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ABSTRACT 24 

In addition to their role in desensitization and internalization of G protein-coupled receptors 25 

(GPCRs), β-arrestins are essential scaffolds linking GPCRs to Erk1/2 signaling. However, 26 

their role in GPCR-operated Erk1/2 activation differs between GPCRs and the underlying 27 

mechanism remains poorly characterized. Here, we show that activation of serotonin 5-HT2C 28 

receptors, which engage Erk1/2 pathway via a β-arrestin-dependent mechanism, promotes 29 

MEK-dependent β-arrestin 2 phosphorylation at Thr383, a necessary step for Erk recruitment 30 

to the receptor/β-arrestin complex and Erk activation. Likewise, Thr383 phosphorylation is 31 

involved in β-arrestin-dependent Erk1/2 stimulation elicited by other GPCRs such as β2-32 

adrenergic, FSH and CXCR4 receptors, but does not affect the β-arrestin-independent Erk1/2 33 

activation by 5-HT4 receptor. Collectively, these data show that β-arrestin 2 phosphorylation 34 

at Thr383 underlies β-arrestin-dependent Erk1/2 activation by GPCRs. 35 

 36 

  37 
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INTRODUCTION 38 

Arrestins were initially named on the basis of their ability to turn-off the coupling of G 39 

protein-coupled receptors (GPCRs) to G proteins and thereby inhibit G protein-dependent 40 

GPCR signaling. Over the last decade, it has become evident that β-arrestins are also 41 

important signal transducers and that a number of biological functions exerted by GPCRs are 42 

mediated by β-arrestin-dependent signaling (1-4). β-arrestins act as multifunctional scaffolds 43 

that recruit multiple signaling molecules, such as the core Extracellular signal-regulated 44 

kinase Erk1/2 signaling module, composed of Raf1, MAP kinase kinase MEK1 and MAP 45 

kinases Erk1/2, a process leading to Erk1/2 activation (5-7). Typically, most GPCRs induce 46 

temporally distinct and spatially segregated G protein-dependent and β-arrestin-dependent 47 

activation of Erk: G protein-mediated Erk activation is rapid and transient, reaching a 48 

maximal level within a few minutes and is followed by translocation of activated Erk into the 49 

nucleus to promote gene transcription and cell proliferation. In contrast, β-arrestin-mediated 50 

Erk1/2 activation is slower in onset, requiring 5-10 min to reach maximal level, persists more 51 

than one hour and mainly occurs in the cytosol (5, 8, 9). However, Erk1/2 signaling elicited 52 

by certain GPCRs does not fit this classic bimodal activation pattern: for example, the 53 

activation of Erk1/2 pathway by 5HT2C receptors is entirely dependent on β-arrestins (10), 54 

whereas the engagement of this pathway by the 5-HT4 receptor does not require β-arrestin 55 

recruitment (11). In addition, some GPCRs such as μ-opioid receptor induce β-arrestin-56 

dependent activation of Erk1/2 that translocate to the nucleus (12). 57 

Accumulating evidence indicates that β-arrestin recruitment to GPCRs and engagement of β-58 

arrestin-mediated signaling depend on both receptor conformational state and a complex 59 

pattern of receptor phosphorylation elicited by GPCR kinases (GRKs) (5, 13). This 60 

phosphorylation barcode is translated into specific β-arrestin conformations that dictate 61 

selective signalling and the nature of β-arrestin intracellular functions. Another mechanism 62 

that might underlie β-arrestin dependency of receptor-operated signaling is the 63 

phosphorylation of β-arrestins themselves. Several phosphorylated residues have been 64 

identified in the β-arrestin sequences, including Ser412 for β-arrestin 1 (14-16) and Thr276, 65 
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Ser361 and Thr383 for β-arrestin 2 (17-19). These phosphorylation events affect GPCR 66 

internalization and/or sequestration and, consequently, steady-state level of GPCR cell-67 

surface expression: phosphorylation of β-arrestin 1 at Ser412 by Erk1/2 as well as the 68 

phosphorylation of β-arrestin 2 at both Ser361 and Thr383 reduce their ability to induce 69 

internalization of β2-adrenergic receptor (14, 16, 17), while phosphorylation of β-arrestin 2 at 70 

Ser14 and Thr276 promotes intracellular sequestration of CXCR4 receptor (18). These results 71 

indicate that β-arrestin 2 phosphorylation exerts contrasting effects on GPCR trafficking that 72 

may depend on the nature of the phosphorylated residue(s) and of the GPCR. Another 73 

phosphorylated site (Ser178) was identified in rat/mouse β-arrestin 2 and its phosphorylation 74 

state affects endosomal trafficking of various GPCRs (20). However, this serine residue is not 75 

conserved in other species including human, suggesting different regulations of endosomal 76 

GPCR trafficking between species. Additional phosphorylated residues have been found on β-77 

arrestin 2 in large-scale phosphoproteomics screens, but their functional relevance remains to 78 

be established (21-26). In contrast to its role in GPCR trafficking, the influence of β-arrestin 79 

phosphorylation on GPCR-operated β-arrestin-dependent signaling such as Erk1/2 activation 80 

remains unexplored. 81 

Here, we investigated the impact on β-arrestin 1 and 2 phosphorylation of 82 

expression/stimulation of 5-HT2C and 5-HT4 receptors, two GPCRs that differ in their β-83 

arrestin dependency to promote Erk1/2 activation, using high-resolution mass spectrometry. 84 

We identified several previously described as well as novel phosphorylated residues on β-85 

arrestin 2, while only one phosphorylated site was found on β-arrestin 1. Of these, only 86 

phosphorylation of β-arrestin 2 at Thr383 exhibited a strong increase upon 5-HT2C receptor 87 

stimulation. Furthermore, Thr383 was poorly phosphorylated in cells expressing 5-HT4 88 

receptor and its phosphorylation was only slightly enhanced by agonist treatment. These 89 

findings prompted functional studies to evaluate the influence of this phosphorylation event in 90 

Erk1/2 phosphorylation elicited by stimulation of 5-HT2C receptor and other GPCRs known to 91 

engage Erk signaling in a β-arrestin-dependent manner, in comparison with 5-HT4 receptor 92 

stimulation, which induces Erk1/2 activation through a β-arrestin-independent mechanism.  93 



- 5 - 
 

RESULTS 94 

5-HT2C and 5-HT4 receptor stimulation induce distinct patterns of β-arrestin 95 

phosphorylation 96 

To characterize in a global manner the impact of 5-HT2C and 5-HT4 receptor 97 

expression/stimulation on the phosphorylation state of  β-arrestins, YFP-tagged versions of β-98 

arrestin 1 or β-arrestin 2 were co-expressed with Myc-tagged 5-HT2C or 5-HT4 receptors in 99 

HEK-293 cells. Cells were then treated with vehicle or 5-HT for 5 or 30 min. β-arrestins were 100 

immunoprecipitated using GFP nanobodies coupled to sepharose beads (GFP-Trap), resolved 101 

by SDS-PAGE, detected by colloidal Coomassie blue staining (Figure 1 - Figure supplement 102 

1) and digested in-gel with trypsin. Analysis of the resulting peptides by nano-LC-MS/MS 103 

yielded 88% and 85% sequence coverage for β-arrestin 1 and β-arrestin 2, respectively, with a 104 

p-value threshold of 0.01 for peptide identification (Figure 1 - Figure supplement 2).  105 

Only one phosphorylated site (Thr374) was identified on β-arrestin 1, but the corresponding 106 

phosphorylated peptide was only detected in cells expressing 5-HT4 receptor, and with a low 107 

phosphorylation index, as estimated by dividing the MS signal intensity of the phosphorylated 108 

peptide by the sum of MS signal intensities of the phosphorylated and the corresponding non-109 

phosphorylated peptide (Figure 1 - Source data 1, see also the fragmentation spectrum that 110 

pinpoints the position of the phosphorylation site on Figure 1 - Figure supplement 3). 111 

Moreover, label-free quantification of the MS signal of this phosphorylated peptide in cells 112 

treated or not with 5-HT indicated that Thr374 phosphorylation is not affected by 5-HT 113 

exposure (Figure 1 - Source data 1). Previous studies using a phosphorylated site-specific 114 

antibody have identified Ser412 as an additional phosphorylated residue on β-arrestin 1 (14-115 

16). They also indicated that Ser412 phosphorylation state is modified upon activation of 116 

various GPCRs, including the 5-HT4 receptor (15). Our MS/MS analyses did not identify this 117 

phosphorylated residue, but a low-intensity ion signal corresponding to the theoretical m/z of 118 

a peptide comprising the phosphorylated Ser412 was detected in cells expressing the 5-HT4 119 

receptor and exposed for 30 min to 5-HT. 120 
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Six phosphorylated residues (Thr178, Ser194, Ser267/268, Ser281, Ser361 and Thr383) were 121 

identified on β-arrestin 2 (Figure 1A, Figure 1 - Source data 1 and Figure 1 - Figure 122 

supplement 3-5). Note that the fragmentation spectrum of the 123 

CPVAQLEQDDQVSPp(S267S268)TFCK peptide did not provide enough information to 124 

discriminate between a phosphorylation at Ser267 or at Ser268, but the precursor peptide m/z 125 

clearly showed that it carries only one phosphorylated residue (Figure 1 - Figure supplement 126 

