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SUMMARY

Arrestins, in addition to desensitizing GPCR-induced
G protein activation, also mediate G protein-inde-
pendent signaling by interacting with various
signaling proteins. Among these, arrestins regulate
MAPK signal transduction by scaffolding mitogen-
activated protein kinase (MAPK) signaling compo-
nents such as MAPKKK, MAPKK, and MAPK. In
this study, we investigated the binding mode and in-
terfaces between arrestin-3 and JNK3 using
hydrogen/deuterium exchange mass spectrometry,
19F-NMR, and tryptophan-induced Atto 655 fluores-
cence-quenching techniques. Results suggested
that the b1 strand of arrestin-3 is the major and
potentially only interaction site with JNK3. The re-
sults also suggested that C-lobe regions near the
activation loop of JNK3 form the potential binding
interface, which is variable depending on the ATP
binding status. Because the b1 strand of arrestin-3
is buried by the C-terminal strand in its basal state,
C-terminal truncation (i.e., pre-activation) of ar-
restin-3 facilitates the arrestin-3/JNK3 interaction.

INTRODUCTION

Arrestins, which were first characterized as proteins that desen-

sitize and/or internalize G protein-coupled receptors (GPCRs),

are scaffolding proteins that interact not only with GPCRs but

also other proteins such as clathrin, AP-2, ion channels, and

mitogen-activated protein kinase (MAPK) signaling proteins (Be-

novic et al., 1987; DeFea, 2011; Dong et al., 2017; Gurevich et al.,
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2018; Lohse et al., 1990; Smith and Rajagopal, 2016;Wang et al.,

2014; Zhang et al., 2018). Four arrestins (arrestin 1–4) have been

identified; arrestin-1 and -4 are mostly expressed in the visual

system, whereas arrestin-2 and -3 (also called b-arrestin 1

and 2) are expressed throughout the body (Lohse and Hoffmann,

2014).

Upon agonist activation, GPCRs couple to G proteins, and

then GPCR kinases phosphorylate GPCRs, which triggers

recruitment of arrestins to GPCRs. The arrestin-bound GPCRs

either fail to couple to G proteins and/or are internalized (Lohse

and Hoffmann, 2014; Smith and Rajagopal, 2016). Recent

studies over the last decade have suggested that arrestins not

only desensitize/internalize GPCRs, but also initiate another

wave of signaling (Smith and Rajagopal, 2016; Srivastava

et al., 2015). For example, arrestins have been reported to regu-

late GPCR-induced extracellular signal-regulated kinase (ERK)

activation (Coffa et al., 2011; Liu et al., 2017; Strungs and Luttrell,

2014). Today, in addition to GPCRs, more than 40 proteins have

been identified to interact with arrestins, through which arrestins

have multiple functions that are either GPCR dependent or inde-

pendent (Gurevich and Gurevich, 2006).

MAPKs are components of signaling cascades conserved

among eukaryotic organisms (Yang et al., 2013). MAPK signals

are propagated through a phosphorylation cascade; a MAPK

kinase (MAPKKK) phosphorylates its downstream MAPK kinase

(MAPKK), which in turn phosphorylates and thereby activates its

downstream MAPK (Morrison, 2012; Roskoski, 2012). In mam-

mals, there are four distinct groups of MAPKs: ERK1/2, c-Jun

amino terminal kinases (JNK1, 2, and 3), p38 (p38 a through d),

and ERK5 (Morrison, 2012; Peti and Page, 2013). Scaffolding

proteins facilitate MAPK cascades by co-localizing MAPK

cascade components (Brown and Sacks, 2009; Kolch, 2005),

and examples of scaffolding proteins are JIP, KSR, Paxillin,

MORG1, and JSAP1 (Dhanasekaran et al., 2007; Yosh-

ioka, 2004).
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Arrestins have also been reported to scaffold MAPK signaling

components. Arrestins regulate GPCR-triggered ERK1/2 activa-

tion by scaffolding cRaf-1, MEK, and ERK1/2 (Coffa et al., 2011;

Strungs and Luttrell, 2014). Arrestins also regulate JNK activity in

both GPCR-dependent and -independent ways (Chen et al.,

2017; McDonald et al., 2000). Arrestins not only potentiate

GPCR-induced JNK phosphorylation, but also regulate JNK

activation or cellular localization without GPCR activation (Breit-

man et al., 2012; McDonald et al., 2000; Song et al., 2006;

Willoughby and Collins, 2005). Although the cellular and physio-

logical effects of arrestins in MAPK signal cascades have been

studied extensively, the structural mechanism governing the

arrestin/MAPK interaction has not been fully elucidated.

