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Background: JNK kinases play an important role in cell death and differentiation.
Results: Arrestin-3 mutant that binds ASK1, MKK4, and JNK3 normally without promoting JNK3 activation suppresses JNK3
activation in the cell.
Conclusion:Modified scaffolding proteins can be used to regulate MAP kinase activity in vivo.
Significance: Silent scaffolds are a novel type of molecular tool for manipulation of MAP kinase activity in cells.

We established a new in vivo arrestin-3-JNK3 interaction
assay based on bioluminescence resonance energy transfer
(BRET) between JNK3-luciferase and Venus-arrestins. We
tested the ability ofWTarrestin-3 and its 3Amutant that readily
binds �2-adrenergic receptors as well as two mutants impaired
in receptor binding, �7 and KNC, to directly bind JNK3 and to
promote JNK3 phosphorylation in cells. Both receptor binding-
deficient mutants interact with JNK3 significantly better than
WT and 3A arrestin-3. WT arrestin-3 and �7 mutant robustly
promoted JNK3 activation, whereas 3A and KNC mutants did
not. Thus, receptor binding, JNK3 interaction, and JNK3 activa-
tion are three distinct arrestin functions. We found that the
KNCmutant, which tightly binds ASK1,MKK4, and JNK3with-
out facilitating JNK3 phosphorylation, has a dominant-negative
effect, competitively decreasing JNK activation by WT arres-
tin-3. Thus, KNC is a silent scaffold, a novel type of molecular
tool for the suppression of MAPK signaling in living cells.

Arrestins bind active phosphorylated forms of their cognate
G protein-coupled receptors, shutting down G-protein activa-
tion and redirecting signaling to alternative pathways (1, 2).
Mammals have four arrestin subtypes, two ofwhich, arrestin-12
and -4, are expressed in photoreceptor cells. Non-visual arres-
tin-2 and -3 are expressed in virtually every cell in the body and
function as versatile regulators of cell signaling, interacting
with dozens of non-receptor partners, such asMAP3 kinases (3,

4). Typical MAP kinase cascades consist of three kinases that
successively phosphorylate and activate the downstream com-
ponent. In many cases the activation ofMAP kinase cascades is
controlled by the binding of all three kinases to a scaffolding
protein (5, 6). In response to G protein-coupled receptor acti-
vation, arrestins scaffold three main MAP kinase cascades,
facilitating the activation of JNK3 (7), ERK1/2 (8), and p38 (9).
The activity of JNK family kinases sends anti-proliferative,

often pro-apoptotic signals to the cell. JNK signaling was impli-
cated in many disorders and represents an inviting target for
therapeutic intervention (10). Arrestin-3 binds ASK1, MKK4,
and JNK3 and promotes JNK3 activation (7, 11–14). Interest-
ingly, all four mammalian arrestins bind these kinases (12,
15–17), but even highly homologous arrestin-2 does not facili-
tate JNK3 activation (11, 12). Thus, binding per se does not
necessarily translate into productive scaffolding, suggesting
that to facilitate signaling in this cascade, arrestin needs to hold
the kinases in an optimal orientation. Recently we identified
several arrestin-3mutants that bind ASK1,MKK4, and JNK3 at
least as well as wild type (WT) arrestin-3 but fail to facilitate
JNK3 phosphorylation in the cell (13). These findings suggest
the possibility of designing a “silent scaffold,” i.e. an arrestin
that binds the kinases well enough to compete with other scaf-
folds and holds them in an unproductive complex, thereby
decreasing JNK activity in the cell. Here we provide the first
demonstration that thismechanism ofMAPK regulationworks
in living cells. We show that an arrestin-3 mutant that tightly
binds upstream kinases and JNK3 without facilitating its phos-
phorylation acts in a dominant-negative fashion, competitively
decreasing JNK3 activation by an active scaffold, WT arres-
tin-3. Silent scaffold is a novel type of molecular tool for the
manipulation of MAPK signaling, which can be used for scien-
tific and therapeutic purposes.

EXPERIMENTAL PROCEDURES

Materials—All restriction and DNAmodifying enzymes (T4
DNA ligase, Vent�DNApolymerase, and calf intestine alkaline
phosphatase) were from New England Biolabs (Ipswich, MA).
Cell culture reagents and media were fromMediatech (Manas-
sas, VA) or Invitrogen. The luciferase substrate coelentera-
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zine-h was from DiscoveRx (Fremont, CA). All other reagents
were from Amresco (Solon, OH) or Sigma).
Cell Culture and Transient Transfection—COS-7 cells were

maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (Invitrogen), penicillin,
and streptomycin at 37 °C in a humidified incubator with 5%
CO2. The cells at 80–90% confluence were transfected using
Lipofectamine 2000 (Invitrogen) (3 �l per 1 �g of DNA). The
next day the cells were seeded onto 96-well plates for biolumi-
nescence resonance energy transfer (BRET)measurements and
onto 6-well plates for Western blot analysis.
Plasmids and Mutagenesis—The plasmids encoding arres-

tins N-terminal-tagged with Venus in a modified pcDNA3
(Invitrogen) (12) were constructed as described (18, 19). RLuc8
was fused in-frame with the triple HA-tagged human �2 adre-
nergic receptor (�2AR) (cDNA resource center) as described
(18). The coding sequence of the prevalent short splice variant
of bovine arrestin-3 (20)with orwithout aC-terminal FLAG tag
(15) was subcloned into pcDNA3 (21). Three arrestin-3
mutants were used: (a) 3A, a “constitutively active” form with a
triple alanine substitution (I386A,V387A,F388A) that detaches
the C-tail from the body of the molecule (22) with enhanced
binding to active phosphorylated and unphosphorylatedGpro-
tein-coupled receptors (23); (b) �7, with a seven-residue dele-
tion in the interdomain hinge that “freezes” arrestin-3 in the
basal conformation and impairs its ability to bind receptors (12,
24); (c) KNC, with 12 alanine substitutions of the key receptor
binding residues (K11A, K12A, L49A,D51A, R52A, L69A in the
N-domain and Y239A, D241A, C252A, P253A, D260A, Q262A
in the C-domain) that retains normal conformational flexibility
but does not bind receptors (18, 25). The coding sequences of
human JNK3�2 and its�Nmutant (lacking residues 2–39) that
does not bind arrestins (12) were amplified by PCR with the
addition of EcoRI and Sbf I sites and fused in-frame with the
C-terminal Renilla luciferase variant 8 (26). All constructs were
verified by dideoxy-sequencing.
Western Blotting, MAPK Activity, and Stimulation—For

