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Arrestins were initially identified for their role in homologous
desensitization and internalization of G protein–coupled receptors.
Receptor-bound arrestins also initiate signaling by interacting with
other signaling proteins. Arrestins scaffold MAPK signaling cascades,
MAPK kinase kinase (MAP3K), MAPK kinase (MAP2K), and MAPK. In
particular, arrestins facilitate ERK1/2 activation by scaffolding ERK1/2
(MAPK), MEK1 (MAP2K), and Raf (MAPK3). However, the structural
mechanism underlying this scaffolding remains unknown. Here, we
investigated the mechanism of arrestin-2 scaffolding of cRaf, MEK1,
and ERK2 using hydrogen/deuterium exchange–mass spectrometry,
tryptophan-induced bimane fluorescence quenching, and NMR. We
found that basal and active arrestin-2 interacted with cRaf, while only
active arrestin-2 interacted with MEK1 and ERK2. The ATP binding
status of MEK1 or ERK2 affected arrestin-2 binding; ATP-bound
MEK1 interacted with arrestin-2, whereas only empty ERK2 bound
arrestin-2. Analysis of the binding interfaces suggested that the rela-
tive positions of cRaf, MEK1, and ERK2 on arrestin-2 likely facilitate
sequential phosphorylation in the signal transduction cascade.
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The mitogen-activated protein kinase (MAPK) signaling cas-
cade is an intracellular signaling pathway that is activated by

diverse external stresses and regulates various cellular functions
such as differentiation and proliferation (1). MAPK activation
cascades consist of three components: MAPK kinase kinase
(MAP3K), MAPK kinase (MAP2K), and MAPK. MAP3K phos-
phorylates and activates MAP2K, which in turn phosphorylates
and activates MAPK (1, 2). In mammals, there are four distinct
MAPK groups, ERKs (ERK1 and 2), JNKs (JNK1, 2, and 3), p38
(p38α through δ), and ERK5, each of which has its own upstream
MAP3Ks and MAP2Ks (2, 3).
A long-standing question in biochemistry is how diverse input

signals can generate a specific MAPK signaling cascade. In other
words, it is unknown how MAPK signaling modules dynamically
interact in a spatiotemporal manner. To accomplish signaling
fidelity, scaffolding proteins play an important role in colocalizing
MAPK signaling modules. MAPK scaffolding proteins facilitate
activation, regulate subcellular localization, and/or modulate the
negative feedback of a specific MAPK signaling, which helps to
organize a specific MAPK module to link the input signaling to
proper biological outcomes (4, 5). Owing to the diverse roles of
MAPK scaffolding proteins, they have been considered as potential
therapeutic targets (6, 7).
In mammals, a number of MAPK scaffolding proteins, in-

cluding JIP, KSR, paxillin, MORG1, JSAP1, and arrestins, have
been identified (8, 9). The functional role of MAPK scaffolding
and the molecular and structural mechanisms of how the MAPK
scaffolding proteins interact with MAPK signaling components
vary depending on the scaffolding proteins (4). Therefore, it is
important to study the details of the scaffolding mechanism of
each MAPK scaffolding protein to gain a better understanding of

the MAPK signaling mechanism and to precisely regulate a
specific MAPK signaling pathway for therapeutic purposes.
Arrestins were first discovered as proteins that play a key role in

homologous desensitization and internalization of G protein–
coupled receptors (GPCRs) (10). Four arrestins (arrestin-1 through
-4) have been identified in humans: arrestin-1 and -4 (visual and
cone arrestins, respectively) are expressed exclusively in the visual
system, whereas arrestin-2 and -3 (also known as β-arrestin1 and 2,
respectively) are ubiquitously expressed (10). Agonist-activated
GPCRs, after coupling with G proteins, are phosphorylated by
GPCR kinases. Arrestins bind active phosphorylated GPCRs, pre-
cluding receptor coupling to G proteins and facilitating receptor
internalization (10, 11). In GPCR internalization, arrestins act as
scaffolding proteins, linking the receptor with components of in-
ternalization machinery, such as clathrin and AP-2 (11–15).
Arrestins have also been reported to interact with numerous sig-
naling proteins, including MAPKs, and perform multiple functions
(16, 17). The interaction with these signaling proteins occurs either
in the basal or GPCR-induced active state of arrestins (11, 15, 18).
Arrestins are the only known scaffolding proteins for MAPKs

that are regulated by GPCRs. The interaction between MAPKs
and arrestins has been extensively studied (11, 15, 19–21).
Arrestins regulate GPCR-mediated ERK1/2 activation by scaf-
folding cRaf-1, MEK1, and ERK1/2 (22, 23) and regulate
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GPCR-dependent or -independent JNK3 signaling by scaffolding
ASK1, MKK4/7, and JNK3 (24–26). Although the cellular and
physiological effects of arrestins in MAPK signaling cascades have
been studied extensively, the structural mechanisms governing
arrestin/MAPK interactions have not been fully elucidated. Only a
few studies have suggested a scaffolding mechanism of arrestins
for ERK1/2 and JNK3 signaling components. A molecular simu-
lation approach has suggested the binding interfaces of GPCR,
arrestin-2, cSrc, cRaf, MEK1, and ERK1 (27), and mutation or
truncation studies have investigated the interaction sites between
arrestin and ERK1/2 signaling components (22, 28). Recent
studies suggested an arrestin-3-mediated scaffolding and signal
amplification mechanism of the JNK3 cascade (26, 29).
Here, we studied the interaction of ERK1/2 signaling cascade

components (cRaf, MEK1, and ERK2) with arrestin-2 using a
combination of hydrogen/deuterium exchange–mass spectrome-
try (HDX-MS), Trp-induced bimane fluorescence quenching,
and NMR spectroscopy. HDX-MS measures the exchange rate
between the hydrogen atoms of amides in the protein backbone
and the deuterium atoms in the solvent, which can provide an
insight into protein–protein binding interfaces (30). NMR and
Trp-induced bimane fluorescence quenching enable the detailed
mapping of interaction interfaces within proteins (29, 31).