In the present study, we analyzed the structural mechanism of

the arrestin-3/JNK3 interaction. To understand the arrestin-3/

JNK3 interaction frommultiple angles, we adopted complemen-

tary structural analysis techniques including hydrogen/deute-

rium exchange mass spectrometry (HDX-MS), 19F-NMR, and

Trp-induced Atto 655 fluorescence quenching. HDX-MS ana-

lyzes the exchange rate between deuterium in the solvent and

hydrogen in the protein backbone amide, which can provide

insight into conformational features of proteins and binding inter-

faces in protein-protein interactions (Marcsisin and Engen,

2010). 19F-NMR provides structural information at residue reso-

lution, and fluorescence quenching enables examination of the

proximity of select residues derived from the HDX-MS results.

RESULTS

Monitoring of Conformational Changes upon JNK3 and
Arrestin-3 Complex Formation by HDX-MS
Among the three JNK isoforms, the JNK3/arrestin-3 interaction

has been studied intensively (Li et al., 2009; McDonald et al.,

2000; Song et al., 2009; Zhan et al., 2011). Using an in-vitro-re-

constituted system, we studied the interaction between JNK3

and arrestin-3 to determine the structural basis of this interac-

tion. We adopted HDX-MS to analyze the interfaces between ar-

restin-3 and JNK3, and Figure S1 shows the selected peptic

peptides used for HDX analysis.

A few studies have reported that basal state arrestin-3 inter-

acts with JNK3 (Breitman et al., 2012; McDonald et al., 2000;

Song et al., 2006). Thus, we first tested if HDX profiles are altered

when JNK3 is co-incubated with basal state arrestin-3 (Fig-

ure 1A). Upon co-incubation of arrestin-3 and JNK3, HDX levels

decreased in two regions of JNK3, namely the activation loop

(peptide 208–221) and aF/aG loop (peptide 256–267) (Figure 1A).

In contrast, the HDXprofile of arrestin-3was not altered upon co-

incubation (data not shown), which may be due to very low affin-

ity between arrestin-3 and JNK3 resulting in undetectable HDX

changes in arrestin-3.

Arrestins are composed of N- and C-domains and each

domain contains antiparallel b sheets (Figure 1B). In the basal

state, the C-terminal b strand, bXX, interacts with bI in the

N-domain (Figure 1B, green); this interaction is broken and bXX

is released from the N-domain when a GPCR-phosphorylated

C-tail interacts with an arrestin (Figure S2A) (Zhou et al., 2017).

The release of bXX alters the relative orientation of the N- and

C-domains and also changes the conformations of loops be-

tween the N- and C-domains such as the finger loop and middle
loop, which provides another interface for receptor interaction

(Figures S2A and S2B) (Gurevich et al., 2018; Kang et al.,

2015; Kim et al., 2013; Shukla et al., 2013; Smith and Rajagopal,

2016). These allosteric conformational changes have been

suggested to shape arrestins to interact with other signaling

molecules (Gurevich et al., 2018).

Arrestin-1 has a splice variant that lacks the C-terminal bXX

strand (Pulvermuller et al., 1997). This C-terminal truncated ar-

restin-1 has been reported to behave as the pre-activated form,

which resembles the active status of arrestins (Kim et al., 2013;

Pulvermuller et al., 1997; Schroder et al., 2002). X-ray crystal

structures have shown that C-terminal truncated arrestin is

structurally similar to GPCR-bound arrestin (Figure S2C), and

a recent molecular simulation study suggested that this pre-

activated form frequently switches between fully active and

inactive states (Kim et al., 2013; Latorraca et al., 2018; Shukla

et al., 2013). Here, we used C-terminal truncated arrestin-3

(Arr3_DC) to mimic the pre-active conformation of arrestin-3

(Figure S1).

