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(Background: Raf kinase inhibitor protein (RKIP) is a regulator of several distinct kinases, including Rafl and G protein-
Results: Protein kinase C-mediated phosphorylation of RKIP triggers dimer formation of RKIP, which enables RKIP to switch

Conclusion: Phosphorylation-dependent dimerization of RKIP coordinates specific interactions with Rafl and GRK2.
Significance: Control switches in a kinase regulator permit specific control of multiple kinase signaling pathways and their
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Proteins controlling cellular networks have evolved distinct
mechanisms to ensure specificity in protein-protein interac-
tions. Raf kinase inhibitor protein (RKIP) is a multifaceted
kinase modulator, but it is not well understood how this small
protein (21 kDa) can coordinate its diverse signaling functions.
Raf1 and G protein-coupled receptor kinase (GRK) 2 are direct
interaction partners of RKIP and thus provide the possibility to
untangle the mechanism of its target specificity. Here, we iden-
tify RKIP dimer formation as an important mechanistic feature
in the target switch from Rafl to GRK2. Co-immunoprecipita-
tion and cross-linking experiments revealed RKIP dimerization
upon phosphorylation of RKIP at serine 153 utilizing purified pro-
teins as well as in cells overexpressing RKIP. A functional phospho-
mimetic RKIP mutant had a high propensity for dimerization and
reproduced the switch from Rafl to GRK2. RKIP dimerization and
GRK2 binding, but not Rafl interaction, were prevented by a pep-
tide comprising amino acids 127-146 of RKIP, which suggests that
this region is critical for dimer formation. Furthermore, a dimeric
RKIP mutant displayed a higher affinity to GRK2, but a lower affin-
ity to Rafl. Functional analyses of phosphomimetic as well as
dimeric RKIP demonstrated that enhanced dimerization of RKIP
translates into decreased Rafl and increased GRK2 inhibition. The
detection of RKIP dimers in a complex with GRK2 in murine hearts
implies their physiological relevance. These findings represent a
novel mechanistic feature how RKIP can discriminate between its
different interaction partners and thus advances our understand-
ing how specific inhibition of kinases can be achieved.
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The Raf kinase inhibitor protein (RKIP)> modulates and con-
trols crucial intracellular signaling networks, including the sig-
naling cascades of Raf/MEK/ERK, NFkB, glycogen synthase
kinase-3B, and G protein-coupled receptors (GPCRs) (1-5).
RKIP belongs to the evolutionarily conserved phosphatidyle-
thanolamine-binding protein (PEBP) family, which is charac-
terized by the ability to bind phospholipids in vitro (6, 7). This
protein family is ubiquitously expressed within a panoply of
organisms, including humans, yeast, bacteria, and plants (8).
RKIP regulates a variety of physiological processes such as dif-
ferentiation, cell cycle, apoptosis, and contractile activity of car-
diomyocytes (9-12).

The structure of the RKIP/PEBP proteins is characterized by
a central B-sheet surrounded by more variable B-strands and
a-helices (12-14). These secondary structural elements are
connected by long loops. Most members of this protein family,
particularly mammalian members of this family, possess a
ligand-binding pocket formed by highly conserved amino acid
residues. This pocket displays high affinity for small anionic
groups, e.g. phosphates, and is implicated in the binding of
RKIP to Rafl (14—18). Due to this binding pocket and due to the
ability of RKIP to interfere with various signaling cascades and
cellular functions, RKIP has been suggested as a major modu-
lator of kinases involved in signal transduction (12, 19).

Only Rafl, MEK1, and ERK2, which belong to the mitogen-
activated protein (MAP) kinase cascade, and GRK2, a kinase
involved in GPCR desensitization and signaling specificity,

3 The abbreviations used are: RKIP, Raf kinase inhibitor protein; BAR, B-adren-
ergic receptor; GFX, bisindolylmaleimide I; GPCR, G protein coupled recep-
tor; GRK2, G protein-coupled receptor kinase 2; GFP, green fluorescent
protein; MAPK, mitogen-activated protein kinase; MEK, mitogen-activated
protein kinase and extracellular-regulated kinase kinase; NF«B, nuclear
factor k-light chain enhancer of activated B-cells; PEBP, phosphatidyletha-
nolamine-binding protein; PFA, paraformaldehyde; sEGS, sulfo-ethylene
glycolbis(succinimidylsuccinate); TPA, 12-O-tetradecanoylphorbol 13-ace-
tate; PP1, protein phosphatase 1; Ni-NTA, nickel-nitrilotriacetic acid; Tri-
cine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine.
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have so far been identified as direct interaction partners of
RKIP (1, 2, 4). These proteins are ubiquitously expressed
kinases with a prominent role in the regulation of cellular func-
tions and, thus, need to be tightly regulated. The Raf/MEK/ERK
cascade is involved in cancerogenesis and in development of
cardiac hypertrophy (21, 22). This cascade coordinates gene
expression, differentiation, proliferation, and cell survival.
RKIP overexpression in cells decreased Rafl-induced transfor-
mation and transcription, whereas down-regulation of endog-
enous RKIP had the opposite effects (1). Because reduced RKIP
expression in some types of tumors has been shown to trigger
metastasis and tumor progression, RKIP is discussed as a prog-
nostic marker in prostate and colorectal cancer (9, 23).

GRKs catalyze the phosphorylation of cytoplasmic serine
and threonine residues of activated GPCRs and thereby initiate
recruitment of (B-arrestins and subsequent receptor desensiti-
zation and internalization (24). In mammalian cells, GRK2 is a
major feedback inhibitor of GPCRs and has been shown to be
implicated among others in psychiatric disorders, immune dis-
eases, and cardiovascular diseases (25—27). Binding of RKIP to
GRK2 inhibits GRK2 kinase activity, which leads to enhanced
GPCR signaling. Down-regulation of RKIP in cardiomyocytes
attenuated B-adrenergic signaling and contractile activity (4).

