
The two non-visual arrestins engage ERK2 differently

Nicole A. Perry-Hauser1,⅂, Jesse Bennett Hopkins2, Ya Zhuo3, Chen Zheng1, Ivette Perez4, 
Kathryn M. Schultz3, Sergey A. Vishnivetskiy1, Ali I. Kaya1,ǂ, Pankaj Sharma1, Kevin N. 
Dalby5, Ka Young Chung6, Candice S. Klug3, Vsevolod V. Gurevich1,*, T.M. Iverson1,4,7,8,*

1Department of Pharmacology, Vanderbilt University, Nashville, TN 37232-0146

2BioCAT, Department of Physics2, Illinois Institute of Technology, Chicago, IL, 60616

3Department of Biophysics, Medical College of Wisconsin, 8701 Watertown Plank Road, 
Milwaukee, WI 53226

4Department of Biochemistry4, Vanderbilt University, Nashville, TN 37232-0146

5Division of Chemical Biology and Medicinal Chemistry, University of Texas at Austin, Austin, TX 
78712

6School of Pharmacy, Sungkyunkwan University, 2066 Seobu-ro Jangan-gu, Suwon, 16419, 
Republic of Korea

7Center for Structural Biology, Vanderbilt University, Nashville, TN 37232-0146

To whom correspondence should be addressed: T.M. Iverson, Department of Pharmacology, Vanderbilt University, Nashville, TN 
37232, USA, Telephone: 615-322-7817; tina.iverson@vanderbilt.edu; Vsevolod V. Gurevich, Department of Pharmacology, Vanderbilt 
University, Nashville, TN 37232, USA, Telephone: 615-322-7070; FAX: 615-343-6532; vsevolod.gurevich@vanderbilt.edu.
⅂Present address: Department of Psychiatry, Columbia University College of Physicians and Surgeons, New York, NY 10032, 
Division of Molecular Therapeutics, New York State Psychiatric Institute, New York, NY 10032
ǂPresent address: NE-CAT, Department of Chemistry and Chemical Biology, Cornell University, Argonne National Laboratory, 
Argonne, IL, 60439
*Designates co-corresponding authorship
Author Contributions
NAP, VVG, and TMI planned the experiments; NAP, YZ, CZ, IP, and KMS collected data; NAP, JBH, YZ, PS, and CSK analyzed 
and interpreted the data; VVG, TMI, and CSK acquired funding; SV, AIK, and KND provided experimental resources; VVG, TMI, 
and CSK supervised the project; NAP, VVG, and TMI wrote the original draft of the manuscript; NAP, JBH, KYC, CSK, VVG, and 
TMI conducted the primary review and edited the manuscript, with input from all authors. All authors approved the final version of the 
manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Interest
The authors declare no conflict of interest.

CRediT author statement
Nicole Perry-Hauser: Conceptualization, Methodology, Investigation, Formal analysis, Writing, Visualization. Jesse Bennett 
Hopkins: Methodology, Software, Formal analysis, Data Curation. Ya Zhuo: Investigation, Formal analysis. Chen Zheng: 
Investigation, Formal analysis. Ivette Perez: Investigation, Formal analysis. Kathryn Schultz: Investigation, Formal analysis. 
Sergey Vishnivetskiy: Resources. Ali Kaya: Investigation, Resources. Pankaj Sharma: Methodology. Kevin Dalby: Resources, 
Writing – Review and Editing. Ka Young Chung: Writing – Review and Editing. Candice Klug: Methodology, Resources, Formal 
analysis, Writing – Review and Editing. Vsevolod Gurevich: Conceptualization, Writing, Supervision, Project management, Funding 
acquisition. TM Iverson: Conceptualization, Writing, Supervision, Project management, Funding acquisition

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

HHS Public Access
Author manuscript
J Mol Biol. Author manuscript; available in PMC 2023 April 15.

Published in final edited form as:
J Mol Biol. 2022 April 15; 434(7): 167465. doi:10.1016/j.jmb.2022.167465.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8Vanderbilt Institute for Chemical Biology, Vanderbilt University, Nashville, TN 37232-0146

Abstract

Arrestin binding to active phosphorylated G protein-coupled receptors terminates G protein 

coupling and initiates another wave of signaling. Among the effectors that bind directly to 

receptor-associated arrestins are extracellular signal-regulated kinases 1/2 (ERK1/2), which 

promote cellular proliferation and survival. Arrestins may also engage ERK1/2 in isolation in a 

pre- or post-signaling complex that is likely in equilibrium with the full signal initiation complex. 

Molecular details of these binary complexes remain unknown. Here, we investigate the molecular 

mechanisms whereby arrestin-2 and arrestin-3 (a.k.a. β-arrestin1 and β-arrestin2, respectively) 

engage ERK1/2 in pairwise interactions. We find that purified arrestin-3 binds ERK2 more avidly 

than arrestin-2. A combination of biophysical techniques and peptide array analysis demonstrates 

that the molecular basis in this difference of binding strength is that the two non-visual arrestins 

bind ERK2 via different parts of the molecule. We propose a structural model of the ERK2- 

arrestin-3 complex in solution using size-exclusion chromatography coupled to small angle X-ray 

scattering (SEC-SAXS). This binary complex exhibits conformational heterogeneity. We speculate 

that this drives the equilibrium either toward the full signaling complex with receptor- bound 

arrestin at the membrane or toward full dissociation in the cytoplasm. As ERK1/2 regulates cell 

migration, proliferation, and survival, understanding complexes that relate to its activation could 

be exploited to control cell fate.
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INTRODUCTION

Collectively, the two ubiquitous non-visual arrestins, arrestin-2 and arrestin-31, interact with 

at least 300 different proteins including more than 100 overlapping effectors and trafficking 

proteins (1). These interaction partners include clathrin and AP-2 (2,3), Src family kinases 

(4–6), leucine zipper kinases (7) and members of mitogen-activated protein kinase (MAPK) 
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cascades (8–12). Among the best characterized arrestin effectors is extracellular signal-

regulated kinase 1/2 (ERK1/2) (13), which is a MAPK. GPCR-dependent ERK1/2 activation 

is most commonly G protein dependent (14,15), but may also be arrestin-dependent 

(13,16,17) or arrestin-enhanced (18) depending upon the identity of the receptor-agonist 

pair and the arrestin isoform. ERK1/2 is also activated by other routes including upstream 

receptor tyrosine kinases (19). As the ERK1/2 cascade is implicated in cell migration, 

proliferation, and survival (20,21), modulation of ERK1/2 activation can potentially be used 

to control cell fate, warranting a deeper understanding of each activation pathway.

The two non-visual arrestins are ubiquitously expressed across many tissue types (22) and 

exhibit structural similarity (23,24). These two arrestins have significant functional overlap 

(25), which is not surprising given that they share 78% sequence identity (26,27). This 

raises the question of why vertebrates retained two non-visual arrestin subtypes for >400 

million years of evolution (28). Considerable effort has been made to determine whether 

there are differences between the two arrestin isoforms. This includes studies that used 

siRNA knockdown of individual non-visual arrestins (29) and isoform-selective knockout 

mice (30,31).