Upon co-incubation of JNK3 with Arr3_DC, we were able to

detect HDX changes in both JNK3 and Arr3_DC (Figures 1B

and 1C). Broader regions of JNK3were affected when incubated

with Arr3_DC than basal state arrestin-3 (Figures 1A and 1C);

co-incubation of Arr3_DC induced HDX changes of JNK3 in

the activation loop (peptide 208–221 and peptide 219–228),

aF/aG loop (peptide 256–267), and aG (peptide 272–278)

(Figure 1C). Upon co-incubation with JNK3, Arr3_DC

showed altered HDX in various regions including bI (peptide

1–19), finger loop (peptide 62–69), bVI (peptide 70–96), helix I

(peptide 85–105), bVII (peptide 112–127), middle loop (peptide

128–144), bX through linker (peptide 168–186), and lariat loop

(peptide 273–290) (Figure 1B). Taken together, these results

imply that pre-activated arrestin-3 interacts more strongly with

JNK3 than inactive arrestin-3, which is consistent with the previ-

ous report showing inositol hexakisphosphate 6-bound and C

terminus displaced arrestin-3 interacts better to JNK3 than basal

state arrestin-3 (Chen et al., 2017).

Monitoring of Conformational Changes upon JNK3
and Arrestin-3 Complex Formation by 19F-NMR
To obtain further structural information at residue resolution, we

next used un-natural amino acid F2Y incorporation (Figure S3)

and monitored JNK3 binding-induced arrestin-3 conformational

changes by 19F-NMR. This approach has been successfully

used to study arrestin-2 conformational changes in response

to GPCR phosphopeptide interactions (Yang et al., 2015,

2018b). We selected four arrestin-3 residues––F76, F88, T137,

and L278––that showed an altered HDX profile upon co-incuba-

tion with JNK3 (Figures 1B and 2A). Because of the relatively

lower level of arrestin-3 expression in E. coli than arrestin-2,

incorporation of F2Y at F76 and T137 sites failed to produce suf-

ficient protein amounts for NMR experiments. However, F88F2Y

and L278F2Y proteins were acquired at sufficient levels to

enable further structural characterization.

Co-incubation of JNK3 and arrestin-3 caused an up-field NMR

shift at the 88F2Y position (Figure 2B), suggesting a regional

electron field increase at this position, which may be due to

the close interaction with negatively charged residues. Surface

charge analysis of JNK3 showed that negative charges were
Structure 27, 1162–1170, July 2, 2019 1163



Figure 1. HDX Profile Changes upon Arrestin-3 and JNK3 Co-incubation

(A) Effect of basal state arrestin-3 on HDX profiles of JNK3. Regions with decreased HDX upon co-incubation with basal state arrestin-3 are colored blue on the

JNK3 structure (PDB: 1JNK), and the HDX profiles of corresponding peptides are shown as graphs. *p < 0.05.

(B) Effect of JNK3 on HDX profiles of Arr3_DC. Arrestin-3 (PDB: 3P2D) regions with decreased HDX or increased HDX upon co-incubation with JNK3 are colored

blue or red, respectively. The truncated C terminus is colored green. HDX profiles of corresponding peptides are shown as graphs. *p < 0.05.

(C) Effect of Arr3_DC on HDX profiles of JNK3. JNK3 (PDB: 1JNK) regions with decreased or increased HDX upon co-incubation with Arr3_DC are colored blue or

red, respectively, and the HDX profiles of corresponding peptides are shown as graphs. *p < 0.05.

See also Figures S1 and S2.
not distributed where we observed decreased HDX, but rather

distributed on the opposite side of the protein (Figure 2D). This

suggested that F88 does not directly interact with JNK3, and

the up-field shift may be because of an allosteric conformational

change that resulted in movement of negatively charged resi-
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dues in arrestin-3 closer to F88. At the other site, 278F2Y dis-

played a down-field NMR shift (Figure 2C), which may be

because this residue is located closer to the positively charged

regions of JNK3 or undergoes allosteric conformational changes

upon complex formation.



Figure 2. 19F-NMR Profile Changes upon Arr3_DC and JNK3 Co-incubation
(A) Un-natural amino acid F2Y incorporated residues in Arr3_DC are shown as green sticks on the arrestin-3 structure (PDB: 3P2D).

(B and C) Effect of JNK3 co-incubation on the 19F-NMR spectrum of 88 F2Y (B) and 278 F2Y (C).

(D) The surface charge status of JNK3 (middle two panels) is analyzed by APBS electronics, a PyMOL plugin program, using JNK3 structure (PDB: 1JNK) as a

template. The HDX profile from Figure 1C is shown as a surface illustration in the far-left and far-right panels.