The ligand binding pocket of RKIP has been shown to be of
particular importance for the Rafl/RKIP interaction (14, 17,
18). Under basal conditions RKIP is bound to Rafl and the
release of RKIP from Rafl is triggered by protein kinase C
(PKC)-mediated phosphorylation of RKIP at serine 153 (4, 28).
Phosphorylation of Ser-153 also increases the affinity of RKIP
toward its substrate GRK2 (4). However, it is still unclear how
this single phosphorylation can cause such a dramatic change of
binding specificity in such a small protein.

Here we report that phosphorylation of RKIP by PKC facili-
tates RKIP dimerization and that dimerization of RKIP is nec-
essary for the switch of RKIP from Rafl to GRK2. Our results
reveal phosphorylation-dependent dimerization of RKIP as an
important regulatory mechanism for the binding of RKIP to its
different substrates.

EXPERIMENTAL PROCEDURES

Antibodies for Immunodetection of Proteins—For immuno-
blotting we used the following antibodies directed against:
c-Myc tag (sc-789, Santa Cruz), ERK1/2 (9102, Cell Signaling),
green fluorescent protein (GFP; G1544, Sigma), GRK2 (sc-
13143, Santa Cruz), His tag (2366, Cell Signaling), phospho-
ERK1/2 (9101, Cell Signaling), phospho-RKIP (Ser-153;
pRKIP(S153)) (2445-1, Epitomics; sc-32622, Santa Cruz), phos-
pho-B,-adrenergic receptor (Ser-355/356; pB,AR(S355/6)) (sc-
22191, Santa Cruz), Rafl (610152, BD Biosciences), and RKIP
(sc-5423 and sc-33184, Santa Cruz). For immunoprecipitation
we used an antibody directed against the FLAG tag (F3165,
Sigma). As secondary antibodies we used peroxidase-
conjugated anti-mouse (115035003, Dianova), anti-rabbit
(111035144, Dianova), and anti-goat antibodies (sc-2020,
Santa Cruz).

Chemicals and Materials—We used [y->?P]ATP (Hart-
mann), bisindolylmaleimide I (GFX; Merck), ECL Plus Western
blotting detection reagent (GE Healthcare), sulfo-ethylene gly-
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colbis(succinimidylsuccinate) (SEGS; AppliChem), isoprena-
line hydrochloride (Iso; Tocris/Biozol), 4X Laemmli buffer
(Roth), nickel-nitrilotriacetic acid-agarose (Ni-NTA-agarose;
Qiagen), paraformaldehyde (PFA, AppliChem), polyvinylidene
difluoride (PVDF) membrane, protein A-Sepharose (GE
Healthcare), protein phosphatase 1 (PP1; New England Bio-
labs), and 12-O-tetradecanoylphorbol 13-acetate (TPA; Appli-
Chem). For in vitro phosphorylation of RKIP we used PKCo
(Merck). For SDS-PAGE we used as standards peqGOLD pro-
tein marker 3® (Peqlab) and polypeptide marker (Bio-Rad).

¢DNA Constructs—cDNAs coding for c-Myc- and FLAG-
tagged rat wild-type RKIP and all mutants or fragments of RKIP
were generated by polymerase chain reaction using HA-rRKIP
(4) as template. Constructs were subcloned into pcDNA3
expression vector (Invitrogen) using the restriction sites
HindIII and Xbal. cDNAs coding for N-terminal His,-tagged
rRKIP (His-RKIP) and RKIP mutants were subcloned into the
expression vector pET3c¢ (Novagen) using restriction sites Ndel
and BamHI. Plasmids for HA-Rafl and GRK2 have been
described previously (4). The correct sequence of all constructs
was confirmed by DNA sequencing.

Cell Culture and Transient Transfection—Human embry-
onic kidney 293 (HEK293) cells and HEK293 cells with stable
overexpression of f,-adrenergic receptors (8,AR) were cul-
tured as previously described (4). 5 h after seeding, cells were
transfected with the indicated cDNAs using the calcium phos-
phate precipitation method (29). 24 h later, cells were serum-
starved. Assays were performed 40 h after transfection.

Immunoprecipitation Assays and Immunoblotting—Cells
were stimulated with TPA (1 uMm, 5 min) as indicated, collected
in ice-cold phosphate-buffered saline (PBS, 137 mm NaCl, 2.7
mwm KCJ, 1.5 mm KH,PO,, 10.1 mm Na,HPO,) supplemented
with protease inhibitors (10 ug/ml of soybean trypsin inhibitor,
1 mm benzamidine, 1 mm phenylmethylsulfonyl fluoride) and
phosphatase inhibitors (50 mm sodium fluoride, 5 mm sodium
pyrophosphate, 1 mm sodium vanadate, 3 mMm sodium azide),
and sonicated. After centrifugation (14,000 X g, 4 °C, 15 min),
the supernatant was incubated with anti-FLAG antibodies
bound to Protein A-Sepharose for 2 h at 4 °C. Immunoprecipi-
tated proteins were separated by SDS-PAGE, transferred to
PVDF membranes, and visualized using the indicated antibod-
ies similarly as described previously (29).

Protein Purification of RKIP, GRK2, and Rhodopsin—His-
RKIP was expressed in Escherichia coli and purified by metal-
affinity chromatography using Ni-NTA-agarose (4). GRK2 was
expressed in Spodoptera frugiperda (Sf9) cells infected with
baculoviruses encoding bovine GRK2 and purified via SP-Sep-
harose and heparin-Sepharose chromatography as described
previously (4). Rhodopsin was isolated from rod outer segments
(29).

In Vitro Phosphorylation of RKIP by PKCb and Subsequent
Cross-linking—Purified His-RKIP was incubated with recombi-
nant PKCS$ in kinase buffer (20 mm HEPES (pH 7.4), 10 mm
MgCl,, 0.1 mm CaCl,, 3 mm -mercaptoethanol, 500 um ATP)
at 30 °C. The reaction was started by addition of TPA (25 um).
After 30 min, proteins were cross-linked as follows: the reaction
was carried out in nonnucleophilic buffer (20 mm HEPES (pH
7.4), 2 mM EDTA) with paraformaldehyde (PFA, 0.6% (w/v), 10
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min, 28 °C). The reaction was stopped with 4 X Laemmli buffer.
Proteins were separated by SDS-PAGE and detected by subse-
quent Western blot analyses.