3). Relative quantification of MS signals of β-arrestin 2 phosphorylated peptides showed that 127 

the phosphorylation of these residues except for Thr383
 was not affected by 5-HT2C or 5HT4 128 

receptor expression or stimulation (Figure 1 - Source data 1). In cells expressing the 5-HT2C 129 

receptor, Thr383 phosphorylation showed a marked elevation after a 5-min 5-HT stimulation, 130 

which persisted 30 min after the onset of the treatment. Thr383 phosphorylation slightly but not 131 

significantly increased after the 30-min 5-HT challenge in cells expressing 5-HT4 receptor 132 

and was much less pronounced than that measured in presence of 5-HT2C receptor (Figure 1B 133 

and Figure 1 - Source data 1). We next examined whether 5-HT2C receptor stimulation 134 

likewise induces phosphorylation of endogenous β-arrestin 2 at Thr383, but did not detect any 135 

ion signal corresponding to the phosphorylated peptide comprising this residue in cells not 136 

transfected with the YFP-β-arrestin 2 plasmid. We thus generated a polyclonal antibody that 137 

specifically recognizes β-arrestin 2 phosphorylated at Thr383 (see Figure 2C and Figure 2 - 138 

Source data 1). Western blot experiments using this antibody showed that 5-HT2C receptor 139 

stimulation induces a substantial increase in endogenous β-arrestin 2 phosphorylation at 140 

Thr383, while activation of the 5-HT4 receptor did not affect its phosphorylation level (Figure 141 

1C and Figure 1 - Source data 2), corroborating the MS/MS analysis of ectopic β-arrestin 2 142 

phosphorylation. 143 

Role of MEK in β-arrestin 2 phosphorylation at Thr383 elicited by 5-HT2C receptor 144 

stimulation 145 

Given the strong enhancement of Thr383 phosphorylation induced by the stimulation of 5-146 

HT2C receptor that parallels the β-arrestin 2-dependent receptor-operated activation of Erk1/2 147 

(Figure 1 and Figure 1 - Figure supplement 1), we paid particular attention to the 148 
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phosphorylation of this residue, which is located in an unfolded region of the carboxy-149 

terminal region of β-arrestin 2 easily accessible to protein kinases (Figure 1A). In an effort to 150 

identify kinase(s) involved in its phosphorylation, we first used Group-based Prediction 151 

System (GPS, v2.1), an algorithm for kinase consensus search that classifies protein kinases 152 

into a hierarchical structure with four levels and trains against the PhosphoELM database, in 153 

order to determine individual false discovery rates for each of them (27). GPS search revealed 154 

that Thr383 is a strong consensus for phosphorylation by casein kinase 2 (CK2 GPS score 5.3), 155 

consistent with previous findings (17, 19). However, neither basal nor 5-HT2C receptor-156 

elicited Thr383 phosphorylation was affected by treating cells with the selective cell-permeable 157 

CK2 pharmacological inhibitor tetrabromocinnamic acid (TBCA, Figure 2 - Figure 158 

supplement 1 and Figure 2 - Figure supplement 1 – Source data 1) (28), indicating a marginal 159 

contribution of CK2 in the phosphorylation of this residue in living HEK-293 cells. GPS 160 

search also suggested that Thr383 is a potential site for phosphorylation by MAP2K1 (MEK1, 161 

GPS score 6.0). Numerous studies have shown that β-arrestins associated with a GPCR can 162 

interact with different signaling proteins including c-Src and several proteins of the Erk 163 

signaling module (Raf/MEK/Erk), and that these interactions depend on β-arrestin 164 

conformational state (29, 30). 165 

In line with these findings, we have recently modeled the complex between a GPCR, β-166 

arrestin 2, c-Src and the Erk module from the 3D structure of each partner, using the Protein-167 

Protein cOmplexes 3D structure pRediction (PRIOR) docking algorithm, and validated 168 

experimentally the previously unknown interaction regions (31). This model predicts that the 169 

unfolded C-terminal part of β-arrestin comprising Thr383 is located in the vicinity of the MEK 170 

active site (Figure 2A), indicating a possible role of MEK bound to β-arrestin 2 in its 171 

phosphorylation. Based on this model, we hypothesized that the mechanism of β-arrestin-172 

dependent activation of Erk consists in the following steps: (i) Raf and MEK assemble to β-173 

arrestin 2 bound to agonist-stimulated receptor, resulting in MEK activation, (ii) MEK 174 

phosphorylates β-arrestin 2 at Thr383, resulting in a large conformational change of the β-175 

arrestin 2 region comprising residues 350-393, (iii) the receptor C-terminus associates with β-176 
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arrestin 2 using the region previously occupied by the 383-393 β-strand within the β-arrestin 2 177 

C-terminal tail and (iv) Erk binds to the complex and can be activated by MEK (Figure 2A). 178 

Consistent with this hypothesis, pretreatment of cells with the MEK pharmacological inhibitor 179 

U0126 (5 μM) abolished Thr383 phosphorylation elicited by 5-HT2C receptor stimulation 180 

(Figure 2B and Figure 2 - Source data 1). Expression of a MEK1 dominant-negative inhibitor 181 

(MEK1DN) also strongly reduced Thr383 phosphorylation state (Figure 2B, see also Figure 2 - 182 

Figure supplement 2 for controls showing strong MEK inhibition induced by both 183 

approaches, as assessed by monitoring phosphorylation of Erk1/2). In contrast, pretreating 184 

cells with FR180204 (10 μM), a selective pharmacological inhibitor of Erk1/2, did not affect 185 

Thr383 phosphorylation (Figure 2B). The ability of FR180204 treatment to inhibit Erk1/2 186 

activity without affecting MEK activity in our experimental conditions was assessed by 187 

monitoring phosphorylation of Erk1/2 and their substrate Elk1 (Figure 2 - Figure supplement 188 

2). Collectively, these results identify MEK as the major kinase involved in phosphorylation 189 

of β-arrestin 2 at Thr383 upon 5-HT2C receptor stimulation. To further confirm the ability of 190 

MEK to directly phosphorylate this residue, we performed an in vitro kinase assay using 191 

purified active MEK1 and YFP-β-arrestin 2 purified from transfected HEK-293 cells as 192 

substrate, followed by Western blotting using the anti-phospho-Thr383 β-arrestin 2 antibody. 193 

MEK1 induced a strong elevation in the immunoreactive signal that was abolished by adding 194 

U0126 in the incubation medium (Figure 2C). As expected, no increase in immunoreactive 195 

signal was observed in experiments using YFP-Thr383Ala β-arrestin 2 mutant as substrate, 196 

thus validating the specificity of the antibody for β-arrestin2 phosphorylated at Thr383. This 197 

result was confirmed using a radioactive kinase assay, which also showed comparable 198 

efficacy of MEK1 to promote phosphorylation of purified β-arrestin 2 and its canonical 199 

substrate Erk2 in vitro (Figure 2 - Figure supplement 3 and Figure 2 - Figure supplement 3 – 200 

Source data 1).  201 

β-arrestin 2 phosphorylation at Thr383 neither affects translocation of β-arrestin 2 to 5-202 

HT2C and 5-HT4 receptors nor agonist-induced receptor internalization 203 
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To explore whether Thr383 phosphorylation affects the recruitment of β-arrestin 2 by 5-HT2C 204 

and 5-HT4 receptors, we monitored interaction between each receptor and either wild type or 205 

Thr383Ala or Thr383Asp β-arrestin 2 mutants using a BRET-based assay. Exposure of cells to 206 

5-HT induced a strong increase in the BRET signal between 5-HT2C-YFP or 5-HT4-YFP 207 

receptor and Rluc-β-arrestin 2 (Figures 3A, 3B and Figure 3 - Source data 1). The 5-HT-208 

elicited BRET signal was similar in cells expressing wild type β-arrestin 2, Thr383Ala or 209 

Thr383Asp β-arrestin 2 mutants, indicating that Thr383 phosphorylation does not affect β-210 

arrestin 2 translocation to either receptor. Likewise, 5-HT treatment decreased cell surface 211 

expression of 5-HT2C and 5-HT4 receptors to a similar extent in cells expressing wild type β-212 

arrestin 2, Thr383Ala or Thr383Asp β-arrestin 2 mutants (Figures 3C and D), indicating that 213 

Thr383 phosphorylation does not affect agonist-induced internalization of these receptors. 214 

Impact of Thr383 phosphorylation upon β-arrestin 2 conformational changes elicited by 215 