See also Figure S3.
Determination of the JNK3Binding Sites of Arrestin-3 by
Peptide Co-incubation and HDX-MS
Decreased HDX implies reduced exposure to solvent or reduced

conformational dynamics, and therefore the regions with

decreased HDX upon co-incubation are potential interfaces be-

tween arrestin-3 and JNK3. To define the binding interfaces, we

generated peptides from arrestin-3 based on the HDX profiles

described in Figure 1B, including loop regions for whichwe could

not obtain 19F-NMR profiles; these included peptide 1 from bI-bII

(Figure 3A, red), peptide 2 from the finger loop (Figure 3A, cyan),

and peptide 3 from the middle loop (Figure 3A, orange). We co-

incubated these peptides with JNK3 followed by HDX-MS

analysis, and the data showed that peptide 1 induced HDX

changes (Figure 3B) while peptides 2 and 3 did not alter the

HDX profile of JNK3 (data not shown).

Co-incubation of peptide 1 with JNK3 resulted in a decrease

of HDX in the N-terminal part of the activation loop (peptide

208–221), loop after the activation loop (peptide 229–236), aF/

aG loop (peptide 256–267), and aG (peptide 272–278) and an in-

crease of HDX in the C-terminal part of the activation loop (pep-

tide 219–228) (Figure 3B). These HDX profile changes in JNK3

caused by peptide 1 are similar to those induced by Arr3_DC

(Figure 1C), which suggests that the bI-bII strands in arrestin-3

are major binding sites for JNK3. These data also explain why

pre-activated arrestin-3 (Arr3_DC) induced more HDX profile
changes than full-length arrestin-3 (Figures 1A and 1C); the

C-terminal bXX is missing in Arr3_DC (Figure 1B), and therefore

the bI strand is exposed and can interact more easily with

JNK3. Together with the 19F-NMR profiles, we suggest that

JNK3 binds to the N-domain of arrestin-3, in particular, the bI

strand of arrestin-3.

As a next step, we sought to define arrestin-3 binding sites in

JNK3. The activation loop and aF/aG loop of JNK3 consistently

showed a decreased HDX profile when incubated with arrestin-3

(Figures 1A, 1C, and 3B). Thus, we generated peptides from

these regions, but peptides from JNK3 did not alter the HDX pro-

file of Arr3_DC (data not shown). This is possibly because these

regions are not direct binding sites for arrestin-3 or because a

three-dimensional structure of JNK3 is required for proper inter-

action with arrestin-3.

Monitoring of Arrestin-3 Binding Sites of JNK3 by Trp-
Induced Atto 655 Fluorescence Quenching
To identify the arrestin-3 binding sites in JNK3, we conducted a

Trp-induced Atto 655 fluorescence-quenching experiment.

When Trp is located near the Atto 655 probe, the Atto 655 fluo-

rescence is attenuated. To label specific residues in arrestin-3

with Atto 655, we mutated out selected cysteine residues in

Arr3_DC (Figures S4A). Ser13 on the bI strand of Arr3_DC, the

major JNK3 binding region suggested by HDX-MS (Figures 1B,
Structure 27, 1162–1170, July 2, 2019 1165



Figure 3. The Binding Interface Mapping between JNK3 and Arrestin-3

(A) Peptides generated from arrestin-3 are color-coded on the arrestin-3 structure (PDB: 3P2D). Red indicates peptides from the bI-bII strands (peptide 1), cyan

from the finger loop (peptide 2), and orange from the middle loop (peptide 3). The truncated C terminus is shown in green.

(B) Effect of peptide 1 on HDX profiles of JNK3. JNK3 (PDB: 1JNK) regions with decreased or increased HDX upon co-incubation with peptide 1 are colored blue

or red, and the HDX profiles of corresponding peptides are shown as graphs. *p < 0.05.

(C) Atto 655-labeled residues are indicated as orange sticks on the arrestin-3 structure (PDB: 3P2D). The truncated C terminus is colored green.

(D) Endogenous tryptophan residues in JNK3 are shown as yellow or green sticks on the JNK3 structure (PDB: 1JNK). Green sticks indicate tryptophan residues

within aF and aG. Residues mutated to tryptophan are shown as magenta sticks.

(E) Effects of co-incubation of Atto 655-labeled Arr3_DC and vehicle, WT JNK3, or tryptophan insertion mutants of JNK3 on Atto 655 fluorescence. The activation

loop of JNK3 is in close proximity to serine 13 of Arr3_DC. *p < 0.05.