Results
Binding between Arrestin-2 and ERK2.Arrestins are composed of N
and C domains, and the C-terminal tail, including β-strand XX
(Fig. 1A, yellow), is anchored to the N domain. Structural studies
have revealed the binding interfaces between arrestins and re-
ceptors and the conformational changes in arrestins upon acti-
vation. A phosphorylated receptor C terminus interacts with
several phosphate-binding residues in the N domain of arrestins,

displacing β-strand XX (Fig. 1A and SI Appendix, Fig. S1A)
(32–35). The loops in the middle of the receptor-binding side of
arrestin interact with the receptor cytosolic core (SI Appendix, Fig.
S1A) (32, 33, 35–37). The receptor-induced conformation of the
active arrestins exhibits a characteristic interdomain rotation (SI
Appendix, Fig. S1B), which involves the disruption of ionic inter-
actions between the two domains (polar core; SI Appendix, Fig.
S1C) (37, 38). Various studies have confirmed that removal of the
C-terminal tail or disruption of the polar core results in the pre-
activation of arrestins, such that the arrestin conformational
equilibrium is shifted toward the active state (39, 40).
To identify the binding interfaces between arrestin-2 and

ERK2, we compared the HDX-MS profiles of arrestin-2 alone,
ERK2 alone, and coincubated arrestin-2/ERK2. We also gen-
erated a C-terminally truncated preactivated arrestin-2 (arrestin-
21–384) to test whether the activation status of arrestin-2 affects
its interaction with ERK2 (Fig. 1A). The HDX-MS results are
summarized in Datasets S1 and S2. We found that coincubation
of ERK2 with wild-type (WT) arrestin-2 did not alter the HDX-
MS profiles. In contrast, coincubation of ERK2 with arrestin-
21–384 induced changes in the HDX-MS profile compared with
ERK2 or arrestin-21–384 alone (Fig. 1 B and C and SI Appendix,
Fig. S2A). The requirement for arrestin-2 activation for ERK2
binding was confirmed in cellular studies using a biolumines-
cence resonance energy transfer (BRET) assay. The binding
between arrestin-2 and ERK2 increased when the cells were
activated by angiotensin II (SI Appendix, Fig. S3A). Interestingly,
we observed that the HDX-MS profile was altered only when
arrestin-21–384 was incubated with empty ERK2 but not with
ERK2 bound to the ATP analog (AMP-PNP) (Table 1). These
results suggest that activated arrestin-2 interacts with ERK2
prior to the entry of ATP into its binding pocket.

Fig. 1. Changes in HDX profile upon coincubation of ERK2 and arrestin-2. (A) The arrestin-2 constructs used in this study are shown on the X-ray crystal
structure of bovine arrestin-2 (Protein Data Bank (PDB) ID: 1G4R). The C-terminal truncation positions are indicated with arrows. β-strand XX is shown in
yellow. (B) Changes in the HDX profile of apo-ERK2 upon coincubation with arrestin-21–384. Regions with reduced HDX are colored blue on the X-ray crystal
structure of ERK2 (PDB: 1ERK). The deuterium uptake plots with reduced HDX are shown in SI Appendix, Fig. S2A. (C) Changes in the HDX profile of arrestin-
21–384 upon coincubation with apo-ERK2. Regions with reduced HDX are colored blue on the X-ray crystal structure of bovine arrestin-2 (PDB: 1G4R). The
deuterium uptake plots with reduced HDX are shown in SI Appendix, Fig. S2A.
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Coincubation of arrestin-21–384 resulted in decreased HDX in
both the N- and C-lobes of ERK2 (Fig. 1B and SI Appendix, Fig.
S2A; peptides 43 to 65, 113 to 124, 193 to 200, 222 to 237, 265 to
278, and 316 to 326). These regions include L3 through αC
within the N-lobe, and αD through αE, L12, αF through αG
(MAPK insert) and L16 within the C-lobe. Coincubation with
ERK2 decreased HDX levels mostly in the C domain of arrestin-
2, including the interdomain loop I through β-strand XI, the gate
loop, and β-strand XIX through the interdomain loop II (Fig. 1C
and SI Appendix, Fig. S2A; peptides 176 to 192, 290 to 300, and
343 to 365). The reduction in HDX upon coincubation of the two
proteins reflects reduced solvent exposure, which suggests binding
interfaces. However, HDX-MS data do not unambiguously iden-
tify the exact binding interface between the two proteins, as the
HDX levels are also affected by the stability of the hydrogen
bonds within the secondary structures such as helices and β-sheets.
To compensate for the limitations of HDX-MS data, we used

Trp-induced bimane fluorescence quenching. When tryptophan is
located near the bimane probe, bimane fluorescence is attenuated;
thus, the relative distance between tryptophan and bimane-labeled
residues can be monitored by measuring bimane fluorescence in-
tensity (31). We incorporated tryptophan into selected positions in
ERK2 (V49W, Y64W, Y113W, H125W, F228W/Y233W, and
L267W), where we observed reduced HDX upon coincubation
with arrestin-21–384 (Fig. 2A, purple sticks). We also mutated the
solvent-exposed cysteine residues in arrestin-21–384 (details are
described in the Materials and Methods section), incorporated
cysteines at positions 300 and 356, where we observed reduced
HDX upon ERK coincubation, and labeled these residues with
monobromo-bimane (L300C_Arr2 and P356C_Arr2; Fig. 2B, or-
ange sticks). These mutants did not affect the interaction between
the ERK2 and Arr2, suggesting their functional integrity (SI Ap-
pendix, Fig. S4A).
The bimane fluorescence of L300C_Arr2 was not altered by

coincubation with Y113W or F228W/Y233W ERK2 (Fig. 2C). In
contrast, V49W, Y64W, H125W, and L267WERK2 reduced bimane
fluorescence in L300C_Arr2 compared to that upon coincubation
with WT ERK2 (Fig. 2C). V49W and Y64W most significantly af-
fected the bimane fluorescence in L300C_Arr2, suggesting that the
gate loop of arrestin-2 is close to the ERK2 N-lobe.
The bimane fluorescence of P356C_Arr2 was reduced upon

coincubation with Y113W, H125W, F228W/Y233W, and L267W
ERK2 but not with V49W and Y64W (Fig. 2D). Interestingly,
the bimane fluorescence of P356C_Arr2 was reduced, even upon
coincubation with WT ERK2, compared with the buffer control
(Fig. 2D). These observations may be due to the two intrinsic
tryptophan residues within the C-lobe of ERK2 (Fig. 2A, cyan
sticks). These data suggest that the interdomain loop II of arrestin-
2 is close to the C-lobe of ERK2. Interestingly, interdomain loop
II is more exposed when the C-terminal tail of arrestin-2 is re-
leased upon activation (SI Appendix, Fig. S1A). Change in the
HDX-MS profile was observed only when ERK2 was coincubated
with C-terminally truncated preactivated arrestin-2. Therefore, it
is tempting to speculate that interdomain loop II is more exposed
in the C-terminally truncated preactivated arrestin-2, which facil-
itates the interaction of interdomain loop II with the C-lobe
of ERK2.

