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Abstract
Although arrestins bind dozens of non-receptor partners, the interaction sites for most signaling
proteins remain unknown. Here we report the identification of arrestin-3 elements involved in
binding MAP kinase JNK3α2. Using purified JNK3α2 and MBP fusions containing separated
arrestin-3 domains and peptides exposed on the non-receptor-binding surface of arrestin-3 we
showed that both domains bind JNK3α2 and identified one element on the N-domain and two on
the C-domain that directly interact with JNK3α2. Using in vitro competition we confirmed that
JNK3α2 engages identified N-domain element and one of the C-domain peptides in the full-length
arrestin-3. The 25-amino acid N-domain element has the highest affinity for JNK3α2, suggesting
that it is the key site for JNK3α2 docking. The identification of elements involved in protein-
protein interactions paves the way to targeted redesign of signaling proteins to modulate cell
signaling in desired ways. The tools and methods developed here to elucidate the molecular
mechanism of arrestin-3 interactions with JNK3α2 are suitable for mapping of arrestin-3 sites
involved in interactions with other partners.
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Introduction
In addition to their best known function as the terminators of G protein-coupled receptor
(GPCR) signaling via G proteins [1, 2], the two non-visual arrestins, arrestin-21 and -3, have
recently emerged as multi-functional adaptors regulating different cellular processes,
including mitogen-activated protein kinase (MAPK) activation [3–5], chemotaxis [6],
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apoptosis [7], and protein ubiquitination [8, 9]. Dozens of arrestin-binding proteins have
been identified recently [10]. Arrestin partners demonstrate great diversity both structurally
and functionally [10, 11]. Although arrestins often tether several components to form a
signalosome, the size of arrestins (~45 kDa) suggests that they cannot accommodate more
than 4–5 partners simultaneously [2]. Therefore, arrestin has to make the “decision” to bind
the right partners in various physiological conditions [2, 12]. However, how arrestins
selectively associate with the appropriate partners remains a challenging question.

The c-Jun NH2-terminal protein kinases (JNKs), members of MAPK family, play critical
roles in regulating cell fate and were implicated in a multitude of diseases ranging from
cancer to neurological and immunological/inflammatory disorders [13]. Like other MAPKs,
JNKs are activated via three-component cascade conserved in all eukaryotes, in which the
kinases successively phosphorylate and activate downstream enzymes [14]. JNK activation
often involves scaffold proteins [15, 16]. Arrestin-3 facilitates of a long JNK3 isoform
JNK3α2 by directly tethering ASK1, MKK4, and JNK3α2 to form a complete signaling
complex [3, 17–19]. We recently found that arrestin-3 can recruit another upstream kinase
MKK7 to phosphorylate the threonine site in the T-X-Y motif of JNK3 [19], as well as
JNK1/2 isoforms [20]. Although the scaffolding function of arrestins in JNK3 and other
MAPK activation has been appreciated in recent years, the molecular mechanism of arrestin-
dependent activation of MAP kinases remains to be elucidated. In particular, arrestin sites
mediating the binding of each kinase remain unknown [21]. In fact, most of the binding sites
of non-receptor partners on arrestin have not been identified yet [22]. Regarding JNK3
binding, previously identified arrestin-3-specific sequence that was proposed to mediate
exclusive JNK3 interaction [23] was found to be unique for the rodent proteins [11], while
arrestins from other species that do not have that sequence also bind JNK3 and promote its
activation [17–20, 24–26]. Even though the original study suggested that arrestin-3 promotes
JNK3 phosphorylation in response to receptor activation [3], it was subsequently shown by
the same group [23] and others [17, 26] that arrestin-3-mediated JNK3 activation in cells
does not depend on GPCRs. Moreover, purified arrestin-3 in the absence of receptors was
shown to facilitate the phosphorylation of different JNK isoforms by MKK4 and MKK7
[18–20]. Thus, it remained unclear whether receptor-bound arrestin-3 can interact with
JNKs, i.e., whether the binding sites for GPCRs and JNK3 overlap.

Here, we directly tested for the first time the interaction of receptor-bound arrestin-3 with
JNK3α2. The spin-down assay with purified proteins, as well as BRET-based interaction
assay in intact cells unambiguously demonstrated that JNK3α2 directly associates with
receptor-bound arrestin-3, suggesting that JNK3 binding site(s) must be localized on the
non-receptor-binding surface of arrestin-3. In order to identify JNK3 binding site(s), we
constructed and purified a set of maltose binding protein (MBP) fusions containing either a
fragment of arrestin-3 from the non-receptor-binding side, or a single domain of arrestin-3.
We measured and compared the binding of these MBP-fusion proteins with JNK3α2. Three
fragments located on both domains were found to bind JNK3α2 directly. Two out of these
three peptides inhibit the interaction between full-length arrestin-3 and JNK3α2, indicating
that these peptides compete for the binding sites on JNK3α2 used by arrestin-3. The
methods and molecular tools described here can be used to identify arrestin-3 docking sites
of other non-receptor binding partners to gain an insight into the structural basis of their
interaction with arrestins.

Materials and methods
Materials

All restriction and DNA modifying enzymes (T4 DNA ligase, Vent DNA polymerase, and
calf intestine alkaline phosphatase) were from New England Biolabs (Ipswich, MA). The
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luciferase substrate coelenterazine-h was obtained from NanoLight Technology (Pinetop,
AZ). Other chemicals were from sources recently described [19, 20].

Bioluminescence resonance energy transfer (BRET) assay
BRET-based [27, 28] protein-protein interaction assays were performed to assess the
arrestin-mediated interaction of JNK3α2 with angiotensin II receptor type I (AT1R)
following the procedure used for the arrestin-receptor interaction assay [26, 29, 30].
Cultured COS-7 cells were reseeded into 60 mm dishes 24 h before transfection in complete
DMEM medium (Mediatech-Corning, Manassas, VA). Plated cells were transfected with
Lipofectamine 2000 (Life Technologies) following the manufacturer’s instructions with
AT1R-RLuc8 (AT1R fused to Renilla luciferase variant 8 at the C-terminus) coding plasmid
(0.6 μg/dish), bovine arrestin-3 (0–6 μg/dish) and Venus N-terminus-tagged JNK3α2 (3 μg/
dish). Cells were transferred to white opaque 96 well plates and luminescence at 460 and
535 nm was measured 48 h post-transfection. Cells were stimulated by 1 μM angiotensin II
(agonist) or vehicle (control) followed by the addition of 5 μM coelenterazine-h (Renilla
luciferase substrate). Measurements were taken at 10-minute intervals for up to 90 minutes.
Angiotensin-induced net BRET was determined by subtracting the 535 nm/460 nm BRET
ratio in the absence of agonist from the ratio of agonist-treated cells for each arrestin
concentration. Results are expressed as the net BRET values for each amount of arrestin-3 at
a given time point after agonist stimulation.