JNK3�2 and ERK1/2 phosphorylation assays, 24 h after trans-
fection cells were serum-starved overnight and treated for 8
min at 37 °C with 10 �M �2AR agonist isoproterenol or 1 �M

ICI118551, an inverse agonist for G proteins and biased agonist
for arrestins (27). Cells werewashedwith PBS and solubilized in
lysis buffer containing protease (Completemini, RocheApplied
Science) and phosphatase (PhosSTOP, Roche Applied Science)
inhibitor cocktails as described (28). Protein was measured
using the Bio-Rad Coomassie Blue assay. The proteins were
resolved on 10% SDS-PAGE and transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA). Blots were
incubatedwith the primary antibodies (Cell Signaling Technol-
ogy, Inc) anti-phospho-JNK, anti-p44/42 phospho-ERK1/2,
anti-p44/42 ERK1/2, anti-HA (6E2) (1:1000 to 1:5000), and
GAPDH (Millipore) (1:500) followed by appropriate HRP-con-
jugated secondary antibodies. Arrestins were visualized with
F4C1 mouse monoclonal antibody (29) (1:10,000). Protein
bands were detected by enhanced chemiluminescence (ECL,
Pierce) and x-ray film.
BRETAssays; Arrestin-�2AR Interactions—COS-7 cells were

transfected in 60-mm dishes with 0–12 �g of Venus-arrestin

constructs along with 125 ng of �2AR-RLuc8 plasmid and
empty pcDNA3 to equalizeDNA.After 24 h cells were reseeded
at 100,000 to 200,000 cells per well onto white opaque 96-well
microplates (Nunc, Rochester, NY) for luminescence or black
opaque microplates (Nunc) for fluorescence measurements.
Forty-eight hours after transfection, the medium was replaced
with PBS with Ca2� andMg2� containing 0.01% glucose (w/v),
36 mg/liter sodium pyruvate, and 25 mM HEPES-Na, pH 7.2.
Coelenterazine-h (DiscoveRx, Fremont, CA) at 5�Mwas added
8 min after agonist (25 �M isoproterenol), and luminescence
wasmeasuredusing Synergy 4microplate reader (BioTek,Win-
ooski, VT). The light emitted by coelenterazine-h and Venus in
eachwell wasmeasured for 1 s through 460- and 535-nm filters.
The BRET ratio was calculated as the longwavelength emission
divided by the short wavelength emission. The expression of
Venus-arrestins was evaluated using fluorescence at 535 nm
upon excitation at 485 nm. Venus-arrestin fluorescence was
normalized by the luminescence from the �2AR-RLuc8 to
account for variations in cell number and expression. The
curves were fit to a sigmoid (BRET ratio) or hyperbola (net
BRET) using Prism Version 5.04 (GraphPad Software, San
Diego, CA).
Arrestin Interactions with JNK3�2—Venus-arrestin fusions

were co-expressedwith JNK3�2 fused at theC terminus toRluc
(JNK3�2-Rluc). Forty-eight hours after transfection 5�MCoel-
enterazine hwas added, and readings were collected by Synergy
4 microplate reader. The BRET signal was determined as the
ratio of the light emitted by theVenus-arrestin-3 (528–548nm)
over the light emitted by the JNK3�2-Rluc (460–500 nm). The
background signal detected with the �N-JNK3�2-Rluc
expressed at the same level as JNK3�2-Rluc was subtracted.
Immunofluorescence—COS-7 cells transfected with arres-

tins, HA-JNK3, and HA-ASK1 were seeded on Lab-Tek cham-
bered slides coated with poly-D-lysine (15�g/ml) and fibronec-
tin (20 �g/ml) in PBS, serum-starved overnight, washed with
PBS, fixed with 4% paraformaldehyde, permeabilized by PBS
with 0.2%TritonX-100, and blockedwith 3%BSA inPBS for 1 h
at room temperature. Venus-arrestin fluorescence was
observed directly. Phospho-JNK was detected by indirect
immunofluorescence using the phospho-JNK antibody that
recognizes all phosphorylated JNK isoforms (Cell Signaling
Technology, Inc.) followed by biotinylated anti-mouse IgG
(Vector Laboratories) and Alexa Fluor 568 secondary antibody
(Molecular Probes). Images were acquired on a Nikon
TE2000-E microscope.
Immunoprecipitation—Cells (60 mm plates) were lysed in

0.75 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 sodium
orthovanadate, 10 mM N-ethylmaleimide, 2 mM benzamidine,
and 1 mM PMSF) for 30–60 min at 4 °C. After centrifugation,
supernatants were precleared by 35 �l of protein G-agarose.
Supernatants (250 �g of total protein) were incubated with pri-
mary antibodies for 2 h then with 25 �l of protein G-agarose
beads for 2 h or overnight. The beads were washed 3 times with
1 ml of lysis buffer, and the proteins were eluted with 50 �l of
SDS sample buffer, boiled for 5 min, and analyzed by Western
blot (13).
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Quantification and Statistical Analysis—The bands on the
x-ray film were measured on VersaDoc and quantified using
QuantityOne software (Bio-Rad). Statistical significance of the
differences between groups was determined using one-way or
two-wayANOVA as appropriate followed by Bonferroni/Dunn
or Scheffe post hoc tests with correction for multiple compar-
isons. The details of the analysis of each dataset are given in the
figure legends.