Notably, sequence differences between arrestin-2 and arrestin-3 are more prevalent in the 

predicted effector engagement sites and the loops between structural elements. Recent 

work to probe whether these could underlie functional specialization showed that the 

absence of arrestin- 2-specific eight amino acids in an arrestin-3 loop likely allows the 

abundant cytoplasmic metabolite IP6 to induce the formation of arrestin-3, but not arrestin-2, 

trimer where each protomer is in receptor bound-like conformation (32). This ‘active’ 

conformation is believed to be required for the activation of many inducible signaling 

cascades.

Although some functional specialization of the arrestin isoforms has been established (3,33), 

ERK1/2 signaling appears to be facilitated by both isoforms (9,13,34–38). Interestingly, the 

role of arrestins in ERK1/2 activation is not consistent in various reports. Studies using 

distinct receptor-ligand combinations find that ERK1/2 activation can be arrestin-dependent 

(13,16,17), arrestin-independent (14,15), or arrestin-enhanced (18). While this has created 

much controversy in the field, the most parsimonious conclusion is that arrestin-dependent 

scaffolding and signal initiation depends on the receptor-ligand combination and the arrestin 

isoform, likely dictated by expression levels of these components in different cell types 

(29,39,40). However, more evidence is needed to support this idea as it is not clear how each 

of the two arrestin isoforms engage ERK1/2.

Here, we used the binary arrestin-ERK2 interaction to approach the issue of functional 

specialization of the non-visual arrestins. We analyzed the interaction sites between the 

arrestins and ERK2 employing a combination of biochemical, biophysical, and structural 

methods. These data show that arrestin-3 binds ERK2 more avidly and indicate that 

differences in the binding mode of ERK2 between the two isoforms constitute the 

1Here we use the systematic names of arrestin proteins: arrestin-1 (historic names S-antigen, 48 kDa protein, visual or rod arrestin), 
arrestin-2 (β-arrestin or β-arrestin1), arrestin-3 (β-arrestin2 or hTHY-ARRX), and arrestin-4 (cone or X-arrestin; for unclear reasons 
its gene is called “arrestin 3” in the HUGO database).
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structural basis of differential engagement. We also propose a model of the arrestin-3-ERK2 

binary complex generated from SEC-SAXS data. Collectively, our data indicate that the 

two arrestins form distinct complexes with ERK2, suggesting different mechanisms of 

scaffolding ERK2 activation cascade by the two isoforms.

RESULTS

Purified arrestin-2 and −3 bind to purified inactive ERK2.

For initial screening of the arrestin-ERK2 interaction, we assessed whether MBP fusions of 

arrestin-2 and arrestin-3 directly bind purified, inactive ERK2 using an in vitro pull-down 

assay (Fig. 1, Supplementary Fig. S1). We immobilized MBP-fusions of arrestin-2/3 on 

amylose resin and used ERK2 as a prey protein. We detected statistically significant binding 

of ERK2 to both full-length arrestin-2 and arrestin-3. This suggests that ERK2 can interact 

with the non-visual arrestins in the absence of an activated receptor. In cells, we speculate 

that this binary interaction would form an intermediate toward formation or dissociation of a 

signal initiation complex that minimally contains the agonist-stimulated GPCR, the cellular 

membrane, an arrestin, the upstream kinases in the ERK2 activation cascade c-Raf1 and 

MEK1, and ERK2. Such a complex may also contain G protein and/or other trans-activating 

signaling proteins.

Arrestin-2/3-derived peptides that bind inactive ERK2.

To probe the interaction interface between the non-visual arrestins and ERK2 we used 

peptide array analysis, a method that allows parallel screening of hundreds of peptides (41). 

We screened peptides corresponding to the non-receptor-binding surface of arrestin-2/3 

for ERK2 interaction. Complete lists of the screened peptides derived from arrestin-2 

(Supplementary Table S1) and arrestin-3 (Supplementary Table S2) are shown in the 

supplement.

Over 100 non-visual arrestin peptides were assayed for interaction with ERK2 using far 

western analysis (Supplementary Fig. S2). Interaction intensity (high/low) was calculated 

as a percentage of total binding measured by densitometry. Surprisingly, the resulting 

heat maps for arrestin-2 and arrestin-3 revealed substantial differences. For arrestin-2, the 

peptides that interacted with ERK2 were derived from the first 35 amino acids of B1, the 

B4 region, and the B5 region (Fig. 2a). Mapping of these peptides onto the arrestin-2 crystal 

structure (PDB 1G4M (42)) revealed that if each of these elements interacts with ERK2 

in the context of the folded protein, the ERK2 binding site would span both domains of 

arrestin-2 (Fig. 2b), in agreement with previous findings (35).

In contrast to the arrestin-2-derived peptides, peptides corresponding to the T4 and T5 

regions of arrestin-3 did not interact strongly with ERK2 (Fig. 2c). Instead, the highest 

intensity was observed for peptides containing 29 N-terminal amino acids (T1), peptides 

from T2A (aSwI (43)), and several fragments from the end of T6 (aSwIII (43)) to 

the beginning of T7 (peptides 98–107, residues T299-V362). As with arrestin-2, these 

sequences represent both domains of arrestin-3; however, most of the high-intensity regions 

corresponded to the N-domain (Fig. 2d). Collectively, these data show that the peptide 
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sequences derived from homologous regions of the two non-visual arrestins interact with 

ERK2 differently.

Isoform differences in ERK2 binding in the context of folded proteins.

Peptide array analyses can yield false positives as many isolated peptides exhibit non-

specific binding. Array analyses can also yield false negatives when binding is via a surface 

formed by non-contiguous regions of sequence. To validate the peptide array results in 

the context of folded proteins, we created arrestin-2/3 chimeras that swapped the binding 

regions predicted by the arrays and compared the binding of wild-type and chimeric 

arrestin-2 and arrestin-3 to ERK2 in cells (Fig. 3, Table S3).

We first compared binding of the wild-type arrestins by co-transfecting HEK293 arrestin-2 

and −3 knockout cells with wild type arrestin-2 and arrestin-3 and HA-tagged ERK2. 

We evaluated binding via immunoprecipitation of the HA-ERK2 and blotting for arrestin. 

Intriguingly, arrestin-3 appears to interact with ERK2 much more avidly than arrestin-2 (Fig. 

3), even though the latter interaction is better supported in the literature (44).

We then evaluated binding of the chimeras using the same experimental strategy. Based on 

the peptide arrays, we anticipated that arrestin-2-T2A and arrestin-2-T2/T6/T7 would bind 

ERK2 more strongly than wild-type arrestin-2, and this prediction was confirmed (Fig. 3). 

We also anticipated that introduction of the T4/T5 segment would decrease ERK2 binding 

to arrestin-2. We instead found that arrestin-2-T2A and arrestin-2-T4/T5 retained binding 

to ERK2 that was not statistically different from parental arrestin-2 (Fig. 3), potentially 

identifying the structurally equivalent T/B2A, T/B4, and T/B5 interactions as false positives 

in the array analysis.