Immunoprecipitation
Binding of JNK3α2 to AT1R-bound arrestin-3 was measured by co-immunoprecipitation.
HEK-293A cells were co-transfected with HA-tagged AT1R-Rluc8, Flag-JNK3α2, and
GRK2 with or without arrestin-3. 48 h after transfection, cells in 60-mm plates were lysed in
0.4 ml of lysis buffer (50 mM Tris, 2 mM EDTA, 250 mM NaCl, 10% glycerol, 0.5%
Nonidet P-40, 20 mM NaF, 1 mM Na orthovanadate, 10 mM N-ethylmaleimide, 2 mM
benzamidine, and 1 mM phenylmethylsulfonyl fluoride) for 30 min at 4°C. After
centrifugation, supernatants were pre-cleared by 30 μl of protein G agarose. Then 700 μl of
lysates (combined from two 60 mm plates) were incubated with anti-HA (rat, Roche)
antibody overnight followed by the addition of 30 μl of protein G agarose. The suspensions
were transferred to centrifuge filters (Ultrafree, Millipore) and washed three times with 300
μl of lysis buffer. Proteins were eluted with 35 μl of SDS sample buffer and analyzed by
Western blot.

Purification of arrestin-3 and JNK3α2-His
Arrestin-3 was purified as previously described [31, 32]. Briefly, untagged bovine arrestin-3
was expressed in Escherichia coli and purified by sequential Heparin-Sepharose and Q-
Sepharose chromatography to >95% purity, as judged by Coomassie staining of SDS PAGE
gel. C-terminal His6-tagged JNK3α2 was purified as previously described with minor
modifications [18, 19]. Briefly, JNK3α2-His was expressed in Escherichia coli and purified
by sequential Ni-NTA and phenyl-Sepharose chromatography to >90% purity, as judged by
Coomassie staining.

Rhodopsin preparation, phosphorylation, and regeneration
Urea-treated bovine rod outer segment membranes were prepared, phosphorylated with
endogenous rhodopsin kinase, and regenerated with 11-cis-retinal, as described [33]. The
ability of prepared phospho-rhodopsin to bind arrestins upon light activation was tested in
direct binding assay with visual arrestin-1, as described [34, 35].
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MBP-fusion protein constructs in pMal
To make MBP-fusions containing arrestin-3 elements (MBPT1, 2A, 2B, 3–7, (cf. Fig. 3.)),
the cDNAs encoding different arrestin-3 fragments were subcloned into pMal-p2T
(generous gift from Dr. Keiji Tanaka, Tokyo Institute of Medical Science) between Eco RI
and Xho I sites in frame with MBP. MBP-Arr3 (full-length arrestin-3), MBP-A3N
(arrestin-3 N-domain), and MBP-A3C (arrestin-3 C-domain) were created by subcloning the
corresponding cDNA into pMal-p2T between Eco RI and Not I sites. All MBP-arrestin-3
fusion proteins contained the same TLVPRGSPGF linker between MBP and arrestin-3 or its
fragments. The MBP protein used as negative control was purified using empty pMal-p2T
vector containing the same linker with 10 additional residues: PGRLERPHRD (Fig. 3C).

Expression and purification of MBP-fusion proteins
The MBP-fusion proteins containing arrestin-3 fragments were expressed and purified
following previously described protocol for MBP-Arr3 with minor modifications [19, 20].
MBP proteins were expressed in Escherichia coli (BL21-codon plus (DE3)-RIL). Cells were
grown overnight at 30°C, then induced with 1 mM isopropyl β-D-thiogalactoside for 5–6 h.
The MBP proteins were purified using amylose beads (50% slurry, NEB) and batch
protocol, according to the manufacture’s manual. The proteins were eluted with a buffer
containing 50 mM maltose. The eluates were dialyzed three times (>3 h each time) to
remove maltose. The purified protein samples were concentrated to 0.2–1 mg/ml, and stored
at −80°C until further use.

Rhodopsin spin-down assay
Binding of JNK3α2 to rhodopsin-bound arrestin-3 was measured by the rhodopsin spin-
down assay with light-activated phosphorylated rhodopsin (P-Rh*) carrying more than three
moles of phosphate per mole of rhodopsin [33] in native disc membranes, as described [36,
37]. Arrestin-3 (3 μg) was pre-mixed with unphosphorylated rhodopsin (Rh, 5 μg),
phosphorylated rhodopsin (P-Rh, 5 μg), or binding buffer (50 mM HEPES-Na, pH 7.3, 150
mM NaCl) in a final volume of 50 μl in the dark. Rhodopsin was activated by bright light
for 10 min at 30°C. The samples were immediately placed into centrifuge filters (Millipore,
Durapore-PVDF 0.65 μm; catalogue # UFC30DV00) and spun at 2,500 x g for 20 s to
separate the supernatants from the rhodopsin-containing membranes. Rhodopsin-containing
membranes were washed with 300 μl binding buffer three times. 30 μl SDS sample buffer
was added to dissolve the membranes. The proteins were resolved using 10% SDS-PAGE
and stained by Coomassie blue. The binding of JNK3α2 to rhodopsin-bound arrestin-3 was
also measured by a modified spin-down assay. The solutions containing 3 μg of arrestin-3
with purified JNK3α2 (1 or 3 μg) were pre-mixed with phosphorylated rhodopsin in the
dark, with the same amounts of JNK3α2 mixed with rhodopsin in the absence of arrestin-3
serving as negative controls. After light activation of rhodopsin for 10 min at 30°C, the
samples were immediately transferred to the centrifuge filters. Rhodopsin-containing
membranes were separated from the supernatant by centrifugation (2,500 x g, 20 s) and
washed with 300 μl of binding buffer three times. Rhodopsin-bound arrestin-3 was eluted
from membranes with the elution buffer (2 M NaCl, 50 mM HEPES, pH 7.3) after
incubation for 2 h at 4°C. JNK3α2 in the eluate was detected by Western blot. Membrane
pellets were dissolved in 30 μl SDS sample buffer. The proteins in eluates and membrane
samples were resolved using 10% SDS-PAGE and stained by Coomassie blue.