RESULTS

Receptor Binding of Structurally Distinct Arrestin-3 Mutants—
The first report that arrestin-3 facilitates JNK3 activation
implied that this function is associated with the formation of
the arrestin-receptor complex (7). Subsequent studies showed
that free arrestin-3 and even the �7 mutant, which is impaired
in receptor binding (24), effectively promote JNK3 activation
(11–14). However, receptor binding of�7 arrestinmutants was
only characterized in vitro (24), whereas JNK3 activation was
measured in living cells (13, 30). Therefore, we used BRET
between luciferase-tagged �2AR andVenus-tagged arrestins to
compare the ability of several arrestin-3 mutants to bind the
receptor in the cellular context (Fig. 1).We recently found that,
in contrast to arrestin-2,WT arrestin-3 demonstrates relatively
high basal binding to �2AR and that this interaction is
enhanced when the receptor is stimulated with a saturating
concentration of the agonist isoproterenol (19, 25) (Fig. 1A).
The binding difference in the presence and absence of �2AR
agonist reaches a maximum at 15 min and then decreases (Fig.
1, A, B, I, and J). In the more flexible arrestin-3-3A (22) the
C-tail is detached by a triple alanine substitution of anchoring
hydrophobic residues (19) as in the receptor-bound state (32,
33). We confirmed that 3A mutant is even less sensitive to
receptor activation, demonstrating the same high binding to
active and inactive �2AR that WT arrestin-3 achieves upon
agonist stimulation at both time points (Fig. 1, C and D). A
seven-residue deletion in the interdomain hinge (�7 mutation)
in arrestin-1, -2, and -3 reduces in vitro receptor binding by
80–90% (24, 34). We found that in cells receptor binding of �7
is significantly lower than that of WT arrestin-3 or 3A mutant.
In this case the difference in binding to active and inactive
�2AR was time-dependent; that is, very low at 15 min but
increasing to a level comparable to that of WT arrestin-3 by 45
min (Fig. 1, E, F, I, and J). In the case of bothWT arrestin-3 and
�7 mutant agonist-induced increase of binding saturates at
both time points (Fig. 1, I and J). In contrast, KNC mutant, in
which 2 key phosphate-binding lysines (25, 35) and 10 residues
engaging other receptor elements (18, 25) are substituted with
alanines, does not appear to bind active or inactive �2AR at any
time point (Fig. 1, G and H). It yields a very low signal compa-
rable to that obtained with free Venus control (supplemental
Fig. S1), which apparently reflects nonspecific (usually termed
“bystander”) BRET. In contrast, all other forms of arrestin show
significantly higher BRET ratios than KNC. Thus, these four
forms of arrestin-3 cover a wide range of ability to bind �2AR;
3A shows virtually constitutive interaction, basal binding of
WT is enhanced by agonist activation, and �7 demonstrates
very low basal binding but still interacts with the active recep-
tor, whereas KNC does not bind the receptor at all (Fig. 1). The

binding at both time points that exceeds KNC is shown in Fig.
1K. Complex time-dependent changes in arrestin-receptor
interactions were detected in living cells using resonance
energy transfer-based methods by others (36). The time course
was interpreted as a reflection of multistep interaction: pre-
docking followed by binding-induced conformational changes
in arrestins (36, 37), with subsequent further changes induced
by arrestin interactions with the components of internalization
machinery, clathrin, and AP2 (38, 39). Our finding that confor-
mationally constrained �7 mutant shows the most dramatic
time dependence (Fig. 1) is consistent with this interpretation.
Biological Activity of Venus-tagged Arrestins and Luciferase-

tagged JNK3—Next,we compared the ability ofWTandmutant
arrestin-3 to facilitate JNK3 phosphorylation. To establish a
quantitative in vivo arrestin-3-JNK3 interaction assay, we
included the same forms of arrestin-3 N-terminal-tagged with
Venus, which worked very well in the BRET-based arrestin-
receptor interaction assay (18, 19, 25, 40, 41) (Fig. 1). As Venus-
tagged forms of arrestin-3 expressed more readily than FLAG-
tagged, in these experiments the expressionwas balanced at the
level of FLAG-tagged arrestins by using less plasmids encoding
Venus-tagged forms (Fig. 2, A and B). We confirmed previous
findings that both WT arrestin-3 and �7 mutant effectively
promote JNK3 phosphorylation (12, 13) and found that KNC
mutant expressed at the same level was ineffective (Fig. 2,A and
B). Very low expression levels of arrestin-3-3A -FLAG did not
allowus to compare it to the other FLAG-tagged forms of arres-
tin-3.N-terminal Venus increased the expression of all forms of
arrestin-3, including 3A mutant, which allowed functional
comparison of all four forms of arrestin-3 at higher expression
level (Fig. 2, C and D). Venus-tagged arrestins activate JNK at
least as efficiently as the corresponding forms with the C-ter-
minal FLAG tag (Fig. 2, A and B). Importantly, WT arrestin-3
and �7 mutant comparably activate JNK3 in both FLAG- and
Venus-tagged forms, whereas 3A and KNC are essentially inac-
tive (Fig. 2). Thus, the N-terminal Venus tag does not change
the relative ability of different forms of arrestin-3 to promote
JNK3 phosphorylation, which makes them adequate tools for
measuring biologically relevant interactions between arrestin-3
and its binding partners in vivo.
Because an in vivo interaction assay requires tagging of both

partners, next we tested whether JNK3�2 C-terminal-tagged
with luciferase (JNK3-Luc) can be activated in cells expressing
ASK1 and arrestin-3. We found that JNK3-Luc phosphoryla-
tion in the cell was arrestin-3-dependent, similar to HA-tagged
JNK3 (Fig. 2, E and F). Thus, neither N-terminal Venus tag on
arrestin-3 nor C-terminal luciferase tag on JNK3 significantly
affects their biologically relevant interaction in the cell that
results in JNK3 activation (Fig. 2). This makes these fusion pro-
teins appropriate tools for measuring arrestin-3 interactions
with JNK3 by BRET in living cells.
Mutations in Arrestin-3 Differentially Affect Its Interaction

with JNK3 in Living Cells—The major limitation of energy
transfer-based interaction assays in living cells is nonspecific
BRET or FRET (42, 43), which needs to be measured and sub-
tracted to determine specific signal. Although free fluorescent
proteins and/or luciferase can be used for this purpose, these
proteins are much smaller than their fusions with proteins of
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interest and, therefore, can diffuse faster. The best possible con-
trol in these cases is the same fusion protein with mutations
that preclude specific interaction. The deletion of 39 N-termi-

nal JNK3 residues (�N-JNK3) was shown to abolish its binding
to both non-visual arrestins (12, 44). Indeed, Venus-arrestin-3
demonstrates higher levels of BRET with JNK3-Luc than with

FIGURE 1. Receptor binding characteristics of arrestin-3 mutants. A–H, N-terminal Venus-tagged WT arrestin-3 (Arr3) (A and B), arrestin-3-3A (3A) (C and D),
arrestin-3-�7 (�7) (E and F), or arrestin-3-KNC (KNC) (G and H) were expressed with �2AR tagged with C-terminal Renilla luciferase variant 8 (�2AR-RLuc8). BRET
ratios in the presence of �-agonist isoproterenol ((�) Iso; filled symbols) or vehicle ((�) Iso; open symbols) as a function of the expression of indicated arrestins
are shown at 15 min (A, C, E, and G) and 45 min (B, D, F, and H) after the addition of luciferase substrate. The means � S.D. of six parallel measurements in a
representative experiment (of two to four performed for each form of arrestin-3) are shown. F/L, fluorescence/luminescence ratio, which reflects the expression
ratio of Venus-arrestins and �2AR-RLuc8. I and J, shown is net BRET (a difference between BRET ratios in the presence and absence of agonist) between WT or
�7 arrestin-3 and �2AR-RLuc8 at 15 min (I) and 45 min (J) after the addition of luciferase substrate. K, specific arrestin-receptor BRET is shown. The BRET signal
obtained with KNC mutant (which was not significantly different from that obtained with free Venus and, therefore, considered nonspecific; see supplemental
Fig. S1) was subtracted from BRET ratios obtained in the presence of isoproterenol with the indicated mutants at 15 and 45 min (means � S.D. of three
independent experiments). The data were analyzed by one-way ANOVA with protein as a main factor. **, p � 0.01, as compared with WT arrestin-3.
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�N-JNK3-Luc (Fig. 3A). Free luciferase, �N-JNK3-luc, and
Venus-tagged arrestin-3-�7 showed the same level of BRET
(Fig. 3B), suggesting that it is exclusively nonspecific. More-
over, �N-JNK3 phosphorylation was not enhanced by arres-
tin-3,WT, or�7, both of which robustly increased phosphoryl-
ation of full-length JNK3 under the same conditions (Fig. 3, E
and F). These results show that �N-JNK3 does not specifically
interact with arrestin-3, establishing it as an appropriate con-
trol for nonspecific BRET.
Therefore, we used BRET between JNK3-luciferase and dif-