5-HT2C and 5-HT4 receptor stimulation 216 

β-arrestins are known to undergo important conformational rearrangements upon 217 

translocation to agonist-stimulated GPCRs that are essential for their downstream action (29, 218 

32). To explore the impact of Thr383 phosphorylation on conformational changes of β-arrestin 219 

2 induced by 5-HT2C receptor activation vs. 5-HT4 receptor activation, we used an optimized 220 

intramolecular BRET biosensor consisting of β-arrestin 2 sandwiched between the Renilla 221 

green fluorescent protein (RGFP) and the Renilla luciferase variant Rluc8 (33, 34). When β-222 

arrestin 2 conformation changes, the distance between Rluc8 and RGFP increases or 223 

decreases leading to a BRET signal decrease or increase. Treating cells coexpressing 5-HT2C 224 

receptor and WT RLuc8-β-arrestin 2-RGFP with 5-HT increased the BRET signal. No BRET 225 

increase was detected upon agonist exposure in cells coexpressing the receptor and T383A 226 

RLuc8-β-arrestin 2-RGFP (Figure 3E). Mutation of Thr383 into aspartate in RLuc8-β-arrestin 227 

2-RGFP also resulted in an increase in BRET signal to a level similar to the one measured in 228 

cells expressing the wild type probe and exposed to 5-HT, and 5-HT treatment did not further 229 

enhance this elevated BRET signal (Figure 3E). In contrast, substitution of Thr383 by alanine 230 

or aspartate did not affect the increase in RLuc8-β-arrestin 2-RGFP BRET signal induced by 231 
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5-HT treatment in cells expressing 5-HT4 receptors (Figure 3F). Collectively, these results 232 

indicate that β-arrestin 2 conformational change elicited by 5-HT2C receptor stimulation, but 233 

not 5-HT4 receptor stimulation, depends on Thr383 phosphorylation. 234 

β-arrestin 2 phosphorylation at Thr383 is essential for Erk1/2 translocation to the 5-HT2C 235 

receptor/β-arrestin 2 complex 236 

As previously hypothesized, it can be envisioned that the unfolded C-terminal region of β-237 

arrestin 2 occupies the docking site of Erk1/2 located in the vicinity of MEK catalytic site in 238 

the receptor/β-arrestin 2 complex (Figure 2A). Consequently, Thr383 phosphorylation status 239 

might affect Erk1/2 recruitment. In fact, our model predicts that Thr383 phosphorylation 240 

should induce a movement of the β-arrestin 2 C-terminal region away from the complex 241 

leaving space for further recruitment of Erk (Figure 2A). To explore this possibility, we 242 

compared the ability of wild type and Thr383Ala and Thr383Asp β-arrestin 2 to recruit Erk1/2 243 

upon 5-HT2C receptor stimulation by co-immunoprecipitation. Treating 5-HT2C receptor-244 

expressing cells with 5-HT increased the amount of Erk1/2 co-immunoprecipitated with β-245 

arrestin 2, an effect abolished by mutating Thr383 into Ala (Figure 4A and Figure 4 - Source 246 

data 1). In contrast, mutation of Thr383 into aspartate increased Erk1/2 recruitment by β-247 

arrestin 2 even in the absence of the agonist and receptor stimulation did not induce any 248 

additional effect (Figure 4A). Further supporting a role of Thr383 phosphorylation by MEK, 249 

treatment of cells with U0126 prevented recruitment of Erk1,2 by β-arrestin 2 induced by 5-250 

HT2C receptor stimulation (Figure 4 - Figure supplement 1 and Figure 4 - Figure supplement 1 251 

- Source data 1). 5-HT did not promote Erk1/2 recruitment by β-arrestin 2 in cells 252 

coexpressing 5-HT4 receptor and either wild type or mutated forms of β-arrestin 2 (Figure 253 

4B). Collectively, these results suggest that Thr383 phosphorylation by MEK promotes a 254 

conformational change of β-arrestin 2 that facilitates Erk recruitment by the 5-HT2C 255 

receptor/β-arrestin 2 complex, whereas it has no influence upon its translocation to the 5-HT4 256 

receptor/β-arrestin 2 complex. 257 
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Role of Thr383 phosphorylation in 5-HT2C receptor-operated Erk1/2 signaling 258 

In line with the role of Thr383 phosphorylation in Erk recruitment by the 5-HT2C receptor/β-259 

arrestin 2 complex, we next explored the influence of this phosphorylation event in receptor-260 

operated Erk1/2 activation, which has previously been reported to depend on β-arrestin 2 (10). 261 

The ability of 5-HT (both 5- and 30-min exposures) to promote Erk1/2 phosphorylation was 262 

strongly reduced in cells co-expressing 5-HT2C receptor and T383A β-arrestin 2, compared 263 

with cells expressing WT β-arrestin 2 (Figure 4C). Likewise, Erk1/2 phosphorylation was 264 

reduced in non-stimulated cells expressing T383A β-arrestin 2, while expression of T383D β-265 

arrestin 2 increased basal Erk1/2 phosphorylation to a level that was not further increased by 266 

agonist treatment. Altogether, these results identify Thr383 phosphorylation as a key event 267 

contributing to basal and 5-HT2C receptor-operated Erk1/2 activation. In contrast and 268 

consistent with the β-arrestin-independent 5-HT4 receptor-operated Erk signaling (11), 269 

mutating Thr383 into alanine or aspartate did not affect Erk1/2 phosphorylation elicited by 5-270 

HT4 receptor stimulation (Figure 4D). 271 

Role of Thr383 phosphorylation in Erk1/2 signaling elicited by other GPCRs 272 

We next explored the impact of Thr383 phosphorylation on Erk1/2 activation induced by 273 

stimulation of other GPCRs known to engage the Erk pathway via the classic dual mechanism 274 

involving both G protein- and β-arrestin-dependent pathways, namely follicle-stimulating 275 

hormone (FSH) receptor, β-adrenergic receptors and chemokine CXCR4 receptor (9, 35, 36). 276 

Consistent with our previous findings (35), silencing β-arrestin 2 expression strongly reduced 277 

the level of Erk1/2 phosphorylation elicited by exposing cells transiently expressing FSH 278 

receptor to FSH for 30 min, whereas it only slightly but not significantly affected Erk1/2 279 

phosphorylation induced by a 5-min FSH treatment (Figure 5A, see also Figure 5 - Figure 280 

supplement 1, Figure 5 – Source data 1 and Figure 5 - Figure supplement 1 - Source data 1). 281 

Erk1/2 phosphorylation level measured after a 30-min FSH treatment was also significantly 282 

diminished in cells expressing T383A β-arrestin 2, compared with WT β-arrestin 2 (Figure 283 

5D). Likewise, Erk1/2 phosphorylation elicited by stimulating endogenously expressed β-284 

adrenergic receptor by isoproterenol or CXCR4 receptor by CXCL12 was reduced to a similar 285 
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extend by silencing β-arrestin 2 expression (Figures 5B,C) or by substituting Thr383 by alanine 286 

(Figures 5E,F). Collectively, these results indicate that Thr383 substitution by alanine 287 

reproduces the inhibitory effect of β-arrestin 2 down-regulation upon activation of Erk1/2 by 288 

the three GPCRs examined, suggesting that phosphorylation of this residue is a general 289 

mechanism underlying β-arrestin-dependent Erk1/2 activation by GPCRs. 290 

 291 

DISCUSSION 292 

In this study, using high-resolution mass spectrometry combined with label-free 293 

quantification, we provide for the first time a comprehensive characterization of 294 

phosphorylated sites on β-arrestins 1 and 2 in living cells. We also explored the influence on 295 

their phosphorylation status of 5-HT2C and 5-HT4 receptors, two model GPCRs that engage 296 

the Erk1/2 pathway through β-arrestin-dependent and independent mechanisms, respectively. 297 

We identified one phosphorylated site on β-arrestin 1 and six on β-arrestin 2, including three 298 

previously identified residues (Ser178, Ser361 and Thr383) and three new sites (Ser194, Ser267/268 299 

and Ser281). Two of the β-arrestin 2 phosphorylated sites identified (Ser194, Ser267/268) are 300 

conserved in β-arrestin 1, but we did not detect the corresponding phosphorylated peptides in 301 

β-arrestin 1. Though MS/MS does not allow exhaustive identification of peptides present in 302 

complex samples, it is unlikely that our analyses, which covered about of 85 % of the 303 

sequence of both arrestins, missed these phosphorylated residues on β-arrestin 1 or any other 304 

robustly phosphorylated residues on both arrestins. Therefore, our results corroborate 305 

previous findings which identified much more phosphorylated residues on β-arrestin 2 than 306 

on β-arrestin 1 and suggest that β-arrestin 2 is phosphorylated at higher stoichiometry, 307 

compared with β-arrestin 1. Our analyses did not detect, even in 5-HT-treated cells, another 308 

site conserved between both β-arrestins (Ser276) that was previously reported as being 309 

phosphorylated by recombinant active Erk1 in an in vitro phosphorylation assay followed by 310 