His-tag pull-down
Identification of arrestin-3 fragments capable of binding JNK3α2 was performed by His-tag
pull-down with JNK3α2-His immobilized on Ni-NTA agarose resin, 50 μl of purified
JNK3α2-His (5 μg) were incubated with 25 μl Ni-NTA resin (50% slurry) in binding buffer
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(50 mM HEPES-Na, pH 7.3, 150 mM NaCl, 50 mM imidazole) at 4°C with gentle rotation
for 2 h. The final mixtures contained 0.6 μM JNK3α2-His; the final concentrations of MBP-
fusions (5 μg) were: 0.6–0.67 μM of MBP-T1-T7, 0.48 μM of MBP-A3N, 0.43 μM of
MBP-A3C, and 0.34 μM of MBP-A3. The suspensions were transferred to centrifuge filters
and washed three times with binding buffer. The proteins were eluted by the addition of 100
μl of elution buffer (250 mM imidazole, 50 mM HEPES-Na, pH 7.3, and 150 mM NaCl).
Eluates were analyzed by SDS PAGE and Western blotting.

MBP pull-down
MBP pull-down was also employed to identify arrestin-3 fragments that bind JNK3. MBP-
fusion proteins (5 μg in 100 μl) were immobilized on amylose resin (25 μl, 50% slurry,
NEB) by incubating at 4°C with gentle rotation for 2 h. The final mixtures contained 0.60
μM of JNK3α2-His; the final concentrations for MBP fusions were: 0.60~0.67 μM of MBP-
T1-7, 0.48 μM of MBP-A3N, 0.43 μM of MBP-A3C, and 0.34 μM of MBP-A3. Then 50 μl
of JNK3α2 (5 μg) were added and incubated at 4°C for 2 h. Each suspension was transferred
to centrifuge filters and washed three times with 50 mM HEPES-Na, pH 7.3, 150 mM NaCl.
The proteins were eluted by 100 μl of elution buffer (wash buffer containing 50 mM
maltose). Eluates were analyzed by SDS-PAGE and Western blotting.

Quantification and Statistical Analysis
The bands on the X-ray film were quantified using Quantity One software (Bio-Rad).
Repeated measures ANCOVA (StatView software, SAS Institute) was used for statistical
analysis of quantitative data; p < 0.05 was considered significant.

Results
JNK3α2 binds receptor-associated arrestin-3

Although arrestin-3 was originally shown to function as a receptor-regulated scaffold for
JNK3 activation [3], follow-up studies indicated that receptor stimulation is not obligatory
for this arrestin-3 function: over-expression of upstream kinases ASK1 [17, 23, 26], MKK4
or MKK7 [19] facilitates JNK3α2 activation without receptor stimulation, and an arrestin-3
mutant with a seven-residue deletion in the inter-domain hinge (Δ7), which severely
impedes receptor binding [38, 39], was shown to effectively promote JNK3 phosphorylation
in cells [17, 26]. Facilitation by purified arrestin-3 of MKK4/7-mediated JNK3α2
phosphorylation in vitro proved that free arrestin-3 can serve as a scaffold for MKK4/7-
JNK3α2 signaling modules [18, 19]. Receptor binding induces global conformational
change in arrestins [36, 40–43]. This rearrangement likely alters the set of exposed elements,
thereby affecting the association of non-receptor binding partners [12]. Previous studies
indicated that JNK3α2 comparably binds arrestins in different conformations mimicked by
mutations that make arrestins constitutively active (such as the triple alanine substitution in
the C-tail that forcibly detaches it from the body of the molecule, 3A [44–47]) or “frozen” in
the basal state (such as Δ7) [24, 26]. While ERK2 was shown to interact with receptor-
bound arrestins [37], the evidence that JNK3α2 can directly associate with receptor-bound
arrestin-3 was never reported.

To address this issue, we developed a direct spin-down assay using purified arrestin-3 bound
to active phosphorylated rhodopsin (P-Rh*) to pull-down JNK3α2. We first tested the
binding of arrestin-3 to P-Rh* under these conditions, with the same amount of
unphosphorylated active rhodopsin (Rh*) serving as a control. In full agreement with
previous studies [39, 45, 47], we found that P-Rh* binds the majority of arrestin-3, whereas
Rh* demonstrated a much lower binding (Fig. 1A). These results proved that pelleted
arrestin-3 was specifically bound to P-Rh*, rather than non-specifically associated with the
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membranes. To evaluate JNK3α2 binding to receptor-associated arrestin-3, we mixed
purified P-Rh*, arrestin-3, and JNK3α2, pelleted the membranes after brief incubation
sufficient for the binding of the majority of arrestin-3 (Fig. 1A), and then eluted receptor-
bound arrestin-3 along with associated proteins using high-salt buffer (20 mM Tris, pH 7.5,
2 M NaCl). JNK3α2 in these samples was detected by Western blot (Fig. 1B). We found
that high salt elutes bound arrestin [48, 49], that P-Rh*-associated arrestin-3 recruits
JNK3α2, whereas no JNK3α2 was detected in samples where arrestin-3 was omitted (Fig.
1B).

To confirm JNK3 interaction with arrestin-3 associated with non-visual receptors, we used
two complementary approaches. First, we used in cell BRET-based interaction assay
between Renilla luciferase-tagged angiotensin II receptor type I (AT1R) and N-terminally
Venus-tagged JNK3α2 in the presence of varying amounts of expressed arrestin-3 (Fig. 2).
Free arrestin-3 was shown to directly bind JNK3α2 by several methods [18–20, 26]. Upon
agonist activation AT1R was shown to bind arrestin-3 with high affinity [50]. Therefore, if
receptor-bound arrestin-3 retains the ability to associate with JNK3α2, we expected it to co-
recruit JNK3α2 to agonist-activated AT1R, which would result in energy transfer from
receptor-attached RLuc to JNK3α2-attached Venus (Fig. 2A). The net BRET (increase in
BRET signal upon angiotensin II addition) in cells that were co-transfected with varying
amounts of bovine arrestin-3 was measured at 10-min time-point intervals (Fig. 2B). Net
BRET after 10 min yielded a modest increase in this value. However, 20 min or longer
exposure to the agonist produced significantly higher net BRET values (Fig. 2B).
Importantly, the increase in net BRET peaked at modest arrestin-3 expression (Fig. 2B, C)
and decreased at higher arrestin-3 levels. This biphasic dependence of signal on arrestin-3
concentration is consistent with arrestin-3 serving as a scaffold bringing AT1R and JNK3α2
together: the excess of the scaffold promotes the formation of incomplete complexes
containing only one of the partners, as was predicted by mathematical modeling [51, 52] and
recently demonstrated experimentally [18–20]. Second, we confirmed that arrestin-3 brings
JNK3α2 into complex with AT1R by co-immunoprecipitation (Fig. 2E). To this end, we co-
expressed AT1R and JNK3α2 in the presence and absence of arrestin-3, and found that
JNK3α2 co-immunoprecipitates with AT1R only in the presence of arrestin-3 (Fig. 2E).