Cross-linking Experiments—For cross-linking experiments,
HEK293 cells were stimulated with TPA (1 uM, 5 min) and
collected in ice-cold PBS supplemented with protease and
phosphatase inhibitors (see above) and PFA (0.75% (w/v)).
After 7 min of incubation at room temperature, cells were cen-
trifuged (1,700 X g, 3 min at room temperature) and the reac-
tion was stopped by addition of 1.25 M glycine (dissolved in
PBS) to the cell pellet. Cells were centrifuged again and the
pellet was lysed in lysis buffer (50 mm Tris, 150 mm NaCl, 1%
(v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 0.1%
(w/v) SDS, 1 mm EDTA). Lysates were sonicated and cell debris
was removed by centrifugation (14,000 X g, 30 min, 4 °C). For
cross-linking experiments in native tissue, we perfused hearts
of wild-type C57BL/6 mice with PBS or PBS supplemented with
GFX (1.5 um) for 3 min followed by perfusion with 4% (w/v)
PFA in PBS as cross-linking compound. To analyze RKIP phos-
phorylation levels, hearts were perfused with PBS or PBS sup-
plemented with GFX (1.5 um) without subsequent PFA treat-
ment. Left ventricles were placed in 600 mm Tris (dissolved in
PBS, pH 7.4) for 10 min (4 °C) and homogenized in the above
mentioned lysis buffer. Cell debris was removed by centrifuga-
tion (14,000 X g, 15 min, 4 °C). Cross-linking experiments with
purified RKIP and GRK2 were performed at a RKIP:GRK2 ratio
of 5:1 in nonnucleophilic buffer (20 mm HEPES (pH 7.4), 2 mm
EDTA) using sEGS (0.3 mwm, 15 min, room temperature). The
reaction was quenched with Tris buffer (pH 7.4) at a final con-
centration of 50 mM. Protein complexes were separated by
SDS-PAGE and visualized by Western blotting using antibodies
directed against anti-His, anti-Myc, or anti-GRK2 as indicated.

Phosphorylation Assays—The kinase activity of GRK2 was
assessed in vitro by phosphorylation of rhodopsin in a total
volume of 50 ul buffer (20 mm HEPES (pH 7.4), 2 mMm EDTA, 10
mM MgCl,) containing 5 nm GRK2, 400 nm rhodopsin, 50 um
[y-*P]ATP, and 3 um wild-type His-RKIP, RKIPS*!>3¥/7FE or
RKIP4!*3~1¢ Rhodopsin activation was initiated by light and
phosphorylation proceeded for 10 min at room temperature.
Phosphorylated rhodopsin was separated by SDS-PAGE and
assessed by autoradiography and phosphorimaging analysis.

Phosphorylation of 3,AR was determined in HEK293 cells
with stable expression of GFP-tagged ,AR. Cells were tran-
siently transfected with GRK2 and Myc-tagged wild-type RKIP
or RKIP mutants and stimulated with isoprenaline (1 um, 5
min) as indicated. Subsequently, cells were lysed using a buffer
containing 50 mMm Tris (pH 7.4), 300 mM NaCl, 5 mMm EDTA, 1%
(v/v) Triton X-100, 10 pg/ml of soybean trypsin inhibitor, 1 mm
benzamidine, 1 mm phenylmethylsulfonyl fluoride, 50 mm
sodium fluoride, 5 mm sodium pyrophosphate, 1 mm sodium
vanadate, and 3 mm sodium azide. After SDS-PAGE, phosphor-
ylated receptors were visualized by immunoblotting using anti-
PB,AR(S355/6) antibodies. Phosphorylation of ERK1/2 was
analyzed under the above mentioned conditions using anti-
pERK1/2 antibodies.

Dephosphorylation of RKIP—Left ventricles of murine hearts
(C57BL/6) were homogenized in dephosphorylation buffer (50
mwm HEPES (pH 7.5), 100 mm NaCl, 2 mm DTT, 0.01% Brij 35, 50
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pg/ml of aprotinin, 50 ug/ml of leupeptin, 0.5 mm PMSF, 1 mm
benzamidine) and cell debris was removed by centrifugation
(14,000 X g, 15 min, 4 °C). Heart lysate (100 ug) was incubated
with 20 units of PP1 for 30 min at 30 °C. The reaction was
stopped by the addition of 4X Laemmli buffer and RKIP phos-
phorylation was analyzed by Western blot.

Statistical Analyses—Statistical significance between groups
was analyzed by one-way analysis of variance followed by the
Bonferroni test as post hoc test using the GraphPad software
(San Diego, CA). Differences were considered significant with
p < 0.05. All data are shown as mean * S.E. For additional
experimental procedures, see supplemental “Experimental
Procedures.”

RESULTS

PKC-mediated Phosphorylation of RKIP at Ser-153 Promotes
RKIP-RKIP Dimerization—Previous studies have shown that
PKC-mediated phosphorylation of RKIP at Ser-153 is necessary
for the dissociation of RKIP from Rafl and binding of RKIP to
GRK2 (4, 14, 28). It is known that protein phosphorylation not
only affects recognition by other proteins but also induces pro-
tein self-association, which can generate new and more diverse
binding sites (30). To analyze whether self-association of RKIP
supports the switch between different substrates, we performed
co-immunoprecipitation assays in HEK293 cells overexpress-
ing differentially tagged RKIP constructs, i.e. FLAG- and Myc-
RKIP wild-type (wt) or phosphorylation-deficient FLAG- and
Myc-RKIP®'%*A, respectively. These RKIP constructs were
overexpressed at similar expression levels as endogenous RKIP
protein (supplemental Fig. S1A). PKC activation with TPA sig-
nificantly enhanced self-association of RKIP as shown by
immunoprecipitation of FLAG-RKIP and subsequent detection
of co-immunoprecipitated Myc-RKIP by Western blot analysis.
In contrast, TPA treatment was not able to induce self-associ-
ation of RKIP®'*** (Fig. 14, upper panel). Western blot analysis
of corresponding cell lysates with phospho-RKIP(Ser153) anti-
bodies confirmed efficient phosphorylation of wild-type RKIP
upon TPA stimulation but not of RKIPS'*** (Fig. 1B). Phosphor-
ylation and self-association of RKIP occurred concomitantly
with the release of RKIP from Rafl and its association with
GRK2 (Fig. 1A). These experiments show that PKC switches the
substrate specificity of RKIP from Rafl to GRK2, and that this
switch is associated with significant self-association of RKIP.