ferent forms of Venus-tagged arrestin-3 as a quantitativemeas-
ure of their interactions in native cell milieu, subtracting non-
specific BRET between �N-JNK3-luciferase and the same
forms of arrestin-3 in each case (Fig. 3,C andD). Unexpectedly,
we found that JNK3-luciferase yields significant, but fairly low
BRET with WT arrestin-3 and 3A mutant, whereas KNC and

�7 forms of arrestin-3 yielded 2–3-fold higher BRET signal
(Fig. 3, C and D). Thus, all four forms of arrestin-3 specifically
bind JNK3. However, WT arrestin-3 and �7 mutant, which
facilitates JNK3 phosphorylation equally well (Figs. 2,A–D, and
3, E and F), demonstrate a dramatic difference in JNK3 binding
(Fig. 3, C and D). The two inactive forms, KNC and 3A, also
significantly differ in their ability to bind JNK3 (Figs. 2 and 3).
Interestingly, completely inactive KNCmutant appears to bind
JNK3 better thanWT arrestin-3, which promotes robust JNK3
phosphorylation (Figs. 2 and 3). The strength of the BRET sig-
nal between two proteins reflects both their proximity and rel-
ative orientation of luciferase and Venus tags. Thus, one possi-
ble interpretation of stronger BRET between JNK3-Luc and
arrestin-3-�7 could be that the orientation of Venus fused to
this conformationally restricted mutant (24) is more favorable,
whereas the orientation of Venus fused to conformationally

FIGURE 2. Venus tag on arrestin-3 and luciferase tag on JNK3 does not significantly affect arrestin-dependent JNK3 activation. A, COS-7 cells were
transfected with HA-ASK1, HA-JNK3, and the indicated arrestins with C-terminal FLAG tag or N-terminal Venus tag, harvested in 48 h, and lysed. The amounts
of active phosphorylated JNK3 (top blot, p-JNK3) and the expression of ASK1, JNK3, and arrestins was determined by Western blot. The results of a represent-
ative experiment of four performed are shown. Arrowheads on the right indicate the positions of molecular mass markers. B, shown is quantification of the level
of JNK3 phosphorylation (the intensity of p-JNK3 bands shown in A) in cells expressing the indicated arrestins in four independent experiments. The data were
analyzed by one-way ANOVA with protein (basal with no extra arrestin, WT, or indicated mutants with different tags) as a main factor. The effect of protein was
highly significant (F(7,16) � 64.1, p � 0.001]. *, p � 0.001; **, p � 0.01 to basal; c, p � 0.001; b, p � 0.01 to Venus-WT; &, p � 0.001 to WT-FLAG, according to
Bonferroni/Dun post hoc test with correction for multiple comparisons. C, direct comparison of the ability of Venus-tagged forms of arrestin-3 to promote JNK3
phosphorylation is shown. The experiments were performed, and the data are presented as in panel A. D, quantification of the intensity of p-JNK3 bands in three
experiments (shown in C) is shown. The data were analyzed by one-way ANOVA with protein as a main factor, as in B. The effect of protein was highly significant
[F(4,15) � 60.2, p � 0.001]. *, p � 0.001; **, p � 0.01 to basal; c, p � 0.001 to Venus-arrestin-3 (WT); &, p � 0.001 to Venus-arrestin-3-�7, according to
Bonferroni/Dunn post hoc test with correction for multiple comparisons. E, COS-7 cells transfected with HA-ASK1 and JNK3-Luc with or without WT arrestin-3
were harvested in 48 h and lysed. The amounts of active phosphorylated JNK3-Luc (top blot, p-JNK3-Luc) and the expression of ASK1, JNK3-Luc, and arrestin-3
were determined by Western blot. The results of a representative experiment of three performed are shown. Arrowheads on the right indicate the positions of
molecular mass markers. F, quantification of the level of JNK3-Luc phosphorylation (the intensity of p-JNK3-Luc bands shown in E) in cells that do (Arr3) or do
not (�) express arrestin-3 in three independent experiments. ****, p � 0.0001 to control.
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loose arrestin-3-3A (22) is less favorable for energy transfer.
Although we cannot rule out this possibility, the fact that KNC
mutant with normal conformational flexibility also showsmore
efficient BRET with JNK3-Luc suggests that the relative
strength of the interaction of different forms of arrestin-3 with
JNK3 contributes to the observed differences in BRET signal.
Ability of Arrestin-3 Mutants to Promote JNK3 Activation

and Subcellular Localization of Active JNK3 Is Not Affected by
Receptor—The original report suggested that the receptor-ar-
restin complex acts as a scaffold for the ASK1-MKK4-JNK3
cascade (7), although subsequent studies indicated that free
arrestin-3 can perform this function (11–14). Full activity of
receptor binding-impaired �7 mutant (24) was considered the
strongest argument against the role of G protein-coupled
receptors in JNK3 activation (12). However, our cell-based
assay revealed that although arrestin-3-�7 did not show any
appreciable basal interaction with �2AR, agonist stimulation
promoted a slow increase in specific binding of �7 mutant to
the receptor (Fig. 1,E, F, I, J, andK). Although agonist activation
of�2AR can promoteMAPKactivation viaGprotein-mediated
signaling (45), the binding of the biased agonist ICI118551,
which acts as an inverse agonist for G protein coupling, selec-
tively facilitates arrestin-mediated signaling to MAPKs (27, 28,
46). To test whether receptor binding plays any role in JNK3
activation, we transfected COS-7 cells with different forms of
arrestin-3, JNK3, and ASK1, activated endogenous �2AR with
the classical agonist isoproterenol or ICI118551, and measured
the levels of phosphorylation of ERK1/2, which is known to be
specifically activated by the receptor-bound arrestin (28, 46)
and of JNK3 in the same cells (Fig. 4). The data revealed a robust
increase in ERK1/2 phosphorylation in response to endogenous