Thus, three independent lines of evidence, in vitro spin-down (Fig. 1), BRET in intact cells
(Fig. 2A–D), and co-immunoprecipitation (Fig. 2E) invariably show that receptor-bound
arrestin-3 retains the ability to interact with JNK3α2. Importantly, the same results were
obtained using model receptor P-Rh* with purified proteins (Fig. 1) and AT1R in intact cells
(Fig. 2). To the best of our knowledge, this is the first direct experimental evidence that the
receptor-arrestin-3 complex binds JNK3α2. These data show that JNK3α2 interacts with the
non-receptor-binding side of arrestin-3.

Arrestin-3 interacts with JNK3α2 via multiple sites
Arrestin-3 is believed to facilitate phosphorylation of JNK3α2 via simultaneous binding of
each kinase in the ASK1-MKK4-JNK3α2 cascade [17, 22]. Structurally, arrestin-3 is an
elongated molecule consisting of the N- and C-domains (Fig. 3A) [31], with the overall fold
very similar to that of other arrestin subtypes [53–57]. Numerous studies by many groups
using a variety of methods demonstrated that GPCRs engage the concave sides of the two
arrestin domains [34–36, 41, 43, 58–67]. Thus, in the receptor-bound arrestin-3 the concave
sides of both domains were occupied by receptor. The fact that JNK3α2 interacts with the
receptor-bound arrestin-3 suggests that JNK3α2 binds to the non-receptor-binding surface of
arrestin-3 (Fig. 3B). Based on these considerations and direct evidence that JNK3α2 indeed
associates with receptor-bound arrestin-3 (Figs. 1,2), to identify arrestin-3 elements that
mediate its interaction with JNK3α2, we constructed a series of MBP-fusion proteins
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containing peptides exposed on the non-receptor-binding side of arrestin-3 (Fig. 3). Eight
arrestin-3 fragments were selected based on their location and secondary structure (Fig. 3A,
B). Collectively these arrestin-3 fragments, varying from 14 to 64 residues (Fig. 3C), cover
the surface of arrestin-3 that is not occupied by the receptor. Separated N- and C-domains of
arrestin-3 were reported to co-immunoprecipitate with JNK3α2 from co-expressing cells
[17]. However, immunoprecipitation was performed from total cell lysates, where dozens of
arrestin-3 and/or JNK3α2 binding partners could have mediated the association between
individual arrestin-3 domains and JNK3α2. Therefore, we also constructed and purified
MBP-fusions containing individual N- and C-domains of arrestin-3 (MBP-A3N and MBP-
A3C) to evaluate their interactions with JNK3α2 using purified proteins. The purity of
MBP-fusion proteins generated is shown in Fig. 3D.

To map the JNK3α2 binding sites on arrestin-3, we first performed a His-tag pull-down by
testing which MBP-fusions bind to immobilized JNK3α2-His (Fig. 4A). The same amounts
of MBP and MBP-arrestin-3 proteins were used as negative and positive controls,
respectively. No non-specific binding of MBP itself was observed, and the specific
interaction between JNK3α2 and MBP-arrestin-3 was readily detected, as expected. In
agreement with a previous report [17], both N- and C- domains of arrestin-3 were retained
by JNK3α2 (Fig. 4A), suggesting that JNK3α2 engages more than one site, and that these
sites are localized on both domains. In addition, three arrestin-3 fragments were also
retained by JNK3α2: T1 from the N-domain and T3 and T6 from the C-domain (Fig. 4A).
MBP-T1 demonstrated the strongest binding, and no other N-domain element (T2A, T2B)
was retained by immobilized JNK3α2. Thus, the T1 fragment representing the first 52
residues is the primary JNK3α2 binding site in the N-domain. Even though both domains
demonstrated similar binding to JNK3α2, no individual fragment from the C-domain
interacted with JNK3α2 as strongly as T1 (Fig. 4A). Instead, two elements (T3 and T6)
demonstrated modest JNK3α2 binding. Thus, JNK3α2 binding site on the C-domain likely
consists of separate parts, in contrast to the compact site on the N-domain. Out of the two C-
domain elements contributing to JNK3α2 interaction, T6 demonstrated stronger binding
than T3 (Fig. 4A).

To further confirm these observations, we also performed the reverse pull-down assay, using
immobilized MBP proteins to trap JNK3α2. As shown in Fig. 4B, the results of the MBP
pull-down were in full agreement with the His-tag pull-down assay. JNK3α2 bound MBP-
arrestin-3 and both separated domains, as expected. JNK3α2 was also retained by T1, T3,
and T6, with MBP-T1 showing the strongest binding (Fig. 4B). Thus, direct pull-down with
purified proteins performed both ways identified the same three JNK3α2 binding sites on
the non-receptor side of arrestin-3.

The first 25 residues are the primary JNK3α2 binding site in the N-domain
The first 52 residues of arrestin-3 (T1) apparently serve as the primary JNK3α2 binding site
in the N-domain (Fig. 4). Interestingly, this region was previously reported as the binding
site for the upstream kinase ASK1 (kinase domain) by a scanning peptide array approach
[68]. The β-strand I within the T1 fragment is an essential part of the three-element
interaction involving β-strand I, α-helix I, and the C-tail, which was shown to hold all
arrestins in their basal conformation [31, 54, 55, 57]. The disruption of this interaction by
targeted mutations greatly increases the conformational flexibility of arrestins [46] and their
binding to all forms of their cognate receptors, including unpreferred active
unphosphorylated and inactive phosphorylated [34, 35, 44, 45, 47, 69–72]. In both His-tag
and MBP pull-down assays, MBP-T1 demonstrated the strongest binding among all
fragments tested (Fig. 4A, B). To further identify the JNK3α2 binding elements in this
region, we constructed three new MBP-fusions containing parts of the T1 peptide: MBP-
T1A (residues 1–25), MBP-T1B (26–52) and MBP-T1C (16–45) (Fig. 5A). The interaction
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of these fragments with JNK3α2 was analyzed using His-tag pull-down. Both MBP-T1A
and MBP-T1C interacted with JNK3α2, whereas MBP-T1B did not bind JNK3α2.
Quantification revealed that the amounts of MBP-T1A and MBP-T1C retained by the same
amount of JNK3α2 were ~85% and ~10% of that of MBP-T1, respectively (Fig. 5C). Thus,
a part of the T1 representing the first 25 residues of arrestin-3 (T1A) constitutes the primary
JNK3α2 binding site in the N-domain of arrestin-3.