Because co-immunoprecipitation experiments cannot dis-
tinguish between RKIP dimers and RKIP oligomers, we next
performed cross-linking experiments using PFA as cross-link-
ing agent both in living cells (Fig. 1C) and with purified proteins
(Fig. 1D). Cells overexpressing Myc-tagged RKIP were stimu-
lated with TPA followed by treatment with PFA and cell lysis.
Western blot analyses with antibodies directed against the Myc
tag revealed a band of about 42 kDa for wild-type RKIP after
TPA treatment (Fig. 1C and supplemental Fig. S1B), which
matches the calculated molecular mass of RKIP dimers. High-
er-order oligomers of RKIP were neither detected after cross-
linking with PFA (Fig. 1, C and D) nor after cross-linking with
agents comprising longer spacers (e.g. sEGS, data not shown).
Similarly, cross-linking experiments with purified His-tagged
wild-type RKIP showed an increased formation of RKIP dimers
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FIGURE 1. PKC-mediated phosphorylation of RKIP at Ser-153 promotes RKIP-RKIP self-association. A,immunoprecipitation (/P) of wild-type FLAG-tagged
RKIP (wt) and phospho-deficient FLAG-RKIPS'>*A from lysates of HEK293 cells and subsequent immunoblot analysis of co-immunoprecipitated Myc-RKIP
wild-type (wt), Myc-RKIP'>34, Raf1, or GRK2. Cells were treated with TPA (1 um, 5 min) as indicated. B, immunoblot analysis (/B) of Ser-153 (S153) phosphory-
lation of RKIP in the respective cell lysates of A. C, cross-linking experiments in HEK293 cells expressing wild-type Myc-RKIP. Cells were stimulated with TPA (1
M, 5 min) as indicated and treated with paraformaldehyde (PFA; 0.75% (w/v), 7 min). Cell lysates were analyzed for RKIP complexes by immunoblotting. D, in
vitro cross-linking experiments with purified His-RKIP using PFA (0.6% (w/v), 10 min). Cross-linking was performed before or after phosphorylation of His-RKIP
by recombinant PKC8 (30 min, 30 °C). £, immunoprecipitation of FLAG-RKIP wild-type and FLAG-RKIP>">3* from lysates of HEK293 cells treated without or with
TPA (1 uMm, 5 min) and subsequent Western blot analysis for co-immunoprecipitated wild-type Myc-RKIP. n = 4-7 independent experiments.

upon phosphorylation with recombinant PKC8, but again with-
out detectable quantities of higher-order RKIP oligomers (Fig.
1D). These in vitro experiments indicate that RKIP dimeriza-
tion originates from a direct RKIP-RKIP interaction, which is
only dependent on phosphorylation and does not require other
components.

To determine whether one or both RKIP molecules have to
be phosphorylated for dimer formation, we performed co-im-
munoprecipitation experiments using FLAG-RKIP*'*** and
Myc-RKIP wild-type (wt). In contrast to FLAG-RKIP wild-type,
phosphorylation-deficient FLAG-RKIPS**** was not able to
assemble with Myc-RKIP wild-type in response to TPA stimu-
lation (Fig. 1E). RKIP dimer formation thus requires that both
RKIP molecules are phosphorylated at Ser-153.

Taken together, phosphorylation-induced RKIP dimeriza-
tion is dependent on Ser-153 phosphorylation and occurs con-
comitantly with the release of Rafl from RKIP and association
of RKIP with GRK2. This may indicate that RKIP dimerization
influences the interaction of RKIP with its substrates.

Phosphomimetic RKIP (RKIPS*'>%7FF) Possesses High Pro-
pensity for Dimerization and GRK2 Binding—Next, we gener-
ated a mutant of RKIP, which mimics PKC phosphorylation on
Ser-153 to further evaluate the impact of phosphorylation on
dimerization and substrate binding of RKIP. In some cases,
replacing target amino acids with negatively charged amino
acids such as glutamate or aspartate can mimic transfer of
phosphate groups to phosphorylation sites. However, mutation
of Ser-153 of RKIP to either glutamate (RKIP*'%F) (Ref. 28 and
data not shown) or aspartate (RKIP5'*>3P) (data not shown) did
not result in a functional phosphomimetic mutant, which
would be expected to bind to GRK2, but not to Rafl (4, 28).
Assuming that one negative charge may not be sufficient to
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mimic the di-ionic phosphate group, we inserted a second neg-
ative charge in close proximity. Because Ser-153 is located
within an a-helix (8), we inserted in the mutant RKIPS'*3F an
additional glutamate at position 157 to align the inserted
charges with similar orientation according to one a-helical turn
of ~4 amino acids (31). Of note, these two newly introduced
negatively charged amino acids are located in the correspond-
ing positions in the rape homolog of RKIP (19). Binding of the
phosphomimetic mutant RKIPS*'**/7EE (RKIPS*/EE) to Rafl
was clearly reduced under basal conditions compared with
wild-type RKIP (Fig. 24). In contrast, RKIPS***3/7EE co_immu-
noprecipitated GRK2 at least as efficiently as wild-type RKIP
after TPA treatment (Fig. 2B). RKIP constructs were overex-
pressed at similar expression levels as endogenous RKIP pro-
tein (supplemental Fig. S2). These experiments indicate that
the RKIP mutant, RKIPS*'**7FE indeed mimics Ser-153 phos-
phorylation of RKIP with respect to Rafl and GRK2 binding. To
analyze the dimerization properties of RKIPS*'*3/7FE e per-
formed co-immunoprecipitation assays with FLAG- and Myc-
tagged RKIP*'?*7EE constructs. As shown in Fig. 2C,
RKIPS¥*3/7EE displayed enhanced propensity for dimerization
in the absence of TPA. This was further validated in cross-
linking experiments in HEK293 cells transfected with Myc-
tagged RKIPS'*3/7EE (Fig, 2D), again there was no evidence of
higher-order oligomers (data not shown). Interestingly, the
proportion of monomeric RKIPS***3/7FE ynder basal condi-
tions was less than that of wild-type RKIP after TPA stimulation
(Fig. 2D, lower panel, blot with lower exposure).

