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Abstract

Binding of arrestin to phosphorylated G-protein-coupled receptors (GPCRs) controls many aspects 

of cell signaling. The number and arrangement of phosphates may vary substantially for a given 
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GPCR, and different phosphorylation patterns trigger different arrestin-mediated effects. Here, we 

determine how GPCR phosphorylation influences arrestin behavior by using atomic-level 

simulations and site-directed spectroscopy to reveal the effects of phosphorylation patterns on 

arrestin binding and conformation. We find that patterns favoring binding differ from those 

favoring activation-associated conformational change. Both binding and conformation depend 

more on arrangement of phosphates than on their total number, with phosphorylation at different 

positions sometimes exerting opposite effects. Phosphorylation patterns selectively favor a wide 

variety of arrestin conformations, differently affecting arrestin sites implicated in scaffolding 

distinct signaling proteins. We also reveal molecular mechanisms of these phenomena. Our work 

reveals the structural basis for the longstanding ‘barcode’ hypothesis and has important 

implications for design of functionally selective GPCR-targeted drugs.

Graphical Abstract

Introduction

Binding of arrestins to G-protein-coupled receptors (GPCRs), the targets of nearly half of all 

drugs, has myriad effects on cell signaling. Arrestins can desensitize GPCRs by blocking G-

protein coupling. Arrestins can alter the effects of G-protein-mediated signaling by 

facilitating GPCR endocytosis. And arrestins can control a variety of intracellular signaling 

pathways by binding to an expansive set of effector proteins, including various kinases (e.g. 

ERK1/2, Akt, Raf-1, JNK, and Src), E3 ubiquitin ligases (e.g. Mdm2), deubiquitinating 

proteases (e.g. USP33), and Ca+2–calmodulin (Gurevich and Gurevich, 2019; Peterson and 

Luttrell, 2017; Smith and Rajagopal, 2016; Tian et al., 2014).

Intriguingly, certain GPCR ligands selectively promote or suppress certain arrestin functions 

relative to both other arrestin functions and G protein signaling (Luttrell and Kenakin, 2011; 

Peterson and Luttrell, 2017). This has led to great interest in designing GPCR-targeted drugs 

that stimulate desired signaling effects without harmful side effects mediated by the same 
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GPCR, either by selecting between G protein and arrestin coupling or by selecting among 

arrestin-mediated signaling effects.

Evidence amassed over the past decade supports the ‘barcode’ hypothesis, which states that 

phosphorylation of different sets of GPCR residues leads to different arrestin-mediated 

signaling effects (Tobin, 2008). For example, preventing phosphorylation of certain residues 

impedes receptor endocytosis but not arrestin recruitment, whereas preventing 

phosphorylation of other residues impedes recruitment as well (Lee et al., 2016). GPCR 

ligands control arrestin phosphorylation patterns by modulating interactions of a GPCR with 

various G protein receptor kinases (GRKs), which phosphorylate different sets of GPCR 

residues (Busillo et al., 2010; Butcher et al., 2011; Inagaki et al., 2015; Komolov and 

Benovic, 2018; Nobles et al., 2011).

Despite strong evidence in favor of the barcode hypothesis, the molecular effects of different 

barcodes on arrestin, and the mechanism by which these effects arise, remain poorly 

understood. Biophysical studies have demonstrated that arrestins bound to differently 

phosphorylated GPCRs often adopt distinct conformations (Lee et al., 2016; Mayer et al., 

2019; Nobles et al., 2011; Nuber et al., 2016; Yang et al., 2018; Yang et al., 2015). However, 

the actual conformations arrestin adopts—and the phosphorylation patterns leading to those 

conformations—remain largely unknown. Additionally, certain phosphorylation patterns 

modulate the affinity of a GPCR for arrestin, yielding signaling complexes with different 

stabilities (Bouzo-Lorenzo et al., 2016; Jung et al., 2017; Lee et al., 2016; Sente et al., 

2018). However, whether phosphorylation-induced changes in arrestin conformation 

correspond to changes in arrestin binding remains unclear. Furthermore, to what extent do 

these effects depend upon the number of attached phosphates or upon which sites are 

phosphorylated?

To determine the molecular effects of phosphorylation barcodes on arrestin and the 

mechanism by which these barcodes encode arrestin behavior, we employed two 

complementary techniques—molecular dynamics (MD) simulations, which track the 

position of every atom, and site-directed spectroscopy, in which each spectrum reflects the 

local conformation of a specified arrestin region. We focus on the effects of a GPCR’s C-

terminal tail (C-tail) on arrestin binding and conformation, because the C-tail contains many 

known phosphorylation sites that promote arrestin recruitment (Benovic et al., 1987; Lohse 

and Hoffmann, 2014). The C-tail can induce arrestin activation by binding either on its own 

or in concert with the GPCR’s transmembrane core (Cahill et al., 2017; Latorraca et al., 

2018). For simplicity, most of our simulations and experiments examine the case where only 

the C-tail is present, but we demonstrate similar effects when the transmembrane core is also 

present.

We find that phosphorylation patterns affect both arrestin conformation and arrestin binding, 

but in very different ways. The effects depend primarily on the spatial arrangement of 

phosphorylated residues rather than the overall number of phosphates. We identify the 

molecular mechanism by which individual phosphates, and combinations of phosphates, 

alter arrestin behavior, and we explain how phosphates at various sites can have either 

stimulatory or inhibitory effects on arrestin binding and conformational change. We also find 
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that arrestin adopts a plethora of conformations, with different phosphorylation patterns 

favoring distinct conformations. Some phosphorylation patterns fail to expose sites that 

scaffold certain effector proteins, even though these patterns induce conformational changes 

elsewhere on arrestin, explaining how phosphorylation patterns can lead arrestins to 

stimulate certain downstream effects but not others. Our results not only show how GPCR-

targeted drugs could selectively induce desired cellular effects by favoring specific 

phosphorylation patterns, but also provide a striking demonstration of how post-translational 

modification of a protein can provide a powerful control panel for the behavior of its binding 

partners.

Results

Arrestin binding and activation depend on spatial arrangement of phosphates

To determine how GPCR phosphorylation affects arrestin binding and conformation, we 

performed all-atom MD simulations of β-arrestin 1 bound to the V2 vasopressin receptor 

(V2R) C-tail, which contains eight phosphorylatable residues (Figure 1A) (Nobles et al., 

2011; Shukla et al., 2013; Shukla et al., 2014). We performed simulations with all, none, and 

various subsets of these residues phosphorylated, including all 8 singly phosphorylated 

peptides and 20 peptides with two or three phosphorylated residues. We refer to each 

phosphopeptide as Px, where x lists phosphorylated sites (e.g. P2 denotes a peptide 

phosphorylated at the second site, Ser350). We use pX to denote phosphorylation of a 

specific site (e.g. p2 and pS350 both denote phosphorylation of Ser350). For each 

phosphopeptide–arrestin complex, we performed six independent simulations, each ~5.0 μs, 

totaling ~1 millisecond of simulation (Table S1).

In simulations of β-arrestin 1 bound to each phosphopeptide—including the fully 

phosphorylated and unphosphorylated peptides—arrestin fluctuated between inactive and 

active conformations, but the typical conformation differed widely depending on the specific 

phosphorylation pattern (Figures 1, S1). In the presence of the fully phosphorylated peptide, 

arrestin generally remained close to its crystallographic active conformation (Figure 1B). 

Upon removal of all phosphates from the V2R C-tail—and in the absence of the V2R C-tail 

altogether—arrestin typically relaxed to a conformation closely matching its 

crystallographic inactive conformation, with its C-terminal domain (C domain) twisting 

closer to the N domain (Figure 1B) (Latorraca et al., 2018). Partially phosphorylated 

peptides favored arrestin activation to widely varying degrees, with most favoring 

conformations intermediate between the crystallographic active and inactive conformations 

(Figure 1D). By activation, we refer to the global conformational change arrestin undergoes 

upon binding a fully phosphorylated GPCR, which is dominated by the interdomain twisting 

motion. We quantify extent of activation as described in Methods. Arrestin sometimes 

adopted a globally active conformation while certain localized regions retained their inactive 

conformations, and vice versa.

Phosphopeptides with the same number of phosphates favored arrestin activation to different 

degrees (Figure 1D, S1A). For example, one peptide with a single phosphate (P2) favored 

active conformations nearly as much as the fully phosphorylated peptide, while another 
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singly phosphorylated peptide (P3) favored the inactive conformation as much as the 

unphosphorylated peptide.

The various phosphopeptides also differed widely in their ability to bind arrestin tightly, as 

approximated by their stability in simulation (see Methods). Across peptides containing the 

same number of phosphorylated residues, some remained tightly bound while others 

exhibited markedly reduced stability. These observations indicate that overall ability of a 

phosphopeptide to bind β-arrestin 1 also depends on the specific positions of phosphorylated 

residues rather than on their total number (Figure 1D).

In some cases, adding a phosphate reduced arrestin activation or weakened binding. For 

example, adding a phosphate at S357 (p3) to the peptide with only S350 phosphorylated 

(compare P2,3 vs. P2) or only T360 phosphorylated (compare P3,5 vs. P5) significantly 

reduced activation (Figure 2B; P = 0.04 and P = 0.05, respectively; see Methods). Similarly, 

adding a phosphate at S362 (p6) to a peptide with only S350 phosphorylated (compare P2,6 

vs. P2) significantly reduced binding stability (Figure 2E; P = 0.01).

Phosphorylation patterns favoring arrestin binding differ from those favoring arrestin 
activation

Interestingly, certain phosphorylation patterns favored binding more than they favored 

arrestin activation, while others favored activation more than binding (Figure 1D, S2C). For 

example, the peptide phosphorylated only at S363 (P7) bound much more stably but did not 

significantly favor activation relative to the unphosphorylated peptide Pnone (Figure 1D; P = 

3.2 × 10–5 for binding; P = 0.43 for activation). P2,3,4 favored activation more than other 

simulated peptides with three phosphates but bound less stably than many of these peptides. 

Thus, a GPCR C-tail with a particular phosphorylation pattern might potently recruit arrestin 

without triggering substantial activation-related conformational changes, while the same 

GPCR C-tail with a different phosphorylation pattern might induce conformational changes 

in arrestin despite binding to it only weakly.

To determine the average extent to which each phosphate contributes to binding and to 

activation, we fit additive regression models in which each residue makes an independent 

contribution to activation and to binding (Figure 2A,D). One phosphate, pT360 (p5), favored 

both activation and binding substantially. Phosphates pS350 (p2) and pT359 (p4) 

substantially favored activation with little contribution to binding, and pS363 (p7) 

substantially favored binding with little contribution to activation. Phosphorylation at S357 

(p3) and S362 (p6) inhibited arrestin activation and binding, respectively.