T1A and T6 peptides compete with arrestin-3 for JNK3α2
It is possible that short peptides fused to MBP do not fold into the same conformation as in
full-length arrestin-3, and therefore can interact with other proteins non-specifically.
Therefore, to ascertain the specificity of observed interactions, it is necessary to test whether
identified elements, T1A, T3, and T6, mediate JNK3α2 binding in properly folded full-
length arrestin-3. To this end, we performed a competition pull-down to determine whether
these individual peptides compete with full-length arrestin-3 for JNK3α2 (Fig. 6). Both
MBP-T1A and MBP-T6 demonstrated dose-dependent inhibition of arrestin-3 binding to
JNK3α2. No inhibition was observed in the case of MBP-T3 at the concentrations tested, up
to 30 μg per assay (Fig. 6), in agreement with the weakest binding of this peptide to JNK3α2
(Fig. 4). In this assay, 10 μg of MBP-T1A more significantly inhibited arrestin3-JNK3α2
interaction than 20 μg of MBP-T6. The efficiency of inhibition by individual peptides in this
paradigm was in full agreement with their ability to bind JNK3α2 directly measured in
earlier pull-down assays (Figs. 4,5). MBP-T1A that demonstrated the strongest binding (Fig.
5) was found to be the most effective inhibitor (Fig. 6). Thus, both arrestin-3 peptides that
showed stronger binding to JNK3α2 were found to significantly inhibit the interaction
between arrestin-3 and JNK3α2. This competition demonstrates that in properly folded full-
length arrestin-3 JNK3α2 engages the elements represented by the identified T1A and T6
peptides, whereas unambiguous conclusions regarding the role of T3 peptide in the
interaction cannot be made.

Discussion
Arrestins provide versatile signaling platforms and regulate multiple cellular functions
because of their ability to bind dozens of diverse partners [21, 73]. The two ubiquitously
expressed non-visual arrestins, arrestin-2 and -3 [11, 74, 75] apparently interact with
hundreds of GPCRs [76] and numerous non-receptor signaling proteins [10]. In a recent
proteomic analysis 71 proteins were reported to bind arrestin-2, 162 proteins bound
arrestin-3, and 102 proteins interacted with both non-visual arrestins [10]. Interestingly,
some partners prefer receptor-bound arrestin conformation (e.g., ERK1/2 [37], clathrin [77,
78], E3 ubiquitin ligase AIP4 [79]), others preferentially bind arrestins in their basal state
(e.g., E3 ubiquitin ligases Mdm2 and parkin [9, 24], as well as Ca2+-liganded calmodulin
[80]), whereas some, like JNK3α2, do not show an obvious preference [24]. The scaffolding
functions of arrestins for MAPK cascades were discovered less than 15 years ago [3, 4].
Arrestins were reported to facilitate the activation of the three main subfamilies of MAP
kinases: JNK [3], ERK [4], and p38 [5]. To facilitate the activation of MAPK, arrestin needs
to bind MAPK and its upstream kinases MAPKK and MAPKKK. Precise identification of
the binding sites of non-receptor partners on arrestins would provide critical mechanistic
insights and enable the construction of designer arrestins with desired signaling bias [21,
22]. Unfortunately, out of hundreds of potential non-receptor interaction partners of arrestins
[10], binding sites for very few were mapped with any precision: those for clathrin [77, 81],
AP2 [77, 82, 83], microtubules [39, 84], calmodulin [80], PDE4 [85], MEK1 [86], ASK1
and MKK4 [68]. Site identification would be particularly important in exploring the
interactions between arrestins and MAP kinases, because to promote signaling arrestins need
to assemble very specific combinations of MAPK, MAPKK and MAPKKK. It is not clear

Zhan et al. Page 8

Cell Signal. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



how simultaneous association of mismatched kinases that would yield unproductive
complexes is prevented. The first step towards answering these questions must be precise
identification of kinase-binding elements on arrestins.

Although arrestin-3 was originally proposed to act as a receptor-regulated scaffold for
JNK3α2 activation [3], follow-up studies indicated that free arrestin-3 is capable of
performing this function [17–19, 23, 25, 26]. Cell-based nuclear exclusion assay showed
that JNK3 comparably binds arrestin-3 in different conformations: basal, constitutively “pre-
activated” form (3A mutant) and Δ7 mutant frozen in the basal state [24]. However, in
contrast to the interaction between free arrestin-3 and JNK3α2, which has been extensively
studied using a battery of cell-based, biochemical, and biophysical methods, including co-IP
[3, 17, 20, 25, 26], nuclear exclusion [24], direct pull-down with purified proteins, and
FRET [18–20], the effect of receptor binding on arrestin-3 association with JNK3α2 has
never been directly evaluated. The idea that receptor-bound arrestin-3 can associate with
JNK3α2 remained no more than a plausible, but unsubstantiated hypothesis [3, 12]. Here we
employed three different approaches to test whether receptor-bound arrestin-3 retains the
ability to bind JNK3α2. First, using purified proteins, we demonstrated that JNK3α2
directly binds the rhodopsin-arrestin-3 complex, but not free rhodopsin (Fig. 1). Second, we
showed that optimal arrestin-3 expression levels promote JNK3α2 association with AT1R in
intact cells upon agonist stimulation (Fig 2A–D). Finally, we found that JNK3α2 co-
immunoprecipitation with AT1R is strictly dependent on the co-expression of arrestin-3
(Fig. 2E). These data represent the most unambiguous evidence reported thus far, that
receptor-associated arrestin-3 binds JNK3α2. These results also clearly show that JNK3α2
interacts with the non-receptor-binding side of arrestin-3, as was previously hypothesized
[12].