MS/MS analysis (18). This suggests that in cells expressing 5-HT2C or 5-HT4 receptor, the 311 

level of Erk1/2 activity and/or the molecular environment of this serine residue do not allow 312 

its phosphorylation at high stoichiometry. 313 
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Amongst β-arrestin 2 phosphorylated residues identified in the present study, only the 314 

phosphorylation of Thr383 was modulated upon agonist stimulation of 5-HT2C
 receptor and, to 315 

a much lesser extent, 5-HT4 receptor. In silico search of kinase-specific phosphorylation sites 316 

in β-arrestin 2 sequence identified Thr383 as a strong consensus for phosphorylation by CK2, 317 

consistent with previous findings which showed that Thr383 is phosphorylated by CK2 in vitro 318 

(19), and by MEK. Our results indicate that MEK rather than CK2 is involved in Thr383 319 

phosphorylation elicited by 5-HT2C receptor stimulation in living HEK-293 cells, consistent 320 

with our docking model of the receptor/β-arrestin 2/MEK complex, which predicts that the 321 

unfolded C-terminal part of β-arrestin comprising Thr383 is located in the vicinity of MEK 322 

active site. 323 

In an effort to characterize the functional impact of Thr383 phosphorylation, we found that its 324 

replacement by alanine or aspartate to inhibit or mimic its phosphorylation, did not modify β-325 

arrestin 2 translocation to the receptor nor agonist-induced receptor internalization. This result 326 

corroborates previous observations indicating that the sole substitution of Thr383 to aspartate 327 

or alanine does not affect isoproterenol-induced β2-adrenergic receptor internalization (17). In 328 

fact, only the double substitution of Ser361 and Thr383 to aspartate inhibited agonist-induced 329 

receptor internalization, an effect reflecting the reduced ability of this double β-arrestin 330 

mutant to bind to clathrin (17). It is likely that the phosphorylation stoichiometry of Ser361 and 331 

Thr383 in our experimental conditions, including cells exposed to 5-HT, does not allow such a 332 

regulation. Moreover, previous studies showed that β2-adrenergic receptor stimulation 333 

decreases rather than enhances the phosphorylation of these residues (17, 19). Accordingly, 334 

these studies and our results suggest that β-arrestin 2 phosphorylation at Thr383 might only 335 

have a minor influence on GPCR trafficking. In contrast, expressing Thr276Ala or Ser14Ala β-336 

arrestin 2 mutants in β-arrestin 1/2 knockout cells fails to restore agonist-induced CXCR4 337 

receptor sequestration while expressing a β-arrestin 2 mutant harboring an aspartate at these 338 

positions is sufficient to decrease cell surface localization in the absence of agonist (18). This 339 

suggests that Thr276 and/or Ser14 phosphorylation rather than Thr383 phosphorylation might be 340 

critical for agonist-induced intracellular sequestration of some GPCRs. 341 
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Our results establish a causal link between Thr383 phosphorylation and β-arrestin 2 342 

conformational rearrangements, assessed by double brilliance BRET assay, elicited upon 5-343 

HT2C receptor stimulation. They corroborate previous observations suggesting that 344 

conformational changes of β-arrestin do not directly result from its binding to phosphorylated 345 

GPCRs, but from downstream events, such as subsequent recruitment of β-arrestin interacting 346 

proteins (34, 37). Nonetheless, Thr383 phosphorylation dependency of β-arrestin 2 347 

conformational changes seems to also depend on the nature of the GPCR it associates with, as 348 

the increase in intramolecular BRET signal measured upon 5-HT4 receptor stimulation was 349 

not affected by substituting Thr383 by alanine or by aspartate.  350 

The present study also identified Thr383 phosphorylation as an essential molecular step 351 

allowing Erk1/2 translocation to the 5-HT2C/β-arrestin2/MEK complex and subsequent 352 

activation of Erk1/2 signaling upon 5-HT2C receptor stimulation. Based on the current 353 

experimental results and our previously validated docking model (31), we propose a 354 

molecular mechanism which might explain the role of Thr383 phosphorylation in recruitment 355 

and activation of Erk at the activated β-arrestin. In the crystal structures of both β-arrestin 1 356 

(PDB 1G4R) (38) and β-arrestin 2 (PDB 3P2D) (39), the segment of the C-terminal tail 357 

comprising residues 385-393 folds as a β-strand, which associates with the first N-terminal β-358 

strand. The crystal structure of β-arrestin 1 in complex with a C-terminal peptide of the V2 359 

receptor (PDB 4JQI) (40), also shows that the C-terminal peptide of the receptor occupies the 360 

same location as the 385-393 segment of the inactive β-arrestin. Consequently, a drastic 361 

conformational change of the 385-393 β-arrestin segment is necessary for the correct 362 

association of β-arrestin with the receptor. Furthermore, our previously reported docking 363 

model shows that the C-terminal region of the receptor is sandwiched between β-arrestin and 364 

Erk, and thus has to associate with β-arrestin before its association with Erk (31). Finally, 365 

although Thr383 is not present in the different structures of β-arrestins, the position of Asp385 366 

shows that Thr383 is located in the vicinity of β-arrestin-bound MEK’s active site, where it can 367 

be phosphorylated. In our model (Figures 2 and 6), Thr383 phosphorylation by MEK takes 368 

place within the ligand-dependent receptor/β-arrestin/Raf/MEK complex. We propose that 369 
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this phosphorylation triggers the conformational change of the 350-393 region, allowing the 370 

interaction of β-arrestin with the receptor C-terminal domain, the subsequent binding of Erk 371 

to the complex and its activation by MEK. 372 

This mechanism, initially established for the 5-HT2C receptor, a GPCR which elicits Erk1/2 373 

signaling mainly through a β-arrestin-dependent mechanism, appears to be conserved among 374 

GPCRs that induce Erk1/2 activation through the classic dual mechanism involving both G 375 

proteins and β-arrestins, such as β-adrenergic, CXCR4 and FSH receptors. Actually, the 376 

sustained Erk1/2 phosphorylation induced by agonist stimulation of these receptors was 377 

strongly reduced in cells expressing the Thr383Ala β-arrestin 2 mutant. In contrast, substitution 378 

of Thr383 by aspartate increased the basal level of Erk1/2 phosphorylation, suggesting that 379 

phosphorylated β-arrestin 2 can recruit and subsequently activate Erk1/2 in absence of 380 

receptor stimulation. As expected, 5-HT4 receptor-operated Erk1/2 phosphorylation, which is 381 

β-arrestin-independent, was not affected by substituting Thr383 by alanine. This result is 382 

consistent with the low Thr383 phosphorylation level measured in cells expressing 5-HT4 383 

receptors, compared with cells expressing 5-HT2C, and suggests that Thr383 phosphorylation 384 

might be a key molecular event governing β-arrestin dependency of Erk1/2 pathway 385 

engagement by GPCRs. 386 

In conclusion, our study identifies MEK-elicited β-arrestin 2 phosphorylation at Thr383 as a 387 

key molecular event underlying β-arrestin-dependent Erk1/2 activation by GPCRs. Thr383 388 

phosphorylation has recently been involved in β-arrestin 2 association with transient receptor 389 

potential vanilloid 1 (TRPV1) at the plasma membrane, which is critical for its role in 390 

regulating receptor desensitization (41). This underscores the potentially high influence of 391 

Thr383 phosphorylation upon various β-arrestin 2 functions related or not to GPCRs, while the 392 

phosphorylation of other residues (Ser14 and Thr276) might govern steady state level of GPCR 393 

cell-surface expression (18). This also indicates that β-arrestin 2 can integrate upstream 394 

signals not only via its conformational changes upon association with receptors but also 395 

through a complex phosphorylation pattern that dictates downstream signaling events and the 396 

associated physiological functions. 397 
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 398 

MATERIALS AND METHODS 399 

Materials 400 

Human Embryonic Kidney-293 (HEK-293) N type cells (RRID:CVCL_0045) were from the 401 

American Type Culture Collection (ATCC, CRL-1573TM). All experiments of the study were 402 

performed using a previously characterized batch of cells (Isolate #3) (42). Their negative 403 

mycoplasma status was analyzed every month using the MycoAlert™ Mycoplasma Detection 404 

Kit (Lonza). Culture media were from Invitrogen. The siRNA used to target β-arrestin 2 (5’-405 

AAGGACCGCAAAGUGUUUGUG-3’, position 201-221) and the control siRNA (5’-406 

AAUUCUCCGAACGUGUCACGU-3’) were from Dharmacon and the GeneSilencer siRNA 407 

transfection reagent from Genlantis. 408 

pEYFP-βARR2, pEYFP-βARR1 and pcDNA3-Rluc-βARR2 plasmids were kindly provided 409 

by Dr. Michel Bouvier (University of Montreal). pcDNA3-Rluc-βARR2T383A and pcDNA3-410 

Rluc-βARR2T383D constructs were generated by site directed mutagenesis from the pcDNA3-411 