Notably, the effect of phosphorylating a given residue often depends on which other residues 

are phosphorylated. For example, adding a phosphate at S362 (p6) to a peptide with only 

S350 phosphorylated disfavored arrestin activation (compare P2 vs. P2,6; P = 0.029), while 

adding the same phosphate to a peptide with both S350 and S363 phosphorylated favored 

arrestin activation (compare P2,7 vs. P2,6,7; P = 0.015).

To test whether the presence of the GPCR transmembrane core affects how phosphorylation 

patterns modulate arrestin behavior, we also simulated arrestin bound to a full-length GPCR. 
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We initiated these simulations from a recently solved structure of β-arrestin 1 in complex 

with the M2 muscarinic acetylcholine receptor (M2R) core ligated to the V2R C-tail (Staus et 

al., 2020). We performed simulations with five C-tail phosphorylation patterns (Figure S3). 

We found that phosphorylation patterns have similar effects on arrestin activation in the 

presence and absence of the core, though presence of the core generally favors somewhat 

more active conformations. We also found that phosphorylation patterns typically have 

similar effects on arrestin binding with and without the core present.

How do distinct phosphorylation sites exert distinct effects?

Our simulations show that phosphates stimulate or inhibit global arrestin activation primarily 

by modulating the conformation of the gate loop, which extends off the arrestin C domain 

over the groove of the N domain to contact the bound GPCR C-tail. For example, pT359 

(p4) and pT360 (p5) form a salt bridge with a lysine on the gate loop (K294), stabilizing the 

gate loop’s active conformation; this mechanism matches the mechanism we previously 

observed for activation of visual arrestin by the phosphorylated rhodopsin C-tail (Latorraca 

et al., 2018). The active gate loop conformation keeps the C domain twisted away from the 

N domain, stabilizing a globally active conformation of arrestin. By contrast, pS357 (p3) 

inhibits arrestin activation by drawing K294—and thereby the entire gate loop—away from 

its active position (Figure 2B, C). While we focus here on the global interdomain twisting 

motion associated with activation, we show in the subsequent section that phosphates also 

modulate the conformation of local arrestin regions via other mechanisms.

Our simulations also show how phosphorylated residues that favor binding stabilize the 

GPCR C-tail’s interactions with the arrestin N domain. The phosphates that most favor 

binding, such as pT360 (p5) and pS363 (p7), sit within pockets containing at least two 

positively charged residues, balancing the double negative charge contributed by the 

phosphate. These side-chain interactions ‘lock’ the phosphopeptide tail in place, stabilizing 

backbone-backbone hydrogen bonds formed between the β-stranded portion of the 

phosphopeptide and the arrestin N terminus. By contrast, pS362 (p6), which inhibits 

binding, does not pair with a cluster of basic residues to fully neutralize its charge in the 

crystallographic conformation. In simulation, p6 typically moved inward to interact with 

basic residues otherwise engaged by pT359 (p4) or pT360 (p5), and this motion often led the 

phosphopeptide to peel away from the arrestin N terminus, weakening phosphopeptide 

binding (Figure 2E, F). More generally, phosphates negatively modulate arrestin activation 

and/or binding when a particular phosphorylation pattern cannot properly balance 

electrostatic potential along the central groove of the arrestin N domain.

Arrestin populates a multi-dimensional space of conformations

In simulation, arrestin adopts a wide variety of conformations, and various arrestin regions

—e.g., the finger loop, gate loop and interdomain crevice—each change conformation 

without requiring concomitant changes in other regions (Figure 3A, B). For example, the 

gate loop sometimes relaxed towards an inactive-like conformation even while the finger 

loop remained upright or the interdomain crevice remained open, close to their positions in 

the active, V2R phosphopeptide–bound structure. When the gate loop adopted an active 

conformation, the interdomain crevice adopted an active conformation only 50% of the time 

Latorraca et al. Page 6

Cell. Author manuscript; available in PMC 2021 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and the finger loop 60% of the time; when the finger loop adopted an active conformation, 

the gate loop adopted an active conformation only 40% of the time and the interdomain 

crevice 50% of the time. Local conformational changes of the finger loop and interdomain 

crevice are only loosely coupled to global arrestin activation (Figure 3B), as we previously 

observed for visual arrestin (Latorraca et al., 2018). Thus, arrestin populates a high-

dimensional space of conformations rather than only conformations that interpolate between 

the inactive and active structures (Figure S4).

We also found that GPCR phosphorylation can affect the conformation of certain arrestin 

regions without affecting others (Figure 3C, S4). For example, phosphorylation at T360 (p5) 

strongly favored the active conformation of the gate loop, and in turn the global interdomain 

twisting motion associated with arrestin activation, but typically had little effect on the 

interdomain crevice or the finger loop. Phosphorylation at S350 (p2), on the other hand, 

strongly affected both the interdomain crevice and the finger loop but had little effect on the 

gate loop. Phosphate pS350 (p2) occupies the concave surface of the N domain, sterically 

preventing the finger loop from falling into that cavity. This phosphate also interacts with a 

basic residue on the middle loop, preventing this loop from falling into the interdomain 

crevice. Other phosphates may also predominantly affect specific regions of arrestin. For 

example, pT347 (p1) appeared to strongly favor active conformations of the finger loop in 

simulation, without substantially favoring active conformations of the remainder of the 

arrestin molecule. These results suggest that different phosphorylation patterns can select 

among a wide variety of arrestin conformations.

Site-directed spectroscopy to probe effects of phosphorylation patterns

We performed a number of experiments to test the key findings of our simulation study, 

namely that (1) arrestin activation and binding depend on the spatial arrangement of 

phosphates rather than on the number of phosphates; (2) phosphorylation patterns favoring 

activation often differ from those favoring binding; (3) arrestin populates a high-dimensional 

conformational space, with certain local regions changing conformation without requiring 

concerted changes in other regions; and (4) phosphorylation patterns can select among these 

many different arrestin conformations.

We chose a set of 14 phosphopeptides, all with the same V2R C-tail sequence but with 

different phosphorylation patterns (Figure 4A). To monitor conformational effects of these 

phosphopeptides on arrestin, we used site-directed spectroscopy. We designed four β-

arrestin 1 mutants, each with a chemical probe at a different site (Figure 4B). Three of these 

sites were chosen to detect local conformational changes at the gate loop, finger loop, and 

interdomain crevice, respectively. The fourth site, at the base of the arrestin C tail, was 

chosen to detect complete release of the arrestin tail from the arrestin body, as tail release 

enables the interdomain twisting associated with arrestin activation (Eichel et al., 2018; 

Latorraca et al., 2018). We quantified binding of each phosphopeptide to β-arrestin 1 by 

measuring displacement of a fluorescently labeled, fully phosphorylated peptide (Figure S5). 

These experiments are complementary to our simulations: the simulations capture atomic-

level detail over microsecond timescales, whereas the experiments report on average 
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properties of conformational ensembles on the longer timescales associated with 

downstream signaling.

Certain phosphopeptides might bind arrestin in modes different from the phosphopeptide in 

the Pall–bound crystal structure, in which the arrestin C tail has been completely displaced 

by the bound phosphopeptide. We sought to select phosphopeptides that (1) displace the 

arrestin C tail and (2) typically bind in a register matching that observed in the structure (the 

starting point for our simulations). We thus required each experimental phosphopeptide to 

include phosphates pS363 (p7) and pS364 (p8). These phosphates facilitate binding in the 

crystallographic mode, in which they displace the arrestin C tail at its base. We refer to these 

peptides as P’x, where x lists other phosphorylated sites. P’base is phosphorylated only at 

S363 and S364, and P’all is identical to and Pall.

We note that these experiments are not designed for, and do not enable, direct comparison 

between the behavior of a simulation with an individual phosphopeptide and an experiment 

with the same phosphopeptide. Due to the experimental objectives and the considerations 

described above, the simulations and experiments involve different sets of phosphopeptides. 

The simulations focus on the crystallographic binding mode, while some peptides appear to 

adopt additional binding modes experimentally (Table S2, Figure S5A, and discussion 

below). The experimental probes can only detect certain conformational changes in their 

surroundings, and the quantitative relationship between probe response and local 

conformation is unclear. Even without direct correspondence, however, the experimental 

results support each of the key findings of our simulation study.

At each of the four conformational reporters in our experiments, different peptides with the 

same number of phosphates have very different effects (Figure 4C). Depending on the 

phosphorylation sites, for example, addition of just two phosphates can cause no measured 

conformational change or approximately as much conformational change as the fully 

phosphorylated peptide.

Likewise, experimentally measured binding of arrestin to various phosphopeptides depends 

more strongly on phosphate positions than on number of phosphates, in agreement with 

predictions from simulation (Figure S5A, Table S2). Indeed, a ranking of phosphopeptides 

by either IC50 or maximal displacement of fluorescently labeled peptide (Emax) exhibits 

very low correlation with number of phosphates. Intriguingly, phosphorylation at site 6 

(pS362) appeared to weaken binding, as in simulation: for example, all four peptides with 

this site phosphorylated have an experimentally determined binding affinity below the 

median (Figure S5A, Table S2).

As in simulation, effects of a given peptide on binding and conformation are often very 

different. Indeed, binding measurements hardly correlate with conformational change as 

detected by any of the four reporters. Peptides with similar log IC50 values in competition 

binding assays sometimes have very different conformational effects.

Our site-directed spectroscopy experiments also support other simulation-based findings 

(next two sections). These experimental results confirm that arrestin populates a high-
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dimensional conformational space and that different phosphorylation patterns can select 

among many different conformations within that space (Figures 4C, 5A, 6A).

We performed additional experiments to verify that our findings persist in a cellular context 

and in the presence of the receptor transmembrane core. We generated several full-length 

V2R constructs, each with mutations designed to eliminate all but a desired set of 

phosphorylation sites within the C tail (Figure S5C). We then measured agonist-dependent 

recruitment of β-arrestin 1 to the cell membrane by each V2R construct, under conditions 

intended to favor phosphorylation of remaining sites on the receptor using enhanced 

bystander bioluminescence resonance energy transfer (ebBRET) (Namkung et al., 2016). 

These experiments come with caveats—most notably, the remaining phosphorylation sites 

might not be completely or uniformly phosphorylated for each mutant. Yet phosphorylation 

patterns appeared to have qualitatively similar effects to those we had observed previously. 

For example, including a phosphorylatable residue at site 7 instead of at site 6 led to 

increased arrestin recruitment, in agreement with our finding from biochemical experiments 

and simulations that p6 disfavors arrestin binding of phosphopeptides.