A previous report by Cassier et al. also suggested the in-
volvement of interdomain loop II of arrestin in ERK interaction,
suggesting that the phosphorylation of threonine 383 on inter-
domain loop II of arrestin-3 induced a conformational change in
this region (41). This conformational change promotes the
binding of phosphorylated C terminus of a receptor to the N
domain of arrestin-3, the conversion of arrestin to its active
conformation, and subsequent ERK binding (41). To investigate
the role of interdomain loop II of arrestin-2 in the interaction
with ERK2, we further truncated the C-terminal part to generate
arrestin-21–361, which lacks the C-terminal part of the inter-
domain loop II (Fig. 1A). Unlike arrestin-21–384, coincubation of
ERK2 and arrestin-21–361 did not alter HDX profiles in either
ERK2 or arrestin-21–361, suggesting that ERK2 did not bind to
arrestin-21–361. This supports interdomain loop II as one of the
critical binding sites for ERK2.
To provide further structural insights into the interaction be-

tween ERK2 and arrestin-2, we incorporated unnatural amino
acids into the gate loop or interdomain loop II: 4-trimethylsilyl
phenylalanine (TMSF) and 3,5-difluorotyrosine (F2Y) at posi-
tions 300 (300TMSF) and 362 (362F2Y), respectively, using the
genetic code expansion approach (details are described in the
Materials and Methods section). We employed 1H-NMR and
19F-NMR spectroscopy to monitor ERK2 binding-induced con-
formational changes in arrestin-2. A notable upfield NMR shift
at the 300TMSF site was observed upon coincubation with
ERK2 (Fig. 2E), suggesting a localized increase in the electronic
field at this position, likely due to interaction with the negatively
charged residues in ERK2. On the other hand, a downfield NMR
shift at the 362F2Y site was observed upon coincubation with
ERK2 (Fig. 2F), suggesting a localized decrease in the electronic
field at this position, likely due to the interaction with the pos-
itively charged residues in ERK2. The surface charge distribu-
tion of ERK2 revealed that positive surface charges are localized
within the C-lobe, where we observed reduced HDX (Fig. 2 A
and G).
Collectively, these results suggest that activated arrestin-2 in-

teracts with ERK2, which is not bound to ATP, and uses two
binding interfaces: 1) between the gate loop of arrestin-2 and the
N-lobe of ERK2, and 2) between the interdomain loop II of
arrestin-2 and the C-lobe of ERK2.

Binding between Arrestin-2 and MEK1.After identifying the binding
interfaces between arrestin-2 and ERK2, we sought to localize
the binding interfaces between arrestin-2 and MEK1, the
MAP2K of the ERK1/2 activation pathway. To this end, we used
another version of preactivated arrestin-2, R169E, in which the
polar core is disrupted by charge reversal (42–44). In contrast to
truncated arrestins, which lack the C-terminal tail, polar core
disruption destabilizes the interdomain orientation, which shifts
the equilibrium toward the active conformation (39, 42, 44). This
variant is not as strongly activating but has advantages for this
study because of the retention of the C-terminal tail in the
R169E mutant, which can serve as a binding site.
When we coincubated R169E with empty MEK1, no changes

in the HDX profile were detected. However, when we coincu-
bated R169E with AMP-PNP-liganded MEK1, reduced HDX

Table 1. HDX-MS profile changes upon coincubation

ERK2 MEK1 cRaf RBD

w/o ANP-PMP w/ ANP-PMP w/o ANP-PMP w/ ANP-PMP —

Basal arrestn-2 n.a n.a n.a n.a O
Preactivated arrestin-2 O n.a n.a O O

O: HDX-MS profiles were affected upon coincubation of arrestin-2 and ERK2 signaling components. n.a: HDX-
MS profiles were not affected upon coincubation of arrestin-2 and ERK2 signaling components.
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Fig. 2. Interaction of ERK2 and arrestin-21–384 detected by Trp-induced bimane fluorescence quenching, 1H-NMR, and 19F-NMR. (A) Positions of incorporated
tryptophan in ERK2 are shown by purple sticks, and endogenous tryptophan is shown by cyan sticks on the X-ray crystal structure of ERK2 (PDB: 1ERK).
Regions with reduced HDX in Fig. 1B are colored blue. (B) Positions of bimane-labeled cysteines and unnatural amino acid residues in arrestin-21–384 are shown
in orange or green on the X-ray crystal structure of bovine arrestin-2 (PDB: 1G4R). Regions with reduced HDX in Fig. 1C are colored blue, and β-strand XX is
colored yellow. (C and D) Quenching of bimane fluorescence [attached to Cys in L300C_Arr2 (C) or in P356C_Arr2 (D)] by Trp in apo-ERK2. Data are from three
independent experiments. Error bars indicate SEM. Black bars indicate statistically significant differences from WT, and gray bars indicate the absence of
statistically significant differences from WT. *P < 0.05, **P < 0.01, and ***P < 0.001 compared WT. (E and F) Effects of ERK2 binding on the 1H-NMR spectrum
of 300TMSF (E) and 19F-NMR spectrum of 362F2Y (F) incorporated into arrestin-21–384. (G) Surface charge distribution of ERK2. The surface charge was an-
alyzed with adaptive Poisson-Boltzmann solver (APBS) electronics, a PyMOL plugin program, using the ERK2 crystal structure (PDB: 1ERK).

4 of 11 | PNAS Qu et al.
https://doi.org/10.1073/pnas.2026491118 Scaffolding mechanism of arrestin-2 in the cRaf/MEK1/ERK signaling cascade

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://doi.org/10.1073/pnas.2026491118


www.manaraa.com

levels were detected in several regions of both MEK1 and R169E
(Fig. 3 A and B, blue ribbon, and SI Appendix, Fig. S2B). The
HDX-MS results are summarized in Datasets S1 and S3. Coin-
cubation with R169E reduced HDX in the N-terminal region
(peptide 53 to 68) and glycine-rich loop (peptide 75 to 83) of the
N-lobe of MEK1 (Fig. 3A and SI Appendix, Fig. S2B). Coincu-
bation with MEK1 reduced HDX levels at interdomain loop I,
β-strand XVI through the lariat loop, and the gate loop in R169E
(Fig. 3B and SI Appendix, Fig. S2B). In contrast, coincubation of
WT arrestin-2 and AMP-PNP-liganded MEK1 did not alter HDX
profiles (Table 1), suggesting that arrestin-2 needs to be activated
to interact with MEK1. The requirement for arrestin-2 activation
was confirmed in cellular studies using the BRET assay, which
showed that the binding between arrestin-2 and MEK1 was in-
creased when the cells were activated by angiotensin II (SI Ap-
pendix, Fig. S3B).
To identify the regions that serve as the binding sites for