Rluc-βARR2 vector. The pCMV-Rluc8-βARR2-RGFP construct used to monitor β-arrestin 2 412 

conformational changes (double brilliance assays), previously described in (33), was a 413 

generous gift from Dr. Ralph Jockers (Institut Cochin, Paris). pCMV-Rluc8-βARR2T383A-414 

RGFP and pCMV-Rluc8-βARR2T383D-RGFP were generated by site directed mutagenesis 415 

from this vector. Plasmids encoding Myc-5-HT2C-YFP receptor (pEYFP-N1-Myc-5-HT2C) 416 

and Myc-5-HT4-YFP receptor (pEYFP-N1-Myc-5-HT4) were generated from pRK5-Myc-5-417 

HT2C-VGV and pRK5-Myc-5-HT4 plasmids (43, 44), respectively. The pcDNA3.1-Flag-FSHR 418 

plasmid was described in (45). The plasmid encoding catalytically inactive dominant 419 

inhibitory mutant of MEK1 (K97A) was a generous gift from Dr. Robert J. Lefkowitz (Duke 420 

University Medical Center, Durham, NC). 421 

The mouse anti-phospho-Thr202/Tyr204-Erk1/2 antibody (Clone E.4, AB_2636855), the rabbit 422 

anti-GAPDH antibody (RRID:AB_10167668) and the goat anti-integrin β1 antibody 423 

(RRID:AB_2128200) were from Santa Cruz, the rabbit anti-pan arrestin antibody 424 
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(RRID:AB_303409) and the mouse anti-β-arrestin 2 antibody (RRID:AB_2060273) from 425 

Abcam, the rabbit anti-Erk1/2 antibody (RRID:AB_330744), the rabbit anti-Elk1 426 

(RRID:AB_2277936) and the rabbit anti-phospho-Ser383-Elk1 (RRID:AB_2099016) from 427 

Cell Signaling Technology, the rabbit anti-GFP antibody (RRID:AB_221569) from 428 

Invitrogen, and the rabbit anti-Flag (RRID:AB_439687) and mouse anti-Myc 429 

(RRID:AB_439694) antibodies from Sigma Aldrich. The anti-phosphoThr383- β-arrestin 2 430 

antibody was generated by immunizing rabbits with the synthetic 431 

CDTNYAT(PO3H2)DDDIVF peptide coupled to Keyhole Limpet Hemocyanin (KLH, Cisbio 432 

Bioassays). Antibodies were purified by two consecutive affinity chromatographies. A first 433 

chromatography against the immobilized phosphorylated CDTNYAT(PO3H2)DDDIVF 434 

peptide as bait bound antibodies recognizing both phosphorylated and non-phosphorylated 435 

forms of the peptide. The retained fraction was then eluted and used for a second 436 

chromatography against the immobilized non-phosphorylated CDTNYATDDDIVF peptide as 437 

bait. We considered that the non-retained fraction contains antibodies recognizing β-arrestin 2 438 

phosphorylated at Thr383. 5-HT, isoproterenol and human recombinant FSH were from Sigma 439 

Aldrich, U0126 from Promega, FR180204 and TBCA from Tocris and CXCL12 from R&D 440 

Systems. [γ-32P]-ATP was from Perkin Elmer. 441 

Cell cultures and transfections 442 

HEK-293 cells, grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 443 

10% dialyzed, heat-inactivated fetal calf serum and antibiotics, were transfected at 40-50% 444 

confluence using polyethyleneimine (PEI, Sigma Aldrich), as previously described (46) and 445 

used 48 h after transfection. Non-saturating [3H]-mesulergine and [3H]-GR113808 binding 446 

experiments showed that 5-HT2C and 5-HT4 receptor densities in transfected HEK-293 cells 447 

were 0.29 and 0.90 pmol/mg protein, respectively. Based on previously published levels of 448 

the endogenous β-arrestins in HEK-293 cells (47), we also estimated levels of β-arrestin 1 and 449 

β-arrestin 2 as ~1,600 pmol/mg protein and ~300 pmol/mg protein in cells transfected with 450 

pEYFP-βARR1 and pEYFP-βARR2 plasmids, respectively, by Western blotting using the 451 

rabbit anti-pan arrestin antibody. For experiments using siRNAs, cells were simultaneously 452 
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transfected with control or β-arrestin 2 siRNA (150 nmol/106 cells) and plasmids encoding 453 

receptors of interest, using the GeneSilencer reagent. 454 

Quantitative mass spectrometry analysis of β-arrestin 1 and β-arrestin 2 455 

phosphorylation 456 

HEK-293 cells transiently co-expressing YFP-tagged β-arrestin 1 or YFP-tagged β-arrestin 2 457 

and either Myc-5-HT2C or Myc-5-HT4 receptor were starved of serum for 4 h, challenged with 458 

either vehicle or 5-HT and lysed in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 459 

0.5% NP40, 0.4% dodecylmaltoside, 10 mM sodium fluoride, 1 mM sodium pyrophosphate, 460 

50 mM β-glycerophosphate, 2 mM sodium orthovanadate and a protease inhibitor cocktail 461 

(Roche). Samples were centrifuged at 15,000  g for 15 min at 4°C and β-arrestins were 462 

immunoprecipitated with agarose-conjugated GFP trap (ChromoTek). After reduction with 463 

dithiothreitol (10 mM, 30 min at 60°C) and alkylation with iodoacetamide (50 mM, 45 min at 464 

25°C), immunoprecipitated β-arrestins were resolved by SDS-PAGE and digested in-gel 465 

overnight at 25°C with trypsin (1 μg, Gold, Promega). Peptides were analyzed by nano-LC-466 

FT-MS/MS using a LTQ Orbitrap Velos mass spectrometer coupled to an Ultimate 3000 467 

HPLC (Thermo Fisher Scientific). Desalting and pre-concentration of samples were 468 

performed on-line on a Pepmap® precolumn (0.3 mm × 10 mm, Dionex). A gradient 469 

consisting of 2-40% buffer B (3-33 min), 40-80% B (33–34 min), 80-0% B (49-50 min), and 470 

equilibrated for 20 min in 0% B (50-70 min) was used to elute peptides at 300 nL/min from a 471 

Pepmap® capillary (0.075 mm × 150 mm) reversed-phase column (LC Packings). Mass 472 

spectra were acquired using a top-10 collision-induced dissociation (CID) data-dependent 473 

acquisition (DDA) method. The LTQ-Orbitrap was programmed to perform a Fourier 474 

transform (FT) full scan (60,000 resolution) on 400-1,400 Th mass range with the top ten ions 475 

from each scan selected for LTQ-MS/MS with multistage activation on the neutral loss of 476 

24.49, 32.66 and 48.99 Th. FT spectra were internally calibrated using a single lock mass 477 

(445.1200 Th). Target ion numbers were 500,000 for FT full scan on the Orbitrap and 10, 000 478 

MSn on the LTQ.  Precursor mass and top 6 per 30 Da windows peak lists were extracted 479 

from MS2 using MSconvert 3.0 and searched with Mascot 2.4 (RRID:SCR_014322) against 480 



- 19 - 
 

the same human Complete Proteome Set database (RRID:SCR_002380), cysteine 481 

carbamidomethylation as a fixed modification and phosphorylation of Ser, Thr and Tyr as 482 

variable modifications, 7 ppm precursor mass tolerance, 0.5 Da fragment mass tolerance and 483 

trypsin/P digestion. MS2 spectra matching phosphorylated peptides with ion score over 15 484 

were manually inspected for unique transitions that pinpoint the position of phosphorylation 485 

sites. Ion signals corresponding to phosphorylated peptides were quantified from the maximal 486 

intensities measured in their ion chromatograms manually extracted using Qual browser v2.1 487 

(Thermo Fisher Scientific) with a tolerance of 5 ppm for mass deviation, and normalized to 488 

signals of their non-phosphorylated counterparts. For each identified phosphorylated residue, 489 

a phosphorylation index (maximal intensity observed in the phosphorylated peptide extracted 490 

ion chromatogram / sum of the maximal intensities observed in the phosphorylated and the 491 

non-phosphorylated peptide extracted ion chromatograms) was calculated. 492 

In vitro kinase assays 493 

YFP-tagged β-arrestin 2 (wild type or Thr383Ala mutant) was purified from HEK-293 cells 494 

using GFP trap beads, as described in the previous section. For kinase assay, 10 μl of purified 495 

fractions containing ~1  μg β-arrestin 2 were incubated for 10 min at 37°C in 5 μL kinase 496 

buffer (25 mM MOPS, pH 7.2, 12.5 mM β-glycerophosphate, 25 mM MgCl2, 5 mM EGTA, 2 497 

mM EDTA, 0.25 mM DTT) in absence or presence of 5 μL active MEK1 (EE, 0.025 μg/μL, 498 

