-Resolution GPCR Structures
Over the last decade, technology breakthroughs in structural biology of membrane proteins have resulted in the determination of over 600 structures of GPCRs in complexes with various ligands and signaling partners. However, PTM moieties are rarely present in these high-resolution structures possibly due to the fact that the majority of PTMs are located in highly flexible regions such as the N- and C-terminus. Nevertheless, in the X-ray free electron laser (XFEL) crystal structure of a rhodopsin-arrestin complex, phosphorylation of two residues T336 and S338 of rhodopsin were observed (Zhou et al., 2017) (Figure 3A). The two phosphosites, together with E341, formed an electrostatic interaction network with three positively charged pockets in β-arrestin1 to stabilize the entire complex. Moreover, the authors proposed a phosphorylation code in the receptor C-tail as a common mechanism of mediating arrestin recruitment (Zhou et al., 2017) (Figure 3D). More recently, in the cryo-EM structure of β2V2R-G protein-β-arrestin1 megaplex, six GRK2-phosphorylated residues were observed in the subcomplex of β-arrestin1 and vasopressin receptor-2 C-tail (V2T) (Nguyen et al., 2019) (Figure 3B). The presence of multiple phosphosites on the V2T presumably enhanced the affinity of β2V2R with β-arrestin1 to form the megaplex. The majority of these phosphosites on V2T made electrostatic interactions with lysine or arginine residues at the N-terminus of β-arrestin1. Through MS analysis of the phosphorylation code on the V2T, this study revealed that four residues in this domain were basally phosphorylated, whereas the other four residues were phosphorylated in response to agonist stimulation. These results indicated that a specific C-terminal phosphorylation pattern of GPCR is required for recruiting and stabilizing the signaling transducer β-arrestin1.
[image: Figure 3]FIGURE 3 | GPCR phosphorylation sites present in crystal or cryo-EM structures. (A) The phosphorylated rhodopsin C terminus (green) interacting with β-arrestin1 (brown) in the crystal structure (Zhou et al., 2017). (B) Phosphorylated residues on V2T (pink) interacting with β-arrestin1 (light blue) in the cryo-EM structure (Nguyen et al., 2019). (C) Crystal structure of β-arrestin1 (light green) in complex with a V2R phosphopeptide (orange) (He et al., 2021). (D) A model of the GPCR phosphorylation code in a pattern of Px(x)PxxP for β-arrestin recruitment (Zhou et al., 2017).
To further elucidate the mechanism of regulating arrestin interaction and function by GPCR phosphorylation codes, He et al. determined the structures of arrestin2 in complex with four different phosphopeptides derived from the V2T (He et al., 2021) (one representative structure shown in Figure 3C). These crystal structures in line with NMR analysis and functional characterization suggested that different phosphorylation patterns of a GPCR could not only determine the strength of the phosphor-arrestin interaction, but also induce distinct conformational changes at remote positions of arrestin to ultimately modulate its selective functions.
In addition to phosphorylation, palmitoylation at cysteine residues observed in both structures of rhodopsin and adrenoceptor β2AR (Salom et al., 2006; Cherezov et al., 2007). For instance, in the β2AR crystal structure, C341 on the receptor H8 helix was modified with a palmitic acid, which makes hydrophobic interaction with cholesterol to possibly regulate receptor dimerization (Cherezov et al., 2007).
CONCLUSION AND PERSPECTIVE
Diverse PTMs in GPCR proteins provide novel and expansive mechanisms for GPCR functional regulation as well as new opportunities for GPCR-targeted drug development (Patwardhan et al., 2021). With the advancement of MS-based proteomics technology, a number of PTM sites have been mapped to specific receptors stimulated with different ligands, which substantially enhanced our mechanistic understanding of receptor trafficking, activation, internalization and degradation. Most biochemical studies looked into one receptor at a time, identified PTM residues by MS analysis, and elucidated the function of specific modification sites in GPCRs overexpressed in cell lines. Furthermore, certain PTMs are observed in GPCR structures, providing a molecular basis for in vitro PTM regulation of receptor conformation and interaction with signal transducers.
However, GPCR PTM characterization at physiological conditions remains a long-standing challenge due to the low receptor expression and low stoichiometry of most PTMs in primary cells or tissues. Therefore, more sensitive and robust techniques are required for mapping PTM sites on endogenous GPCRs and profiling the spatial and temporal dynamics of GPCR PTMs during disease progression. Revealing the PTM landscape of various GPCRs at pathological conditions would foster our understanding of dysregulated mechanisms in diseases and discovery of new drug targets. It is noteworthy that a growing number of large-scale PTM proteomic studies have documented GPCR modification sites and regulation, but they are lack of functional linkage to specific receptors. More GPCR-oriented proteomic studies need to be designed to uncover new regulatory mechanisms and physiological functions for GPCR PTMs in a systematic manner.
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