FIGURE 3. Differential interaction of arrestin-3 mutants with JNK3.
A, increasing amounts of Venus-arrestin-3 were expressed with JNK3�2-RLuc
and �N-JNK3�2-RLuc. BRET ratios as a function of arrestin-3 expression in a

representative experiment (of three performed) are shown. B, increasing
amounts of Venus-arrestin-3-�7 were expressed with JNK3�2-RLuc,
�N-JNK3�2-RLuc, or free Renilla luciferase variant 8 (RLuc). BRET ratios as a
function of arrestin-3-�7 expression in a representative experiment (of three
performed) are shown. Note that the BRET ratios obtained with RLuc and
�N-JNK3�2-RLuc are virtually identical, indicating that the signal with
JNK3�2-(�2–39)-RLuc is nonspecific. C, increasing amounts of Venus-tagged
WT arrestin-3 (Arr-3), arrestin-3-3A (3A), arrestin-3-�7 (�7), or arrestin-3-KNC
(KNC) were expressed with a fixed amount of JNK3�2-RLuc. Net BRET (BRET
ratio with JNK3�2-RLuc minus ratio with �N-JNK3�2-RLuc) as a function of
arrestin expression in a representative experiment (of three performed) is
shown. D, quantification of BRET max between full-length JNK3�2-RLuc and
indicated Venus-tagged forms of arrestin-3. The data were analyzed by one-
way ANOVA with protein (WT or mutant arrestin-3) as a main factor. The effect
of protein was significant [F(3,10) � 4.67, p � 0.0274]. *, p � 0.05 to WT and 3A
(Bonferroni/Dunn post hoc test). E, COS-7 cells were transfected with HA-
ASK1, HA-JNK3, or HA-�N-JNK3 and the indicated Venus-tagged arrestins,
harvested in 48 h, and lysed. The amounts of active phosphorylated JNK3 (top
blot, p-JNK3) and the expression of ASK1, JNK3, and arrestins were deter-
mined by Western blot. The results of a representative experiment are shown.
Arrowheads on the right indicate the positions of molecular mass markers.
F, quantification of JNK3 phosphorylation in three experiments is shown. The
data were analyzed by two-way ANOVA with arrestin (no arrestin, arrestin-3,
arrestin-3-�7) and JNK3 (JNK3 versus �N-JNK3) as main factors. The effects of
both factors were significant as well as the arrestin x JNK3 interaction (p �
0.0001). The significant effect of the JNK3 factor indicates that the level of
�N-JNK3 phosphorylation was significantly lower than that of WT JNK3 in all
conditions regardless of the co-expression of arrestin proteins. Separate anal-
ysis of the activation of WT JNK3 revealed significant effect of arrestin
(F(2,6) � 31.0, p � 0.0007), with both arrestin-3 and arrestin-3-�7 significantly
increasing JNK3 activity as compared with the basal condition: **, p � 0.01 to
basal (�) according to Bonferroni/Dunn post hoc test. Note that in contrast to
HA-JNK3, the phosphorylation of HA-�N-JNK3 is not affected by arrestin-3
(p � 0.24).
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�2AR stimulation with isoproterenol or ICI118551 in control
COS-7 cells containing endogenous levels of arrestins and in
cells overexpressing WT arrestin-3. The expression of �7,
KNC, or 3Amutants reduced ERK1/2 phosphorylation, partic-
ularly in response to ICI118551 stimulation (Fig. 4, A and C),
suggesting that these forms of arrestin-3 act as dominant sup-
pressors of receptor-mediated ERK1/2 activation. We previ-
ously found that two of three kinases in cRaf-1-MEK1-ERK1/2
cascade are sensitive to arrestin conformation, whereas MEK1
is not (28).We also found that, in contrast toWT arrestin-3, 3A
and�7mutants associate with ERK1/2 independently of recep-
tor binding (28). Thus, the mechanism of the suppression of
ERK1/2 activity by�7, KNC, and 3Amutants is likely similar to
the mechanism underlying dominant-negative action of KNC
in JNK cascade; that is, recruitment of kinases into unproduc-
tive complexes. Importantly,WT arrestin-3 and�7mutant sig-
nificantly increased the level of JNK3 phosphorylation, whereas
KNC and 3Amutants did not. In all cases we did not detect any
effect of receptor stimulation on JNK3 activation (Fig. 4, A and
B). Thus, arrestin-3-dependent JNK3 activation does not
appear to be regulated by receptor activity in any way in cells
that clearly respond to receptor stimulation by arrestin-biased
agonist with significant changes in ERK1/2 phosphorylation.
JNK3, particularly in its active phosphorylated form, tends to

localize to the nucleus (12, 15, 17, 47). Interestingly, JNK3 acti-
vated via arrestin-3-mediated mechanism was reported to
remain in the cytoplasm, presumably due to cytoplasmic local-
ization of receptor-bound arrestin-3 (7). However, arrestin-3
has a functional nuclear export signal in the C terminus (17, 47)
that was shown to determine the cytoplasmic localization of
arrestin-3 itself and even its interaction partners that normally
localize to the nucleus, such as JNK3 or ubiquitin ligase Mdm2
(15, 17, 47). Our data show that arrestin-3 facilitates the activa-
tion of JNK3 independently of receptors (Fig. 4) and that only
two arrestin-3 forms tested promote JNK3 activation (Figs. 2, 3,
and 4). Therefore, we used immunocytochemistry to determine
the localization of different forms of arrestin-3 and phosphor-
ylated JNK inCOS-7 cells (Fig. 5).We found thatWTarrestin-3
and all mutants remain virtually exclusively cytoplasmic, as
could be expected based on the fact that they all retain func-
tional nuclear export signal. Interestingly, in cells expressing
WT arrestin-3 and �7mutant, both of which robustly facilitate
JNK3 activation (Figs. 2, 3, and 4), the majority of phosphoryl-
ated JNK was found in the cytoplasm (Fig. 5). In contrast, in
cells expressing KNC or 3A mutants, where JNK3 activation
can only occur via arrestin-independent mechanisms, most of
the phospho-JNK was detected in the nucleus (Fig. 5). Taken
together, these data support the idea that JNK3 activated with