See also Figure S4.
3A, and 3B), was switched to cysteine and labeled with Atto 655

(Figure 3C, orange stick), and this construct showed similar

affinity to JNK3 compared with the wild-type (WT) Arr3_DC

(Figures S4B).

JNK3 contains four Trp residues (Figure 3D, yellow and green

sticks), and two of them are located at aF and aG (Figure 3D,

green sticks) where we observed decreased HDX upon JNK3

and arrestin-3 co-incubation (Figures 1C and 3B).Whenwe incu-

bated Atto 655-labeled arrestin-3 with WT JNK3, we detected a

minimal decrease in Atto 655 fluorescence (no statistically signif-

icant differences compared with the vehicle control [p = 0.053],

Figure 3E), which suggests that the Trp residues in the WT

JNK3 are not in close proximity to Ser13 of arrestin-3. Next,

we selected potential arrestin-3 binding residues on JNK3 based

on the HDX-MS results (Figure 3D, magenta sticks). Trp incorpo-

ration into residues 218 and 223 on the activation loop induced

significant Atto 655 fluorescence quenching while Trp at residue
1166 Structure 27, 1162–1170, July 2, 2019
228, which is close to the aF and aG region, did not result in sig-

nificant fluorescence differences compared with WT JNK3

(Figure 3E).

Effects of ATP Binding on the JNK3/Arrestin-3 Binding
Interface
A recent study by Gurevich group suggested that the binding in-

terfaces between JNK3 and arrestin-3 vary depending on the

activation status of JNK3 and that phosphorylation of JNK3

weakens the interaction with arrestin-3 (Perry et al., 2019).

Here, we tested if binding of AMP-PNP, the non-hydrolyzable

analog of ATP, affects the binding interfaces. Co-incubation of

AMP-PNP-bound JNK3 with Arr3_DC induced decreased HDX

in the MAPK insert of JNK3 (Figure 4A, peptide 297–309) and

bI of Arr3_DC (Figure 4B, peptide 1–19) but did not alter other re-

gions implying that these regions are the potential binding inter-

faces between AMP-PNP-bound JNK3 and Arr3_DC.



Figure 4. The Effect of ATP Binding on the JNK3/Arrestin-3 Binding Interfaces and Prediction of Binding Sites on JNK3

(A) Effect of Arr3_DConHDX profiles of AMP-PNP-bound JNK3. JNK3 (PDB: 1JNK) region with decreased HDX upon co-incubation with Arr3_DC is colored blue,

and the HDX profile of corresponding peptide is shown as a graph. AMP-PNP is indicated as sticks and Mg is shown as sphere. *p < 0.05.

(B) Effect of AMP-PNP-bound JNK3 on HDX profiles of Arr3_DC. Arrestin-3 (PDB: 3P2D) region with decreased HDX upon co-incubation with AMP-PNP-bound

JNK3 is colored blue. The truncated C terminus is colored green. The HDX profile of corresponding peptide is shown as a graph. *p < 0.05.

(C) X-ray crystal structure of JNK3 in complex with the JIP1 peptide (PDB: 4H39). JNK3 is shown in gray and the JIP1 peptide in magenta.

(D) X-ray crystal structure of JNK1 in complex with the MAP kinase phosphatase 7 subdomain (PDB: 4YR8). JNK3 is shown in gray and the MAP kinase

phosphatase 7 subdomain in green.

(E) Effect of the Elk1-DEF peptide on HDX profiles of ERK2. ERK2 (PDB: 2ERK) regions with decreased HDX upon co-incubation with the peptide are colored blue.

These data were obtained from the study by Lee et al. (2004).
Taken together, in the JNK3/arrestin-3 complex, the bI

strand of arrestin-3 is the major or potentially only binding

interface to JNK3. On the other hand, the C-lobe of JNK3 is

the binding site for arrestin-3, and the precise binding inter-

faces change depending on the ATP binding status of JNK3;

in the apo-state, aF/aG loop is the major binding site with

Ser13 on the bI strand of arrestin-3 located close to the acti-

vation loop of JNK3; in the ATP-bound state, the MAPK insert

is the major binding site.

DISCUSSION

The present study provides insight into binding between JNK3

and arrestin-3 and the interfaces involved. HDX-MS analysis

and fluorescence-quenching techniques revealed that the bI

strand of arrestin-3, which is exposed upon release of bXX by

activation, is the major binding site to JNK3. Recent studies by

the Gurevich group reported that a peptide from the bI-bII

strands binds to JNK3 and facilitates JNK3 activation in cells,

consistent with our data (Perry et al., 2019; Zhan et al., 2014,
2016). We further suggest that the bI strand of arrestin-3 is the

major and probably only binding interfaces, because a peptide

from bI-bII induced HDX profile changes in JNK3 similar to

Arr3_DC.