MEK1, we used bimane fluorescence quenching by Trp after
introducing tryptophan residues in MEK1 (F53W, F83W, and
H100W; Fig. 3A, purple sticks) and labeled Cys-less R169E with
introduced cysteines (Y173C, T183C, and L300C) using bimane
(Fig. 3B, orange sticks). We selected these residues based on the
HDX-MS data, except for H100W in MEK1. We did not introduce
tryptophan into the glycine-rich loop because the introduction might
have hindered the binding of AMP-PNP. Instead, we replaced H100,
which is close to the glycine-rich loop, with tryptophan (Fig. 3A).
These mutants did not affect the interaction between the MEK1 and
Arr2, suggesting their functional integrity (SI Appendix, Fig. S4B).
Among all the analyzed Trp-bimane pairs, we detected re-

duced bimane fluorescence only when MEK1 H100W was coincu-
bated with bimane-labeled Y173C_Arr2 (Fig. 3 C–E). These results
suggest that the interdomain loop I near Y173 of arrestin-2 is close
to that of MEK1 H100. As we did not detect decreased HDX levels
at H100, but instead at the glycine-rich loop (Fig. 3A), interdomain
loop I likely binds near the glycine-rich loop of MEK1. The glycine-
rich loop is also called the p-loop, as this loop interacts with the
phosphate groups of ATP (Fig. 3A). As we detected HDX changes
only when MEK1 was in complex with AMP-PNP, it is possible that
ATP binding maintained the correct conformation of the glycine-
rich loop to allow this region to interact with arrestin-2.
To further study the interaction of interdomain loop I and the

MEK1 N domain, we incorporated TMSF into Y173 of arrestin-
2 (173TMSF) and analyzed 1H-NMR spectra before and after
coincubation with MEK1. A notable upfield NMR shift at the
173TMSF site was observed upon coincubation withMEK1 (Fig. 3F),
suggesting a localized increase in the electronic field at this position,
likely due to the interaction with the negatively charged residues in
MEK1. The surface charge distribution of MEK1 revealed that
negative surface charges are localized near the glycine-rich loop
(Fig. 3G), further supporting that Y173 of arrestin-2 is closely located
to the glycine-rich loop of MEK1.

Binding Interfaces between Arrestin-2 and cRaf. We also investi-
gated the binding interfaces between arrestin-2 and cRaf, the
MAP3K of the ERK1/2 cascade. Raf proteins consist of Ras-
binding domain (RBD), C1 domain, hinge region, and kinase
domain (45, 46). It has been previously reported that the RBD of
cRaf is the major binding site for arrestin-2 (27). The expression
and purification of full-length cRaf were not successful; there-
fore, we used cRaf RBD to identify the binding interfaces be-
tween arrestin-2 and cRaf. We analyzed the changes in HDX
upon coincubation with cRaf RBD and arrestin-2. The HDX-MS
results are summarized in Datasets S1 and S4.
HDX-MS analysis showed that the HDX profiles of cRaf

RBD were similarly affected by coincubation with both arrestin-2
WT and R169E (Fig. 4A, blue ribbon; SI Appendix, Fig. S2C),
suggesting that arrestin-2 activation is not required for cRaf
binding. This was confirmed by the cellular BRET assay, which

showed that cRaf binding was not affected by Ang II treatment
(SI Appendix, Fig. S3C). Arrestin-2 coincubation reduced HDX
within broad regions of the cRaf RBD, with residues 83 to 96
being most significantly affected (Fig. 4A and SI Appendix, Fig.
S2C). This result strongly suggests that residues 83 to 96 serve as
the binding interface for arrestin-2 interaction. Coincubation of
cRaf RBD reduced HDX in only the back loops of both WT and
R169E (Fig. 4B, blue ribbon; SI Appendix, Fig. S2C, peptide 305
to 313), suggesting that the back loop is the cRaf binding site.
To confirm that residues 83 to 96 of cRaf and the back loop of

arrestin-2 are closely located within the complex, we again
employed bimane fluorescence quenching by Trp after intro-
ducing tryptophan residues into cRaf (F61W, M76W, and L91W;
Fig. 4A, purple sticks) and labeling the Cys-less R169E mutant
with a single cysteine (E313C_Arr2) with bimane (Fig. 4B, or-
ange stick). These mutants did not affect the interaction between
the cRaf RBD and Arr2, suggesting their functional integrity (SI
Appendix, Fig. S4C). Coincubation with WT cRaf RBD increased
bimane fluorescence compared to that of the buffer control
(Fig. 4C). Bimane fluorescence intensity is affected by the en-
vironment: a hydrophobic environment increases it, whereas a
hydrophilic environment decreases it. Therefore, the increase in
bimane fluorescence induced by coincubation with WT cRaf RBD
may reflect the low exposure of labeled bimane to the buffer upon
coincubation with WT cRaf RBD. Among the Trp mutants, al-
though coincubation with cRaf RBD L91W had a major effect on
the bimane fluorescence of E313C_Arr2, F61W and M76W also
reduced bimane fluorescence of E313C_Arr2 (Fig. 4C), suggesting
that E313 of arrestin-2 is closely located to F61, M76, and L91 of
cRaf, and the distance between cRaf L91 and arrestin-2 E313 is
the shortest.
To provide further structural insights into the interaction be-

tween cRaf RBD and arrestin-2, we incorporated TMSF into
E313 of arrestin-2 (313TMSF). We employed 1H-NMR spec-
troscopy to monitor the cRaf RBD binding-induced conformational
changes in arrestin-2. A notable downfield NMR shift at the
313TMSF site was observed upon coincubation with cRaf RBD
(Fig. 4D), suggesting a localized decrease in the electronic field at
this position, likely due to the interaction with the positively charged
residues in cRaf RBD. The surface charge distribution of cRaf RBD
revealed that positive surface charges are localized where we ob-
served reduced HDX levels (Fig. 4 A and E). These results con-
firmed that the back loop of arrestin-2 interacted with cRaf RBD
near residues 83 to 96. Interestingly, the high-resolution structure of
the back loop is not significantly different between the basal and
activated arrestins (SI Appendix, Fig. S1D), which explains why both
basal and preactivated arrestin-2 interact with cRaf RBD.

Discussion
Previous studies have indicated that activation of arrestin by
GPCRs is essential for regulating ERK signaling (41, 47–51).
The present study suggested that arrestin activation is essential
for its interaction with MEK1 and ERK2 but not with cRaf. We
also identified binding interfaces between arrestin-2 and ERK2
signaling components, using a combination of complementary
techniques. Based on these data, we propose a working hy-
pothesis for the scaffolding mechanism of arrestin-2 in the ERK2
signaling cascade (Fig. 5A).
As cRaf can interact with either basal or activated arrestin-2,