For the arrestin-3 chimeras, the array data would predict that arrestin-3-B2A and arrestin- 

3-B2/B6/B7 would have reduced binding to ERK2, and this was confirmed experimentally 

(Fig. 3). While peptide arrays predicted that arrestin-3-B2A and arrestin-3-B4/B5 would 

have increased binding, immunoprecipitation of ERK2 revealed no effect for the arrestin-3-

B4/B5 chimeras, while the arrestin-3-B2/B6/B7 chimera demonstrated significant reduction 

in ERK2 interaction. This again supports the T/B4 and T/B5 interactions as false positives, 

but makes the role of T/B2A less clear.

Collectively, these data suggest that arrestin-3 binds to ERK2 more avidly than arrestin-2 

and support a role for the B2/6/7 and T2/6/7 of the non-visual arrestins in the differential 

engagement of ERK2 in the binary complex. This finding indicates that ERK2 binding to 

both non-visual arrestins involves a folded surface, as was previously suggested (35) and 

also suggests that sequence differences in these regions likely underlie different affinities.

CW-EPR to identify ERK2-binding sites on arrestin-31−393 and arrestin-21–382.

Given the surprising findings that the two highly-homologous non-visual arrestins might 

engage ERK2 differently, we used an independent method to probe the interfaces involved 

in ERK2 binding by arrestin-31−393 and arrestin-21–382. We chose these versions of arrestins 

because they more readily transition into the receptor-bound-like conformation (45,46) and 

because data from several labs suggest that receptor-bound arrestins have higher affinity for 
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ERK1/2 (13,34). Using cys-less versions of arrestin-2 and arrestin-3 that were previously 

shown to be functional (47) as base mutants, we introduced cysteines into identical locations 

and chemically modified these cysteines with a spin label. We then performed continuous 

wave electron paramagnetic resonance (CW EPR) spectroscopy in the absence or presence 

of a 2-fold molar excess of ERK2 (Fig. 4). The spectra obtained in the absence and presence 

of ERK2 were overlaid to reveal changes in spin label mobility induced by ERK2 because 

the mobility is expected to decrease when a surface label is located at or near the protein 

interaction interface.

ERK2-dependent spectral changes in arrestin-3 (Fig. 4a) were clustered on the distal loops 

of the C-terminal domain (involving M193 (aSwII (43)), S266, and S331), plus a site in 

the flexible linker region (K313 (aSwIII (43)), and V29 in the N-domain. V29, M193, and 

K313 agree with interaction sites identified using peptide array analysis (Fig. 2). These 

medium-to- small spectral changes upon ERK2 addition show that the label at these sites 

becomes less mobile, which suggests that they either are in or near arrestin elements that 

directly contact ERK2 or undergo conformational changes upon ERK2 binding. The 43R1, 

88R1 (aSwI (43)), and 101R1 sites on arrestin-3 also exhibited small changes upon ERK2 

binding. These residues clustered on the N-terminal domain and overlapped with high 

binding regions identified using peptide array analysis, notably the T2A region (Fig. 2). In 

contrast, a dozen other sites showed slight or no observable spectral changes, suggesting 

that these residues are not affected by the arrestin-3-ERK2 interaction (Supplementary Fig. 

S3). These residues were scattered across arrestin-3. The results generally agreed with little 

interaction detected by the peptide array analysis. The mobility changes observed by EPR 

indicate that arrestin-3 sites at the tip of the C-domain, flexible linker, and N-domain are 

affected by ERK2 binding, which is consistent with a cross-domain interaction. However, 

these sites were not clustered in such a way as to map a single ERK2 binding site on 

arrestin-3 definitively. This is not entirely unexpected, as previous studies of arrestin have 

shown that local conformational changes, such as alterations in the arrestin switch regions, 

can shift the arrestin equilibrium toward an active conformation (43).

In stark contrast, spectral changes in the same locations were minimal in arrestin-21–382. 

All homologous sites on arrestin-2 showed only small or no changes upon ERK2 binding 

(Fig. 4b), which is consistent with the stronger binding of arrestin-3 in the binary complex 

(Fig. 3) and engagement of different arrestin-2 and −3 elements by bound ERK2 (Fig. 2, 

Fig. 3). While this result is somewhat surprising, it might reflect the fact that we did not use 

activator for these studies and that arrestin-2 adopts the active conformation less frequently 

than arrestin-3 (23,48).

ERK2-derived peptides that bind arrestin-2/3.

We next reversed the peptide array analysis to define the “footprints” of the non-visual 

arrestins on ERK2. Here, ERK2-derived peptides were synthesized and tested for binding 

to purified versions of arrestins that lack the C-tail (arrestin-21−382 and arrestin-31−393). We 

screened over 300 peptides (Supplementary Table S4) that covered the entirety of the ERK2 

protein using far western analysis (Supplementary Fig. S4).
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Significant differences were observed in the ERK2-derived peptides that interacted with 

arrestin-21−382 versus arrestin-31–393. Arrestin-21−382 strongly bound just a few ERK2-

derived peptides (Supplementary Fig. S5a,c). These include a small region that maps to 

the end of the N-lobe (peptides 83–90, residues I93-L114) and a segment that maps to the 

kinase domain (peptides 155–161, residues D165-Y185). Interestingly, the regions of the 

kinase domain include the TEY phosphorylation motif of the ERK2 activation loop, where 

dual phosphorylation on both the Thr and Tyr residues by MEK1 is required for full ERK2 

activation (49). Models of MAPK activation predict that perturbation of this region could 

help to facilitate activation (50).

In contrast to arrestin-21−382, arrestin-31−393 bound strongly to numerous ERK2 peptides. 

These peptides are broadly distributed across the kinase structure and do not make a 

contiguous binding surface. This potentially suggests that either some of these are non-

specific interactions, or that there is more than one mode of purified ERK2 engagement 

by isolated arrestin-3 in the absence of other components of the signal initiation complex 

(Supplementary Fig. S5b,c). The strongest interaction was detected with a peptide within 

the D recruitment site, which mediates ERK binding to upstream kinases. In the case of 

arrestin-31−393 we did not detect binding to the activation loop of ERK2. Thus, despite 

high homology between the two non-visual arrestins (26,27), these proteins engage distinct 

ERK2-derived peptides (Figs. 2 and 3).

Small-angle X-ray scattering identifies a heterogeneous binary complex between ERK2 
and arrestin-31–393.

Recently, a model of the arrestin-2-ERK2 complex was reported based on data obtained by 

hydrogen/deuterium exchange-mass spectrometry, tryptophan-induced bimane fluorescence 

quenching, and NMR (44). As our data suggest that the arrestin-3-ERK2 binary complex 

is distinct from that of that of arrestin2-ERK2, we wished to develop a model of arrestin-3-

ERK2 for comparison. Toward this goal, we generated fusion constructs of arrestin-21−382 

and arrestin-31−393 with ERK2 (arrestin-2-ERK2 or arrestin-3-ERK2) joined with a 12 

amino acid linker (GSLEVLFQGPGS). In conjunction with the inherent flexibility of the 

C-terminus of arrestin and N-terminus of ERK2, we reasoned that this linker would not 

interfere with the folding of either protein or restrict interaction modes in the binary 

complex. To test that these proteins folded, we assessed whether ERK2 in this construct 

can be phosphorylated upon isoproterenol-stimulation of β2-adrenergic receptor in HEK293 

arrestin-2/3 knockout cells; this was reported to occur via a G protein-dependent pathway 

(15)(Fig. 5. Supplementary Figure S6). We found that ERK2 in the arrestin-2/3-ERK2 

fusions was robustly phosphorylated even in the absence of receptor agonist, confirming 

correct folding.