Two distinct docking sites are thought to be involved in the in-

teractions between MAPKs and binding partners; the D-site and

the F-site (Roskoski, 2012). High-resolution crystallography

studies and biochemical studies, including HDX-MS, have

been used to determine these docking sites (Figures 4C–4E)

(Kummer et al., 2012; Laughlin et al., 2012; Lee et al., 2004; Liu

et al., 2016). The D-site is located opposite the catalytic cleft

(Figure 4C), while the F-site is located within the C-lobe near

the activation loop, aG, and MAPK insertion region (Figure 4D).

When HDX profile changes were monitored upon co-incubation

of ERK2 and Elk1-DEF, a peptide corresponding to the F-site

binding motif of Elk1, HDX decreased in the activation loop

through aF, aF through aG, and MAPK insert (Figure 4E) (Lee

et al., 2004). Interestingly, these HDX profile changes were

similar to what we observed upon apo-JNK3 and arrestin-3 co-

incubation (Figures 1A, 1C, and 3B). Therefore, it is tempting to
Structure 27, 1162–1170, July 2, 2019 1167



suggest that the b1 strand of arrestin-3 interacts with apo-JNK3

at the F-site with Ser13 of arrestin-3 facing the activation loop, as

we detected attenuation of Atto 655 fluorescence when Atto

655-labled residue 13 was close to the tryptophan-inserted acti-

vation loop (Figures 3C–3E). We also suggest that the binding

interface on JNK3 moves down to the MAPK insert when JNK3

is occupied with ATP (Figure 4A).

Upon JNK3/arrestin-3 complex formation, the two proteins

underwent allosteric conformational changes as we observed

HDX changes not only in the binding interfaces but also other

regions of JNK3 or arrestin-3. Interestingly, we observed the

allosteric changes only when apo-JNK3 interacts with ar-

restin-3 (Figure 1), whereas ATP-bound JNK3 interaction

with arrestin-3 did not induce HDX changes other regions (Fig-

ure 4). It has been reported that JNK3 recruits MKK4 to ar-

restin-3 (Guo and Whitmarsh, 2008; Zhan et al., 2013), and

the allosteric conformational changes within arrestin-3 may

affect binding of upstream JNK signaling proteins such as

ASK1 or MKK4, facilitating the scaffolding role of arrestin-3.

The allosteric conformational change within the C-terminal

part of the activation loop of apo-JNK3 may affect phosphor-

ylation by upstream JNK signaling proteins. Taken together,

the conformational differences (i.e., binding interfaces and/or

allosteric conformational changes) between apo- and ATP-

bound JNK3 may reflect dynamic conformational changes

during the arrestin-3-mediated JNK3 activation process as

suggested by recent publication by the Gurevich group (Perry

et al., 2019).

Although we performed an extensive investigation of the

structural features of the JNK3/arrestin-3 complex using com-

plementary structure analysis techniques, several questions

remain to be answered. First, to understand the binding mech-

anism in detail, high-resolution structures are required. Second,

to have a better understanding of the scaffolding mechanism of

arrestin-3, the precise binding interfaces between arrestin-3

and upstream JNK3 signaling proteins such as ASK1 or

MKK4/7 need to be defined. While we were preparing this

article, the Gurevich group published a report suggesting that

the bI-bII strands can interact with not only JNK3 but also

ASK1 and MKK4/7 (Perry et al., 2019). Further investigation

on how the same-site interaction occurs and affects JNK3 acti-

vation is needed. Third, arrestins scaffold not only JNK3 but

also ERK1/2. JNK3 and ERK1/2 may or may not share the

same binding interfaces on arrestins, and therefore a precise

understanding and comparison of binding interfaces between

JNK3-arrestin and ERK1/2-arrestin complexes could provide

insight into the mechanism(s) of signaling selectivity. The future

studies outlined above would provide a more precise under-

standing of arrestin-MAPK interactions, which would facilitate

the development of arrestin-MAPK pair selective interaction

inhibitors.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rat arrestin-3 and human JNK3a2 were expressed in BL21 (DE3) bacterial strain.