Numerous lines of evidence suggest that receptor-induced conformational change in
arrestins involves the movement of the two domains relative to each other [36, 38, 39, 43,
87, 88]. Therefore, it would seem natural for proteins sensitive to arrestin conformation to
engage both arrestin domains, as has been shown for cRaf1 and ERK2 [17]. This prediction
cannot be made in case of JNK3α2, which comparably binds arrestins in different
conformations [24]. Therefore, in search of JNK3α2 binding site we scanned the convex
non-receptor-binding surface of both domains (Fig. 3). MBP fusion peptides were
previously used for generating peptide inhibitors and substrates [89] and for identification of
elements with high binding affinity for rhodopsin [90]. We employed this strategy by
generating MBP-fusion proteins containing a series of arrestin-3 peptides. To minimize the
probability of misfolding, we selected fragments in such a way as not to interrupt stretches
of secondary structure (Fig. 3). Because all peptides were fused to the same protein, MBP,
we were able to compare the relative binding of these peptides to JNK3α2 in a semi-
quantitative pull-down assay (Figs. 4, 5). Since all assays were carried out in vitro with pure
proteins, we could exclude the participation of and/or any interference from other proteins,
which is always a possibility in case of co-immunoprecipitation from cell lysates, which
contain hundreds of different proteins. The two arrestin domains are independent folding
units, which retain certain functions [9, 17, 48, 59, 60, 91, 92]. Therefore, for comparison
we also generated MBP fusions containing full-length arrestin-3 and its separated N- and C-
domains. Our results confirmed previous observations that individual domains of arrestin-3
bound JNK3α2 with comparable affinity. We also identified three JNK3α2 binding
peptides, T1 (narrowed to T1A) from the N-domain, as well as T3 and T6 from the C-
domain (Figs. 4, 5). T1A contains the first 25 residues of arrestin-3 and appears to serve as
the primary JNK3α2 binding site on the N-domain, while the binding site on the C-domain
consists of at least two elements, T3 and T6, both of which demonstrated much lower
affinity for JNK3α2 than T1A (Figs. 4–6).
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Since the accessibility of a separated peptide is usually much greater than of the same
sequence incorporated in a protein, it was important to ascertain that the elements identified
by pull-down assays are actually engaged by JNK3α2 in the full-length arrestin-3. If this
were the case, the peptides would be expected to compete with arrestin-3 for JNK3α2.
Indeed, we found that both T1A and T6 peptides inhibited the interaction between full-
length arrestin-3 and JNK3α2 in a dose-dependent manner (Fig. 6), which is consistent with
direct competition. The inhibition by T3 was not observed under the conditions tested,
which could be due to very low affinity of T3 for JNK3α2 (Fig. 4).

The two non-visual arrestins are highly homologous [74, 75], yet in contrast to arrestin-3,
arrestin-2 does not promote JNK3α2 activation in cells [3, 17, 23]. To identify arrestin-3-
specific residues responsible for the ability to facilitate JNK3α2 activation, in a previous
study arrestin-3 residues were replaced with homologous residues of arrestin-2 [25]. As
expected, several substitutions significantly reduced arrestin-3-dependent JNK3α2
phosphorylation in cells [25]. Interestingly, all of the residues identified as critical for
JNK3α2 activation were localized in the C-domain: Val-343 was found to be the key
contributor to this function, whereas Leu-278, Ser-280, His-350, Asp-351, His-352, and
Ile-353 played supporting role [25]. These residues are contained in the T5 and T7 peptides,
neither of which demonstrated detectable JNK3α2 binding (Figs. 3,4). These data suggest
that, as far as JNK3α2 activation is concerned, critical differences between arrestin-2 and -3
lie not in their interactions with JNK3α2, but either in the binding of the upstream kinases,
or in the relative orientation of the three kinases in the complex. The fact that arrestin-3
mutants with very different ability to facilitate JNK3α2 activation tested in two recent
studies [25, 26] showed comparable binding to ASK1, MKK4, and JNK3α2 suggests that
relative orientation plays more important role that binding affinity.

JNK3 is a neuron-specific isoform of JNKs, which has been implicated in neurodegenerative
diseases, such as Parkinson’s [93], Alzheimer’s [94, 95] and Huntington’s [96]. These
studies suggest that regulation of JNK3 activity could be a promising therapeutic
intervention for neurodegenerative diseases. Previously, several arrestin-3 mutants were
described that bind JNK3α2 and its upstream kinases (MKK4 and ASK1) at least as well as
wild-type arrestin-3 but fail to facilitate the activation of JNK3 [25, 26]. These observations
led to the construction of a silent scaffold: arrestin-3 KNC mutant that demonstrated a
stronger binding to JNK3 than WT, retained normal MKK4 and ASK1 binding, but
suppressed JNK3 activity by sequestering JNK3 and its upstream kinases away from
productive scaffolds [26]. Engineering of molecular tools of this type creates new methods
for precise regulation of JNK3 activity [21, 22]. As key regulators of JNK signaling,
scaffold proteins modulate spatial and temporal activation of JNK, and their re-engineered
versions can serve as more specific inhibitors than small molecules. Compared to the
ubiquitously expressed JNK1 and JNK2, the neuron-specific JNK3 is a “safer” therapeutic
target. The most successful strategy to design JNK3-specific inhibitors is by targeting its
scaffold proteins, such as JIP [97]. Arrestin-3-derived JNK3-binding peptides identified here
have potential to become novel tools to target and specifically manipulate JNK3 activation
via arrestin-3 and other scaffolds.

To regulate the activity of dozens of fairly diverse partners, arrestin has to make “decisions”
to selectively bind the right proteins at the right time. These decisions can be affected by the
cellular location, conformation, local concentration of arrestins and their binding partners, as
well as other factors. In particular, binding-induced conformational changes in arrestin can
play a decisive role in arrestin-mediated assembly of distinct signaling complexes in various
physiological conditions [12]. The crystal structures of the basal conformation of all four
mammalian arrestin subtypes revealed a remarkably similar fold, particularly in the core of
both domains [31, 53–57]. Several recent studies attempted to determine receptor-bound
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“active” conformation of arrestins using various methods, including NMR [43], EPR [36],
and crystallization [87, 88]. Even though each of these approaches has obvious caveats, such
as the lack of atomic resolution in biophysical studies of arrestin complexes with real
receptor [36, 43], and the absence of real receptor in reported structures of “active” arrestins
[87, 88], collectively these studies proved very informative. Not surprisingly, every study
detected significant conformational rearrangements in arrestins. EPR allowed to document
the movement of several flexible loops on the receptor-binding side of the molecule [36],
some of which were predicted, while others turned out to be quite unexpected. NMR
revealed the engagement of distinct arrestin elements by different functional forms of the
receptor (which was predicted earlier based on mutagenesis and EPR data [41, 48, 60–62]),
and global increase in arrestin flexibility upon the binding to active phosphorylated receptor
[43]. Overall “loosening up” of the arrestin structure upon receptor binding was never
predicted, although it makes sense biologically: receptor-bound arrestin is expected to
interact with numerous signaling proteins, and in many cases unstructured elements mediate
protein-protein interactions via coupled binding and folding mechanism [98, 99]. It was
suggested that a global conformational change in arrestins induced by receptor binding [40,
48] includes the movement of the two domains relative to each other [100]. This idea was
supported by the finding that the deletions in the extended inter-domain hinge impair
receptor binding of all arrestins [38, 39]. However, the analysis of the conformation of
receptor-bound arrestin by measuring distances between pairs of sites within the molecule
[36] did not support the model of clam-like movement of the two domains (Fig. 1A) that
would grab the receptor like a pincer. Two recent structures, one of truncated form of
arrestin-2 (that was shown to be constitutively active previously [47]) associated with multi-
phosphorylated C-terminus of vasopressin V2 receptor [88], and the other of short arrestin-1
splice variant p44 also lacking the C-tail [87] are remarkably similar. Both suggest an
alternative conformational rearrangement: twisting of the two domains relative to each other
by 20–21°. Both structures also showed large movement of the “139 loop” in the central
crest of the receptor-binding surface, away from the “finger loop” implicated in receptor
binding [41, 66, 101, 102], which was earlier discovered in the EPR study [36] and
confirmed by mutagenesis [34]. Because of the absence of the receptor in these structures,
we cannot be sure how much the domains actually twist when arrestins bind GPCRs.
However, domain rotation nicely explains the hinge deletion results [38, 39] that the EPR
study left unexplained [36]. Interestingly, this type of domain movement was proposed as
possible due to “slippery” hydrophobic nature of the inter-domain interface [2] and
suggested as the most likely [103] in 2006. The latter study even estimated the extent of
domain rotation at ~20 ° based on molecular modeling and the length of the hinge in WT
arrestins [103].