We purified the arrestin-3-ERK2 fusion protein (Supplementary Fig. S7), collected fractions 

12–18, and performed SEC-SAXS analysis (Supplementary Table S6), which identified four 

components (Supplementary Fig. S8). Of these, two components contained the arrestin-3-

ERK2 fusion protein (components 2 and 3, colored brown and green, respectively). The 

other two components (1 and 4) occurred before and after the peak of interest; these were 

identified as contaminants and excluded (Supplementary Fig. S8, Fig. 6a). The scattering 
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profiles corresponding to the arrestin-3-ERK2 components appeared monodisperse based 

on Guinier analysis (Fig. 6b). The radius of gyration (Rg) and scattering intensity at zero 

angle (I(0)) were estimated for both components from the Guinier analysis (Fig. 6b) and P(r) 

functions (Supplementary Fig. S8, Supplementary Table S5). In both cases the P(r) function 

showed an extended tail (Supplementary Fig. S9), which could be characteristic of flexibility 

or of larger contaminants in solution and gave a maximum dimension of 160 Å and 140 Å 

for components 2 and 3 respectively.

Molecular weight analysis determined by both methods calculated 147 kDa and 159 kDa for 

the larger component 2 (Fig. 6c) and 88 kDa and 75 kDa for the smaller component 3 (Fig. 

6c). Dimensionless Kratky plots showed that the component 2 was essentially globular and 

compact (Fig. 6c). Component 3 had an extended Kratky plot, thus while most of the protein 

is compact, it likely contains additional extended and/or flexible states (Fig. 6c). However, 

analysis of the larger molecular weight species (component 2) revealed inconsistencies that 

resulted in poor quality bead model reconstructions. As a result, we could not be confident 

that this consisted of a single monomeric species. In contrast, component 3 (Fig. 6d) agreed 

well with the expected monomeric MW of 88 kDa (Fig. 6e,f). Therefore, component 3 was 

analyzed further.

Ensemble optimization analysis (EOM) on component 3 (Fig. 6d) tested both the active and 

basal conformation of arrestin-3 on this binary complex and resulted in five reconstructions 

representative of the full ensemble of arrestin-3-ERK2 binary structures in solution (Fig. 

6g-k). Importantly, these models rely on quite distinct protein-protein contacts. This 

heterogeneity explains why some of results from arrays, chimeras, and EPR might initially 

seem contradictory. For example, the model in Fig. 6g appears to involve the gate loop of 

arrestin, which was identified as a contact in peptide array analysis (Fig 2). In contrast, 

the model in Fig. 6h primarily involves the C-domain with contacts near T6, which was 

identified as a contact through peptide array analysis and chimeragenesis (Figs 2 and 3). A 

full list of contacts, both from our and previously published results, and how these support 

each EOM model is shown in Fig. 7 and listed in Table 7. Each of these could represent 

pathway intermediates in the assembly or disassembly of the larger signaling complex.

Alignment of the ensembles on the structure of rhodopsin in complex with arrestin-1 (PDB 

4ZWJ(51)) or neurotensin receptor 1 in complex with arrestin-2 (PDB 6UP7(52)) showed 

that the models in Fig. 6g, 6h, and 6i could bind to active receptor. In contrast, there are 

potential structural clashes between receptor and the arrestin-3-ERK2 ensembles shown in 

Fig. 6j and Fig. 6k (Supplementary Fig. S11). Thus, these particular modes of interaction 

may be transient states during the process of forming and disassembling an inducible signal 

initiation complex before arrestin binding to the receptor.

DISCUSSION

High-resolution structural information on arrestin-effector complexes is currently restricted 

to the terminal domain of clathrin bound either to full-length arrestin-2 (PDB 3GC3 (53)) or 

to an arrestin-3 peptide (PDB 1C9L and 1C9I (54)). The lack of structural data is striking 

considering the biological importance of arrestin-effector complexes in cellular signaling 
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(55) and considering that both non-visual arrestins directly interact with over 100 shared 

effectors, plus numerous effectors specific for each isoform (56). One potential hurdle to 

high-resolution structural information is that many of these interactions are anticipated 

to occur within the context of a complex that contains the cellular membrane, an agonist-

stimulated receptor, arrestin, and the effector(s), but may also contain G protein (57,58). 

In addition, arrestins are inherently flexible and this larger complex is expected to be in 

equilibrium with smaller transient complexes.

Instead, low-resolution and hybrid approaches have given hints to how arrestin engages 

effectors. Beginning with the arrestin conformation, previous work on the arrestin-ERK 

interaction focused on ERK2 engagement by arrestin-2, where purified proteins showed 

a direct interaction between arrestin-2 and ERK2 (34,59). A subset of these experiments 

focused on the arrestin conformation that binds ERK2. Here, in-cell assays showed that 

arrestin-2 preferentially engages ERK2 following recruitment to a stimulated receptor 

(13,34,60). This was supported by work with purified proteins, which showed enhanced 

binding of ERK2 to pre-activated arrestin-2 (arrestin- 21−384) (44). Collectively, these data 

support a model where an active receptor-bound arrestin conformation interacts with ERK2 

in a biologically relevant fashion.

The previous mapping of the arrestin-2 interaction with ERK2 used various techniques and 

resulted in several models of MAPK signaling module organization on arrestin (4,35,61). 

Each of these is generally consistent with our data for the arrestin-2-ERK2 interaction. 

For example, in-cell assays of separated arrestin-2/3 domains (4,35,62), suggest that ERK2 

binds both domains. This is consistent with our peptide array analysis showing that peptides 

corresponding to both the N- and C-domain of arrestin-2 and −3 engage purified ERK2. 

Reported computational modeling to dock multiple cascade partners suggested that arrestin 

can simultaneously scaffold multiple kinases of the ERK2 activation cascade (38).

The most extensive past work on the arrestin-2-ERK2 interaction combined HDX-MS, 

Trp-induced bimane fluorescence quenching, and NMR spectroscopy to suggest a model 

for arrestin-2 scaffolding ERK1/2, MEK1, and Raf1 (44). That model proposes that the 

arrestin-2 interaction with ERK2 involves the arrestin gate loop (residues D290-N299) 

and interdomain loop 2. This is consistent with our peptide array data, which indicates a 

strong interaction of the gate loop of arrestin-2 with ERK2 (Fig. 2a, peptides within B5). 

It should be noted, however, that our work and those in the past used binary arrestin-ERK2 

complexes. These might differ from the interaction mode when receptor-arrestin complex 

scaffolds the full ERK2 activation cascade.