Phosphorylation patterns select among a wide variety of arrestin conformations

The most striking observations from our site-directed spectroscopy measurements (Figure 

4C) are that different phosphorylation patterns favor different arrestin conformations and 

that the conformations of distinct arrestin regions do not change in concert as 

phosphorylation varies. That is, phosphorylation patterns select among a wide variety of 

arrestin conformations that do not fall along a continuum between the inactive and active 

structures, as demonstrated by principal components analysis of local conformational 

responses (Figure 5A, Table S3).

These observations support our computational findings that different arrestin regions can 

change conformation independently of one another and that GPCR phosphorylation can 

affect the conformation of certain arrestin regions without affecting others. The experimental 

results go beyond this, though, demonstrating that phosphorylation patterns can select 

among a strikingly wide variety of arrestin conformations and that these conformational 

differences persist even on the timescales associated with cellular signaling.

To further demonstrate that different arrestin regions can change conformation 

independently of one another, we repeated all site-directed spectroscopy measurements in 

the presence of an antibody fragment derived from Fab30 (Fab30*; see Methods), which 

stabilizes the active conformation of β-arrestin 1 (Shukla et al., 2013; Shukla et al., 2014). In 

this case, no phosphopeptide substantially affected the fluorescence of the reporter at the 

interdomain crevice, strongly suggesting that Fab30* locks this region of arrestin into a 

single conformational state (Figure 4C). Despite the presence of Fab30*, reporters at other 

regions of arrestin indicated that these regions changed conformation substantially in the 

presence of different phosphopeptides.

Our fluorescence spectroscopy results also indicate that local regions of arrestin, considered 

individually, adopt a wide variety of conformations as phosphorylation varies. This effect is 

particularly apparent for the finger loop, where spectra in the presence of different 
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phosphopeptides vary in both intensity and wavelength of peak emission (measures of 

solvent exposure and local polarity, respectively) (Kim et al., 2013) (Figure 5B). MD 

simulations also capture a wide variety of finger loop conformations differing markedly in 

the chemical environment of the fluorescent reporter (Figure 5C, S6).

Phosphopeptides can influence arrestin conformation without fully displacing the arrestin 
C tail

Interestingly, our site-directed spectroscopy results indicate that certain phosphopeptides 

trigger conformational change in arrestin without fully displacing the arrestin C tail (Figure 

6A). For example, phosphopeptides P’base and P’2 had very little effect on the reporter at the 

base of the arrestin C tail but caused significant conformational changes in the gate loop. 

Simulations demonstrate how this behavior can arise. In simulations of full-length β-arrestin 

1, with its entire C tail included, the upper portion of the arrestin C tail (the distal tail) 
fluctuates substantially in the upper groove of the N domain, while the lower portion (the 

proximal tail, which includes the reporter) remains tightly bound (Figure 6B). Nonetheless, 

removing the distal tail (residues 394–418) substantially increased the flexibility of the gate 

loop, finger loop, and C loop (Figure 6B, S6). A phosphopeptide could thus exert 

conformational effects on multiple regions of arrestin by displacing just the distal C tail and 

binding in its place—despite the fact that in available structures of active-state arrestins, the 

arrestin tail is fully displaced or removed.

Discussion

Our results reveal the molecular effects of GPCR phosphorylation barcodes on β-arrestin 1, 

as well as the mechanisms by which these effects arise, with key implications for arrestin 

function.

First, our findings imply that, by adjusting a GPCR’s phosphorylation pattern, one can 

modulate some of arrestin’s effects independently of others. For example, a GPCR could 

bind arrestin, thus blocking G-protein-mediated signaling, without triggering conformational 

changes required for arrestin-mediated signaling. A differently phosphorylated GPCR could 

alter arrestin conformation without forming a long-lived complex, leading to catalytic 

arrestin activation (Eichel et al., 2018).

Our results also imply that, by causing conformational changes only in certain regions of 

arrestin, a particular phosphorylation pattern could expose arrestin binding sites for some 

downstream signaling proteins but not others. For example, we find that certain 

phosphopeptides cause conformational change throughout arrestin without displacing the 

proximal tail. Full tail displacement is likely required for binding of certain downstream 

proteins to the proximal tail (e.g., adaptin) or to the arrestin N-terminal β-strand exposed by 

tail displacement (e.g., JNK3) (Park et al., 2019; Smith and Rajagopal, 2016; Tian et al., 

2014). Biochemical and proteomic studies have suggested that β-arrestins interact with 

hundreds of proteins in the cell, with interaction sites on many arrestin surfaces (Coffa et al., 

2011; Peterson and Luttrell, 2017; Tian et al., 2014; Xiao et al., 2007; Zhuo et al., 2020). 

Given the diverse effects of GPCR phosphorylation patterns on arrestin conformation, we 

expect that such patterns directly alter coupling of proteins with multiple regions of the 
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arrestin surface. In accord with this hypothesis, a recent NMR study suggested that 

differently phosphorylated peptides alter the conformation of arrestin regions thought to 

interact with kinase SH3 domains (Yang et al., 2018).

We find that the effects of phosphorylation depend much less on the number of residues 

phosphorylated than on their spatial arrangement. In certain cases, addition of a phosphate 

actually weakens arrestin binding or conformational effects on arrestin. One inhibitory 

phosphorylation site was previously reported on rhodopsin (Mayer et al., 2019). We find that 

multiple phosphorylation sites can have inhibitory effects, and that such effects may be 

specific to either arrestin binding or activation. Moreover, phosphorylation of a particular 

site may have either stimulatory or inhibitory effects depending on which other sites are 

already phosphorylated. Such inhibitory effects of phosphorylation could account for why a 

GPCR sometimes needs to lose phosphates to couple efficiently to arrestin or why the 

presence of multiple GRKs sometimes reduces arrestin signaling relative to that observed 

with a single GRK present (Butcher et al., 2011).

Based on analyses of crystal structures, Zhou et al. (2017) proposed a “phosphorylation 

code” for arrestin recruitment (i.e., binding). Our results are consistent with theirs but offer a 

much richer picture of the phosphorylation barcode. We find that the effects of a GPCR 

phosphorylation pattern on arrestin conformation—and thus on downstream signaling—are 

often very different from its effect on arrestin binding. We also find that a much wider 

variety of phosphorylation patterns can lead to strong arrestin binding than suggested by 

available structures, because the GPCR C-tail can change conformation such that other 

phosphates bind to the same pockets on arrestin. For example, pS350 (p2) often binds near 

the β-arrestin 1 pocket occupied by pS357 (p3) of V2R in the crystal structure; indeed, 

pS350 generally contributes more favorably to arrestin binding than pS357, and pS357 

actually tends to inhibit arrestin activation, whereas pS350 strongly favors activation.

Nearly all GPCRs couple either to β-arrestin 1 or to β-arrestin 2, which are highly similar in 

sequence and structure, particularly in the N domain where the GPCR C-tail binds. Even for 

GPCRs with C-tails very different from that of V2R, control of arrestin behavior will most 

likely involve phosphate binding to some or all of the same sites on the arrestin surface, and 

phosphate binding at each of those sites will presumably have similar effects on arrestin 

binding and conformation. At certain GPCRs, phosphorylation of intracellular loops 

influences various arrestin functions (Butcher et al., 2011; Verweij et al., 2020; Yang et al., 

2017); such phosphates may also interact at similar sites on arrestin (Huang et al., 2020). We 

find that the effects of GPCR C-tail phosphorylation patterns on arrestin are similar in the 

presence and absence of the GPCR’s transmembrane core (Fig. S3).

By revealing the varied effects of GPCR phosphorylation patterns on arrestin binding and 

arrestin conformation, our findings suggest unexplored opportunities for discovery of 

functionally selective drugs that stimulate desired signaling pathways without undesired 

ones at a given GPCR. Thus far, efforts to discover such drugs have focused on selecting for 

or against arrestin signaling relative to G-protein signaling—i.e., achieving arrestin bias or 

G-protein bias. Our results show how a drug that favors particular phosphorylation patterns 

of a GPCR could also select among arrestin’s many effects on cellular signaling, including 
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blockade of G-protein signaling, receptor internalization (leading to endosomal signaling), 

and direct stimulation of signaling proteins.

Our findings motivate further work: first, although previous studies have indicated a close 

relationship between arrestin conformation and signaling (Lee et al., 2016), the 

correspondence between specific arrestin conformations and specific signaling pathways 

remains unclear. How does arrestin’s conformation affect its interactions with intracellular 

proteins, and how each interaction influence cellular signaling?

Second, further work is required to determine how ligands select among receptor 

phosphorylation patterns. Previous studies have demonstrated that, at many GPCRs, 

different ligands favor different phosphorylation patterns (Butcher et al., 2011; Mann et al., 

2020; Mann et al., 2019; Miess et al., 2018; Nobles et al., 2011). For example, at the M3 

muscarinic acetylcholine receptor, pilocarpine and metacholine induce phosphorylation at 

distinct sites (Butcher et al., 2011), and at the β2 adrenergic receptor, carvedilol induces 

phosphorylation at two sites while isoproterenol induces phosphorylation at thirteen sites 

(Nobles et al., 2011). However, physiologically relevant phosphorylation patterns have not 

been catalogued exhaustively. Moreover, the receptor conformations that favor interaction 

with different GRKs—thus leading to different phosphorylation patterns—remain unknown.

Phosphorylation at protein–protein interfaces is a widespread phenomenon that plays an 

essential role in regulating diverse signaling pathways (Babu et al., 2012; Gulbis et al., 1996; 

Mittag et al., 2010; Nishi et al., 2013). Our results demonstrate the surprisingly rich set of 

conformational changes a protein can undergo in response to changes in the phosphorylation 

state of its binding partner, suggesting similar possibilities for many other protein families, 

including kinases and metabolic enzymes. We focused on GPCR–arrestin interactions 

because of their crucial role in drug action at the largest class of pharmaceutical targets 

(Hauser et al., 2017), but the approach taken here may illuminate such phenomena 

throughout the proteome.

STAR Methods

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact Ron Dror (ron.dror@stanford.edu).

Data and Code Availability

Molecular dynamics simulation data, including subsampled simulation trajectories, code, 

and metadata used to generate plots, can be found at http://dx.doi.org/10.5281/

zenodo.3991060. Experimental datasets can be found in Mendeley Data at http://dx.doi.org/

10.17632/nvwjmnsnjp.1.
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Material Availability

Plasmids generated in this study will be distributed upon request. The BRET-based sensor 

used in the present study was licensed for commercial use to Domain Therapeutics but is 

available for academic research purposes upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains

E. coli BL21(DE3) Rosetta cells were used to express ScdsFv30, and NiCo21(DE3) 

competent E. coli (NEB) were used to express all β-arrestin 1 constructs for in vitro 
spectroscopy studies.