Mutant RKIP Lacking Amino Acids 143—146 Has a High Pro-
pensity for Dimerization and GRK2 Binding—It has been sug-
gested that a loop structure (“loop 127-1507), which is located
close to the Ser-153 containing a-helix, might be involved in
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the RKIP dimer interface (8). We performed mutational analy-
ses to investigate the impact of this particular region. We gen-
erated (i) deletion mutants, which lacked 4 or 6 consecutive
amino acids all through the loop and a deletion mutant lacking
the entire loop (amino acids 127-150) and (ii) a point mutant in

A RKIP/Raf1 B RKIP/GRK2
IP: anti-Flag (RKIP) IP: anti-Flag (RKIP)
Rafl - i GRK2 —_— -

Flag (RKIP) s --

Flag (RKIP) e s s

TPA - + - TPA - + -
& & & &
R L& R <&
C RKIP/RKIP D RKIP/RKIP
(Cross-linking)

IP: anti-Flag (RKIP)

IB: anti-Myc (RKIP)

Myc (RKIP) [T — e — <N
Flag (RKIP) SEEG—G_— -— o o aKP
TPA - + -  TPA - o+ -
& &S &
R <L R <
& &8 s & &8

FIGURE 2. Phosphomimetic RKIP has high propensity for dimerization
and GRK2 binding. A-C, co-immunoprecipitation assays using HEK293 cells
transiently transfected with FLAG- and Myc-tagged wild-type RKIP (wt) or
with FLAG- and Myc-tagged RKIPSX">3/7EE (RKIPSKEE) a5 well as with Raf1 and
GRK2. Cells were stimulated with TPA (1 uM, 5 min) as indicated. After immu-
noprecipitation (/P) of the FLAG-tagged RKIP constructs, co-immunoprecipi-
tated Raf1 (A), GRK2 (B), and Myc-RKIP (C) were visualized by immunoblot
analysis with the indicated antibodies. D, cross-linking experiments with PFA
(0.75% (w/v), 7 min) in HEK293 cells transfected with wild-type Myc-RKIP or
Myc-RKIPK153/7EE (RKIPSKEE) Cells were stimulated with TPA (1 um, 5 min) as
indicated. Protein complexes were separated by SDS-PAGE and detected
with anti-Myc antibodies. The upper panel shows dimeric RKIP (~42 kDa) and
the lower panel shows monomeric RKIP (~21 kDa; lower film exposure). n =
4-6 independent experiments.
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which we exchanged several of the charged amino acids to neu-
tral residues. Almost all of these mutants could not be used for
interaction studies because they were either not expressed or
precipitated unspecifically. However, the deletion of amino
acids 143—146 (RKIPA'*3-14¢) at the C-terminal end of the loop
generated a mutant with high propensity for dimerization in
the absence of PKC stimulation as shown by co-immunopre-
cipitation (Fig. 3A) and by cross-linking experiments in
HEK293 cells (supplemental Fig. S3A). RKIP constructs were
overexpressed at similar expression levels as endogenous RKIP
protein (supplemental Fig. S3B). Intriguingly, the correspond-
ing loop of PEBP in Antirrhinum centroradialis is generally 5
amino acids shorter than the corresponding loop of mamma-
lian PEBPs (19), and this RKIP homolog crystallizes as a dimer.
This further supports our observation that shortening of this par-
ticular loop is favorable for RKIP dimerization. RKIP*'#3-14¢ djs-
played a lower affinity to Rafl (Fig. 3B), whereas its affinity to
GRK2 was comparable with that of phosphorylated wild-type
RKIP (Fig. 34). Thus, RKIPA**~¢ showed similar properties
as the phosphomimetic RKIPS¥'**7EE Because RKIPA143-14¢
was already highly phosphorylated in quiescent cells (Fig. 3C),
we analyzed whether increased dimer formation and GRK2
binding of this mutant was due to increased RKIP****~%€ phos-
phorylation. However, prevention of RKIP*'#*~4¢ phosphory-
lation by the PKC inhibitor bisindolylmaleimide I (GFX) (Fig.
3D), did not affect RKIPA1*3-14¢ dimerization and GRK2 bind-
ing (Fig. 3E). These findings suggest that dimeric RKIP does not
require Ser-153 phosphorylation to bind to GRK2. This
hypothesis was further supported by the fact that dimerization
and GRK2 binding of RKIP***3-1%¢ did not further increase in
response to TPA treatment (Fig. 3, A and E, and supplemental
Fig. S3A). Because RKIP*'*3~1%¢ dimerized under basal condi-
tions (and after PKC inhibitor treatment), we hypothesize that
RKIP phosphorylation might induce a conformational change
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o © D D s
Flag (RKIP) eSS \Q\ng&»f oA oL
TPA—__* - = & 8 RKIP wt RKIP 14
RKIP wt RKIPA143
D . pRKIP (5153) E |
— — IP: antl-FIag (RKlP)
Myc (RKIP
IB: Myc (RKIP) ye (RKIP) [ - -
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e TPA - + -
RKlPAM&G GFX _ _ +
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FIGURE 3. RKIP lacking amino acids 143-146 has a high propensity for dimerization and GRK2 binding. A and B, immunoprecipitation (/P) of wild-type
FLAG-RKIP (wt) or FLAG-RKIPA143-146 (RKIPA143-6) from lysates of HEK293 cells treated with TPA (1 um, 5 min) as indicated. Co-precipitated wild-type Myc-RKIP (A),
Myc-RKIPAT#3-146 (4), GRK2 (A), and Raf1 (B) were detected by Western blot analysis with the respective antibodies. The lower molecular mass of the deletion mutant
RKIPA43-146 s visible due to the usage of 17% (w/v) acrylamide SDS-PAGE gels. C,immunoblot analysis (IB) of the respective cell lysates of A with anti-pRKIP (Ser-153,
§153) antibodies. D, immunoblot analysis of Ser-153 phosphorylation of overexpressed RKIPA'437'4¢ in HEK293 cells pretreated with either TPA (1 um, 5 min) or
bisindolylmaleimide I (GFX; 3 um, 2 h) as indicated. £, immunoprecipitation of FLAG-RKIPA'#3~14¢ from cells pretreated with either TPA (1 um, 5 min) or GFX (3 um, 2 h)
as indicated with subsequent immunoblot analysis of co-immunoprecipitated Myc-RKIPA'437146 or GRK2. n = 4-7 independent experiments.
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FIGURE 4. Dimerization is necessary for the switch of RKIP from Raf1 to GRK2.
A, immunoprecipitation (/P) of wild-type FLAG-RKIP from cells treated without or
with TPA (1 um, 5 min), which were either co-transfected with empty vector (con)
or with the RKIP fragment containing amino acids 127-146 (RKIP'27-'4¢,
RKIP27~%6) of RKIP. Co-precipitated Myc-RKIP wild-type and GRK2 were visual-
ized with the indicated antibodies. B,immunoprecipitation of FLAG-RKIPA 1437146,
RKIPA'3- (left panels) or FLAG-RKIPS'53/7EE (RKIPSKEE  right panels) from cells,
which were co-transfected with RKIP fragments containing amino acids
1-20 (RKIP'2%) or 127-146 (RKIP'27-'4¢) of RKIP. Cells transfected with
FLAG-RKIPA143-146 \yere treated with TPA (1 uM, 5 min) to induce maximal
RKIP phosphorylation for fair comparison with phosphomimetic RKIPS<'53/7EE,
Co-precipitated Myc-RKIPA143-146 or RKIPSX'53/7EE and GRK2 were visualized
with the indicated antibodies. C, immunoprecipitation of wild-type FLAG-
RKIP from cells treated without or with TPA (1 um, 5 min), which were either
co-transfected with empty vector (con) or with RKIP'2’~'4¢, Co-precipitated
Raf1 was visualized with anti-Raf1 antibodies. D, immunoblot analyses (/B) of
cell lysates used in A and C analyzed with indicated antibodies. n = 3-5 inde-
pendent experiments.