In contrast to the interaction between arrestin-2 and ERK2, the interaction between 

arrestin-3 and ERK2 is less well studied and in some cases seemed inconsistent with the 

data on arrestin-2 and ERK2. For arrestin-3, past work suggests that ERK1/2 can bind 

both the N- and C-domains of arrestin-3 (35), and identifies C-domain residues 271–295 of 

arrestin-3 (comprises part of T5 and T6) as the main binding site (63). ERK1/2 activation 

was also uniquely dependent on residues Lys285, Arg286, and Lys295 of arrestin-3 (35). 

Finally, docking studies suggest that ERK2 binds to arrestin-3 such that phosphorylated 
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residues T202 and Y204 of ERK activation loop are near the active site of upstream kinase 

MEK1 (38). Our data also support these as part of the arrestin-3-ERK2 binding site.

Importantly, our data combined with those in the literature suggest that arrestin-3 engages 

ERK2 more readily and quite differently from arrestin-2 (Fig. 3). A trivial interpretation 

of this finding is that arrestin-3 does adopt the active conformation more readily (23,48). 

If a much greater percentage of arrestin-3 adopts the active conformation in the purified 

system, and this conformation binds more strongly, this would give an apparent higher 

affinity for the population. However, we also show that arrestin-2 and arrestin-3 use different 

regions of sequence to engage ERK2, as supported by peptide array analysis (Fig. 2) 

chimeragenesis (Fig. 3), CW-EPR (Fig. 4), and SEC-SAXS (Fig. 6). Considering their high 

homology (26,27), distinct binding modes for the two arrestin isoforms with ERK2 may 

seem surprising. However, available evidence supports the idea that the two non-visual 

arrestins are functionally different (32,35,43,64,65). The binding plasticity likely extends to 

all arrestin interactions, so it is conceivable that the highly similar arrestin isoforms might 

interact with the same effector differently. In fact, different binding modes of arrestin-2 and 

arrestin-3 to the same effector can reconcile past experimental evidence on the two arrestin 

isoforms that seemed inconsistent.

Interestingly, our data also indicate that arrestin-3 can bind ERK2 in more than one way 

in the binary complex. Three of these binary models (Fig 6g-i) appear to be consistent 

with how arrestin might simultaneously engage other components of an inducible signal 

initiation complex, that includes the receptor, membrane, MEK1, c-Raf1, and potentially 

G protein (57,58). Arrestins are naturally flexible proteins, and the binding partners that 

weren’t present in our experiments may also shift the conformational equilibrium of the 

binary complex in order to form a more homogeneous pose in the signal initiation complex.

As the two non-visual arrestins do not appear to be functionally redundant, this could 

influence biological outcomes. One potential impact of the stronger association of arrestin-3 

with ERK2 is that cellular differences in the expression of arrestin-2 and arrestin-3 could 

allow for biological signals to be directed to different signaling cascades. Our study 

suggests how components of the ERK2 activation cascade could influence the arrestin-3 

conformation and how the inducible signal initiation complex is formed. The binary 

complex is flexible, and interactions with additional components could preclude a subset 

of possible structural states of arrestin and increase the homogeneity. As a result, the insights 

from these data also provide a first step toward stabilizing the arrestin-containing signal 

initiation complexes for future biochemical and structural studies.

MATERIALS AND METHODS

Protein Purification.

Pre-activated, truncated forms of bovine arrestin-21−382 (42) and −31−393 (23), Cys-less 

arrestin-2 and −3, rat NpT7–5 His6-ERK2 (66), and MBP-fusion proteins were purified, 

as described previously (67–69). The arrestin-3-ERK2-His10 construct was made by 

Mutagenex Inc. (Suwanee, GA). In brief, the construct had the following structure in 

a pTrc vector: bovine arrestin-21−382 or −31−393 cDNA, linker with TEV cleavage site 

Perry-Hauser et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2023 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(SGLEVLFQGPGS), rat ERK2 cDNA, thrombin cleavage site (GSLVPRGSGS), and 10X 

His-tag. The purification was performed in three steps: HisTrap, Q/SP, and size-exclusion 

chromatography. The initial HisTrap purification was performed using a 15–300 mM 

imidazole gradient in running buffer (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% glycerol, 

1 mM TCEP, and 100 µM PMSF). The fractions were analyzed by SDS-PAGE and those 

enriched in fusion protein were loaded onto a Q/SP column (GE Healthcare, Chicago, IL) 

at approximately 50 mM NaCl (dilution was performed during loading in 25 mM Tris-HCl 

pH 7.5, 10% glycerol, and 1 mM TCEP). The fusion protein was eluted with a gradient of 

25–800 mM NaCl. Finally, size exclusion chromatography of the pooled peak fractions was 

used to exchange arrestin-3-ERK2-His10 into its storage buffer (20 mM MOPS pH 7.5, 150 

mM NaCl, 1 mM TCEP, and 5% glycerol).

MBP Pull-down.

N-terminal MBP-fusions of bovine arrestin-2 or −3 were purified as previously described 

(68,70). Arrestins were subcloned into a pMal-p2T vector with a 10 amino acid linker, 

TLVPRGSPGF, between MBP and arrestin-2 or −3. Purified MBP was used as a negative 

control in all pull-down experiments and non-specific binding was subtracted from the 

total observed binding for each construct. MBP-fusion proteins (10 μg in 50 μL of 50 

mM HEPES-Na, pH 7.3/150 mM NaCl) were immobilized on amylose resin (25 μL, 50% 

slurry, New England Biolabs, Ipswich, MA) for 1 h at 4 °C with slight rotation. Prey 

protein (His6-ERK2, 10 μg in 50 μL of 20 mM Tris/150 mM NaCl) was added to the 

immobilized MBP constructs and incubated with gentle rotation for 2 h at 4 °C. Samples 

were transferred to centrifuge filters (Durapore®-PVDF-0.65 μm) and washed three times 

with ice-cold 50 mM HEPES-Na, pH 7.3, 150 mM NaCl. Proteins were eluted with 100 

µL 50 mM maltose in wash buffer and concentrated by methanol precipitation. The pellets 

were air dried, dissolved in SDS sample buffer (30 μL Laemmli, 2x) and analyzed by SDS-

PAGE and western blotting, as described (68) (Total-ERK antibody, #9102S, Cell Signaling 

Technology, Danvers, MA). Statistical analysis was performed using paired Student’s t-test.

Peptide Array Synthesis.

The ResPep SL peptide synthesizer was used with conventional SPOT synthesis protocols 

using 15 residue long peptides, as previously described (71). Both a blank spot and a 15-mer 

glycine peptide were used as negative controls, and non-specific binding to these controls 

was not statistically different. Peptides were assembled by the ResPep SL on solid support 

via a peptide amide linker using Fmoc-chemistry. The sequences of the peptides were 

derived from bovine arrestin-2, bovine arrestin-3, or rat ERK2. After synthesis, the amino-

protecting group was removed using piperidine (20% (v/v) solution in dimethylformamide) 

followed by extensive washing. The membranes were then submerged in a solution of 

95% trifluoroacetic acid (TFA) and 3% triisopropylsilane for 1 h with agitation. Following 

removal of the TFA solution, the membranes were washed in dichloromethane four times 10 

min each, followed by four 10 min washes in dimethylformamide, and two 2 min washes in 

ethanol. The membranes were then dried in the hood and stored at 4°C.
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Peptide Membrane Blots.