METHOD DETAILS

Constructs Generation
cDNA of JNK3a2 were inserted into pET28a vectors between restriction enzyme site XbaI (TCTAGA) and XhoI (CTCGAG), which con-

tained a hexahistidine tag on the C-terminus. cDNA of arrestin-3 were inserted between NdeI (CATATG) and HindIII (AAGCTT) into

pET28a vectors, which contained a hexahistidine tag on the N-terminus. Both constructs were transformed into the expression host,

Escherichia coli BL21 (DE3) strain for the protein expression. C-terminal truncation of arrestin-3 (Arr3_DC) and F88TAG and L278TAG

of Arr3_DC and F218W, Y223W, and Y228W in JNK3 were generated using Quikchange mutagenesis kit. For Trp-induced Atto 655

fluorescence quenching experiments, Arr3_DC was sub-cloned into pGEX6p2 vector in which cysteine minus (Figure S4) was per-

formed as described previously (Yang et al., 2018a). The mutation Ser13Cys was generated using Quikchange mutagenesis kit.

Expression and Purification of Arrestin-3 and JNK3
All protein constructs were transformed into Escherichia coli BL21 (DE3). The JNK3a2 plasmid containing cells were grown in Terrific

Broth (TB) at 37�C until the OD600 reached at 0.4–0.6. The cells were extra incubated for 1 h, and protein expression was induced by

adding 1 mM IPTG and incubating for 5 h at 27�C. The arrestin-3 plasmid containing cells were grown in LB broth medium at 37�C
until the OD600 reached 0.4-0.6, and protein expression was induced with 0.03 mM IPTG for 24 h at 16�C. GST-Arr3_DC S13C

plasmid containing cells were grown in TB at 30�C until the OD600 reached 0.4-0.6. Protein expression was induced by adding

0.03 mM IPTG and incubating for 24 h at 16�C.
Harvested cells were frozen at -80�C, thawed at room temperature twice, and then re-suspended in the lysis buffer (20 mM Tris-

HCl, pH 7.4, 500 mM NaCl, 10 mg/mL benzamidine, 2.5 mg/mL leupeptin, 100 mM Tris(2-carboxyethyl) phosphine hydrochloride

(TCEP)) and lysed by cell cracker. His-tagged proteins samples were incubated with Ni-NTA resin and then subsequently purified

by size exclusion chromatography. GST-Arr3_DC was loaded onto GST-agarose by vertical suspension at 4�C for 1.5 h and then

eluted by 10mMGSH. Protein was concentrated and size exclusion chromatography was performed using Superdex 200 according

to the manufacturer’s instructions.

Peptides Synthesis
The peptide synthesis was performed by Peptron Inc. (Daejeon, Republic of Korea). Briefly, the peptide was synthesized by Fmoc

SPPS (solid phase peptide synthesis) using ASP48S (Peptron Inc.) and purified by reverse phase HPLC using a Vydac Everest

C18 column (250 mm 3 22 mm, 10 m). The molecular weight of the purified peptide was confirmed using LC/MS (Agilent HP1100

series).
Peptide Name Sequence

Peptide 1 MGEKPGTRVFKKSSPNCKLTVYLGK

Peptide 2 FRYGREDLDVLGLSF

Peptide 3 VTLQPGPEDTGKACGVDF
HDX-MS Analysis
Arrestin-3 and JNK3 mixture was prepared in 50 uM as a final concentration in 20 mM HEPES, pH7.4 and 150 mM NaCl. For AMP-

PNP-bound JNK3, 2 mM of AMP-PNP and 4 mMMgCl2 were added in the purified protein. Hydrogen/deuterium exchange was initi-

ated bymixing 2 mL of protein samples with 28 mL of D2O buffer (20 mMHEPES, pD 7.4, 150mMNaCl, and 10%Glycerol in D2O) and

incubating for 10, 100, 1000, or 10000 seconds on ice. At the indicated time points, the mixtures were quenched by adding 30 mL of

ice-cold quench buffer (100 mM NaH2PO4 pH 2.01 and 20 mM TCEP). For non-deuterated samples (ND), 2 mL of protein samples

were mixed with 28 mL of H2O buffer (20 mM HEPES, pH 7.4, 150 mM NaCl in H2O) and quenched with 30 mL of ice-cold quench

buffer. The quenched samples were digested online by passing through an immobilized pepsin column (2.1 3 30 mm) at a flow

rate of 100 mL/min with 0.05% formic acid in H2O at 12�C. Peptide fragments were subsequently collected on a C18 VanGuard