triggering dimerization, which is mimicked by the dimeric
RKIP mutant RKIPA'*37146,

Dimerization of RKIP Is Necessary for the Switch of RKIP from
Rafl to GRK2—To further investigate the effect of dimerization
on RKIP-GRK2 association and on RKIP/Raf1 dissociation, we
used peptides containing the loop sequence of the putative
dimer interface to competitively interfere with RKIP dimeriza-
tion. These peptides comprised amino acids 127-146 of rat
RKIP, i.e. most of the sequence of the loop 127-150. Co-expres-
sion of the RKIP fragment RKIP'*>"~'%¢ as well as longer RKIP
fragments, i.e. RKIP'7**° and RKIP**~'*°, prevented PKC-in-
duced dimerization of wild-type RKIP (Fig. 44 and supplemen-
tal Fig. S4, A—C) as well as of RKIPS<!>¥/7EE and RKIPA143-14¢ in
HEK?293 cells (Fig. 4B). As controls, we used either mock-trans-
fected cells or cells transfected with N-terminal RKIP frag-
ments, which did not contain the loop sequence (supplemental
Fig. S4, A (RKIP'~?°) and C (RKIP'~%")). In accordance with our
previous results, prevention of RKIP dimerization by loop 127—
150 was accompanied by inhibition of PKC-induced RKIP-
GRK2 assembly (Fig. 4, A and B, and supplemental Fig. S4,
A-C), whereas Raf1 binding to RKIP was not affected (Fig. 4C).
Of note, the fragment RKIP'*”~'* did not inhibit PKC-medi-
ated RKIP phosphorylation on Ser-153 (Fig. 4D). We confirmed
the expression of the peptides by reverse transcriptase (RT)
PCR (RKIP'~?° and RKIP'?*"~'*¢, supplemental Fig. S4D), dot-
blot analyses (RKIP'*”7'*¢ and RKIP**~'*°, supplemental Fig.
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S4E), or Tricine-SDS-PAGE (RKIP'~**° and RKIP®**~'°, sup-
plemental Fig. S4F). These results identify loop 127-150 of
RKIP as the dimer interface and they further show that
dimerization of RKIP is a mandatory feature for the switch of
RKIP from Rafl to GRK2.

High Propensity for RKIP Dimerization Prevents Rafl Inhibi-
tion and Translates into Efficient GRK2 Inhibition—To test the
functionality of the phosphomimetic RKIPS*!**7EE and the
dimeric mutant RKIPA'*371%¢, we analyzed their capability to
inhibit Rafl and GRK2. For these analyses wild-type RKIP,
RKIPS¥'®3/7EE and RKIPA'*3-1%¢ were expressed at similar
expression levels as endogenous RKIP in these cells (supple-
mental Fig. S5A4). To analyze Rafl inhibition, we monitored the
activation of its effector kinases ERK1/2 in HEK293 cells using
antibodies directed against activated ERK1/2 (pErk1/2(TEY)).
Unlike wild-type RKIP, RKIPS*'*3/7EE and RKIP*'*3~14 did not
display a significant inhibitory effect on Rafl (Fig. 54 and sup-
plemental Fig. S5B). These results are in line with the reduced
binding affinities of phosphomimetic RKIP®*'**7FF and
dimeric RKIP*'**~1%€ to Raf1 (Figs. 2A and 3B). To ensure that the
enhanced binding affinity of RKIPS*'**7FF and RKIPA'*3-14€ to
GRK2 (Figs. 2B and 3A) indeed translates into enhanced GRK2
inhibition, we monitored GRK2-mediated 3,AR phosphoryla-
tion in HEK293 cells with stable overexpression of GFP-tagged
B>AR using phosphospecific B,AR antibodies (p3,AR(S355/6))
(Fig. 5B and supplemental Fig. S5C). Because these antibodies
might also detect B,AR phosphorylation by other kinases, we
overexpressed GRK2 to minimize background phosphorylation
due to other kinases (supplemental Fig. S5D). All RKIP proteins
significantly inhibited 8,AR phosphorylation in response to
isoproterenol stimulation. The inhibition of 8,AR phosphory-
lation by RKIPS¥**3/7EE and RKIP*'*3-4¢ was even more effi-
cient than by wild-type RKIP, which suggests that dimerization
leads to more efficient GRK2 inhibition (Fig. 58 and supple-
mental Fig. S5C). In the absence of isoproterenol, 3,AR phos-
phorylation was too weak to detect potential differences
between wild-type RKIP and mutants RKIPS*'**7FF and
RKIPA'#3-14¢ (data not shown). These experiments demon-
strate that RKIPS¥'*3/7FF and RKIPA'*371%¢ are functional in
terms of GRK2 inhibition.