Cell lines

For in-cell experiments, HEK293SL cells cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with penicillin/streptomycin and 10% newborn calf serum (NCS) 

were incubated for 48 h at 37 ºC with 5% CO2.

METHOD DETAILS

System setup for molecular dynamics simulations

We simulated β-arrestin 1 on its own and bound to the V2 vasopressin receptor (V2R) C-tail 

(residues 346–368) with a variety of phosphorylation patterns, yielding more than 30 distinct 

simulation conditions in total. We initiated the majority of the simulations from the active-

state crystal structure of β-arrestin 1 bound to the phosphorylated V2R C-tail (PDB entry 

4JQI) (Shukla et al., 2013). We simulated the following constructs: the active-state crystal 

structure with the fully phosphorylated peptide bound; the active-state crystal structure with 

the V2R C-tail removed entirely; the active-state crystal structure with the V2R C-tail bound 

but with all phosphorylated residues reverted to their phosphate-free serine or threonine 

identities; and the active-state crystal structure with different combinations of 

phosphorylated residues reverted to their phosphate-free serine or threonine identities. For 

simulations with phosphopeptides containing two or three phosphorylated residues, we 

excluded the two most peripheral phosphorylatable residues (Thr347 and Ser364), as they 

are located far from regions we previously identified as controlling global conformational 

changes in arrestin (Latorraca et al., 2018). See Figure 1 and Table S1 for a complete list of 

all simulation conditions.

We also performed simulations of β-arrestin 1 in its inactive state, in order to investigate (1) 

which conformations, besides the crystallographic conformation, different regions of arrestin 

adopted while in the inactive state (e.g. Figure 3B) and (2) how the arrestin C tail affected 

the global conformational ensemble of arrestin (e.g. Figure 6, Figure S4). We initiated 

simulations from two inactive-state crystal structures of β-arrestin 1 (PDB entries 1G4M and 

1JSY) (Han et al., 2001; Milano et al., 2002). These two structures exhibit the same global 

conformation but differ slightly in that the arrestin C tail was truncated in the experimental 

1G4M construct (and thus only residues 383–393 are resolved), whereas the full-length β-

arrestin 1 was used to determine 1JSY (yielding six additional resolved tail residues, 394–
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399). Simulations initiated from 1G4M and 1JSY exhibit similar behavior. We performed 

simulations of inactive-state β-arrestin 1 under the following conditions from the given PDB 

structure: with the crystallographic C tail resolved (PDB entry 1G4M); with the 

crystallographic C tail removed (PDB entries 1G4M and 1JSY); and with a full-length C tail 

modeled using the Rosetta FloppyTail application (Kleiger et al., 2009) (PDB entry 1JSY). 

We previously reported a subset of these simulations (Latorraca et al., 2018): simulations of 

active-state β-arrestin 1, with and without the V2R C-tail, and simulations of inactive-state 

β-arrestin 1, with and without its crystallographic C tail (from the 1G4M structure).

For simulations starting from the active state of β-arrestin 1, we removed the co-crystallized 

Fab30 antibody. We used Maestro (Schrödinger) to revert phosphorylated residues to regular 

serines and threonines in order to generate different phosphorylation states of the V2R C-

tail. Simulations starting from the 1G4M inactive-state crystal structure used chain A. To 

model the full-length arrestin C tail, we first added unresolved residues 400–418 to the C tail 

of PDB entry 1JSY using PyMol and the human β-arrestin 1 sequence. We then used the 

FloppyTail application in Rosetta to generate approximately 50 different conformations and 

selected a conformation in which the C tail closely engaged residues on the N domain for 

subsequent simulations. We used the following general Rosetta parameters: use_input_sc; - 

packing:repack_only; run:min_type dfpmin_armijo_nonmonotone; and the following 

FloppyTail parameters: flexible_start_resnum 400; short_tail:short_tail_off 0; 

short_tail:short_tail_fraction 1.0; shear_on: 0.333; refine_repack_cycles 10; perturb_cycles 

500; refine_cycles 100; and nstruct 50.

We performed multiple simulations for each condition, as specified in Table S1. For each 

simulation, initial atom velocities were assigned randomly and independently.

Simulation coordinates were prepared by removing non-protein molecules from all initial 

crystal structures (except for water molecules in structures 4JQI and 1G4M, which were 

retained during system preparation). Prime (Schrödinger) was used to model missing side 

chains and loops, as well as the fragment between residues 353 and 356 on the V2R C-tail. 

We retained titratable residues in their dominant protonation state at pH 7. Histidines were 

represented with hydrogen on the epsilon nitrogen except in cases where addition of 

hydrogen to the delta nitrogen optimized the local hydrogen bond network.

All simulations were inserted into a water box using Dabble (Betz, 2017). Sodium and 

chloride ions were added to neutralize each system at a concentration of 150 mM. Water-box 

dimensions were chosen to maintain at least an 18 Å buffer between protein images in all 

dimensions. Initial system dimensions and number of atoms in each system are listed in 

Table S1 for each simulation condition.

We also initiated simulations of β-arrestin 1 bound to the transmembrane core of the M2 

muscarinic acetylcholine receptor ligated to the V2R C-tail (M2V2R). For these simulations, 

we used the recent cryo-EM structure as a starting point (PDB entry 6U1N) after removing 

the Fab30 fragment (Staus et al., 2020). Due to the poorly resolved transmembrane region in 

that structure, we used the receptor from the M2R–Go structure (PDB entry 6OIK), in which 

the receptor is well resolved, by aligning the receptor from the Go–bound structure onto that 
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of the β-arrestin-1–bound structure (Maeda et al., 2019). Missing side chains were modeled 

using Prime (Schrödinger) (Jacobson et al., 2002; Jacobson et al., 2004). The unresolved 

region of the C-tail (residues 458–486) was modeled using Modeller (Webb and Sali, 2014). 

The unresolved disordered region of ICL3 (~160 residues) was not modeled. Neutral acetyl 

and methylamide groups were added to cap the N- and C-termini, respectively, of the protein 

chains. Titratable residues were kept in their dominant protonation state at pH 7, except for 

D2.50 and D3.49, which were protonated, as evidence suggests that these residues are 

protonated for certain active-state class-A GPCRs (Ghanouni et al., 2000; Ranganathan et 

al., 2014). Histidines were represented with hydrogen on the epsilon nitrogen except in cases 

where addition of hydrogen to the delta nitrogen optimized the local hydrogen bond 

network. A palmitoyl group was added to residue C457 of the receptor using Maestro 

(Schrödinger). To simulate the different phosphorylation conditions, we reverted the relevant 

phosphothreonines and phosphoserines to threonines and serines, respectively, in Maestro. 

The systems were aligned on the receptor of the orientations of proteins in membranes 

(OPM) entry for the M2R–Go structure (PDB entry 6OIK) (Lomize et al., 2012). Dowser 

was used to add water molecules to protein cavities (Zhang and Hermans, 1996), and the 

aligned structures were inserted into a pre-equilibrated palmitoyl-oleoyl-phosphatidylcholine 

membrane bilayer using Dabble (Betz, 2017). Sodium and chloride ions were added to 

neutralize each system at a concentration of 150 mM.

Simulation protocols

We performed our simulations using the Compute Unified Device Architecture (CUDA) 

version of Particle-Mesh Ewald Molecular Dynamics (PMEMD) in AMBER on one or two 

graphical processing units (GPUs) (Salomon-Ferrer et al., 2013). Simulations were 

performed using the AMBER16 and AMBER17 software (Case et al., 2017). Systems were 

heated from 0 K to 100 K in the NVT ensemble over 12.5 ps and then from 100 K to 310 K 

in the NPT ensemble at 1 bar over 125 ps, using 10.0 kcal mol−1 Å−2 harmonic restraints 

applied to protein heavy atoms. Systems were then equilibrated at 310 K in the NPT 

ensemble at 1 bar, with harmonic restraints on protein heavy atoms tapered off by 1.0 kcal 

mol−1 Å−2 starting at 5.0 kcal mol−1 Å−2 in a stepwise fashion every 2 ns for 10 ns and then 

by 0.1 kcal mol−1 Å−2 in a stepwise fashion every 2 ns for 18 ns. Production simulations 

were performed in the NPT ensemble at 310 K and 1 bar, using a Langevin thermostat for 

temperature coupling and a Monte Carlo barostat for pressure coupling. These simulations 

used a 4-fs time step with hydrogen mass repartitioning (Hopkins et al., 2015). Bond lengths 

to hydrogen atoms were constrained using SHAKE (Ryckaert et al., 1977). Non-bonded 

interactions were cut off at 9.0 Å, and long-range electrostatic interactions were computed 

using particle mesh Ewald (PME) with an Ewald coefficient of approximately 0.31 Å and a 

B-spline interpolation order of 4. The FFT grid size was chosen such that the width of a grid 

cell was approximately 1 Å. Trajectory snapshots were saved every 200 ps.

For simulations of the M2V2R, the simulation protocol was as described above, with the 

exception that harmonic restraints were placed on the non-hydrogen atoms of the lipids, 

protein and ligands during the heating phase. Similarly, during equilibration, harmonic 

restraints were applied to the non-hydrogen protein and ligand (but not lipid) atoms. 
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Simulations were performed with AMBER18, as they were performed more recently (Case 

et al., 2018).

For all simulations, we used the CHARMM36 force field for proteins, lipids, and ions and 

the TIP3P model for waters (Best et al., 2012; Huang and MacKerell, 2013; Klauda et al., 

2010; MacKerell et al., 1998). Parameters for the orthosteric M2R agonist iperoxo and the 

positive allosteric modulator LY2119620 were based on the CHARMM General Force Field 

(CGenFF) webserver (https://cgenff.umaryland.edu/; Vanommeslaeghe et al., 2010; 

Vanommeslaeghe and MacKerell, 2012; Vanommeslaeghe et al., 2012). Parameters are 

available upon request.

Analysis protocols for molecular dynamics simulations

The AmberTools17 CPPTRAJ package was used to reimage and center trajectories, while 

Visual Molecular Dynamics (VMD) was used to visualize and analyze simulations 

(Humphrey et al., 1996; Roe and Cheatham, 2013b). Time traces from simulation were 

smoothed using a rectangular moving average with a window size of 50 ns and visualized 

with the PyPlot package from Matplotlib.