FIGURE 4. Arrestin-dependent increase in JNK3 phosphorylation is not
affected by receptor activation, in contrast to ERK1/2 phosphorylation in
the same cells. A, COS-7 cells were transfected with HA-ASK1, HA-JNK3, and
the indicated Venus-tagged arrestins. Cells were serum-starved overnight
and treated for 8 min at 37 °C with vehicle, 10 �M �2AR agonist isoproterenol
(Iso), or 1 �M ICI118551 (ICI), which is an inverse agonist for G proteins and
biased agonist for arrestins, to activate endogenous �2AR. Cells were then
harvested and lysed. The amounts of active phosphorylated JNK3 (p-JNK3),
the expression of ASK1, JNK3, and arrestins as well as total and phosphoryl-
ated endogenous ERK1/2 were determined by Western blot. The results of a
representative experiment of three performed are shown. Arrowheads on the
right indicate the positions of molecular mass markers. B, quantification of
JNK3 phosphorylation (the intensity of p-JNK3 bands) is shown. The data
were analyzed by two-way ANOVA with protein (basal with no extra arrestin,
WT, or mutant arrestins) and treatment (vehicle versus ICI or Iso) as main fac-
tors. The effect of protein was highly significant [F(4,30) � 85.3, p � 0.001],
whereas neither the effect of treatment nor protein x treatment interaction
was significant (p � 0.8). *, p � 0.001 to basal; c, p � 0.001 to WT and �7; &, p �
0.01 to KNC for the protein effect according to Bonferroni/Dunn post hoc test
with correction for multiple comparisons. C, shown is quantification of
endogenous ERK1/2 phosphorylation (the intensity of p-ERK1/2 bands). The
data were analyzed by two-way ANOVA with protein (basal with no extra
arrestin, WT, or mutant arrestins) and treatment (vehicle versus ICI or Iso) as
main factors. The effects of both factors were highly significant (F(4,30) �
47.7, p � 0.001, and F(2,30) � 154.1, p � 0.0001, for protein and treatment,

respectively). The protein x treatment interaction was also highly significant
(F(8,30) � 12, p � 0.0001), suggesting that receptor stimulation differentially
affected ERK phosphorylation in the presence of different forms of arrestin-3.
Means were compared using Bonferroni/Dunn post hoc test with corrections
for multiple comparisons after one-way ANOVA with treatment as the main
factor performed separately for control and for each protein. ***, p � 0.001; **,
p � 0.001; *, p � 0.05 to vehicle; &, p � 0.001; #, p � 0.01 to ICI. Alternatively,
comparison of means was made with Bonferroni/Dunn post hoc test after
one-way ANOVA with protein as a main factor performed separately for each
treatment condition. a, p � 0.05; b, p � 0.01; c, p � 0.001 to CO; ˆ, p � 0.05; @,
p � 0.001 to WT.
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the help of arrestin-3 remains cytoplasmic and demonstrate
that receptor binding of arrestin-3 does not play any role in this
localization. In fact, one of the two active forms of arrestin-3
(WT) and one of the completely inactive ones (3A) in JNK3
activation assay robustly bind �2AR (Fig. 1), whereas the other
equally effective JNK3 activator (�7) and the second inactive
form (KNC) are significantly impaired in receptor binding (Fig.
1). Thus, the cytoplasmic localization of arrestin-3 drives co-lo-
calization of JNK3 activated via arrestin-dependentmechanism
to the cytoplasm.
Most non-neuronal cells, including COS-7, endogenously

express several isoforms of JNK1 and JNK2. Because anti-phos-
pho-JNK antibody recognizes all isoforms of phosphorylated
JNK equally, it is likely that nuclear phospho-JNK observed
(Fig. 5) represents endogenous JNK1 and JNK2 activated via
non-arrestin scaffolds. Because all forms of arrestin-3 have
functional nuclear export signal (15, 17, 47) and remain pre-
dominantly in the cytoplasm (Fig. 5), it is hardly surprising that
even dominant-negative KNC cannot compete with nuclear
scaffolds and suppress JNK phosphorylation in this compart-
ment. It is also worth noting that standard buffers used to lyse
cells for Western blotting (Figs. 2, 3, 4, and 6) or immunopre-
cipitation (Fig. 6) do not lyse nuclei, which are, therefore, lost
along with cell debris. These experimental paradigms are suit-
able for the detection of JNK activity in the cytoplasm, but not
in the nucleus, which explains the absence of phospho-JNK
signal onWesterns blots (Figs. 2, 3, 4, and 6). The combination
of these approaches with immunocytochemistry (Fig. 5) is nec-
essary to fully characterize the activity of any MAP kinase in
cells.

Arrestin-3-KNC Mutant Binds ASK1, MKK4, and JNK3 and
Effectively Suppresses JNK3 Activation—Our data demonstrate
that the KNC mutant binds JNK3 better than WT arrestin-3
(Fig. 3) yet does not have the ability to promote JNK3 activation
(Figs. 2, 3, and 4). These results suggest that the KNC mutant
can sequester JNK3 away from arrestin-3 and other scaffolds
that facilitate its phosphorylation, a combination of character-
istics necessary for dominant-negative function. To test this
idea, we co-expressedWT arrestin-3 with different amounts of
KNC mutant (Fig. 6A). To enable direct comparison of the
expression level of both proteins on the same blot, we used
FLAG-taggedWT arrestin-3 and Venus-tagged KNC with dis-
tinctly different electrophoretic mobility (Fig. 6A). We found
that increasing expression of KNC mutant progressively
decreases JNK3 phosphorylation, virtually eliminating the
effect of arrestin-3 at �2:1 molar ratio (Fig. 6, A and B). These
data suggest that the KNC mutant inhibits JNK3 phosphoryla-
tion by competing withWT arrestin-3.We found an essentially
linear correlation between KNC expression and the inhibition
of JNK3 phosphorylation (R2 � 0.8611; p � 0.0001) (Fig. 6C).
Thus, the KNC mutant is an effective suppressor of JNK3 acti-
vation, which makes it the first dominant-negative form of
arrestin-3 in this regard.
Two molecular mechanisms can explain the dominant-neg-