To further substantiate our hypothesis that RKIP dimeriza-
tion is not only important for GRK2 binding but also for GRK2
inhibition, we next compared purified His-RKIP wild-type,
RKIPS¥1%3/7EE and RKIPA*371%¢ with regard to their ability to
inhibit GRK2 in an in vitro receptor phosphorylation assay, i.e.
rhodopsin phosphorylation. Of note, no PKC was present in
this assay, which could induce RKIP dimerization. Indeed, inhi-
bition of GRK2-mediated rhodopsin phosphorylation was
more pronounced in the presence of the “dimeric” mutants,
RKIPSKI1%3/7EE op RKIPA1#3-14€ than in the presence of wild-
type RKIP (Fig. 5C). This experiment demonstrates that the
increased propensity for dimer formation indeed enhances
GRK2 binding as well as GRK2 inhibition.

GRK?2 Preferentially Binds to RKIP Dimers in Vitro—To val-
idate that GRK2 binds to RKIP dimers, we performed cross-
linking experiments with purified GRK2 and His-RKIP wild-
type, His-RKIPS*'*¥7EE | or His-RKIP*'**1*¢ ysing sEGS as
cross-linking agent. Antibodies directed against the His tag
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FIGURE 5. High propensity for RKIP dimerization prevents Raf1 inhibition and translates into efficient GRK2 inhibition. A, quantification of ERK1/2
phosphorylation in HEK293 cells with stable expression of GFP-tagged 3,AR co-transfected with empty vector (con), wild-type Myc-RKIP (wt), Myc-RKIPS153/7EE
(RKIP>EE), or Myc-RKIPA143-146 (RK|PA143-€) ERK1/2 phosphorylation was detected with phospho-specific pERK1/2 antibodies. The graph shows ERK1/2 phos-
phorylation as % of the values in the absence of RKIP. n = 7 independent experiments; *, p < 0.01. B, quantification of 8,AR phosphorylation induced by isoprot-
erenol (Iso; 1 um, 5 min) in HEK293 cells with stable expression of GFP-tagged ,AR and co-transfected GRK2 and empty vector (con), wild-type Myc-RKIP
(wt), Myc-RKIPS¥153/7EE (RKIPSKEE) or Myc-RKIPA143-14° Receptor phosphorylation was detected with phosphospecific antibodies directed against serine
residues 355 and 356 in B,AR. The graph shows isoproterenol-stimulated 3,AR phosphorylation as % of the values in the absence of RKIP.n = 5-6 independent
experiments; *, p < 0.05. C, quantification of GRK2-mediated phosphorylation of purified rhodopsin in the absence (con) or presence of purified His-RKIP
wild-type, His-RKIPS153/7EE o His-RKIPA143-146_Rhodopsin phosphorylation was assessed using [y->2P]JATP and quantified by phosphorimaging analysis. The graph
shows light-stimulated rhodopsin phosphorylation as % of the values in the absence of RKIP.n = 15 independent experiments; *, p < 0.05. Data are mean = S.E.
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FIGURE 6. GRK2 preferentially binds to RKIP dimers in vitro. Cross-linking
experiments without (con) or with purified wild-type His-RKIP (wt), His-
RKIPSK153/7EE (RKIPSKEE)  or His-RKIPA!43-146 (RKIPA'43~) and purified GRK2
using sulfo-EGS as cross-linking agent (0.3 mm, 15 min). RKIP complexes were
separated by SDS-PAGE and visualized with anti-His antibodies. The positions
of molecular mass standards are marked on the /eft. The lower panel shows a
film with shorter exposure. n = 5 independent experiments.

revealed strong immunoreactive bands at ~21 (molecular mass
of RKIP monomers), ~42 (RKIP dimers), and ~122 kDa (Fig.
6). The signal at ~122 kDa corresponds to the molecular mass
of a complex consisting of dimeric RKIP (42 kDa) and GRK2 (80
kDa). Interestingly, there was almost no signal detectable at
~101 kDa, which would refer to a complex of monomeric RKIP
with GRK2. Analogous to previous experiments, RKIPS*!%3/7EE
and RKIP*'*3-%¢ had a higher propensity for dimer formation
and GRK2 binding as shown by an increased signal at ~42 and
~122 kDa and a decreased signal at ~21 kDa compared with
wild-type RKIP (Fig. 6). Thus, this experiment further sustains
our hypothesis that GRK2 preferentially binds to RKIP dimers.