cRaf may bind arrestin-2 even before it is activated by a receptor
(Fig. 5 A, i and ii). The major binding interface is the RBD of
cRaf and the back loop of arrestin-2. In the basal state, the ki-
nase domain of cRaf is blocked by interaction with the
N-terminal elements of cRaf, including the RBD and C1 do-
mains (Fig. 5 B, Left) (52, 53). When other binding proteins, such
as GTP-bound Ras, interact with the N-terminal domains, the
kinase domain is released and can phosphorylate downstream
proteins (52, 53). Thus, it is tempting to speculate that the
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Fig. 3. Interaction of MEK1 and R169E detected by HDX-MS, Trp-induced bimane fluorescence quenching, and 1H-NMR. (A) Changes in the HDX profile of
AMP-PNP-liganded MEK1 upon coincubation with R169E. Regions with reduced HDX are colored blue on the X-ray crystal structure of MEK1 (PDB: MEK1). The
deuterium uptake plots with reduced HDX are shown in SI Appendix, Fig. S2B. ATP is shown as sticks, and Mg2+ is shown as a ball. (B) Changes in the HDX
profile of R169E upon coincubation with AMP-PNP-liganded MEK1. Regions with reduced HDX are colored blue on the X-ray crystal structure of bovine
arrestin-2 (PDB: 1G4R). The deuterium uptake plots with reduced HDX are summarized in SI Appendix, Fig. S2B. (C–E) Trp-induced bimane fluorescence
quenching upon binding of AMP-PNP-liganded MEK1 and Y173C_Arr2 (C), T183C_Arr2 (D), and L300C_Arr2 (E). Tryptophan residues introduced into MEK1
are depicted by purple sticks, and endogenous tryptophan residues are shown by cyan sticks in A. Bimane-labeled cysteines in arrestin-2 are depicted by
orange sticks in B. Data are from three independent experiments. Error bars indicate SEM. Black bars indicate statistically significant differences from WT, and
gray bars indicate the absence of statistically significant difference from WT. *P < 0.05, **P < 0.01, and ***P < 0.001, as compared with coincubation with the
WT. (F) Effect of MEK1 binding on the 1H-NMR spectrum of 173TMSF incorporated into R169E. (G) Surface charge distribution of MEK1. The surface charge
was analyzed with adaptive Poisson-Boltzmann solver (APBS) electronics, a PyMOL plugin program, using the MEK1 crystal structure (PDB: MEK1).
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binding of arrestin-2 to the RBD of cRaf may release the kinase
domain to facilitate the phosphorylation of MEK1. To test this
hypothesis, we analyzed intramolecular BRET by labeling N ter-
minus of cRaf with Rluc and the kinase domain of cRaf with
FlAsH, which monitors replacement of the autoinhibitory domain
(Fig. 5B). Overexpression of arestin-2 reduced the BRET ratio,
implying the separation between the autoinhibitory domain and
the kinase domain of cRaf in response to arrestin-2 binding. This
result supports the hypothesis that arrestin-2 releases the auto-
inhibitory domain of cRaf from the kinase domain.
Unlike cRaf, MEK1 binds to arrestin-2 only when arrestin-2 is

activated, and MEK1 binds more strongly to arrestin-2 when it is
bound to ATP (Fig. 5 A, iii). The interdomain loop I of arrestin-2
is the binding site for the N-lobe of MEK1, which likely orients
MEK1 to lower part arrestin-2 (Fig. 5 A, iii). Since the RBD of
cRaf interacts with the back loop of arrestin-2, the released ki-
nase domain may also be located on the same side of arrestin-2
(Fig. 5 A, iii). In this model, the cRaf kinase domain is located
favorably for MEK1 phosphorylation (Fig. 5 A, iii).
ERK2 also interacted with activated arrestin-2, but the binding

was stronger when ERK2 was not ligated with ATP (Fig. 5 A, iv).
This suggests that fully activated ERK2 (dual-phosphorylated
and ATP-bound) may easily detach from arrestin-2 to phos-
phorylate its substrates. In contrast, MEK1 may bind to arrestin-
2 when it is fully activated. As we did not test effects of the
phosphorylation status of MEK1 or ERK2 on arrestin-2 binding,
further investigation is required. Our study suggests that the gate
loop of arrestin-2 interacts near the N-lobe of ERK2, whereas
the interdomain loop II interacts near the C-lobe of ERK2. The

interdomain loop I is on the C-domain side, and the interdomain
loop II is on the N-domain side (Fig. 1A). Thus, it is likely that
ERK2 is located on one side of arrestin-2, while MEK1 is located
on the other, so that these two kinases face each other, which likely
allows MEK1 easy access to phosphorylate ERK2 (Fig. 5 A, iv).
A few studies have proposed binding interfaces between

arrestin and ERK cascade components (27, 28, 54–56). Xu et al.
suggested that the lariat loop through the gate loop of arrestin-3
is a potential binding site for ERK2 (56). Bourquard et al. pre-
dicted that the N-lobe of ERK1 interacts with the gate loop of
arrestin-2 (27). These results are consistent with our data, which
suggest that the gate loop of arrestin-2 is a potential binding site
for the N-lobe of ERK2. However, neither of the previous studies
proposed that the interdomain loop II of arrestin-2 interacts with
the C-lobe of ERK2, although Bourquard et al. suggested that the
C-tail of arrestin-2 may interact with ERK2 (27).
Our identification of the binding interface between cRaf and

arrestin-2 is consistent with previous reports. Coffa et al.
reported that the arrestin-2 R307A mutant failed to interact with
cRaf (28), and a molecular simulation study by Bourquard et al.
suggested that a region near R307 of arrestin-2 interacted with a
region near K84 of cRaf (27). R307 of arrestin-2 and K84 of cRaf
were located within the peptides that showed decreased HDX
upon coincubation with arrestin-2 and cRaf RBD (SI Appendix,
Fig. S2C). Our data confirm these previous reports and further
suggest that arrestin activation is not required for cRaf binding.
Although previous reports of cRaf or ERK2 are consistent

with our current results, those of MEK1 are not. Meng et al.
suggested that D26 and D29 in the N domain of arrestin-2 and

Fig. 4. Interaction of cRaf RBD and R169E detected by HDX-MS, Trp-induced bimane fluorescence quenching, and 1H-NMR. (A) Changes in the HDX profile of
cRaf RBD upon binding to arrestin-2. Regions with reduced HDX are colored blue on the X-ray crystal structure of cRaf RBD (PDB: 4G3X). The deuterium
uptake plots with reduced HDX are summarized in SI Appendix, Fig. S2C. (B) Changes in the HDX profile of arrestin-2 upon binding to cRaf RBD. Regions with
reduced HDX are colored blue on the X-ray crystal structure of bovine arrestin-2 (PDB: 1G4R). The deuterium uptake plots with reduced HDX are summarized
in SI Appendix, Fig. S2C. (C) Bimane fluorescence quenching by Trp in cRaf RBD with E313C_Arr2. Positions of incorporated tryptophan residues in cRaf RBD
are shown by purple sticks, and endogenous tryptophan is shown by cyan stick in A. Bimane-labeled Cys residues in arrestin-2 are depicted by orange sticks in
B. Data are from three independent experiments. Error bars indicate SEM. Black bars indicate statistically significant differences from the WT. *P < 0.05, **P <
0.01, and ***P < 0.001, as compared to WT. (D) Effect of cRaf RBD binding on the 1H-NMR spectrum of 313TMSF incorporated into R169E. (E) Surface charge
distribution of cRaf RBD. The surface charge was analyzed with adaptive Poisson-Boltzmann solver (APBS) electronics, a PyMOL plugin program, using the
cRaf RBD crystal structure (PDB: 4G3X).
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residues 46 to 70 in the N-terminal part of MEK1 are critical for
the interaction (55); additionally, a molecular simulation study
by Bourquard et al. suggested that D29 and E35 of arrestin-2
interacts with a region near E272 of MEK1 (27). Our results
suggest that the interdomain loop I of arrestin-2 interacts with
the N-lobe of MEK1. This discrepancy may be because Meng
et al. used peptide arrays, rather than whole proteins, to define
the binding interfaces, and the D26A/D29A mutant of arrestin-2
that they used may have caused an altered conformation (55).
Although we have provided the binding modes between