To gain an insight into the mechanism of JNK3 binding, we aligned the crystal structures of
the basal conformation of arrestin-3 [31] and arrestin-2 [54] with a recent structure of a
presumably “active” arrestin-2 [88] and compared the conformation of the three peptides,
T1A, T3 and T6, identified as JNK3-binding elements (Fig 7). The folding of the key site,
T1A, is remarkably similar in all three structures, whereas the conformations of T3 and T6
show slight differences (Fig. 7). This is consistent with previous observations that JNK3α2
binds both non-visual arrestins with similar affinities [18, 24] and JNK3α2 interaction is not
particularly sensitive to arrestin conformation [24, 91]. Interestingly, the rotation of the two
domains alters the relative positions of all three regions (Fig. 7A, B), suggesting that
arrestin-3 binding to the receptor might change its affinity for JNK3α2. Although previously
we demonstrated direct binding of JNK3α2 to free arrestin-3 in its basal conformation [18,
19] and here showed that JNK3α2 binds the arrestin3-receptor complex (Figs. 1,2), we
could not compare JNK3α2 binding affinity in these two situations. To quantitatively
evaluate the effect of receptor on the arrestin-3-JNK3α2 interaction, the affinity of this
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binding needs to be measured, and the efficiency of scaffolding of ASK1-MKK4/7-JNK3α2
signaling cascade in the presence and absence of GPCRs must be quantitatively determined.

Our data with JNK3α2 (Fig. 4–6) support previously proposed model where each kinase in
the ASK1-MKK4/7-JNK3 and c-Raf1-MEK1-ERK2 cascades binds both arrestin domains
[17]. This is likely a universal mechanism of arrestin-mediated scaffolding of MAPK
cascades, but it still does not explain how arrestins avoid assembling mismatched
combinations of MAP kinases. One possibility is that the binding of one kinase significantly
alters the recruitment of another. Indeed, the binding of ASK1 and JNK3 was shown to
enhance MKK4 association with arrestin [3, 17]. We recently found that JNK3 binding to
arrestin-3 differentially modulates the recruitment of the two upstream MAPKKs, MKK4
and MKK7, enhancing the binding of MKK4 while reducing that of MKK7 [19]. Although
these results were obtained with kinases from the same module, the data suggest that
interdependence of the binding of different partners likely contributes to the assembly of
productive signaling complexes containing matching kinases.

Precise mapping of arrestin elements mediating its interactions with individual partners
paves the way to the construction of arrestins where these interactions are selectively
disabled or enhanced. These tools can be used for channeling cell signaling in the desired
direction.

Conclusions
• Receptor-bound arrestin-3 interacts with JNK3α2

• JNK3α2 engages both domains of arrestin-3

• The first 25 residues in the N-domain contain the key JNK3α2 docking site

• JNK3α2 likely binds to more than one site on the C-domain

• The MBP fusions of arrestin-3 peptides are useful tools for the identification of the
binding sites of other non-receptor partners
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Abbreviations

GPCR G protein-coupled receptor

JNK c-Jun NH2-terminal protein kinase

MAPK mitogen-activated protein kinase

MKK or MAPKK MAP kinase kinase

MAPKKK MAP kinase kinase kinase

ASK1 Apoptosis signal-regulating kinase 1, a. k. a. mitogen-activated
protein kinase kinase kinase 5 (MAP3K5)

MBP maltose binding protein

WT wild type

Rh* light-activated unphosphorylated rhodopsin
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P-Rh* light-activated phosphorylated rhodopsin
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Highlights