For all analysis in the manuscript that required structural alignment, we aligned β-arrestin-1 

structures on the N domain of β-arrestin 1 (to residues 6–173 of the N domain of either the 

active-state or inactive-state β-arrestin-1 structure, unless otherwise specified).

To characterize global β-arrestin-1 conformation, we employed two metrics described 

previously (Latorraca et al., 2018): a projection metric and an interdomain twist angle. The 

first, referred to as the “activation” metric in Figure 1, specifies how ‘active-like’ or 

‘inactive-like’ a conformation is. We represent the positions of all atoms of interest for 

simulation frames (in this case, all Cα atoms except for residues 331–340, which are not 

resolved in the inactive-state crystal structures, PDB entries 1JSY and 1G4M) as a single 

vector containing their Cartesian coordinates. We project the vector representing the region 

of interest in a given simulation frame onto the line connecting the crystallographic inactive 

(from PDB 1JSY) and active conformations (PDB entry 4ZWJ) after aligning on Cα atoms 

in the N domain. We then report the position of the projected point on the line, using the 

convention that the inactive conformation is at 0 and positive values indicate change towards 

the active conformation. The crystallographic active conformation is thus assigned a value 

equal to its r.m.s.d. from the inactive conformation. We also calculated an interdomain twist 

angle, which corresponds to how much the C domain twists away from its position in the 

inactive crystal structure relative to the N domain. Briefly, we measured rotation about the 

rotation axis that defines displacement of the C domain (relative to the N domain) between 

the inactive β-arrestin 1 crystal structure (PDB entry 1G4M) and the active, rhodopsin-

bound visual arrestin crystal structure (PDB entry 4ZWJ). (For both the rotation and 

projection metrics, we use the full-length receptor-bound structure as it captures the 

conformational change upon activation better than the active β-arrestin 1 crystal structure, 

whose interdomain twisting is slightly influenced by the presence of co-crystallized Fab30.) 

Thus, the inactive-state structure has an interdomain twist angle of 0º, positive interdomain 

twist angles indicate motion towards the active conformation, and negative interdomain twist 

angles indicate motion in the opposite direction. The projection metric and interdomain twist 
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angle are highly correlated (Figure S1), but in this manuscript we primarily use the 

projection-based metric to describe activation, because it takes into account the global 

conformation of arrestin, including rearrangements in loops, and therefore avoids the 

assumption that the only change associated with activation is rotation of the two lobes about 

a single axis. We also use local measures of conformational change in arrestin (as shown in 

Figure 3) as well as crystal structure–agnostic metrics (Figure S4) to further characterize 

arrestin’s conformational ensemble.

For box plots, distributions for each simulation condition are based on samples taken every 1 

ns across all six simulations for each condition, after removing the first 1000 ns of each 

simulation to allow for system equilibration. Interquartile ranges, shown as boxes, depict the 

25th and 75th percentiles of each of these distributions, which are composed of tens of 

thousands of simulation frames. When shown, whiskers represent the 5th and 95th 

percentiles of the distributions for each simulation condition. Note that in certain 

supplementary figures, we overlay box plots, representing the entire distribution for an 

individual phosphorylation pattern after removing the first 1000 ns, and individual points, 

representing the mean values for each of the independent simulations within a given 

condition.

To calculate whether differences among pairs of conditions are statistically significant, we 

performed a two-sided Welch’s t-test (two-sided t-test of unequal variance), treating each 

independent simulation’s mean as a separate data point. We performed six production 

simulations under each condition (n = 6), excluding the first 1000 ns of each simulation to 

achieve better equilibration. For these analyses, we excluded simulation 3 of the P3 

condition, because in this simulation, the N domain distorts significantly from the 

conformations observed in the inactive-state and active-state crystal structures. This 

simulation is included in our deposited dataset.

To calculate strength of binding of each V2R C-tail phosphopeptide in simulation, we 

quantified the stability of the phosphopeptide by calculating the root-mean-square deviation 

(r.m.s.d.) of Cα atoms from residues 360–365 of the V2R C-tail relative to their 

crystallographic position in the structure of β-arrestin 1 in complex with the fully 

phosphorylated V2R C-tail after aligning on the N domain. We report stability as 6 Å – 

r.m.s.d, such that lower values correspond to weaker binding and higher values correspond 

to stronger binding; the value 6 Å is chosen such that this difference remains positive.

We focused primarily on stability of the distal portion of the GPCR C-tail (C-terminal 

residues 360–365 of V2R), as these residues form backbone-mediated hydrogen bonds with 

arrestin in the phosphopeptide-bound β-arrestin 1 crystal structure (Shukla et al., 2013). We 

also note that the phosphopeptide must compete with the arrestin C tail (residues 385–390) 

to bind to the same site on arrestin. Thus, it stands to reason that phosphopeptides that bind 

tightly to the body of arrestin would also favor arrestin C-tail displacement. In Figure S2A, 

we also count the number of backbone–backbone hydrogen bonds between residues 360–

365 of the phosphopeptide and residues 6–10 of the arrestin N terminus that persist over the 

course of the simulation. This measure of backbone-mediated hydrogen bonding correlates 

well with GPCR C-tail stability.
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To estimate the typical contribution of phosphorylation at each site to extents of activation 

and binding, as shown in Figure 2, we performed linear regression on the median activation 

and binding values for each simulation.

To characterize the conformation of local regions in β-arrestin 1, shown in Figure 3, we used 

several different metrics. To characterize motion at the base of the gate loop, we measured 

the projection of the position of the Cα atom of D290 in simulation onto the vector 

separating the inactive and active crystallographic positions of the same atom. Higher values 

(close to 1.6 Å) indicate that the gate loop has shifted away from the body of the N domain, 

a motion associated with favoring the active conformation, while lower values (close to or 

less than 0.0 Å) indicate that the gate loop has shifted toward the body of the N domain, a 

motion associated with favoring the inactive conformation. For this metric, we used the 

visual arrestin crystal structures as references (PDB entries 1CF1, chain A, and 4JQI) to 

enable comparisons with our previous work (Hirsch et al., 1999; Latorraca et al., 2018; 

Shukla et al., 2013). To characterize the conformation at the ‘tip’ of the gate loop, we 

measured the projection of the positions of the Nζ atom of K294 onto the stationary vector 

defined by the Cα atoms of R7 and R165 in the active-state β-arrestin 1 crystal structure 

(PDB entry 4JQI). For the Nζ atom of K294, values close to 11.9 Å, respectively, indicate 

that the gate loop is in a conformation close to that favored by the fully phosphorylated 

peptide. We subtract the raw position of the atom along the vector from its initial position 

(11.9 Å), take the absolute value of this, and negate it, such that values of 0 represent values 

close to the crystallographic active conformation of the gate loop, and increasingly negative 

numbers represent values far from the active conformation of the gate loop. To quantify 

finger loop conformation, we project the position of the simulated position of L68 onto the 

vector defined by the inactive (PDB entry 1JSY) and active crystallographic positions of the 

same atom. To quantify interdomain crevice opening, we calculate the distance between the 

center of mass of a pair of Cα atoms on the middle loop (residues 131 and 139) and a pair of 

Cα atoms on the C loop (residues 247 and 249). To generate the plots in Figure 3C and 

Figure S4B, we aggregated data across all simulations after removing the first 1000 ns of 

each to ensure system equilibration.

To classify the conformation of these different local regions, as in Figure 3B, we set 

thresholds based on conformations observed in simulations of active-state β-arrestin 1 bound 

to the fully phosphorylated peptide (“active control simulations”) and inactive-state β-

arrestin 1 (“inactive control simulations”). For the gate loop, we used motion at its base 

(D290) instead of at its tip (K294), as the arrestin C tail constrains the tip of the gate loop to 

one particular inactive conformation in the inactive-state β-arrestin 1 simulations. Using the 

metrics described in the previous paragraph, regions were classified as adopting an active 

conformation if they adopted conformations within half the standard deviation of the active 

control simulations (global activation: ≥ 3.0 Å º; gate loop: ≥ 1.45 Å; finger loop: ≥ 16.2 Å; 

interdomain crevice: ≥ 13.5 Å), after removing the first 1500 ns of simulation to ensure 

system equilibration. Regions were classified as adopting an inactive conformation if they 

adopted conformations within half the standard deviation of the inactive control simulations 

(global activation: ≤ 0.8 Å; gate loop: ≤ 0.31 Å; finger loop: ≤ 6.22 Å; interdomain crevice: 

≤ 10.9 Å). In the text, we report fractions of the time that simulations populate a given state 

only for simulations starting from the active conformation of arrestin. To generate plots in 
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Figure 3B, we first smoothed the conformational values for each metric using a sliding 

average with a window of 50 ns. Plots in Figure 3B are truncated at 4.5 μs as the 

corresponding simulations differ slightly in length (Table S1).

To map the conformational landscape of β-arrestin 1 in the presence of different 

phosphopeptides, we performed time-lagged independent component analysis (tICA) using 

MSMBuilder2 (Beauchamp et al., 2011) on structural features representing three regions of 

β-arrestin 1: inter-residue contacts for the interdomain crevice, involving residues on the 

middle loop and C loop; dihedral angles for atoms in the finger loop; and dihedral angles for 

the gate loop, using simulation trajectories downsampled to one frame every 10 ns (for 

computational efficiency). To featurize the interdomain crevice, we used the 

ContactFeaturizer using the closest-heavy scheme on residues in the middle loop (127, 129, 

132, 140, 142), the C loop (239, 241, 243–246, 248, 249, 251), a portion of the lariat loop 

(286–288) and the back loop (313, 314, 316, 317 and 319). To featurize the finger loop, we 

used the DihedralFeaturizer on residues 60–80 with sine and cosine values for the phi, psi, 

omega, chi1, chi2, chi3, and chi4 angles. We performed dimensionality reduction using tICA 

with a lag time of 10 ns and 10 components on scaled feature vectors. To generate cluster 

centers roughly corresponding to distinct macrostates, we performed mini-batch K means 

clustering with 50 clusters, constructed a Markov State Model (MSM) with a lag time of 50 

ns, and then performed kinetic lumping with PCCAPlus to identify the 8 clusters whose 

centers are shown as circles in Figure S4. As our intention was simply to provide a 

description of the spread of conformations in our simulation, and not to generate a 

rigorously Markovian model, we did not extensively vary model parameters. However, our 

key observations—including that arrestin populates a high-dimensional space of 

conformations—hold across different combinations of tICA lag times, numbers of clusters, 

MSM lag times, and numbers of macrostates.

For Figure 5C, which shows snapshots of the arrestin finger loop, simulation frames shown 

are from simulation 5 of the P3,4,5 condition, except for the upper-left image, which was 

taken from simulation 1 of arrestin in its inactive state with its full-length C tail modeled.