arrestin-2 and each ERK2 signaling component, we did not test
whether the binding of one component affects that of others.
Previously, Lefkowitz et al. showed that simultaneous expression
of either MEK1 or ERK2 with cRaf had no effect on cRaf in-
teraction with arrestin-3 and that simultaneous expression of
MEK1 and ERK2 did not affect the interaction of either kinase
with arrestin-3 (50). On the other hand, in the same study,
coexpression of cRaf enhanced the binding of MEK1 or ERK2
to arrestin-3 (50), and the authors suggested that binding of cRaf
to arrestin-3 facilitates the assembly of ERK2 signaling compo-
nents on arrestin. Since we could not obtain the full-length cRaf,
we did not pursue this; further sophisticated studies are needed
to investigate whether the binding of one component promotes
binding of other ERK2 signaling components.
JNK is another MAPK family member that uses arrestin as a

scaffolding protein. Unlike that for ERK signaling, arrestin

activation is not required for scaffolding of JNK signaling com-
ponents (43, 57). Thus, the scaffolding mechanism of JNK
through arrestin may differ from that of ERK. Previously, Xu et al.
reported that arrestin-3 mutants (K285A/R286A or K295A) that
showed reduced ERK2 binding could still interact with JNK3 in a
manner similar to that of WT arrestin-3 (56). A few studies, in-
cluding our recent study, have identified the binding interfaces
between arrestin and the components of the JNK activation cas-
cade (26, 29). These studies proposed that β-strand I of arrestin-3
is the major binding site for JNK3, which is different from the
binding site of arrestin-2 for ERK2, as suggested by our data. The
binding mode and binding site within arrestin-3 for ASK1
(MAP3K for JNK3 signaling cascade) and MKK4/7 (MAP2K for
the JNK3 signaling cascade) are also different from those pro-
posed for arrestin-2 and cRaf or MEK1 binding (26). Thus, the
data suggest that arrestin-mediated scaffolding of the ERK sig-
naling cascade is mechanistically different from that of the JNK3
signaling cascade, which could pave the way for the selective
regulation of arrestin-mediated ERK or JNK signaling.
In summary, we proposed a binding mode between arrestin-2

and components of the ERK2 activation cascade. We identified
the positions of arrestin-2 binding sites for cRaf, MEK1, and
ERK2 (Fig. 5A). Importantly, our finding that ATP binding
weakens ERK2 interaction with arrestin-2 suggests that MEK1-
phosphorylated ERK2 likely dissociates from arrestin-2, freeing
up the site for another molecule of inactive ERK2. This

Fig. 5. Proposed model for the scaffolding mechanism of arrestin-2 in the ERK1/2 signaling cascade. (A) Summary cartoon illustrating the proposed scaf-
folding mechanism of arrestin-2 for ERK1/2 signaling components. (B) Conformational changes in cRaf upon arrestin-2 binding. The separation between
N-terminal region and the kinase domain of cRaf was monitored by intramolecular BRET. Statistical differences between control (no arrestin-2 transfected)
and inactive or active arrestin-2 existence were determined by two-sided one-way ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001). n.s., not significant.
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mechanism would yield signal amplification at this step, similar
to that proposed for JNK3 activation on the arrestin-3 scaffold
(26). Thus, despite the difference in binding sites, this part of the
mechanism of arrestin-mediated scaffolding of MAPK cascades
appears to be conserved.

Materials and Methods
Protein Expression and Purification. Complementary deoxyribonucleic acids
(cDNAs) of Rattus norvegicus (Rat) arrestin-2, human ERK2, human MEK1,
and human cRaf RBD were inserted into a pET28a vector containing a hex-
ahistidine tag at the N terminus. For Trp-induced bimane fluorescence
quenching experiments, Cys-less arrestin-2 (details described in Cys-Less
Arrestin-2 Generation) was cloned into the pET22b vector, which con-
tained a hexahistidine tag at the C terminus. The preactivated arrestin-2
mutants (arrestin-21–384, R169E) were generated using the QuikChange
Mutagenesis Kit according to the manufacturer’s instructions. The constructs
were cloned into Escherichia coli BL21 (DE3) cells. The transformed cells were
grown in Terrific Broth (TB) at 37 °C until the optical density 600 (OD600)
reached 0.4 to 0.6. Protein expression was induced with 0.03 mM isopropyl
β-d-1-thiogalactopyranoside (IPTG) for 24 h at 16 °C for arrestin-21–384,
R169E, and cRaf RBD, with 0.5 mM IPTG for 4 h at 30 °C for ERK2, and with
0.5 mM IPTG for 4 h at 25 °C for MEK1. Harvested cells were resuspended in
lysis buffer (arrestin-21–384, R169E, ERK2, and C-Raf RBD; 20 mM Tris HCl pH
7.4, 500 mM NaCl, 10 μg/mL benzamidine, 2.5 μg/mL leupeptin, 100 μM Tris
[2-carboxyethyl] phosphine hydrochloride [TCEP], and PIC, MEK1; 50 mM
Hepes pH 7.4, 300 mM NaCl, 20 mMMgCl2, 10 μg/mL benzamidine, 2.5 μg/mL
leupeptin, 100 μM TCEP, and PIC). Then, 10% glycerol and 5 mg/mL lysozyme
were added, and the bacterial cell lysates were incubated for 30 min at room
temperature, after which 10 μg/mL DNase I was added, followed by incubation
for 30 min at room temperature. The lysates were centrifuged at 13,000 × g
for 20 min at 4 °C, and the supernatants were collected and loaded into a Ni-
NTA column preequilibrated with lysis buffer supplemented with 20 mM im-
idazole. After binding, the resin was extensively washed with a wash buffer
(arrestin-21–384, R169E, ERK2, cRaf RBD; 20 mM Tris HCl pH 7.4, 500 mM NaCl,
20 mM imidazole, 10 μg/mL benzamidine, 2.5 μg/mL leupeptin, 100 μM TCEP,
and PIC, MEK1; 50 mM Hepes pH 7.4, 300 mM NaCl, 20 mM MgCl2, 20 mM
imidazole, 10 μg/mL benzamidine, 2.5 μg/mL leupeptin, 100 μM TCEP, and PIC).
The bound proteins were eluted with an elution buffer (arrestin-21–384, R169E,
ERK2, cRaf RBD; 20 mMHepes pH 7.4, 150 mMNaCl, 400 mM imidazole, 10 μg/
mL benzamidine, 2.5 μg/mL leupeptin, 100 μM TCEP, and PIC, MEK1; 50 mM
Hepes pH 7.4, 100 mM NaCl, 20 mM MgCl2, 400 mM imidazole, 10 μg/mL
benzamidine, 2.5 μg/mL leupeptin, 100 μM TCEP, and PIC). The Ni-NTA purified
fractions were loaded onto a Superde200 Increase 10/300 GL column in an
ÄKTA fast protein liquid chromatography (FPLC) system (GE Healthcare Life
Science). Protein elution was monitored at 280 nm, and the protein-containing
fractions were collected.