Sigma Aldrich). Kinase reaction was started by adding 5 μL ATP (250 μM) and was stopped 499 

by adding Laemmli buffer. β-arrestin 2 phosphorylation at Thr383 was analyzed by Western 500 

blotting using the purified anti-phospho-Thr383-β-arrestin 2 antibody. For radioactive kinase 501 

assay, 10 μl of purified fractions containing ~1  μg YFP-β-arrestin 2 or 1  μg of non-502 

activated, purified GST-tagged Erk2 (Sigma Aldrich) were incubated for 10 min at 37°C in 5 503 

μL kinase buffer in presence of active MEK1 and [γ-32P]-ATP (50 μM, 2 μCi/nmol). Proteins 504 

were separated by SDS-PAGE and stained with colloidal Coomassie. Gels were dried and 505 

exposed for autoradiography. Radioactive bands corresponding to β-arrestin 2 and Erk2 were 506 

excised and radioactivity was measured by β-scintillation counting. 507 

 508 
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Western blotting 509 

Proteins, resolved onto 10% polyacrylamide gels, were transferred to Hybond C nitrocellulose 510 

membranes (GE Healthcare). Membranes were immunoblotted with primary antibodies (anti 511 

phospho-Thr202/Tyr204-Erk1/2, 1:1,000; anti Erk1/2, 1:1,000; anti-Flag, 1:1,000; Anti-GFP, 512 

1:1,000; anti-Myc, 1:1,000; anti-phospho-Thr383-β-arrestin 2, 1:5,000; anti-β-arrestin 2, 513 

1:1,000; anti-pan arrestin, 1/1,000) and then with either anti-mouse or anti-rabbit horseradish 514 

peroxidase-conjugated secondary antibodies (1:5,000, GE Healthcare). Immunoreactivity was 515 

detected with an enhanced chemiluminescence method (ECLTM plus detection reagent, Perkin 516 

Elmer). Immunoreactive bands were quantified by densitometry using the ImageJ software. In 517 

protein phosphorylation analyses, the amount of each phosphoprotein was normalized to the 518 

corresponding total protein signal. 519 

ELISA 520 

Quantification of cell surface expression of Myc-tagged 5-HT2C and 5-HT4 receptors was 521 

performed by ELISA under permeabilized (Triton X-100 0.05%) vs. non-permeabilized 522 

conditions, as previously described (43). Dilutions for primary antibodies were 1:2,000 (Anti-523 

Myc) and 1:500 (anti-integrin β1). Dilutions for secondary antibodies were 1:5,000 (donkey 524 

anti-goat conjugated to HRP) and 1:8,000 (goat anti-mouse conjugated to HRP). 525 

Immunoreactive signal was detected with a M200 Infinite plate reader (Tecan), using the 526 

SuperSignal® ELISA Femto chromogenic substrate (Thermo Scientific). Control experiments 527 

were performed using cells transfected with empty vectors and values were normalized with 528 

respect to the total amount of protein. 529 

BRET experiments 530 

HEK-293 cells were transiently co-transfected with either pEYFP-N1-Myc-5-HT2C or 531 

pEYFP-N1-Myc-5-HT4 plasmids and either pcDNA3-Rluc-βARR2 or pcDNA3-Rluc-532 

βARR2T383A or pcDNA3-Rluc-βARR2T383D plasmids for β-arrestin 2 recruitment to receptors. 533 

For double brilliance β-arrestin 2 assays, they were co-transfected with either pRK5-Myc-5-534 

HT2C or pRK5-Myc-5-HT4 and either pCMV-Rluc8-βARR2-RGFP or pCMV-Rluc8-535 



- 21 - 
 

βARR2T383A-RGFP or pCMV-Rluc8-βARR2T383D-RGFP. Cells were grown in 96-well micro-536 

plates (6  104 cells/well) for 48 h and starved of serum for 6 h. Cells were washed once with 537 

PBS and Coelenterazine H (Sigma-Aldrich) was added at a final concentration of 5 μM for 10 538 

min. Cells were then challenged with 5-HT for 30 min. BRET readings were performed using 539 

a Mithras LB940 multimode microplate reader (Berthold Technologies) allowing sequential 540 

integration of luminescence with three filter settings: Rluc filter, 485 ± 10 nm; YFP filter, 530 541 

± 12.5 nm; RGFP filter, 515 ± 10 nm. Emission signals at 530 nm or 515 nm were divided by 542 

emission signals at 485 nm. The difference between this emission ratio obtained with donor 543 

and acceptor co-expressed or fused and that obtained with the donor protein expressed alone 544 

was defined as the BRET ratio. Results are expressed in milliBRET units corresponding to the 545 

BRET ratio multiplied by 1,000. 546 

 547 

Docking 548 

Modeling of the receptor/ß-arrestin/Erk module was made using the PRIOR method, and the 549 

PDB structures and methodology indicated in (31). Structural images were made using 550 

Pymol. 551 

 552 

Statistics 553 

Statistical analyses were performed using Prism (v. 6.0, GraphPad Software Inc.). Unpaired t 554 

test and one-way ANOVA followed by Newman Keuls test were performed to compare two 555 

values and for multiple comparisons, respectively. 556 

 557 

Information regarding statistical reporting 558 

For each graph, the number of biological replicates (independent experiments performed on 559 

different sets of cultured cells) and significance of observed differences are indicated in the 560 

figure legend. The different levels of statistical significance are encoded with symbols (*, **, 561 
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***,) directly on the histograms and explained in the figure legends. The statistical tests and 562 

software used are indicated in “Materials and Methods section (page 20). 563 

MS peptide identification probabilities were performed using the Mascot algorithm. Mascot 564 

search was performed using parameters described in the Material and methods section. 565 

Mascot score represents -10*LOG10(Pvalue), where Pvalue is the absolute probability of 566 

peptide wrong assignment. 567 
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FIGURE LEGENDS 739 

Figure 1. 5-HT2C and 5-HT4 receptor stimulation promotes β-arrestin-2 phosphorylation 740 

in HEK-293 cells. A. Ribbon diagram of rat β-arrestin 2 showing the position of 741 

phosphorylated residues identified by LS-MS/MS. B. Representative extracted ion 742 

chromatograms of the EIDIPVDTNLIEFDTNYAp383TDDDIVFEDFAR peptide from YFP-743 

tagged β-arrestin 2 in cells expressing 5-HT2C or 5-HT4 receptor and challenged with vehicle 744 

(Basal) or 5-HT (1 and 10 μM, respectively) for 5 or 30 min. Two other independent 745 

experiments performed on different sets of cultured cells yielded similar results. The 746 

histogram represents the means ± SEM of ion signal intensities of the peptide obtained in the 747 

three experiments. C. 5-HT2C or 5-HT4 receptor expressing cells were treated as in (B). 748 

Erk1,2 activation and Thr383 phosphorylation were assessed by Western blotting using the 749 

anti-phospho-Thr202/Tyr204-Erk1/2 and the anti-phospho-Thr383 β-arrestin 2 antibody, 750 

respectively. The histogram shows the means ± SEM of the anti-phospho-Thr383 β-arrestin 2 751 

immunoreactive signals (expressed in arbitrary unit) obtained in three independent 752 

experiments performed on different sets of cultured cells. One-way ANOVA: (B) 753 

F(5,12)=7.544, p=0.0020; (C) F(4,10) = 4.417, P= 0.0259. * p<0.05 vs. corresponding 754 

vehicle. 755 

 756 

Figure 1 - Figure supplement 1. Purification of YFP-β-arrestin 1 and YFP-β-arrestin 2 757 

co-expressed with 5-HT2C or 5-HT4 receptor in HEK-293 cells. YFP-β-arrestin 1 (A) and 758 

YFP-β-arrestin 2 (B) co-expressed with Myc-tagged 5-HT2C or 5-HT4 receptor were 759 

immunoprecipitated using GFP Trap beads and detected by Western blotting using an anti-760 

GFP antibody (10% of IP) and by colloidal Coomassie blue staining (90% of IP). Receptor 761 

expression and functionality were assessed by immunoblotting using an anti-Myc antibody, 762 

and by sequential immunoblotting with the antibody recognizing phospho-Thr202/Tyr204-763 

Erk1/2 and total Erk1/2. Immunoblots and gels representative of four independent 764 

experiments are illustrated. Note that 5-HT4 receptor immunoreactivity was detected at 765 

molecular weights corresponding to receptor monomer and dimer. 766 
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 767 

Figure 1 - Figure supplement 2. Sequence coverage of β-arrestin 1 and β-arrestin 2 768 

obtained by LC-MS/MS. The sequence covered by LC-MS/MS analysis is highlighted in 769 

red. Identified phosphorylated residues in β-arrestin 1 (Thr374) and β-arrestin 2 (Thr178, Ser194, 770 

Ser267/268, Ser281, Ser361 and Thr383) and their positions are highlighted in blue. 771 

 772 

Figure 1 - Figure supplement 3. Tandem mass spectra of EVPESETPVDpT374NLIELDT 773 