Protein constructs & plasmids

The full-length long splice variant of human, cysteine-free (C59V, C125S, C140L, C150V, 

C242V, C251V, C269S) β-arrestin 1 was modified with an N-terminal 6x histidine tag, 

followed by a 3C protease site, a GG linker, AviTag and GGSGGS linker. The sequence was 

codon-optimized for expression in E. coli and cloned into a pET-15b vector. Individual 

constructs were made in this background by introducing the following mutations, 

respectively: L68C, N245C, V167W-L293C, V387C. Several previous studies have 

successfully attached site-specific probes at these and nearby sites to monitor local arrestin 

behavior (Kim et al., 2013; Peterhans et al., 2016; Sommer et al., 2012; Zhuo et al., 2014). 

The disulfide-stabilized single-chain Fv fragment of Fab30 (scdsFv30, which we also refer 

to as Fab30*) was derived from Fab30 by joining the variable regions of the light chain (VL) 

and heavy chain (VH) with a flexible linker (GTTAASGSSGGSSSGA) and inserting an 

interchain disulfide bond between VH44 and VL100 (Kabat numbering).
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Protein expression, purification and labeling

ScdsFv30 was expressed in E. coli BL21(DE3) Rosetta cells as an N-terminal MBP fusion 

followed by a 3C protease tag and purified by nickel affinity chromatography through a C-

terminal 8x histidine tag, as previously described (Shukla et al., 2013; Shukla et al., 2014). 

Final purification was performed by size-exclusion chromatography (GE Superdex 200) in 

20 mM Hepes, pH7.4, 100 mM NaCl. The purified protein was then concentrated using a 50 

kDa spin concentrator and aliquots were flash-frozen in liquid nitrogen and stored at −80 °C 

until use.

All β-arrestin 1 constructs used were prepared as follows: NiCo21(DE3) competent E. coli 
(NEB) were transformed, and large-scale cultures were grown in TB + ampicillin at 37°C to 

an OD600 of 1.0. Cells were then transferred to room temperature and induced with 25 μM 

IPTG when the OD600 reached 2.0. Cells were harvested 20 h post induction and 

resuspended in lysis buffer (50 mM Hepes pH 7.4, 500 mM NaCl, 15% glycerol, 7.13 mM 

BME) to a final volume of 40 mL/L of cells. Cells were lysed by sonication, and the 

clarified lysate was applied to nickel sepharose and batch incubated for 1.5 h at 4 °C. The 

resin was washed with ten column volumes of wash buffer (20 mM HEPES pH 7.4, 500 mM 

NaCl, 10% glycerol, 7.13 mM BME) + 20 mM imidazole, followed by ten column volumes 

of wash buffer + 40 mM imidazole. The protein was then eluted with five column volumes 

of wash buffer + 200mM imidazole and dialyzed overnight in 100x volume of dialysis buffer 

(20 mM Hepes 7.4, 200 mM NaCl, 2 mM BME, 10% glycerol) in the presence 3C protease, 

with a protease:arrestin ratio of 1:10 (w:w). The digested protein was then subjected to 

reverse-nickel purification and diluted with dialysis buffer containing no NaCl to bring the 

NaCl concentration to 75 mM. The protein was then purified by ion-exchange 

chromatography (mono Q 10/100 GL, GE Healthcare) by running a salt gradient from 75 

mM to 400 mM in 20 mM Hepes pH 7.4, 2 mM BME, 10% glycerol. The elution peak 

fractions were then pooled, concentrated using a 30 kDa spin concentrator and subjected to 

size-exclusion chromatography using a Superdex 200 increase 10/300 GL column (GE 

Healthcare) in SEC buffer (20 mM HEPES pH 7.4, 300 mM NaCl, 10% glycerol). 

Following this, elution peak fractions were pooled to a concentration of 10–20 μM and 

labeled with either spin label or fluorophore: mBBr, Thermo Fisher Scientific M1378; 

IANBD, Thermo Fisher Scientific D2004; or S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-

pyrrol-3-yl)methyl methanesulfonothioate (MTSSL), Enzo Life Sciences ALX-430–134. 

Spin label or fluorophore was dissolved at 10 mM in DMSO and added at a 10x molar 

excess over protein and allowed to react for 1 h at room temperature. The sample was then 

subjected to a second round of size-exclusion chromatography, as detailed above, to remove 

free dye. The purified, labeled protein was then concentrated to 200–300 μM using a 30 kDa 

spin concentrator, and aliquots were flash-frozen in liquid nitrogen and stored at −80 °C 

until use. β-arrestin 1 construct L68C was labeled with monobromobimane (L68BIM); 

constructs N245C and V167W/L293C were labeled with IANBD (N245NBD and V167W/

L293NBD, respectively); and construct V387C was labeled with MTSSL (V387R1).

Peptides

Peptides were obtained by custom peptide synthesis (Tufts University Core Facility). The 

purified peptides were weighed and dissolved in 100mM Hepes pH 7.4 to a concentration of 
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~5mM. Exact concentrations of unlabeled peptides were then determined by Ellman’s assay, 

where DTNB reacts with the sulfhydryl group of the individual cysteine present in each 

peptide to yield a colored product that is readily quantified by spectrophotometric 

measurement. To do so, DTNB (Thermo Fisher Scientific 22582) was dissolved in reaction 

buffer (20mM Hepes pH 7.4, 100mM NaCl, 1mM EDTA) at a concentration of 200 μM and 

mixed in a 9:1 (v:v) ratio with a 10x dilution of each peptide stock. Samples were then 

incubated in the dark for 30 minutes and the absorbance at 412 nm was measured in a clear-

bottom 96-well plate on a SpectraMax Paradigm plate reader (Molecular Devices). A similar 

procedure was followed using a dilution series of cysteine to generate a reference standard 

curve from 0–1500 μM cysteine, from which peptide stock concentrations could then be 

calculated. All measurements were performed in triplicate.

FITC-labeled, fully phosphorylated V2R C-tail peptide was dissolved to a stock 

concentration of ~1mM in 100 mM Hepes pH 7.4, after which the exact concentration was 

determined by diluting the stock appropriately to be in a linear absorbance range and by 

measuring the FITC absorbance at 495 nm. Using the chosen dilution factor and the reported 

extinction coefficient at pH 7.5 of 84000 cm−1 M−1, the exact stock concentration was 

calculated.

Fluorescence polarization spectroscopy

Measurements were performed and analyzed based on guidelines described previously 

(Moerke, 2009; Rossi and Taylor, 2011). The FITC-labeled peptide was used at a final 

concentration of 4 nM in all assays. For saturation binding experiments, a two-fold dilution 

series in 20 mM Hepes pH 7.4, 100 mM NaCl, 0.01 % (w/v) DDM of unlabeled cysteine-

free β-arrestin 1 was made from a 50 μM stock of β-arrestin 1, yielding twelve samples with 

final concentrations ranging from 47.8 μM to 0.02 μM. Each of these samples was incubated 

with FITC-labeled peptide for 1 h at room temperature prior to measurements, and for each 

peptide dataset, a control sample containing no β-arrestin 1 was included to measure the free 

anisotropy of FITC-labeled peptide. For competition binding experiments, β-arrestin 1 was 

used at a final concentration of 2.5 μM. A twofold dilution series of each unlabeled 

competing peptide was then prepared, yielding a concentration range from ~1 mM to ~1 nM, 

with exact values calculated for each peptide series based on the determined stock 

concentrations. Samples were incubated for 1h at room temperature prior to measurements. 

Saturation binding measurements of FITC-P’all were performed in triplicate and competition 

binding experiments in quadruplicate in a 384-well plate on a Tecan Infinite M1000 (Tecan 

Life Sciences), using an excitation wavelength of 470 nm, an emission wavelength of 525 

nm and excitation and emission bandwidths of 5 nm. The obtained data was fit using “One 

Site – Total” (for saturation binding) and “One Site – Fit logIC50” (for competition binding) 

nonlinear regression methods with Graphpad Prism 8. Specificity of binding in the assay 

was validated by obtaining the same FITC-P’all / P’all affinity values from saturation and 

competition binding experiments (0.73 uM, 0.37 uM respectively). Error bars reported in 

Figure S5 represent the standard error of the fit for each peptide.
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Fluorescence emission spectroscopy

Bimane-labeled and NBD-labeled β-arrestin-1 constructs were used at final concentrations 

of 0.2 μM in buffer containing 20 mM HEPES pH 7.4 and 100 mM NaCl. Peptide stocks 

were used at a final concentration of 175 μM, a concentration chosen to achieve at least 90% 

occupancy of β-arrestin 1 based on the measured affinities that range from ~1 μM to ~20 

μM. To avoid any nonspecific vehicle effects, care was taken to add the same total amount of 

peptide stock buffer (100 mM Hepes pH 7.4) in all samples. Samples were incubated at the 

final concentrations used for 1 h in the dark before measurements. Fluorescence data were 

collected in a quartz cuvette with 130 μL of sample using FluorEssence v3.8 software on a 

Fluorolog instrument (Horiba) in photon-counting mode. Bimane fluorescence was 

measured by excitation at 370 nm with excitation and emission bandwidth passes of 4 nm, 

and emission spectra were recorded from 430 to 500 nm in 1 nm increments with 0.5 s 

integration time. NBD fluorescence was measured by excitation at 490 nm with excitation 

and emission bandwidth passes of 5 nm, and emission spectra were recorded from 520 to 

590 nm in 1 nm increments with 0.5 s integration time. Measurements were performed in 

triplicate, with each spectrum averaged from two scans, and care was taken to extensively 

rinse and air-dry the cuvette between each individual measurement. To remove background 

fluorescence, buffer spectra were collected using the same settings, and subtracted from each 

sample spectrum.

We calculated the relative response values shown in Figure 4C as follows. For each 

individual spectrum, we determined the maximum emission intensity (termed iMax). As 

noted above, we measured three spectra for each β-arrestin-1 reporter construct under each 

condition; we averaged the iMax values for these three spectra to obtain an average iMax 

value. We then normalized (scaled) all iMax values such that the maximal normalized 

average iMax value for each β-arrestin 1 reporter construct was 100, with all other iMax 

values for the same β-arrestin 1 reporter construct scaled accordingly. Following β-arrestin 1 

activation upon addition of peptides, most iMax values for reporter constructs L68BIM and 

N245NBD increase. For reporter construct L293NBD/V167W, however, most iMax values 

decrease upon activation, due to increased quenching of the fluorophore by V167W. To 

facilitate visualization and interpretation of the data, L293NBD/V167W iMax values were 

inverted to also show an increase upon activation. This was done by transforming 

normalized iMax values to iMax* values as follows: iMax*=[(iMaxMin+iMaxMax)–iMax], 

where iMaxMin and iMaxMax are the smallest and largest normalized average iMax values 

for this reporter construct, respectively. Individual dots in Figure 4C correspond to 

normalized iMax values for L68BIM and N245NBD, and to iMax* values for L293NBD/

V167W. Bars in Figure 4C correspond to normalized average iMax values for L68BIM and 

N245NBD, and to average iMax* values for L293NBD/V167W. Error bars represent 

standard deviation of three replicates.