Coincubation Protocol. The purified proteins were prepared in a buffer
containing 20 mM Hepes pH 7.4 and 150 mM NaCl. The proteins were
concentrated using a Vivaspin 500, 10 kDa molecular weight cutoff (GE
Healthcare Life Science). To form arrestin-21–384/ERK2 complex or R169E/
MEK1 complex, proteins were mixed at a final concentration of 40 μM.
R169E and cRaf RBD were mixed in two conditions (40 μM R169E and 80 μM
cRaf RBD or 80 μM R169E and 40 μM cRaf RBD). All the complexes were
allowed to form at room temperature for 2 h.

HDX-MS. For arrestin-21–384/ERK2 and R169E/MEK1 complexes, HDX was ini-
tiated by mixing 3 μL of the protein samples and 27 μL D2O buffer (20 mM
Hepes pD 7.4, 150 mM NaCl, and 10% glycerol in D2O), and incubated for 10,
100, 1,000, or 10,000 s at 4 °C. The mixtures were quenched by the addition
of 30 μL ice-cold quench buffer (100 mM NaH2PO4 pH 2.01 and 20 mM TCEP).
For nondeuterated samples (ND), 3 μL of the protein samples were mixed
with 27 μL H2O buffer (20 mM Hepes pH 7.4, 150 mM NaCl, and 10% glycerol
in H2O) and quenched with 30 μL ice-cold quench buffer. For R169E/cRaf RBD
complex in a 1:2 ratio, HDX was initiated by mixing 5 μL complex and 25 μL
D2O buffer, incubated for 10, 100, 1,000, or 10,000 s at 4 °C, and quenched
with 30 μL ice-cold quenching buffer. For ND samples, 5 μL complex was mixed
with 25 μL H2O buffer and quenched with 30 μL ice-cold quench buffer. For
R169E/cRaf RBD complex in a 2:1 ratio, 7 μL complex was mixed with 23 μL D2O
buffer, incubated for 10, 100, 1,000, or 10,000 s at 4 °C, and quenched with
30 μL ice-cold quench buffer. For ND, 7 μL complex was mixed with 23 μL H2O
buffer and quenched with 30 μL ice-cold quench buffer.

The quenched samples were digested by passing through an immobilized
pepsin column (2.1 × 30 mm; Life Technologies) at a flow rate of 100 μL/min

with 0.05% formic acid in H2O at 12 °C. Peptide fragments were subse-
quently collected on a C18 VanGuard trap column (1.7 μm × 30 mm; Waters)
for desalting with 0.05% formic acid in H2O. Peptic peptides were then
separated with ultrapressure liquid chromatography on an ACQUITY ultra-
performance liquid chromatography (UPLC) C18 column (1.7 μm, 1.0 ×
100 mm; Waters) at 40 μL/min with an acetonitrile gradient created by two
pumps: mobile phase A (0.15% formic acid in H2O) and B (0.15% formic acid
in acetonitrile). The gradient started with 8% B and increased to 85% B over
the next 8.5 min. 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. MS analyses were performed using a Xevo G2
quadrupole time-of-flight (QTof) equipped with a standard electrospray
ionization source (Waters). The mass spectra were acquired in the range of
m/z 100 to 2,000 for 12 min in positive ion mode. Peptides were identified in
ND samples with ProteinLynx Global Server 2.4 (Waters). The following pa-
rameters were applied: monoisotopic mass, nonspecific for the enzyme
while allowing up to one 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 the HDX-MS
data, the amount of deuterium in each peptide was determined by mea-
suring the centroid of the isotopic distribution using DynamX 3.0 (Waters).

Cys-Less Arrestin-2 Generation. For Trp-induced bimane fluorescence
quenching experiments, the seven native cysteine residues (C69, C125, C140,
C150, C242, C251, and C270) of arrestin-2 were mutated to alanine to gen-
erate Cys-less arrestin-2. Then, preactivated arrestin-2 (arrestin-21–384, R169E)
was generated. For bimane labeling, a cysteine residue was introduced into
the Cys-less arrestins, resulting in six engineered arrestin constructs (arrestin-
21–384; L300C and P356C, R169E; Y173C, T183C, L300C, and E313C). In con-
junction with bimane labeling of cysteines, a tryptophan residue was in-
troduced into ERK2, MEK1, and cRaf RBD, resulting in six engineered ERK2
constructs (V47W, Y62W, Y111W, H123W, F226W/Y231W, and L265W),
three engineered MEK1 constructs (F53W, F83W, and H100W), and three
engineered cRaf RBD constructs (F61W, M76W, and L91W). All mutagenesis
was performed using the QuikChange Mutagenesis Kit.

Trp-Induced Bimane Fluorescence Quenching. WT ERK2, MEK1, cRaf RBD, and
their tryptophan mutants were purified and exchanged into an interaction
buffer (ERK2: 10 mM Hepes pH 7.4 and 150 mM NaCl; MEK1 and cRaf RBD:
20 mM Hepes pH 7.4, 150 mM NaCl). Cys-less arrestin-21–384 or Cys-less R169E
was purified and replaced with a labeling buffer (ERK2: 10 mM MES pH 6.5
and 150 mM NaCl; MEK1 and cRaf RBD: 20 mM MES pH 6.5 and 150 mM
NaCl). Cys-less arrestin-21–384 or Cys-less R169E were concentrated to 50 μM
and labeled with bimane to a final concentration of 0.5 mM. Excess dye was
removed through another cycle of buffer exchange into the interaction buffer
after 3 h of incubation at room temperature. ERK2 signaling components and
Cys-less arrestin-21–384 or Cys-less R169E were mixed at 2 μM in 100 μL inter-
action buffer for 30 min at room temperature, and the samples were placed in
a MicroFluor 96-well fluorescent plate. The samples were excited at 390 nm,
and the emitted fluorescence was measured from 420 to 600 nm using a
10-nm step size. Each data point was integrated for 0.2 s for ERK2 and 0.1 s for
MEK1 and RBD. The spectra were analyzed using GraphPad Prism 7.