NDDDIVFEDFAR, CPVAQLEQDDQVSPp(S267S268)TFCK and EIDIPVDTNLIEFD 774 

TNYApT383DDDIVFEDFAR phosphorylated peptides identified from YFP-tagged β-775 

arrestin 1 and β-arrestin 2 transiently co-expressed with 5-HT2C receptor in HEK-293 776 

cells and immunoprecipitated using the GFP Trap kit. For each identified phosphorylated 777 

peptide, MS/MS spectra that yielded the highest Mascot score, matched b and y ions, peptide 778 

sequence and position of the phosphorylated residue in the full-length protein are illustrated. 779 

 780 

Figure 1 - Figure supplement 4. Tandem mass spectra of HFLMpS194DRR, KVQFAPE 781 

pT178PGPQPSAETTR and PHDHITLPRPQpS361APR phosphorylated peptides 782 

identified from YFP-tagged β-arrestin 1 and β-arrestin 2 transiently co-expressed with 783 

5-HT2C receptor in HEK-293 cells and immunoprecipitated using the GFP Trap kit. For 784 

each identified phosphorylated peptide, MS/MS spectra that yielded the highest Mascot score, 785 

matched b and y ions, peptide sequence and position of the phosphorylated residue in the full-786 

length protein are illustrated. 787 

 788 

Figure 1 - Figure supplement 5. Tandem mass spectra of VQFAPEpT178PGPQPSAET 789 

TR, VYTITPLLpS281DNR, VYTITPLLpS281DNREK phosphorylated peptides identified 790 

from YFP-tagged β-arrestin 1 and β-arrestin 2 transiently co-expressed with 5-HT2C 791 

receptor in HEK-293 cells and immunoprecipitated using the GFP Trap kit. For each 792 

identified phosphorylated peptide, MS/MS spectra that yielded the highest Mascot score, 793 
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matched b and y ions, peptide sequence and position of the phosphorylated residue in the full-794 

length protein are illustrated. 795 

 796 

Figure 1 - Source data 1. List of phosphorylated peptides identified from purified β-797 

arrestin 1 and β-arrestin 2 by nano-LC-MS/MS. Quantitative data were used to build 798 

histogram in Figure 1B. Phosphorylated peptides were analyzed by nano-LC-MS/MS using 799 

multistage activation on the neutral loss of phosphoric acid. For each peptide, the position of 800 

modified residue(s) in the protein sequence, experimental and theoretical masses, mass 801 

deviation, charge, Mascot score and corresponding P value are indicated. The phosphorylation 802 

index (phosphorylated peptide MS signal intensity / phosphorylated peptide MS signal 803 

intensity + non-phosphorylated peptide MS signal intensity) in cells expressing or not 5-HT2C 804 

or 5-HT4 receptor and treated with vehicle or 5-HT was also calculated for each 805 

phosphorylated peptide identified. ND: not detected. Results of one-way ANOVA for the 806 

EIDIPVDTNLIEFDTNYApTDDDIVFEDFAR peptide: F(5,12) = 7.544, p = 0.020. * p<0.05 807 

vs. vehicle.  808 

 809 

Figure 1 - Source data 2. 810 

This file contains raw values used to build Figure 1C.  811 

 812 

Figure 2. Role of MEK in the phosphorylation of β-arrestin 2 at Thr383 elicited by 5-813 

HT2C receptor stimulation. A. Mechanistic model of assembly of the 5-HT2C receptor/β-814 

arrestin 2/Erk module. Color code: receptor in orange, MEK in green, β-arrestin 2 core in pale 815 

cyan and C-tail in cyan (the regions 351-384 and 394-419, which are not visible in 3D 816 

structure are represented by dashed lines, the region 385-393 is represented by spheres), Erk 817 

in dark red, Raf-1 RBD domain in pink. In this model we hypothesize that Thr383 818 

phosphorylation by MEK takes place within the assembled receptor/β-arrestin/Raf/MEK 819 

complex and results in a movement of β-arrestin 2 unfolded 350-393 segment away from the 820 
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first β-strand of β-arrestin, leaving space for further interaction with the receptor C-terminal 821 

domain (orange spheres) and recruitment of Erk, and its subsequent phosphorylation by MEK. 822 

For the clarity of the figure, the extremity of the β-arrestin C-tail is represented by spheres 823 

even in its unfolded state, although the real 3D structure is unknown. B. Representative 824 

extracted ion chromatograms of the peptide in cells expressing 5-HT2C receptor, pretreated 825 

with either vehicle (control) or FR180204 (10 μM for 18 h) or U0126 (5 μM for 30 min) or 826 

coexpressing MEK1 dominant-negative mutant (MEK1DN), and challenged with vehicle 827 

(Basal) or 5-HT (1 μM) for 30 min. The histogram represents the means ± SEM of the 828 

corresponding ion signal intensities (normalized to values in 5-HT-stimulated cells in Control 829 

condition) obtained in three independent experiments. One-way ANOVA: F(8,18) = 15.69, 830 

p<0.0001. *** p<0.001 vs. corresponding basal value. C. YFP-tagged β-arrestin2 (wild-type 831 

or Thr383Ala mutant) purified from transfected HEK-293 cells was incubated with active 832 

MEK1 for 15 min at 37°C. When indicated, U0126 (5 μM) was included in the incubation 833 

medium. Thr383 phosphorylation was assessed by sequential immunoblotting with the 834 

antibody raised against phospho-Thr383 β-arrestin 2 and the anti-β-arrestin 2 antibody. Means 835 

± SEM of results from 4 independent experiments are shown on the histogram. n.d.: not 836 

detectable. One-way ANOVA: F(2,9) = 352.2, p<0.0001. *** p<0.001 vs. immunoreactive 837 

signal in absence of MEK; §§§ p<0.001 vs. corresponding condition in absence of U0126. 838 

 839 

Figure 2 – Figure supplement 1. Thr383 phosphorylation is not mediated by casein kinase 840 

2. A. Representative extracted ion chromatograms of the 841 

EIDIPVDTNLIEFDTNYAp383TDDDIVFEDFAR peptide from YFP-tagged β-arrestin 2 in 842 

cells expressing 5-HT2C receptor and challenged with vehicle (Basal) or 1  μM 5-HT for 30 843 

min in absence or presence of TBCA (1 μM, added 15 min before the onset of 5-HT 844 

treatment). Two other independent experiments performed on different sets of cultured cells 845 

yielded similar results. B. The histogram represents the means ± SEM of ion signal intensities 846 

of the peptide (normalized to values in 5-HT-stimulated cells) obtained in the three 847 

experiments. One-way ANOVA F(3,8) = 6.762, p=0.013. * p<0.05 vs. corresponding vehicle. 848 
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 849 

Figure 2 - Figure supplement 2. Impact of MEK and Erk1/2 pharmacological inhibitors 850 

and of co-expression of MEK dominant-negative mutant on 5-HT2C receptor-operated 851 

Erk1/2 and Elk1 phosphorylation. A. Cells expressing 5-HT2C receptor were pretreated 852 

with vehicle or U0126 (5 μM for 30 min) or FR180204 (10 μM for 18 h) and then exposed to 853 

vehicle or 5-HT (1 μM) for 5 min. When indicated, a dominant-negative mutant of MEK 854 

(MEKDN) was co-expressed by 5-HT2C receptor. Erk1/2 activation was assessed by 855 

sequential immunoblotting with the antibody recognizing phospho-Thr202/Tyr204-Erk1/2 and 856 

total Erk1/2. Immunoblots representative of three independent experiments are illustrated. 857 

Note that FR180184 did not affect 5-HT2C receptor-operated Erk1/2 phosphorylation, 858 

indicating that it does not inhibit MEK. B. The impact of MEK and Erk1/2 inhibitors on 859 

phosphorylation of the Erk1/2 substrate Elk1 was assessed by sequential immunoblotting with 860 

the antibody recognizing phospho-Elk1 and total Elk1. Immunoblots representative of two 861 

independent experiments are illustrated. 862 

 863 

Figure 2 - Figure supplement 3: In vitro phosphorylation of β-arrestin-2 versus Erk2 by 864 

MEK1. YFP-tagged β-arrestin 2 (wild-type or Thr383Ala mutant) purified from transfected 865 

HEK-293 cells or purified non-activated Erk2 (~1 μg each) were incubated with active MEK1 866 

in presence of [γ-32P]-ATP (2 μCi/nmol) for 10 min at 37°C. Proteins were separated by SDS-867 

PAGE and stained with Coomassie colloidal blue (top image) and 32P incorporation into the 868 

different substrates was monitored by autoradiography (bottom image). The data in the 869 

histogram, expressed in nmol/min/mg enzyme, represent the means ± SD of 32P incorporation 870 

into β-arrestin-2 and Erk2 protein bands in the corresponding experiment after radioactive 871 

background subtraction for each lane. 872 

 873 

Figure 2 - Source data 1. 874 

This file contains raw values used to build Figure 2B and Figure 2C. 875 
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 876 