ative action of the KNC mutant; the binding to JNK3 without
engaging upstream kinases or the interaction with all three
kinases in the ASK1-MKK4-JNK3 module and assembling the
complex in the “wrong” way, thereby making it unproductive.
To determine the mechanism of this dominant-negative func-
tion, we expressed Venus-tagged WT, �7, KNC, and 3A forms
of arrestin-3 along with HA-tagged ASK1, MKK4, and JNK3,
immunoprecipitated arrestins with anti-GFP antibody and
then quantified each kinase in the complex by Western blot
(Fig. 6, D–H). We found that �7 binds all kinases better than
WTarrestin-3, whereas theKNCmutation enhances arrestin-3
interaction with JNK3 and does not appreciably change its abil-
ity to bind ASK1 and MKK4 (Fig. 6, D–G). These results sup-
port the idea that enhanced BRET between the KNC mutant
and JNK3 (Fig. 3, C and D) reflects higher affinity of the inter-
action thanwithWTarrestin-3.Despite enhanced interactions,
�7 mutant facilitates JNK3 activation less efficiently than WT
arrestin-3 (Figs. 2 and 6I). However, tighter binding translates
into higher levels of active p-JNK3 associatedwith�7 thanwith
WT arrestin-3 (Fig. 6H), in agreement with very efficient local-
ization of p-JNK to the cytoplasmby thismutant (Fig. 5). Due to
enhanced binding, more JNK3 associates with KNC than with
WT arrestin-3, but all of it remains inactive (Fig. 6,D, E, andH).
Because KNC mutant binds ASK1 and MKK4 as well as WT
arrestin-3 and JNK3 even better (Fig. 6, E, F, and G), it appar-
ently reduces JNK3 activation by sequestering all three kinases
in unproductive complexes (Fig. 6I). This mechanism makes it
an even more powerful dominant suppressor of JNK activity
than it would have been if it interacted only with JNK3.

DISCUSSION

The participation of non-visual arrestins in the regulation of
JNK3 activity was discoveredmore than a decade ago (7). How-
ever, surprisingly few mechanistic details of this process have

FIGURE 5. Cytoplasmic localization of JNK activated via arrestin-depen-
dent mechanism. COS-7 cells transfected with HA-JNK3, HA-ASK1, and the
indicated arrestins were seeded on Lab-Tek chambered slides, serum-starved
overnight, washed with PBS, and fixed with 4% paraformaldehyde. Venus-
arrestin fluorescence was observed directly (arrestin, green). Phospho-JNK
was detected by indirect immunofluorescence using the phospho-JNK anti-
body and Alexa Fluor 568-conjugated secondary antibody (p-JNK, red). Sin-
gle-channel and merged images were acquired on a Nikon TE2000-E micro-
scope. Note that all forms of arrestin-3 are cytoplasmic, whereas active JNK is
predominantly cytoplasmic in cells expressing WT arrestin-3 and �7 mutant.
The arrows in the p-JNK column indicate cells that do not express arrestins,
where p-JNK (likely activated endogenous JNK1 and JNK2 isoforms) invari-
ably localizes to the nucleus. Representative cells are shown.
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FIGURE 6. Dominant-negative action of silent scaffold arrestin-3-KNC. A, COS-7 cells were transfected with HA-ASK1, HA-JNK3, and the same amount of WT
arrestin-3-FLAG (Arr3-WT) and the indicated amounts of Venus-arrestin-3-KNC, harvested 48 h after transfection, and lysed. The amounts of active phosphor-
ylated JNK3 (top blot, p-JNK3) and the expression of ASK1, JNK3, and arrestins were determined by Western blot. The results of a representative experiment of
five were performed as shown. Arrowheads on the right indicate the positions of molecular mass markers. B, shown is quantification of the level of JNK3
phosphorylation (the intensity of p-JNK3 bands shown in A) in cells expressing the indicated arrestins in three independent experiments. The data were
analyzed by one-way ANOVA with protein (basal with no extra arrestin, WT arrestin-3-FLAG (FL-Arr3) without and with increasing concentrations of Venus-KNC
(Ve-KNC) or Venus-KNC alone) as the main factor. The effect of protein was highly significant [F(5,24) � 67.8, p � 0.001]. *, p � 0.001 to basal; b, p � 0.01; c, p �
0.001 to WT arrestin-3-FLAG; &, p � 0.001 to Venus-KNC (Bonferroni/Dunn post hoc test with correction for multiple comparisons). C, a linear regression model
with a Venus-KNC DNA amount (in �g) as an independent variable yielded significant F(1,19) � 111.6, p � 0.0001 and adjusted R2 � 0.8611, indicating
progressive inhibition of JNK3 activation by increasing amounts of arrestin-3-KNC acting as a dominant-negative silent scaffold. D, COS-7 cells were transfected
with the indicated HA-tagged kinases and Venus-tagged arrestins and lysed 48 h after transfection, and arrestins were immunoprecipitated with anti-GFP
antibody. The expression of all proteins and amounts of active phosphorylated JNK3 (p-JNK3) in the lysate (right panel, Cell lysates) and in the immunoprecipi-
tate (left panel, IP:GFP) were determined by Western blot (I.B.). The results of a representative experiment are shown. Arrowheads on the right indicate the
positions of molecular mass markers. E–I, the amounts of co-immunoprecipitated HA-JNK3 (E), MKK4 (F), ASK1 (G), phosphorylated JNK3 (p-JNK3) (H), and active
p-JNK3 in cell lysate (I) in two experiments were determined and statistically analyzed using ANOVA with arrestin as the main factor followed by post-hoc
Scheffe test. Statistical significance of the differences is indicated as follows: E, ***, p � 0.001 to Arr3, KNC, and 3A; **, p � 0.01; *, p � 0.05 to WT arrestin-3 (Arr3);
F, ***, p � 0.001 to Arr3, KNC, and 3A; G, **, p � 0.01 to Arr3, KNC, and 3A; H, ***, p � 0.01 to Arr3 and p � 0.001 to KNC; I, ***, p � 0.001 and **, p � 0.01 to Arr3;
&, p � 0.01 to KNC; ˆ, p � 0.01 to 3A; #, p � 0.05 to KNC.
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been unambiguously elucidated. One controversial issue was
the role of receptor binding. The first report suggested that
receptor-bound arrestin-3 facilitates JNK3 activation (7),
whereas subsequent studies from the same group (11) and oth-
ers (12) showed that free arrestin-3 is capable of performing this
function. A recent demonstration that arrestin-3 scaffolding of
the MKK4-JNK3 module can be reproduced with purified pro-
teins in the absence of receptors (14) definitively proved this
idea. Here we used four forms of arrestin-3, two of which
robustly bind �2AR, whereas the other two are significantly
impaired in receptor binding in the environment of an intact
cell (Fig. 1). We found that each category contains one form of
arrestin-3 that effectively promotes JNK3 phosphorylation and
another form thatwas completely inactive in this regard (Fig. 2).
WT arrestin-3 facilitates ERK1/2 phosphorylation in response
to �2AR stimulation by isoproterenol and ICI118551, whereas
�7 mutant does not (Fig. 4). In the same cells both forms of
arrestin-3 facilitate JNK3 activation equally effectively, and the
level of JNK3 phosphorylation is unaffected by receptor ligands
(Fig. 4). These data unambiguously demonstrate that receptor
binding and JNK3 activation are independent functions of
arrestin-3 that can be separately manipulated by mutagenesis
without necessarily affecting each other.
JNK3 activated via conventional mechanisms localizes to the