Unnatural Amino Acid Incorporation. Unnatural amino acids were incorpo-
rated into arrestin-2 via genetic code expansion as previously described (58,
59). The L300TAG or E313TAG of arrestin-2 in pET-22b was transformed into
BL21(DE3) cells with pEVOL-TMSFRS. Cells were induced by the addition of
0.02% L-arabinose, 0.5 mM TMSF, and 0.2 mM IPTG after growing in TB
medium, containing 100 μg/mL ampicillin and 50 μg/mL chloramphenicol, to
an OD = 0.8 for 16 h at 25 °C. Harvested E. coli cell pellets were resuspended
in buffer (20 mM Tris HCl, pH 8.0, and 150 mM NaCl) and lysed by homog-
enization (JN-3000 PLUS, JNBIO). The supernatant was incubated with Ni-
NTA resin for 2 h at 4 °C, and the TMSF-incorporated arrestin-2 was eluted
with lysis buffer containing 250 mM imidazole. The protein was further
purified using a size-exclusion column (Superdex 200 increase, GE Health-
care). Similar procedures were performed to obtain F2Y-incorporated
arrestin-2, using the plasmids H362TAG arrestin-2 and pEVOL-F2YRS. Cells
were induced 0.02% L-arabinose, 0.5 mM TMSF, and 0.2 mM IPTG instead.

19F-NMR and 1H-NMR. TMSF-incorporated arrestin-2 was diluted to 10 μM in
buffer (20 mM HCl pH 8.0 and 150 mM NaCl) containing 10% (volume/vol-
ume) D2O with or without incubating with 10 μM ERK2, MEK1, or cRaf RBD
for 30 min at room temperature. One-dimensional (1D) 1H-NMR spectra
were recorded for 18 min at 25 °C using an Avance 950 MHz spectrometer

Qu et al. PNAS | 9 of 11
Scaffolding mechanism of arrestin-2 in the cRaf/MEK1/ERK signaling cascade https://doi.org/10.1073/pnas.2026491118

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://doi.org/10.1073/pnas.2026491118


www.manaraa.com

with a cryoprobe, which is a proton-optimized triple resonance (Bruker).
Spectra were analyzed using the program ZGGPW5 (NS = 510, DS = 4, SW =
16 part per million (ppm), AQ = 1.93 s, D1 =1.5 s), and the chemical shifts of
the peaks were determined by referring to D2O (4.69 ppm). 50 μM arrestin-2
362F2Y was subjected to NMR before and after incubation with 50 μM ERK2.
Spectra were recorded by an Agilent 500 MHz spectrometer, scanning
15,000 times with a recovery delay of 1.5 s. Data were processed using 20-Hz
Lorentzian line broadening, and the chemical shift was determined by re-
ferring to the TFAb (−76.5 ppm).

GST Pull-Down Assay. Arrestin-2 WT and cystine mutants were cloned to
pGEX-6p-2 vector and overexpressed in E. coli. A total of 1 μM His-tagged
MAPKs WT and mutants were mixed with 15 μL GST resin for 2 h in 4 °C with
or without the preincubation of 1 μM arrestin-2 proteins. The GST beads
were collected by centrifuge at 800 × g and washed with wash buffer
(binding buffer with 0.5% Tween20) four times. After removing the super-
natant, the samples were resuspended in 50 μL 2× sodium dodecyl sulfate
(SDS) loading buffer and boiled for 10 min before Western blot. Antibodies
including anti-GST (Cell Signaling Technology, catalog no. 2622) and anti-His
(Cell Signaling Technology, catalog no. 2366) were used. The data were
analyzed using the Image J (version 1.8.0) and GraphPad Prism 7.0 software.

BRET Assay. The BRET assay was designed to examine the interaction between
MAPKs and arrestin-2 (60, 61). The FlAsH-BRET sensor for cRaf, MEK1, and
ERK2 was generated by inserting the FlAsH-EDT2 binding motif, CCPGCC,
into the specific sites of cRaf (89 CCPGCC 90), MEK1 (100 CCPGCC 101), and
ERK2 (122 CCPGCC 123) in the pcDNA 3.1, which encodes these kinases.
Angiotensin II receptor type 1 (AT1R), arrestin-2-Rluc, CCPGCC-inserted
ERK2, MEK1, and cRaf were cotransfected into HEK 293A cells in 6-well
plates. 48 h posttransfection, cells were seeded into 96-well culture plates, at
a density of 3 × 104 cells per well. In total, 10 μM FlAsH-EDT2 was added to
each well, and the cells were incubated at 37 °C in 5% CO2 for 40 min. Cells
were washed with BRET buffer (25 mM Hepes pH 7.5, 1 mM CaCl2, 140 mM
NaCl, 2.7 mM KCl, 0.9 mM MgCl2, 0.37 mM NaH2PO4, 5.5 mM D-Glucose,
12 mM NaHCO3) twice and incubated with the required substrate
(coelenterazine-h for Rluc-arrestin-2) at a concentration of 5 μM in the
presence or absence of 10 μM angiotensin II. Luciferase (440 to 480 nm) and
FlAsH (525 to 585 nm) emissions were detected using a Multimode Plate
Reader (PerkinElmer EnVision) at 25 °C immediately after substrate addition.

The BRET ratio was calculated by dividing the 535-nm emission by the
460-nm emission.

Intramolecular BRET assay to examine the effect of arrestin-2 in the re-
lease of the autoinhibition among cRaf was done using HEK293A cells. Cells
were seeded in 6-well plates after being transfected with Rluc-c-Raf-1
V520-CCPGCC-D521 with or without arrestin-2 using polyethylenimine for 24
h. Then, the cells were distributed into 96-well plates at a density of ∼25,000
cells per well. After another 24-h incubation at 37 °C, the cells were labeled
FlAsH-EDT2 (2.5 μM) for 40 min at 37 °C and washed twice with BRET buffer
(25 mM Hepes pH 7.4, 140 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 12 mM
NaHCO3, 5.6 mM D-glucose, 0.5 mM MgCl2, and 0.37 mM NaH2PO4) and
stimulated with or without isoproterenol (final concentration of 20 μM) at
37 °C for 15 min. Luciferase substrate coelenterazine-h was added at a final
concentration of 5 μM. The BRET signal was determined by calculating the
ratio of the light intensity emitted by FlAsH (530/20 nM) over the light in-
tensity emitted by Rluc (485/20 nM). The data were analyzed by GraphPad
Prism 7.0 software.

Statistical Analysis. For HDX-MS studies, the Student’s t test was used to
assess the statistically significant differences between samples with and
without the binding partner. To analyze differences between more than
three conditions, one-way ANOVA followed by Tukey’s post hoc test was
used. Statistical significance was set at P < 0.05. More than three indepen-
dent experiments were performed on each dataset.

Data Availability. All study data are included in the article and/or supporting
information.
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