Electron paramagnetic resonance (EPR) spectroscopy

To ensure sufficient signal sensitivity, reporter construct V387R1 was used at a final 

concentration of 25 μM, and peptides were added to a final concentration of 175 μM. 

Measurements were performed on a Miniscope MS400 (MagnetTech) operating at X-band 

(9.43 GHz). Samples (50 μL) were placed in calibrated glass capillaries and spectra were 
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recorded at 22 °C over 11.9119 mT with an incident microwave power of 10 mW, a 

modulation frequency of 100 kHz, and a modulation amplitude of 0.050 mT. All EPR 

spectra, plotted as the first derivative of the absorbance, were baseline corrected and each 

spectrum was normalized relative to its total spin label concentration. Measurements were 

performed in triplicate, with each spectrum averaged from two scans. The left-field peak 

intensity maximum (iMax) was then determined from each spectrum. iMax values were 

averaged and normalized as described above for fluorescence spectra. Individual dots in 

Figure 4C correspond to normalized iMax values, and bars correspond to normalized 

average iMax values.

To understand better how the conformational response of β-arrestin 1 to individual peptides 

varied, we performed principal components analysis (PCA) to convert the eight average 

responses (four conformational readouts, each performed with and without Fab30*) of each 

of the 14 peptides into a lower dimensional space. Before PCA, data were scaled such that 

each response had the same variance across peptides. The first several principal components 

accounted for the following percentages of the variance in the data: PC1 = 60%, PC2 = 20%, 

PC3 = 12%, and PC4 = 4%.

In-cell experiments

BRET-based biosensor plasmids coding for luciferase-tagged β-arrestin and the membrane-

anchored rGFP-CAAX have been previously described (Namkung et al., 2016). The 

sequences coding for SNAP-tagged vasopressin V2 receptor (V2R) variants were partially 

synthesized and subcloned by GenScript (Piscataway, NY, USA).

Human embryonic kidney cells (HEK) 293 SL cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Wisent Bio Products, CA) supplemented with penicillin/

streptomycin (Wisent Bio Products) and 10% newborn calf serum (NCS). The HEK293SL 

cells were transiently transfected with biosensor and V2R variant DNA using linear 25-kDa 

polyethyleneimine (PEI, Polysciences, Warrington, PA, USA) diluted to 0.03 mg/ml using 

100 μl biosensor plasmid dilution plus 100 μl PEI dilution. The cells were then seeded into 

white Cellstar® PS 96-well plates (Greiner Bio-One, Germany) at a density of 20,000 cells 

per well. After 48 h incubation at 37°C with 5% CO2, the cells were washed with Tyrode’s 

buffer (NaCl 137mM, KCl 0.9mM, MgCl2 1mM, NaHCO3 11.9mM, NaH2PO4 3.6mM, 

Hepes 25mM, glucose 5.5mM, CaCl2 1mM pH7.4). 90 μl of Tyrode’s buffer were added to 

each well and the plates were stored at 37°C with 5% CO2 for at least 30 min before the 

measurement. The cells were incubated with 10 μl 10x ligand stock (arginine-vasopressin in 

PBS for 5 min and then 10 μl coelenterazine 400a (DeepBlueC, NanoLight Technology, 

Pinetop AZ, USA) at a final concentration of 2.5 μM for another 5 min. The fluorescence 

was measured at 400 and 510 nm in a Synergy Neo plate reader (Biotek, Canada) using a 

dual PMT filter cube (part number 1035072). Each experiment was carried out in biological 

triplicates with internal quadruplicates.

Receptor expression levels were tested by cell-surface ELISA using an anti-SNAP antibody. 

96-well cell culture plates were coated with poly-D-lysine to improve cell adherence. 

Transfected cells were seeded at 20,000 cells per well and incubated at 37°C for 48 h. The 

cells were then washed with PBS and fixed with 3% paraformaldehyde for 10 min. The cells 
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were washed three times with PBS + 0.5% BSA, for the last wash steps, the buffer was left 

in the wells for 10 min before removal. 50 μl of primary rabbit anti-SNAP antibody 

(GenScript) at 0.25 μg/ml were added to the cells and incubated for 1h at RT. The wells were 

washed as described before. 50 μl of 1:1000 diluted secondary anti-rabbit HRP antibody 

(GE Healthcare) were added. After a 1 h incubation step at room temperature, the cells were 

washed three times with PBS+0.5% followed by three washes with PBS. Wash steps were 

performed as described before. Per well, 100 μl SigmaFast OPD solution (Sigma Aldrich) 

were added, the plates were protected from light and incubated at RT. The reactions were 

stopped by addition of 25 μl 3M HCl. 100 μl of the solution were transferred to a transparent 

96-well plate and the OD was read at 492 nm using a Tecan GENios Plus microplate reader. 

Each experiment was carried out in internal quadruplicates on two separate transfections. All 

data were analyzed in GraphPad Prism 7 (GraphPad, San Diego Ca, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

To determine whether a pair of simulation conditions (e.g., simulations with two distinct 

phosphorylation patterns) exhibited significantly different behavior in terms of arrestin 

activation and binding, we employed a two-sided t-test of unequal variance (Welch’s t-test). 

We treated each independent simulation’s mean as a separate data point. Each condition 

typically had six simulations (n = 6); see Table S1 for a list of all simulation conditions. 

Statistical comparisons relating to these data appear in the text and are related to Figure 1, 

Figure S1 and Figure S3.

Throughout the manuscript, we report box plots to characterize the spread of activation and 

binding values observed for a given simulation condition. To construct box plots, we use 

values sampled every 1 ns from every simulation within a condition, after removing the first 

1000 ns of each simulation. Box plots thus represent an aggregate over all simulations in a 

condition. Each box extends from the 25th percentile to the 75th percentile, with a white 

vertical line indicating the 50th percentile (the median). Box plots appear in Figure 1, Figure 

2, Figure S1 and Figure S3. Please see the Method Details, as well as the captions of Figure 

1, Figure 2, Figure S1, and Figure S3, for further specifics regarding choice of metrics used 

to describe changes observed in simulation.

Bar plots for spectroscopy data shown in Figure 4 and Figure 6 represent mean values for 

each measurement carried out in triplicate; error bars represent the standard deviation over 

the three measurements. In Figure 6, two-sided t-tests of unequal variance were performed 

to compare one condition to another; a significance cutoff of P=0.05 was used to determine 

whether a difference was significant. For fluorescence polarization experiments, shown in 

Figure S5B, the data was fit using the “One Site – Fit logIC50” (for competition binding) 

and “One Site – Total” (for saturation binding; only applicable to the P’all peptide) nonlinear 

regression methods with Graphpad Prism 8. Error bars in Figure S5A show the standard 

deviation of reported values across three replicates for the P’all peptide. Figure S5B shows 

the standard error of the fit for competition binding for each peptide.

For β-arrestin 1 recruitment assays (Figure S5C), error bars represent the standard deviation 

across three replicates. For ELISA measurements, error bars represented pooled standard 

deviations across two replicates (four statistical replicates each).
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In Figure 5A, we report the results of principal components analysis on the data shown in 

Table S3. We report variation along the first two principal components, which account for 

60% and 20% of the variance in the dataset, respectively.

The t-tests described above assume that datapoints under each condition come from a 

normal distribution. The individual datapoints (Figure S1, Figure S3, Figure 6) appear 

consistent with this assumption, but given the small number of data points under each 

condition, we did not perform quantitative tests of this assumption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• MD simulations and spectroscopy monitor β-arrestin as GPCR 

phosphorylation varies

• Phosphate locations affect arrestin activation and binding strongly but 

differently

• Different GPCR phosphorylation patterns favor different arrestin 

conformations

• Phosphate-dependent conformations may select among diverse arrestin 

functions

Arrestin-GPCR interactions lead to a range of signaling outputs that can be independently 

tuned through adjustments in the phosphorylation pattern of the receptor.
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Figure 1. Phosphorylation patterns that promote arrestin activation differ from those that favor 
arrestin binding.
A Top: Crystal structure of β-arrestin 1 (teal) bound to the fully phosphorylated V2R C-tail 

(Pall, red). Middle: Compared to the inactive-state structure (tan), the C domain of arrestin 

twists relative to the N domain upon activation; we monitor this large-scale conformational 

change (left), as well as the binding stability of the V2R C tail (right), in simulation (see 

Methods). Bottom: numbering of phosphorylation sites on the V2R C-tail. B Top: Arrestin 

stays close to its initial active conformation in simulations of β-arrestin 1 bound to Pall but 

quickly relaxes to inactive-like conformations when all phosphates are removed from the 

V2R C-tail (Pnone). Bottom: Pall remains stably bound but Pnone does not. Thick traces 

represent 50-ns moving averages; thin traces represent unsmoothed values. Dashed lines 

correspond to the simulation average for the fully phosphorylated condition (upper line) and 

the unphosphorylated condition (lower line). C Phosphorylation patterns of the V2R C-tail 

used in simulations. D Extent of activation (left) and strength of binding (right) for 

simulations with each phosphorylation pattern. Depending on phosphate locations, peptides 

with equal numbers of phosphates can stabilize arrestin’s active state no more than Pnone or 

nearly as much Pall; the same is true for effects on arrestin binding. Box plots show 25th, 

50th and 75th percentiles of each distribution. See also Figure S1-S3.
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Figure 2. Phosphates at different sites vary widely in their tendency to stimulate or inhibit 
arrestin activation and binding.
Typical contributions of phosphate addition at each site to activation (A) and binding 

strength (D). A positive value indicates that phosphate addition at a given site typically 

promotes activation/binding, and a negative value indicates that phosphate addition typically 

inhibits activation/binding, but the effect of phosphorylating a particular site can vary 

substantially depending on which other sites are phosphorylated. B Adding phosphate pS357 

to a peptide phosphorylated at T360 substantially reduces arrestin activation; C K294 of 
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arrestin’s gate loop moves away from pT360 to engage pS357, hindering the interdomain 

twisting motion associated with activation. E Adding pS362 to a peptide phosphorylated at 

S350 substantially reduces binding; F K294 swings down to engage pS362, causing 

rearrangement of a polar network near the tail-binding interface and thus disrupting 

interactions between the arrestin N terminus and the V2R C-tail. Whiskers in box plots 

represent the 5th and 95th percentiles of the distributions for each simulation condition. See 

also Figure S1–S3.
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Figure 3. Different regions of arrestin can change conformation independently.
A Local conformational changes and metrics used to quantify them (see Methods). B Each 

bar shows the conformational state of one arrestin region over the course of a simulation, 

with dark colors representing conformations close to the active structure, and white 

representing conformations close to inactive structures. Three representative simulations 

with Pall (left) or Pnone (right) bound. Even when arrestin adopts active-like global 

conformations, local regions may remain in inactive-like conformations. In the simulation 

snapshot at right, the interdomain crevice (pink) has collapsed to an inactive-like 
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conformation, even as the global conformation of arrestin and the gate loop conformation 

remain active-like; the finger loop adopts an intermediate conformation. C Phosphorylation 

at certain sites affects conformations of some regions but not others. Phosphorylation at 

T360 substantially affects gate loop conformation, whereas phosphorylation at S350 

substantially affects finger loop and interdomain crevice conformations. In each plot, each 

circle represents one phosphorylation pattern; its coordinates represent median values for 

simulations with that phosphorylation pattern. See also Figure S4.
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Figure 4. Site-directed spectroscopy supports computational findings.
A Phosphopeptides used in site-directed spectroscopy experiments. B Locations of 

spectroscopic reporters designed to monitor conformational changes. Fluorescent reporters 

monitor the conformations of the finger loop, interdomain crevice and gate loop. 