trap column (1.7 mm 3 30 mm) for desalting with 0.05% formic acid in H2O. Proteins were then separated by ultra-pressure liquid

chromatography over an ACQUITY UPLC C18 column (1.7 mm, 1.0 mm 3 100 mm) at a flow rate of 40 mL/min with an acetonitrile

gradient created by two pumps, which started with 8% B and increased to 85% B over the next 8.5 minutes. Mobile phase A

was 0.15% formic acid in H2O, and B was 0.15% formic acid in acetonitrile. To minimize the back-exchange of deuterium

to hydrogen, the sample, solvents, trap, and UPLC column were all maintained at pH 2.5 and 0.5�C during analysis. Mass spectral
e2 Structure 27, 1162–1170.e1–e3, July 2, 2019



analyses were performed with a Xevo G2 Qtof equipped with a standard ESI source (Waters, Milford, MA, USA). The mass spectra

were acquired in the range of m/z 100–2000 for 12 minutes in positive ion mode.

Peptides were identified in non-deuterated samples with ProteinLynx Global Server (PLGS) 2.4. The following parameters were

applied: monoisotopic mass, nonspecific for the enzyme while allowing up to 1 missed cleavage, MS/MS ion searches, automatic

fragment mass tolerance, and automatic peptide mass tolerance. Searches were performed with the variable methionine oxidation

modification, and the peptides were filtered with a peptide score of 6. To process HDX-MS data, the amount of deuterium in each

peptide was determined by measuring the centroid of the isotopic distribution using DynamX 2.0. All measurements were done at

least three independent experiments, and statistical significance was analyzed by t-test using Graphpad QuickCalcs (https://

www.graphpad.com/quickcalcs/ttest1.cfm). Back-exchange level was not corrected because all the analysis was comparison of

different states.

Incorporation of the Unnatural Amino Acid F2Y into Arr3_DC
pEVOL-F2YRS and Arr3_DC F88TAG or L278TAG-encoding plasmids were co-transformed into BL21 (DE3) cells. Transformed cells

were induced with 0.02% L-arabinose, 0.3 mM IPTG, and 0.5 mM F2Y at the OD600 of 1.0. After growing the cells at 25�C for 12 h,

cells were harvested and resuspended in lysis buffer (20mMTris-HCl, pH 8.0 and 500mMNaCl). Arr3_DCwith F2Y incorporated was

then purified by Ni-NTA resin and gel filtration chromatography as described above.

19F NMR
Sixty mM Arr3_DC F2Y protein probe was mixed with or without 60 mM JNKWT and incubated in binding buffer (20 mM Tris-HCl, pH

8.0, 150 mM NaCl, 10% (v/v) D2O) with end-to-end rotation at room temperature for 30 min. Protein samples were then subjected to

NMR. Data were collected by an Agilent OD2 500 spectrometer fitted with a 5-mm broad band probe. The 19F 90� pulse length was

9.9 ms, and spectra were typically obtained using 15,000 scans and a recovery delay of 1 s. Data were processed using 20-Hz Lor-

entzian line broadening and were referenced to the internal TFA standard (-76.5 p.p.m.). All spectra were recorded at 25�C.

Trp-Induced Atto 655 Fluorescence Quenching
Arr3_DCS13Cwas concentrated to 50 mMafter buffer-exchange in labeling buffer (10 mMMES, 150mMNaCl, pH 6.5). Atto 655 was

added from a stock in DMSO to a final concentration of 0.5 mM. After end-to-end rotation overnight, the protein sample was centri-

fuged at 12,000 rpm to remove aggregates. Excess dye was removed by buffer-exchange (10 mM HEPES, 150 mM NaCl, pH 7.4).

After calculation of the labeling efficiency, 2 mM Atto 655-labeled Arr3_DC S13C was mixed with 2 mM JNK3 WT or mutant. Proteins

samples (100 mL) were placed in a MicroFluor 96-well plate and excited at 640 nm. Emitted fluorescence was measured from 640 to

785 nm using a step size of 1 nm. Each data point was integrated for 0.2 s. Spectra were analyzed using GraphPad Prism 7.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
For HDX-MS studies, Student’s t-test was employed to assess the statistically significant differences between un-complexed and

complexed samples. For fluorescence quenching experiment, one-way ANOVA was employed to assess differences between

different samples. p<0.05 was considered to be significant. Three independent experiments were performed for each data.
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