Dried membranes were soaked in 100% ethanol for 5 min and then rehydrated by washing 

twice in water for 5 min. The membranes were then incubated in blocking solution (5% 

non-fat dry milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T)) for 1 h. The 

membranes were washed five times for 5 min before overnight incubation at 4°C with 

the prey protein (0.5 µM) in binding buffer (20 mM MOPS pH 7.5, 150 mM NaCl, 2 

mM TCEP). The following morning, the membranes were rinsed five times for 5 min in 

TBS-T. Membranes were incubated with the appropriate primary antibody for 1 h at room 

temperature (#9102S, p44/42 MAPK ERK1/2, Cell Signaling Technology; anti-arrestin 

rabbit polyclonal F431 antibody (72)), then washed five times for 5 min in TBS-T. The 

corresponding HRP-conjugated secondary antibody (1:10,000 dilution) was prepared in 

TBS-T, incubated with the membrane for 1 h, followed by two 5 min washes in TBS-T at 

RT. The spots were visualized using the SuperSignal West Pico Stable Peroxide Solution 

kit (Thermo Fisher Scientific, Waltham, MA). Images were obtained using the Bio-Rad Gel 

Doc Imager and analyzed by densitometry using ImageJ protein array analyzer. For ResPep 

analysis, the signal in individual dots was measured as a percentage of total binding density 

detected on the membrane. This allowed for comparison across all peptide experiments. 

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-hoc 

test using GraphPad Prism.

Immunoprecipitation with DSP cross-linking.

HEK293 arrestin-2/3 knockout cells were co-transfected in a 6-well plate with HA-tagged 

ERK2 and arrestin-2/3 or indicated chimeras (Fig. 3). 48 h post-transfection, before 

lysis the cells were treated with 1 mM cross-linking reagent DSP (Dithiobis(succinimidyl-

propionate)) (#A35393, Pierce) for 30 min and the reaction was quenched by adding 

Tris-HCl, pH 7.5 (final concentration 20 mM) for 15 min at room temperature. Cells 

were lysed with 500 μL lysis buffer (50 mM Tris pH 7.5, 250 mM NaCl, 10% glycerol, 

0.5% NP-40, 20 mM NaF, 1 mM Na orthovanadate, 2 mM benzamidine, and 1 mM 

phenylmethylsulfonyl fluoride (PMSF)) for 15 min on ice. After centrifugation to remove 

cell debris, the supernatant was precleared with 20 μL protein G-agarose (#sc-2002, Santa 

Cruz) for 30 min at 4 °C. Then the supernatant was incubated with anti-HA rat antibody 

(ROCHE, clone 3F10) for 2 h followed by the 20 μL of protein G-agarose beads for 2 h with 

slow agitation at 4 °C. The mixtures were transferred into centrifugal filters (# UFC30DV00, 

Millipore) and washed three times with 500 μL of ice-cold lysis buffer by centrifugation 

at 2000 x g for 30 sec. The proteins were eluted with 50 μL of 2 x Laemmli sample 

buffer, and analyzed by western blotting with rabbit polyclonal anti-arrestin (F431)(72) and 

anti-HA (#3724, Cell Signaling Technology) primary antibodies, followed by appropriate 

HRP-conjugated secondary antibodies and SuperSignal West Pico Stable Peroxide Solutions 

following manufacturer’s instructions. The protein bands were visualized and quantified 

using LI-COR C-DiGit Blot Scanner and Image Studio Lite software (LI-COR Biosciences 

U.S.).
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Recombinant pcDNA3-arrestin-3-ERK2 construction.

To make the arrestin-3-ERK2-His10 construct the cDNAs encoding bovine arrestin-31−393 

and full-length rat ERK2 (66) (based on cDNA from Mutagenex Inc., Suwanee, GA). 

were subcloned into a pcDNA3 vector between BamHI and HindIII sites. All restriction 

enzymes were from New England Biolabs (Ipswich, MA). The final construct consisted 

of arrestin-31−393 followed by a PreScission protease site (GSLEVLFQGPGS), full length 

ERK2, thrombin cleavage site (GSLVPRGSGS), and a His10 tag.

Continuous-wave EPR.

Purified arrestin-2 and arrestin-3 single cysteine mutants were spin labeled with 10-fold 

molar excess 1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl methanethiosulfonate spin 

label (MTSL, Toronto Research Chemicals) to form the R1 side chain, whereupon free 

spin label was removed by extensive dialysis against 50 mM MOPS, 100 mM NaCl, pH7.0 

buffer. CW EPR spectra were collected over 100 G under non-saturating power at room 

temperature in glass capillaries using a Bruker X-band E500 spectrometer and a SHQ cavity 

at the National Biomedical EPR Center (Medical College of Wisconsin, Milwaukee, WI). 

Samples contained 50 μM spin labeled arrestin-2 or arrestin-3 in the presence and absence of 

100 μM unphosphorylated cysteine-free ERK2.

ERK2 phosphorylation assay in HEK293 arrestin-2/3 knockout cells.

HEK293 arrestin-2/3 knockout cells (72)(a generous gift from Dr. Asuka Inoue, Graduate 

School of Pharmaceutical Sciences, Tohoku University) were maintained in DMEM 

containing 10% FBS (Invitrogen, Waltham, MA), penicillin, and streptomycin at 37°C 

and 5% CO2. Cells were transfected at 90–100% confluency in 6-well plates with arrestin 

constructs (0–0.25 μg) or arrestin-ERK2-His10 constructs (0–1.5 µg) and 0.3 µg of β2-

adrenergic receptor at a 1:2.5 ratio of DNA:Lipofectamine 2000 (Invitrogen, Waltham, MA), 

according to manufacturer’s instructions. All constructs were in pcDNA3. At 48 hr post-

transfection, the cells were incubated with 10 µM agonist isoproterenol (Sigma-Aldrich, 

St. Louis, MO) for indicated times (0–45 mins). Cells were then lysed with 400 μL RIPA 

buffer and centrifuged at 15,000xg for 15 min to pellet debris. The supernatant was mixed 

1:1 with 2x SDS sample buffer (Sigma-Aldrich, St. Louis, MO), subjected to 10% SDS-

PAGE, and the proteins were transferred to PVDF membrane (Millipore, Bedford, MA). 

Membranes were blocked by 1% non-fat dry milk in TBS-T and incubated with respective 

primary antibodies: anti-totalERK2 (#9102S, Cell Signaling Technology, Danvers, MA), 

anti-phospho-ERK2 (#9101S, Cell Signaling Technology, Danvers, MA), and anti-arrestin 

(rabbit polyclonal F431 antibody (72)). After washing, membranes were incubated 

with the appropriate HRP-conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA). Bands were detected using the Bio-Rad Gel Doc 

Imager with enhanced chemiluminescence (ECL, Pierce Biotechnology, Waltham, MA) and 

quantification was done using ImageJ software (73).

Small-angle X-ray Scattering (SAXS).