nucleus (48), where it phosphorylates various transcription fac-
tors, changing mRNA synthesis (49). We confirmed a previous
report (7) that JNK3 activated by an arrestin-dependent mech-
anism behaves differently and remains in the cytoplasm (Fig. 5).
We confirmed cytoplasmic localization of phospho-JNK3 acti-
vated via WT arrestin-3 that robustly binds receptors. Impor-
tantly, JNK3 phosphorylated with the help of �7 mutant with
significantly impaired receptor binding ability also remains in
the cytoplasm (Fig. 5). Moreover, we found that in the presence
of arrestin-3-3A, which binds �2AR even more readily than
WT (Fig. 1) and interacts with JNK3 with essentially the same
affinity (Figs. 3 and 6) but fails to promote JNK3 activation
(Figs. 2 and 4), the majority of phospho-JNK (likely represent-
ing endogenous JNK1 and JNK2 isoforms) is found in the
nucleus (Fig. 5). These data show that only phospho-JNK3 acti-
vated via arrestin-3 is retained in the cytoplasm. This localiza-
tion does not appear to depend on arrestin-3 binding to the
receptor but is likely determined by the cytoplasmic localiza-
tion of arrestin-3 itself due to the presence of a functional
nuclear export sequence in its C terminus (17, 47).
Arrestin-3 interaction with JNK3 in cells was detected by

co-immunoprecipitation (7, 13, 44) or nuclear exclusion of
JNK3 (12, 15, 17). Although these data show that arrestin-3 and
JNK3 are in the same macromolecular complex, neither assay
can prove that these two proteins interact directly or via
unknown intermediate(s). Moreover, both are essentially
threshold “yes-or-no” assays that cannot be used for quantita-
tive comparison of the ability of different forms of arrestin-3 to
bind JNK3. Therefore, we established a novel cell-based assay
where the interaction is detected as BRET signal between lucif-
erase-tagged JNK3 and Venus-tagged arrestin. Although even
this method does not definitively prove direct interaction, dis-
tance limitations for effective energy transfer (50, 51) strongly
suggest that arrestin-3 directly binds JNK3. One of the limita-

tions of BRET- and FRET-based interaction assays is that the
efficiency of energy transfer depends on the relative orientation
of luciferase and/or fluorescent protein, which can affect the
signal as much as the distance between the two moieties.
Although the difference between flexible WT arrestin-3 (19)
and conformationally restrained �7 mutant (24) could have
contributed to the observed difference in BRET efficiency (Fig.
3, C and D), crystal structures of all vertebrate arrestins (19,
52–54) suggest that KNC mutant likely retains the conforma-
tional flexibility of the parental protein. This BRET-based assay
is more quantitative than any used so far for this interaction,
allowing us to show thatWT arrestin-3 and 3Amutant compa-
rably bind JNK3, whereas JNK3 interactions with KNC and
especially �7 mutant are significantly stronger (Fig. 3). It is
noteworthy that the nuclear exclusion assay failed to detect
considerable differences in JNK3 binding ofWT arrestin-3 and
its 3A or �7 mutants (15), which was clearly revealed by BRET
(Fig. 3) and co-immunoprecipitation (Fig. 6). Importantly,
these data along with the comparison of JNK3 phosphorylation
in cells expressing different forms of arrestin-3 (Figs. 2, 3, 4, and
6) demonstrate that the strength of JNK3 binding does not cor-
relate with the ability of arrestin-3 to promote JNK3 activation.
MAPKactivity in the cell is organized by scaffolding proteins,

which arrange appropriate combinations of kinases into pro-
ductive signaling modules (55, 56). Our discovery that KNC
mutant binds JNK3 better than WT protein (Fig. 3) and inter-
acts with upstream kinases ASK1 and MKK4 normally (Fig. 6)
yet does not facilitate JNK3 activation (Figs. 2, 3, 4, and 6) opens
the possibility to manipulate JNK3 signaling in a novel way that
was not previously explored. This combination of functional
characteristics suggests that KNCmutant has a potential to act
as a silent scaffold, scavenging JNK3 away fromproductive scaf-
folds that could facilitate its activation. We showed that this
approach actually works; increasing levels of KNCmutant pro-
gressively reduce JNK3 activation by co-expressed WT arres-
tin-3, effectively blocking it at �2:1 molar ratio (Fig. 6A).
Although the idea has been proposed that selective elimination
of individual arrestin functions by targetedmutagenesis has the
potential to create new types of molecular tools for the manip-
ulation of cell signaling (57), our proof-of-principle experi-
ments provide the first demonstration of the effectiveness of
this approach.Our data also suggest thatmutant forms of arres-
tins that bind relevant kinases but do not promote the activa-
tion of ERK1/2 or p38 can be used to suppress the activation
of these signaling cascades.
KNCmutant appears to decrease the activation of both JNK3

(Figs. 2, 3, 4, and 6) and ERK1/2 (Fig. 4), acting as a general
suppressor ofMAP kinase activity. Interestingly, our data show
that another form of arrestin-3, �7 mutant, robustly promotes
JNK3 activation (Figs. 2, 3, 4, and 6)while suppressing the phos-
phorylation of ERK1/2 (Fig. 4). The analysis of the localization
of active phospho-JNK in the cell (Fig. 5) shows the limitations
associated with subcellular localization of arrestin-3; although
the levels of phospho-JNK in the cytoplasm were significantly
reduced in the presence of KNC, nuclear phospho-JNK did not
seem to be affected (Fig. 5). These data also suggest a way of
overcoming this limitation; inactivation of the nuclear export
signal in arrestin-3 by a point mutation results in its even dis-
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tribution between the nucleus and the cytoplasm (15, 17, 47),
suggesting that KNC with a disabled nuclear export signal
might be effective in both compartments. This idea needs to be
tested experimentally. Although the first generation of arres-
tin-based tools for manipulation of MAP kinase activity is not
perfect, our data prove that this effect can be achieved in living
cells. Considering that MAP kinases play key roles in cell pro-
liferation, differentiation, and apoptosis (31, 55), our results
demonstrate the feasibility of the construction of novel molec-
ular tools affecting cell behavior and fate. The strategy of creat-
ing silent scaffolds described here can be extended to other
proteins organizing MAP kinase modules as well as other mul-
tiprotein complexes playing key roles in cell signaling.
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