• Receptor-associated arrestin-3 binds JNK3α2

• JNK3α2 interacts with both domains of arrestin-3

• The first 25 residues of arrestin-3 contain the key JNK3α2 binding site

• Distinct arrestin-3 elements mediate binding and activation of JNK3α2
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Fig. 1. Rhodopsin-associated arrestin-3 binds JNK3α2
A. Coomassie-stained SDS-PAGE gels showing purified arrestin-3 in supernatant (upper
panel) or pellet (lower panel) upon incubation without (−) or with (+) light-activated
unphosphorylated Rh* or P-Rh*. B. Upper panel, Coomassie-stained SDS-PAGE gel
showing arrestin-3 eluted by 2 M NaCl, 50 mM HEPES, pH 7.3; middle panel, Western blot
of JNK3α2 in the eluate; lower panel, Coomassie-stained SDS-PAGE gel showing P-Rh* in
the pellet. Note that JNK3α2 does not bind P-Rh* in the absence of arrestin-3. C. A
schematic of the experiment designed to detect direct interaction between P-Rh*-bound
arrestin-3 (A3) and JNK3α2 (JNK3). Two-dimensional schematic of rhodopsin with seven
trans-membrane helices and three phosphates (P) on the C-terminus is shown.
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Fig. 2. Receptor-bound arrestin-3 retains the ability to bind JNK3α2
A. BRET assay to evaluate the ability of arrestin-3 associated with AT1R to bind JNK3α2.
AT1R was tagged with Renilla luciferase 8 (RLuc) at the C-terminus, JNK3α2 was tagged
at the N-terminus with Venus (VE-JNK3), and these proteins were co-expressed with
arrestin-3 in COS-7 cells. B. Net BRET (agonist-induced increase in BRET signal between
AT1R-RLuc8 and VE-JNK3) was determined at 10 min (filled triangles; dotted line), 20 min
(open circles; dashed line), and 30 min (filled circles; solid line) after angiotensin II
stimulation. Net BRET is the difference between BRET ratios in the presence and absence
of 1 μM angiotensin II. Means ± SEM of a typical experiment out of three performed with
eight replicates in each. C. Western blots showing the expression of VE-JNK3 and
progressively increased expression of arrestin-3 as a function of the amounts of arrestin-3
encoding plasmid. D. The expression of AT1R-RLuc8 is shown as peak luminescence at 460
nm. E. HEK-293A cells were transfected with HA-AT1R-RLuc, Flag-JNK3α2 and GRK2
with or without arrestin-3. Cell lysates (10 μg total protein) were analyzed by Western blot
using indicated antibodies. HA-tagged AT1R-Rluc8 was immunoprecipitated (IP) by an
anti-HA antibody from cell lysates. The immunoprecipitate was analyzed by Western blot
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using anti-HA, arrestin-3 (Arr-3), or JNK3 antibodies. AT1R was only detected in the
immunoprecipitated samples because of its low expression.
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Fig. 3. Design and purification of maltose binding protein (MBP)-fusion proteins containing
arrestin-3 elements
A, B. Side view (A) and view from non-receptor-binding side (B) of the basal conformation
of arrestin-3 (PDB: 3P2D; [31]) with the eight arrestin-3 peptide fragments used here shown
in different colors. C. The schematic of the MBP-fusion proteins containing arrestin-3
peptide fragments. D. Coomassie-stained SDS-PAGE gel showing the purity of MBP-fusion
proteins (1 μg of each protein was loaded). Molecular weights of the MBP fusion proteins
were: MBP (with linker and additional residues), 44.7 kDa; MBP-T1, 49.4 kDa; MBP-T2A,
46.2 kDa; MBP-T2B, 45,3 kDA; MBP-T3, 47.6 kDa; MBP-T4, 45,9 kDa; MBP-T5, 46.1
kDa; MBP-T6, 45.6 kDa; MBP-T7, 51.0 kDa; MBP-A3N, 63.0 kDa; MBP-A3C, 70.3 kDa;
MBP-A3, 89,6 kDa. The same color-coding is used in panels A–D.
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Fig. 4. Multiple binding sites in both domains mediate JNK3α2 interaction with arrestin-3
A. Identification of the JNK3α2 binding sites on arrestin-3 by His-tag pull-down. Upper
panel, Coomassie-stained SDS-PAGE gel showing the JNK3α2 retained by Ni-NTA
column; lower panel, Western blot of the MBP proteins in the eluates from the indicated
columns and bar graph showing the quantification of the Western blot. Means ± SD (n = 4)
of the relative intensity of bands are shown (*, p<0.05: **, p<0.01; ***, p<0.001, as
compared to MBP control). B. Identification of the JNK3α2 binding sites on arrestin-3 by
MBP pull-down. MBP and MBP-arrestin-3 fusion protein were used as negative and
positive controls, respectively. Upper panel, Coomassie-stained SDS-PAGE gel showing the
MBP proteins retained by amylose column; lower panel, Western blot of the JNK3α2 in the
eluates from the indicated columns and bar graph showing the quantification of the Western
blot. Means ± SD (n = 4) of the relative intensity of bands are shown (*, p<0.05: **, p<0.01;
***, p<0.001, as compared to MBP control).
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Fig. 5. The first 25 residues in the N-domain include the primary JNK3α2 binding site
A. The structures of three fragments within T1 peptide (based on PDB: 3P2D; [31]): T1A
(red) containing the first 25 residues, T1B (green) containing the next 27 residues, and T1C
(blue) including 26 residues overlapping with both T1A and T1B. B. The purity of the MBP
proteins used in the pull-down assay shown in C. The molecular weights of the fusion
proteins were: MBP (with linker and additional residues), 44.7 kDa; MBP-T1A, 46.2 kDa;
MBP-T1B, 46.8 kDa; MBP-T1C, 46.6 kDa; MBP-T1, 49.4 kDa. C. The binding of MBP-
T1A, T1B and T1C to JNK3α2 was measured by His-tag pull-down and compared with
same amount of MBP and MBP-T1, which served as negative and positive controls,
respectively. Upper panel, Coomassie-stained SDS-PAGE gel showing the JNK3α2 retained
by Ni-NTA column; lower panel, Western blot of MBP fusion proteins in the eluates from
the indicated columns and bar graph showing the quantification of the Western blot; means
± SD (n = 3) of the relative intensity of bands are shown (***, p<0.001, as compared to
MBP control).
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Fig. 6. T1A and T6 fragments significantly inhibit the interaction between arrestin-3 and
JNK3α2
A–C. The effects of MBP-T1A, T3 and T6 on the interaction of arrestin-3 with JNK3α2
were analyzed by His-tag pull-down. A. Arrestin-3/JNK3α2 interaction was decreased by
MBP-T1A. Upper panel, Coomassie-stained gel of input of prey proteins (arrestin-3 and
MBP-T1A); middle panel, Coomassie-stained gel of output of bait protein JNK3α2; lower
panel, Western blot of the JNK3α2 in the eluates from the indicated columns. B. MBP-T3
did not inhibit arrestin-3/JNK3α2 interaction. Upper panel, Coomassie-stained gel of input
of prey proteins (arrestin-3 and MBP-T3); middle panel, Coomassie-stained gel of output of
bait protein JNK3α2; lower panel, Western blot of the JNK3α2 in the eluates from the
indicated columns. C. Arrestin-3/JNK3α2 interaction was decreased by MBP-T6. Upper
panel, Coomassie-stained gel of input of prey proteins (arrestin-3 and MBP-T6); middle
panel, Coomassie-stained gel of output of bait protein JNK3α2; lower panel, Western blot of
the JNK3α2 in the eluates from the indicated columns and bar graph showing the
quantification of the Western blot; means ± SD (n = 3) of the relative intensity of bands are
shown (**, p<0.01, as compared to MBP control).
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Fig. 7. The localization of JNK3α2 binding sites on non-visual arrestins
A, B. Alignments of the crystal structures of the basal conformation of arrestin-3 (red)
(PDB: 3P2D; [31]) with basal (grey) (PDB: 1G4M; [54]) and “active” (blue) (PDB: 4JQI;
[88]) conformations of arrestin-2. Side view (A) and the view from non-receptor-binding
side (B) are shown. The positions and conformations of T1A, T3 and T6 peptides implicated
in JNK3α2 binding are shown.
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