SAXS was performed at BioCAT (beamline 18ID at the Advanced Photon Source, 

Chicago) with in-line size exclusion chromatography (SEC-SAXS) to separate samples from 
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aggregates and other contaminants thus ensuring optimal sample quality. The protein sample 

was loaded onto a Superdex 200 Increase 10/300 GL column, run at 0.7 ml/min by an 

AKTA Pure FPLC (GE Healthcar, Chicago, IL) and the eluate after it passed through the 

UV monitor was flown through the SAXS flow cell. The flow cell consisted of a 1.0 mm 

ID quartz capillary with ~20 µm walls. A coflowing buffer sheath separates samples from 

the capillary walls, helping prevent radiation damage (74). Scattering intensity was recorded 

using a Pilatus3 X 1M (Dectris) detector placed 3.64 m from the sample giving us access 

to a q-range of 0.0046 Å−1 to 0.36 Å-1. 0.5 s exposures were acquired every 2 seconds 

during elution and data was reduced to 1D profiles using BioXTAS RAW 1.6.0 (75). RAW 

automatically determined an appropriate buffer region preceding the peak, which was then 

averaged and subtracted from every frame in the data set.

Overlapping peaks within the SEC-SAXS elution profile were deconvolved into the 

constituent components using evolving factor analysis (EFA) (76) (Supplementary Fig. S8) 

with default settings as implemented in RAW (75). The validity of the overall deconvolution 

was assessed based on the mean error weighted χ2 for the whole deconvolution range and 

the deconvolved component concentration profiles. Individual components were assessed 

based on the quality of the scattering profile and SAXS derived MW of the scattering profile 

compared to expected values. Guinier analysis was carried out in RAW, as was molecular 

weight analysis, which was carried out using both the adjusted Porod volume and volume of 

correlation methods (77,78). Initial flexibility analysis was carried out using a dimensionless 

Kratky plot (79) and showed that component 2 was significantly globular, while component 

3 was either extended or flexible. Further analysis, described below, was carried out using 

programs from the ATSAS suite (versions 2.8.4 and 3.0.3) (80).

P(r) curves were created using GNOM (81) (Supplementary Fig. S9). Bead modeling was 

initially carried out for components 2 and 3 using 15 reconstructions from DAMMIF in slow 

mode, averaged by DAMAVER, and a final structure was refined in DAMMIN (82–84). 

AMBIMETER (85) was used to assess the ambiguity of reconstructions. For component 

2 the ambiguity score of the reconstructions was 0.699, indicating potentially unique 

reconstructions. Of the individual models, 14 of 15 were included in the average, which gave 

a normalized spatial discrepancy (NSD) of 1.011 ± 0.077. Clustering analysis found four 

distinct clusters in the models. Individual χ2 for each model was ~2.4 (range: 2.357–2.366). 

The final refined model had an Rg of 43.05 Å, Dmax of 159.2 Å and an estimated MW of 

236.5 kDa. The first two values are in good agreement with other results for the data, while 

the estimated molecular weight is ~1.5x that of other analysis methods. Given the relatively 

high NSD, the number of clusters, and χ2, as well as the disagreement in MW estimates, the 

bead model reconstructions seem to have failed for this system.

For component 3, the ambiguity score of the reconstructions was 1.602, indicating possibly 

ambiguous reconstructions. All 15 were included in the average of the individual models, 

which gave a NSD of 1.075 ± 0.052. Clustering analysis found two distinct clusters in 

the models. Individual χ2 for each model was ~1.2 (range: 1.205–1.207). The final refined 

model had an Rg of 37.2 Å, Dmax of 148.2 Å and an estimated MW of 99.4 kDa, in good 

agreement with other results for the data. The high NSD, ambiguity score, and existence 

of distinct clusters indicate that the bead model results for this sample are not useable. 
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However, the individual reconstructions seem valid based on the χ2 and size metrics, which 

indicates that the spread of solutions shown by the ambiguity, NSD, and clustering likely 

represents many possible states in solution, again indicating a flexible system.

Because the arrestin-3-ERK2 fusion contains a flexible linker between the two proteins and 

our results showed flexibility in the SAXS data for component 3, Ensemble Optimization 

Method (EOM) was used to analyze the flexibility of component 3. EOM is a technique that 

starts by generating a large pool of random flexible structures. The pool was generated by 

fixing the structure of the known high-resolution domains while letting the linker and N- and 

C-terminus of the construct be flexible. EOM then selected an ensemble of curves from the 

pool that matched the SAXS data set using a genetic algorithm (Fig. 6g-k, Supplementary 

Fig. S10). It is important to note that EOM cannot yield precise structural solutions for a 

system, but rather provides statistics that inform on the full set of solutions (86).

Both the active and basal forms for the arrestin-3 domain were used for EOM. The high-

resolution structure used for EOM with the basal form was PDB 3P2D with residues 1–6 

and 351–393 removed as they represent likely flexible N- and C-terminus regions. For 

the active form, PDB 5TV1 was used, with residues 1–7 and 350–393 removed for the 

same reason. Additionally, residues 308–312 are missing from the 5TV1 structure and were 

assumed to be flexible. The ERK2 domain was assumed to be folded, the high-resolution 

structure used for EOM was PDB 1ERK with residues 1–18 and 352–358 truncated as 

they represent likely flexible N- and C-terminus regions. The active and basal structures 

of arrestin-3 EOM were used to generate 50,000 possible profiles for the base pool using 

default settings, and the genetic algorithm was run 10 times using default settings. The 

histogram average Rg and Dmax for the selected ensemble (pool) were 37.44 Å (4 Å) and 

127.83 Å (146.67 Å), respectively. This supports the visual data that the selected ensemble 

is significantly more compact than the random pool. The Rflex value is represented as a % 

from 0 (rigid) to 100 (completely flexible), and for the selected ensemble (pool) was 66.19% 

(83.17%). The Rflex value compared to the pool shows less flexibility, which typically gives 

Rσ<1, in this case the Rσ value was 0.82. All of this supports the conclusion that the system 

is adopting very compact structures in solution and is very similar to the results using the 

basal state structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Non-visual arrestins act as scaffolds for signaling cascades, including ERK1/2

• Free arrestins form a binary pre-complex with ERK1/2

• Purified arrestin-2 and −3 bind purified ERK2 differently in binary complexes

• The ERK2 interaction with arrestin can be modulated using arrestin-2/3 

chimeras

• Small-angle X-ray scattering suggests flexibility of the arrestin-3-ERK2 

complex
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Figure 1. Purified nonvisual arrestins bind ERK2.
To determine whether the nonvisual arrestins directly interact with ERK2, we performed 

an in vitro pull-down assay for (a) MBP-arrestin-2 or (b) MBP-arrestin-3. Maltose 

binding protein (MBP) was used as an affinity tag on the arrestin proteins and MBP 

served as a negative control. We immobilized 5 μg of MBP or MBP-arrestin-2/3 (“bait” 

protein) on amylose resin before incubating with 5 μg purified rat ERK2 (“prey” protein). 