Figure 2 – Figure Supplement 1 - Source data 1. 877 

This file contains raw values used to build Figure 2 - Figure Supplement 1  878 

 879 

Figure 2 – Figure Supplement 3 - Source data 1. 880 

This file contains raw values used to build Figure 2 - Figure Supplement 3  881 

 882 

Figure 3. Thr383 phosphorylation underlies β-arrestin 2 conformational rearrangement 883 

elicited by 5-HT2C receptor stimulation. A, B. Translocation of wild type (WT), T383A and 884 

T383D Rluc-β-arrestin-2 to Myc-5-HT2C-YFP (A) or Myc-5-HT4-YFP (B) receptors in cells 885 

treated with either vehicle (Basal) or 1 or 10 μM 5-HT, respectively, was measured by BRET. 886 

Data represent the mean ± SEM of values obtained in three independent experiments and 887 

were normalized to the BRET signals measured in 5-HT stimulated cells expressing WT Rluc 888 

β-arrestin 2. C, D. Cell surface expression of receptors was measured in the same 889 

experimental condition by ELISA using anti-Myc antibody. Data are the mean ± SEM of 890 

values obtained in three independent experiments. They were normalized to total receptor 891 

expression level and are expressed in % of basal receptor level at the cell surface in cells 892 

expressing WT β-arrestin 2. E, F. Conformational arrangement of WT, T383A and T383D 893 

double brilliance Rluc8-β-arrestin 2-RGFP elicited by 5-HT2C and 5-HT4 receptor stimulation 894 

by 5-HT (1 and 10 μM, respectively). Equivalent expression of each BRET sensor was 895 

verified by ELISA. Data represent the mean ± SEM of values obtained in three independent 896 

experiments and were normalized to the basal intra-molecular BRET signal in cells 897 

expressing WT Rluc8-β-arrestin 2-RGFP. One-way ANOVA: A, F(5,12)=10.75, p=0.0004; B, 898 

F(5,12)=320.9, p<0.001; C, F(6,14)=10.82, p<0.0001; D, F(6,14)=48.52, p<0.0001; E, 899 

F(5,12)=5.136, p=0.0095; F, F(5,12)=6.436, p=0.004. * p<0.05, ** p<0.01 *** p<0.001 vs. 900 

corresponding basal. 901 

 902 



- 35 - 
 

Figure 3 - Source data 1. 903 

This file contains raw values used to build Figure 3. 904 

 905 

Figure 4. Phosphorylation of β-arrestin 2 at Thr383 is a necessary step in Erk1/2 906 

recruitment to β-arrestin 2 and engagement of Erk signaling by 5-HT2C receptor. A, B. 907 

Recruitment of Erk1/2 to WT, T383A and T383D YFP-β-arrestin 2 in cells expressing 5-HT2C 908 

or 5-HT4 receptor and exposed or not to 5-HT (1 and 10 μM, respectively) was assessed by 909 

co-immunoprecipitation. Immunoblots representative of three independent experiments are 910 

illustrated. The histograms represent the means ± SEM of Erk1/2 immunoreactive signals in 911 

immunoprecipitates, assessed by densitometric analysis, obtained in the three experiments. 912 

They were normalized to the amount of YFP-β-arrestin 2 immunoprecipitates and expressed 913 

in % of basal level measured in cells expressing WT β-arrestin 2. * p<0.05 vs. basal value in 914 

cells expressing WT β-arrestin 2. C, D. Erk1/2 activation in cells co-expressing 5-HT2C or 5-915 

HT4 receptor and either WT, or T383A and or T383D YFP-β-arrestin 2 and exposed or not to 5-916 

HT (1 and 10 μM, respectively) for 5 or 30 min was assessed by sequential immunoblotting 917 

with the antibody recognizing phospho-Thr202/Tyr204-Erk1/2 and total Erk1/2. Immunoblots 918 

representative of three independent experiments are illustrated. The histograms represent the 919 

means ± SEM of values (normalized to the level of phosphorylated Erk1/2 in cells expressing 920 

WT β-arrestin 2 and exposed to 5-HT for 5 min) obtained in the three experiments. One-Way 921 

ANOVA: A, F(5,12)=4.305, p=0.00178; B, F(5,12)=0.977, p=0.47; C, F(8,18)=11.78, 922 

p<0001; D, F(8,18)=4.998, p=0.0022. * p<0.05, ** p<0.01 vs. corresponding value in cells 923 

expressing WT β-arrestin 2. 924 

 925 

Figure 4 - Figure supplement 1. Role of MEK in Erk recruitment to β-arrestin 2. HEK-926 

293 cells co-expressing YFP-β-arrestin 2 and 5-HT2C receptor were treated for 30 min with 927 

vehicle or 1 μM 5-HT in absence or presence of 5 μM U0126 (added 15 min before the onset 928 

of 5-HT application). Recruitment of Erk1/2 to β-arrestin 2 was assessed by co-929 
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immunoprecipitation. Immunoblots representative of three independent experiments are 930 

illustrated. The histogram represents the means ± SEM of Erk1/2 immunoreactive signals in 931 

immunoprecipitates normalized to the amount of YFP-β-arrestin 2 immunoprecipitates, 932 

obtained in the three experiments. They were expressed in % of Erk immunoreactive signal 933 

measured in 5-HT-stimulated cells. One-way ANOVA: F(4,10) = 12,21, p = 0.0007. ** 934 

p<0.01 vs. vehicle. 935 

 936 

Figure 4 - Source data 1. 937 

This file contains raw values used to build Figure 4. 938 

 939 

Figure 4 - Figure supplement 1 - Source data 1. 940 

This file contains raw values used to build Figure 4 - Figure supplement 1. 941 

 942 

Figure 5. Phosphorylation of β-arrestin 2 at Thr383 underlies β-arrestin-dependent 943 

engagement of Erk1/2 signaling by FSH, β-adrenergic and CXCR4 receptors. Erk1/2 944 

activation elicited by stimulation for the indicated times of transiently expressed FSH receptor 945 

(FSH, 3.3 nM), native β-adrenergic (isoproterenol 1 μM) and CXCR4 receptors (CXCL12, 10 946 

nM) in cells transfected with control siRNA or β-arrestin 2 siRNA (A-C) and in cells 947 

coexpressing WT or T383A β-arrestin 2 (D-F). Erk1/2 activation was assessed by sequential 948 

immunoblotting with the antibody recognizing phospho-Thr202/Tyr204-Erk1/2 and total Erk1/2. 949 

Immunoblots representative of three independent experiments are illustrated. The histograms 950 

represent the means ± SEM of values (normalized to the level of phosphorylated Erk1/2 in 951 

cells exposed to agonist for 5 min) obtained in the three experiments. One way ANOVA: A, 952 

F(5,12)=8.178, p=0.0014; B, F(5,12)=16.97, p<0.001; C, F(5,12)=20.22, p=<0.001; D, F(5,12)=7.710, 953 

p=0.0019; E, F(5,12)=29.76, p<0.0001; F(5,12)=8.695, p=.0.0012. * p<0.05 and ** p<0.01 vs. 954 

corresponding value in control siRNA transfected cells or cells expressing WT β-arrestin 2. 955 
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 956 

Figure 5 - Figure supplement 1. Down-regulation of β-arrestin 2 protein expression in 957 

HEK-293 cells using siRNA. Cells were transfected with either control or β-arrestin 2 siRNA 958 

in absence (Mock, A) or presence (B) of the plasmid encoding FSH receptor. Cells were lysed 959 

72 h after transfection and expression of β-arrestin 2 was measured by Western blotting. 960 

Equal loading was assessed by immunoblotting using a GAPDH antibody. Representative 961 

immunoblots of three independent experiments are illustrated. The histograms show the 962 

quantification of β-arrestin 2 immunoreactivity in the corresponding experiments. Data, 963 

expressed in % of value measured in cells transfected with control siRNA, are means ± SEM 964 

of results obtained in three independent experiments. Unpaired t-test, A, p=0.008 vs. control 965 

siRNA; B, p=0.0017 vs. control siRNA. 966 

 967 

Figure 5 - Source data 1. 968 

This file contains raw values used to build Figure 5. 969 

 970 

Figure 5 -Figure supplement 1 - Source data 1. 971 

This file contains raw values used to build Figure 5 - Figure supplement 1. 972 

 973 

Figure 6. Schematic representation of the sequence of events proposed for β-arrestin-974 

dependent Erk1/2 activation by GPCRs. β-arrestin, Raf and MEK are recruited to agonist-975 

stimulated receptor, resulting in MEK activation. Active MEK phosphorylates β-arrestin 2 at 976 

Thr383. This induces a movement of the β-arrestin 2 350-393 segment away from the first β-977 

strand of β-arrestin, leaving space for its interaction with the C-terminal domain of the 978 

receptor. Erk then binds to the complex and is activated by MEK. The dash circles represent 979 

activated enzymes. 980 
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Figure 1 - Figure supplement 5
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