Fluorescence intensity decreases with solvent exposure and with proximity to tyrosine and 

tryptophan residues. A spin label at the proximal end of the arrestin C tail allows EPR 

spectroscopy to monitor mobility of this site, as indicated by increased intensity of the left-

field peak. C Phosphopeptides with the same number of phosphates vary substantially in 

ability to elicit conformational responses at each of these four regions. An active-state-

stabilizing antibody fragment, Fab30*, prevents phosphopeptides from altering the 

conformation of the interdomain crevice (top right), but phosphopeptides still modulate the 

conformation of the arrestin gate loop, finger loop, and C tail. Error bars represent standard 

deviation of three replicates. See also Figure S5.
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Figure 5. Phosphopeptides select among diverse arrestin conformations.
A Principal components analysis of experimental responses to different phosphopeptides. 

The first component captures major global rearrangements associated with the inactive-to-

active transition, such that the minimally phosphorylated and fully phosphorylated peptides 

adopt near-minimal and maximal values, respectively. The other components, which account 

for 40% of the overall variance in experimental responses, capture conformational changes 

that are orthogonal to, and not correlated with, the first component. B Fluorescence emission 

spectra for the finger loop reveal that phosphopeptides modulate both the amplitude (i.e. 

extent of solvent exposure) and the wavelength (i.e. polarity of the local chemical 

environment) of the labeled site and show that the finger loop can undergo multiple 

conformational changes in the presence of phosphopeptide. C In simulation, the finger loop 

(orange) also adopts multiple distinct conformations. See also Figure S5.
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Figure 6. Phosphopeptides can trigger conformational changes in arrestin without fully 
displacing the arrestin C tail.
A Certain peptides (e.g., P’2) promote conformational changes in the gate loop (bottom) 

without triggering full release of the arrestin C tail (top). B In simulation, the distal arrestin 

C tail is fairly disordered and occasionally unbinds, revealing an empty groove on the 

arrestin N domain to which a phosphopeptide could then bind. Right: When the distal 

portion of the arrestin C tail is removed, the gate loop becomes more mobile, in agreement 

with the experimental observation that a phosphopeptide need not fully displace the arrestin 

C tail to cause conformational changes in arrestin. Each image shows snapshots sampled 

every 100 ns during 3.1 μs of simulation. See also Figure S6.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

E. coli NiCo21(DE3) NEB Cat# C2529H

E. coli Rosetta (DE3) Millipore Sigma Cat# 70954–3

Chemicals, Peptides, and Recombinant Proteins

P’base Tufts University Core 
facility

N/A

P’2 Tufts University Core 
facility

N/A

P’5 Tufts University Core 
facility

N/A

P’6 Tufts University Core 
facility

N/A

P’2,3 Tufts University Core 
facility

N/A

P’2,4 Tufts University Core 
facility

N/A

P’2,5 Tufts University Core 
facility

N/A

P’2,6 Tufts University Core 
facility

N/A

P’3,5 Tufts University Core 
facility

N/A

P’4,5 Tufts University Core 
facility

N/A

P’5,6 Tufts University Core 
facility

N/A

P’2,3,5 Tufts University Core 
facility

N/A

P’2,5,6 Tufts University Core 
facility

N/A

P’all Tufts University Core 
facility

N/A

FITC-P’all Tufts University Core 
facility

N/A

monobromobimane Thermo Fisher Scientific Cat# M1378

IANBD Thermo Fisher Scientific Cat# D2004

MTSSL Enzo Life Sciences Cat# ALX-430–134

DTNB Thermo Fisher Scientific Cat# 22582

L-Cysteine Sigma-Aldrich Cat# 30089

Coelenterazine 400a Nanolight Technology Cat# 340

Anti-SNAP antibody GenScript Cat# A00684

Anti-rabbit HRP antibody GE Healthcare N/A

SigmaFast OPD tablets Sigma-Aldrich Cat# P9187

Dulbecco’s Modified Eagle’s Medium Wisent Bio Products Cat# 319–051-CL
Cat# 319–050-CL
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REAGENT or RESOURCE SOURCE IDENTIFIER

Newborn Calf Serum Wisent Bio Products Cat# 075–150

Polyethylenimine, linear, 25 kDa Polysciences Cat# 23966–1

[Arg8]-vasopressin Genemed Synthesis Inc. Cat# SP-89700–5

Coelenterazine 400a NanoLight Technology Cat# 340

Deposited Data

Site-directed fluorescence spectroscopy, EPR spectroscopy and 
BRET biosensor data

This paper; Mendeley Data http://dx.doi.org/10.17632/nvwjmnsnjp.1

Molecular dynamics simulation data This paper; Zenodo http://dx.doi.org/10.5281/
zenodo.3991060

Active-state crystal structure of β-arrestin 1 bound to the 
phosphorylated V2R C-tail and Fab30

Shukla et al., 2013 PDB: 4JQI

Inactive-state crystal structure of β-arrestin 1 Han et al., 2001 PDB: 1G4M

Inactive-state crystal structure of β-arrestin 1 Milano et al., 2002 PDB: 1JSY

Cryo-EM structure of β-arrestin 1 bound to M2 muscarinic 
acetylcholine receptor ligated to the V2R C-tail (M2V2R)

Staus et al., 2020 PDB: 6U1N

Cryo-EM structure of Go bound to M2R Maeda et al., 2019 PDB: 6OIK

Inactive-state crystal structure of visual arrestin Hirsch et al., 1999 PDB: 1CF1

Experimental Models: Cell Lines

Human embryonic kidney (HEK293 SL) cells (Beautrait et al., 2017) Gift from laboratory of Stéphane Laporte

Oligonucleotides

bArr1 L68C Fw primer
gaatgtcaagcccaaaacatcgcagtcttcgcgtccatagcgaaa

Stanford PAN facility N/A

bArr1 L68C Rv primer
tttcgctatggacgcgaagactgcgatgttttgggcttgacattc

Stanford PAN facility N/A

bArr1 V167W Fw primer
gggcgtattgaactttgcgaatccacagacggacggaattacgtttg

Stanford PAN facility N/A

bArr1 V167W Rv primer
caaacgtaattccgtccgtctgtggattcgcaaagttcaatacgccc

Stanford PAN facility N/A

bArr1 L293C Fw primer
aaattagtgtcctcgtgcttgcatttcccgtccagcgctaaaccg

Stanford PAN facility N/A

bArr1 L293C Rv primer
cggtttagcgctggacgggaaatgcaagcacgaggacactaattt

Stanford PAN facility N/A

bArr1 N245C Fw primer
gaccttgtactgagctgtgcagaagagaacgatgtctgca

Stanford PAN facility N/A

bArr1 N245C Rv primer
tgcagacatcgttctcttctgcacagctcagtacaaggtc

Stanford PAN facility N/A

bArr1 V387C Fw primer
ggcgtgcaaagtcctcgaagcagatatcatcatcattagtatctaa

Stanford PAN facility N/A

bArr1 V387C Rv primer
ttagatactaatgatgatgatatctgcttcgaggactttgcacgcc

Stanford PAN facility N/A

Recombinant DNA

pMAL-scdsFv30 This study N/A

pET15b-bArr1L68C This study N/A

pET15b-bArr1V167W/L293C This study N/A

pET15b-bArr1N245C This study N/A

pET15b-bArr1V387C This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA4/TO-V2R Pall This study N/A

pcDNA4/TO-V2R Pnone This study N/A

pcDNA4/TO-V2R P2,5,7 This study N/A

pcDNA4/TO-V2R P2,5,6 This study N/A

pcDNA4/TO-V2R P5,7 This study N/A

pcDNA4/TO-V2R P2,6 This study N/A

pcDNA3.1-βarr1-RlucII (Namkung et al., 2016) N/A

pcDNA3.1-rGFP-CAAX (Namkung et al., 2016) N/A

Software and Algorithms

FluorEssence v3.8 Horiba, Inc. www.horiba.com

GraphPad Prism 7.0, 8.0 GraphPad, Inc. https://www.graphpad.com/scientific-
software/prism/

PyMOL Schrödinger, Inc. https://www.pymol.org

Prime Schrödinger, Inc. https://www.schrodinger.com/prime

Maestro Schrödinger, Inc. https://www.schrodinger.com/maestro

Dabble (Betz, 2017) http://dabble.robinbetz.com/

Dowser (Zhang, 1996) http://danger.med.unc.edu/hermans/
dowser/dowser.htm or https://
web.archive.org/web/20100614150432/
http://hekto.med.unc.edu:8080/
HERMANS/software/DOWSER/
dowser.tar.gz

AMBER16 and AMBER17 (Case, 2017) http://ambermd.org/

CPPTRAJ (Roe and Cheatham, 2013a) http://ambermd.org/

VMD (Humphrey et al., 1996) http://www.ks.uiuc.edu/Research/vmd/

Matplotlib (Hunter, 2007) http://matplotlib.org/1.2.1/index.html

Rosetta FloppyTail (Kleiger et al., 2009) http://rosettacommons.org/docs/latest/
application_documentation/
structure_prediction/floppy-tail
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