To test that a similar amount of each MBP-tagged protein was immobilized in the 

samples, we analyzed bound proteins using Coomassie staining after electrophoresis 

(top). Representative Coomassie stains are shown for both experimental setups and the 

corresponding lanes are labeled. To measure ERK2 bound to each isoform, we used 

western analysis (bottom) with anti-HA primary (#9102S, Cell Signaling Technology) and 

peroxidase-conjugated anti-rabbit secondary antibodies. ERK2 binding was quantified using 

Quantity One 1-D Analysis software (Bio-Rad Laboratories Inc., CA). Binding is reported 

as a percentage of total ERK2 and statistical analysis was performed using an unpaired 

Student’s t-test (N=3–7;**, p<0.05).
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Figure 2. ERK2 binds differently to arrestin-2- and arrestin-3-derived peptides.
Peptides of the non-receptor-binding surface of arrestin-2 or arrestin-3 were synthesized 

as 15-mers using ResPep SL (Intavis Bioanalytical Instruments AG, Cologne, Germany) 

(1 amino acid shifts). Representative peptide arrays are shown in Supplementary Fig. S2. 

Quantification of ERK2 binding to the (a) arrestin-2- or (c) arrestin-3-derived peptides 

was performed using the peptide array analyzer on ImageJ (1) (n=3). A heat map 

using a single gradient to display ranges of binding was calculated using GraphPad 

Prism 8.0.2. ERK2 binding elements mapped on (b) arrestin-2 (PDB 1G4M (42)) and 

(d) arrestin-3 (PDB 3P2D (23)) crystal structures. Conditional formatting in Excel was 

used to detect peptides that exhibited moderate to strong binding to ERK2 (defined as 

>10% of the intensities). For arrestin-2, moderate binding is shown in yellow, strong 

binding is shown in blue. For arrestin-3, moderate binding is shown in yellow, strong 

binding is shown in forest green. The peptide with the highest binding for arrestin-2 was 

CKVYTLTPFLANNRE, while the peptide with the highest binding for arrestin-3 was the 

N-terminal, MGEKPGTRVFKKSSPN. Peptide residues are listed in Table S1 and Table S2.
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Figure 3. Element-swapped chimeras of arrestin-2 and −3 affect binding affinity to ERK2.
(a) Diagrammatic representation of various arrestin-2 and arrestin-3 chimeras 

with their anticipated molecular weights. Image made using Biorender.com (b) 
Coimmunoprecipitation detects the interactions of ERK2 and various arrestin-2/3 chimeras 

in a cellular context using the lysate of HEK293 arr2/3 KO cells co-expressing HA-ERK2 

with wild-type and chimeric arrestins. A representative image from four independent 

experiments is shown. (c) Densitometry-based quantification of the immunoprecipitation. 

For the quantification, we used the signal of wild-type arrestin-3 as 100% ERK2 binding 

to show how binding compared between arrestin-2 and arrestin-3. Statistical analysis was 

performed using one-way ANOVA followed by Dunnett’s multiple comparisons test (*, 

p<0.05).
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Figure 4. Effects of ERK2 binding to arrestin-21−382 and arrestin-31−393 using CW EPR.
(a) Map of spectral changes upon mixing with ERK2 mapped on the crystal structure of 

arrestin-2 (PDB 1G4M (42)) or arrestin-3 (PDB 3P2D (23)). Dark green residues (arrestin-3) 

were found to have medium spectral line shape changes, while blue (arrestin-2) residues 

were found to have small spectral line shape changes, and residues colored gray had 

minimal or no changes in their EPR spectra. (b) Overlays of center line height-normalized 

X-band EPR spectra of 5 sites on arrestin-2 (50 μM) or arrestin-3 (50 μM) in the absence 

(black) and presence (blue or green, respectively) of unphosphorylated Cys-less ERK2 (100 

μM). The complete set of overlays for arrestin-3 is shown in Supplementary Fig. S3.
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Figure 5. The ERK2 in the arrestin-2-ERK2 and arrestin-3-ERK2 constructs undergo 
phosphorylation in cells.
Knockout arrestin-2/3 HEK293 cells were transfected with the β2-adrenergic receptor (0.3 

µg) and either free arrestin (arrestin-31−393 or arrestin-21−382) (0.1 µg) or an arrestin-ERK2 

fusions (1.5 µg). Respective westerns of each transfection are shown for (a) arrestin-2 

and (c) arrestin-3. After 48 hrs, the cells were incubated with 10 µM isoproterenol for 

indicated times before lysis with 400 µL SDS buffer. Western analysis was performed with 

antibodies against phosphorylated ERK1/2 (Cell Signaling Technology, #9101, 1:1,000), 

total ERK1/2 (Cell Signaling Technology, #4695, 1:1,000), or arrestin (F431, 1:5,000). (b,d) 
ImageJ software was used to measure band intensity of phosphorylated ERK2, which was 

normalized to total ERK1/2 and shown as fold change relative to the 0 min time point (N=3).
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Figure 6. Models of arrestin-3-ERK2 binary complexes.
(a) Plot of the scattering profiles of the two components. Note that the overall scale 

factor from evolving factor analysis (EFA) is arbitrary and does not represent the two 

components’ relative concentration and molecular weights. (b) Guinier fit (black lines) to 

qRg=1.3 for both profiles (top panel) and normalized fit residuals (bottom panel). The 

normalized residuals show no systematic deviations, indicating high-quality Guinier fits. 

(c) Dimensionless Kratky plot for both profiles. The dashed gray lines indicate peak 

position and height for a compact globular object. The peak position and height shift to 

higher values and the extended tailing to larger qRg for component 3 indicates an extended 

and/or flexible macromolecule. (d) Monomer (component 3) scattering profile and ensemble 

optimization (EOM) fit (top panel) and the normalized fit residuals (bottom panel). Only 

very small systematic deviations are seen in the residual, indicating a high-quality fit. (e,f) 
The distribution of values in the full randomly generated structure pool (blue) and the EOM 

selected sub-ensemble of structures (red) for Rg, and Dmax, and (e, f), respectively. (g-k) 
EOM provided five structures representative of the full ensemble of structures in solution. 

For EOM, the high-resolution active structure of arrestin-3 (PDB 5VT1 (43)) was used with 

residues 1–7 and 350–393 removed for flexibility. The ERK2 structure (PDB 1ERK (87)) 

with residues 1–18 and 352–358 removed was used.
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Figure 7. Overview of ERK2 interaction on arrestin-2 and arrestin-3 as determined by 
orthogonal methods.
Residues corresponding to the non-receptor binding interface are shown for (a) arrestin-2 

(PDB 1G4M (42)) and (b) arrestin-3 (PDB 3P2D (23)). Data from the peptide array 

analysis, CW-EPR, and SEC-SAXS for each nonvisual arrestin are shown on respective 

crystal structures. Blue (arrestin-2) or green (arrestin-3) represent regions of high 

interaction, yellow indicates intermediate interaction, and gray represents small to no 

interaction as measured by peptide array analysis and CW-EPR. Interfaces for ERK2 

on arrestin-3 as determined by SEC-SAXS are represented by red gradients with the 

corresponding EOM model highlighted in the center using nomenclature from Fig. 6. 

Additional interaction sites as determined by other groups are highlighted in red on both 

structures. Full description of these interactions is in the supplemental Table S7.
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