Detection of ~122 kDa Complex Consisting of GRK2 and
RKIP in Mouse Hearts—Because GRK2 is of particular interest
for cardiac function, we analyzed whether RKIP dimers could
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potentially be of interest for the regulation of GRK2 function in
the heart. Hence, we investigated if a complex of dimeric RKIP
with GRK2 can be detected in cardiac tissue. We perfused
mouse hearts with PFA as cross-linking compound and ana-
lyzed the heart lysates for GRK2-RKIP complexes by Western
blot. Intriguingly, antibodies directed against GRK2 as well as
antibodies directed against RKIP detected a prominent band of
~122 kDa after cross-linking with PFA (Fig. 7A). Because RKIP
phosphorylation is a prerequisite for RKIP dimerization, we
verified that RKIP was phosphorylated in these heart samples.
For this analysis, heart lysates were incubated with a recombi-
nant phosphatase, PP1. Analysis of RKIP phosphorylation
using phosphospecific pRKIP(Ser153) antibodies revealed a
significant reduction of RKIP phosphorylation after PP1 treat-
ment (Fig. 7B). Interestingly, immunoblot analysis of RKIP after
cross-linking with PFA revealed an additional faint band at ~94
kDa (Fig. 7A). To analyze whether this band may represent the
RKIP-Rafl complex, we perfused mouse hearts with GFX
before cross-linking to reduce PKC-induced RKIP phosphory-
lation. GFX treatment indeed reduced RKIP phosphorylation
as shown by immunoblot analysis (Fig. 7C). Under these condi-
tions, antibodies directed against Rafl detected a band at ~94
kDa, which might represent the RKIP-Rafl complex, and a very
prominent cross-reacting band above (Fig. 7D). In line with the
Rafl immunoblot, antibodies directed against RKIP clearly
detected a major band at ~94 kDa (Fig. 7D) underlining the
hypothesis that this band represents the RKIP-Rafl complex.
Unlike non-GFX-treated hearts (Fig. 7A), heart lysates of GFX-
treated hearts showed only a faint 122-kDa (“RKIP-RKIP-
GRK2”) band (Fig. 7D). Taken together, these experiments sug-
gest that PKC-mediated phosphorylation of RKIP in native
tissue also triggers dimer formation of endogenous RKIP and,
thus, enables RKIP to switch from Rafl to GRK2. The detection
of RKIP dimers in a complex with GRK2 in native cardiac tissue
implies a physiological relevance of RKIP dimers in the heart.
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FIGURE 7. Detection of a ~122-kDa complex consisting of GRK2 and RKIP
in mouse hearts. A, mouse hearts were perfused with the cross-linking agent
PFA (4% (w/v) in PBS, 7 min) and lysed. Protein complexes were separated by
SDS-PAGE and subjected to Western blot with the indicated antibodies. The
positions of molecular mass standards are marked on the left.n = 5independ-
ent experiments. B, immunoblot analysis of RKIP phosphorylation in murine
heart lysates treated without or with protein phosphatase 1 (PP1; 20 units of
PP1/100 pg of lysate; 30 min, 30 °C) for dephosphorylation using antibodies
directed against pRKIP(S153).n = 4 independent experiments. C, perfusion of
mouse hearts with the PKC inhibitor GFX (1.5 um; 3 min) and lysed. RKIP phos-
phorylation was analyzed by Western blot analysis. n = 4 independent exper-
iments. D, mouse hearts were perfused with GFX (1.5 um; 3 min) followed by
perfusion with PFA (4% (w/v) in PBS, 7 min). Protein complexes were sepa-
rated by SDS-PAGE and subjected to Western blot with the indicated antibod-
ies. The positions of molecular mass standards are marked on the /eft. Open
arrow indicates a nonspecific anti-Raf1 immunoreactive band. n = 4 inde-
pendent experiments.

DISCUSSION

The number of signaling cascades known to be modulated by
RKIP is constantly increasing. Until Yeung et al. (1) discovered
the inhibitory effect of RKIP on the Raf/MEK/ERK cascade, no
physiological role of this protein was known. Meanwhile, the
inhibition of Rafl by RKIP has been shown to be implicated in
cell transformation (1) and the control of the cell cycle (32) and,
thus, tumor progression and metastasis (33). Shortly after the
discovery of RKIP-mediated Rafl inhibition, the inhibitory
effect of RKIP on NFkB signaling was discovered (2) and is
discussed as one possible mechanism for the chemoresistance
of tumor types with low or no RKIP expression (34). RKIP may
also influence cell division and apoptosis by interference with
glycogen synthase kinase 33 signaling (3). Furthermore, RKIP
was suggested to be involved in GPCR signaling (5) and was
eventually identified as a physiological and direct inhibitor of
GRK?2 (4), which is an important regulator of GPCR signaling.
RKIP-mediated GRK2 inhibition is involved in cross-regulation
of GPCRs (35), neuronal differentiation (36), and cardiomyo-
cyte contractility (4). Taken together, RKIP controls a complex
variety of signaling networks in mammalian cells.
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Itis still a matter of discussion, how such a small protein of 21
kDa can retain control over several different signaling cascades.
The only well characterized regulatory mechanism known so
far, which controls alternate binding of RKIP to its targets, is the
PKC-mediated phosphorylation of RKIP at Ser-153. This phos-
phorylation releases RKIP from Rafl and leads to the associa-
tion of RKIP with GRK2 (4). In general, protein phosphoryla-
tions offer flexible communication between interaction
partners implicated in gene expression, regulation of receptor
activity, and other crucial cellular functions. They promote
conformational changes and alter surface properties of proteins
and may thereby affect protein-protein interactions, activation/
inhibition of enzyme activity, or self-association. Self-associa-
tion of proteins can increase protein stability and generate new
binding sites and thus alter protein function (37-43). Surpris-
ingly, homo-oligomerization as an efficient mechanism to con-
trol protein-protein interactions has thus far not been taken
into consideration for RKIP. Although putative dimers and
higher-order oligomers of RKIP have been observed by Bol-
lengier et al. (44) in human brain lysates and in crystal struc-
tures of human RKIP, a bacterial and a plant homolog of RKIP
(8, 15, 19), the existence or physiological implications of RKIP
dimers or oligomers in mammalian cells have not been investi-
gated under physiological conditions.

Here, we show that (i) RKIP indeed exists as a dimer in intact
cells (Fig. 1), (i) RKIP preferentially forms dimers and not
higher oligomers (Figs. 1-3 and supplemental Figs. S1 and S3),
(iii) the RKIP-RKIP interaction is of a direct nature (Figs. 1D
and 6), (iv) RKIP dimerization is post-translationally regulated
by PKC-mediated phosphorylation at Ser-153 (Figs. 1 and 2),
and (v) PKC-mediated RKIP dimerization also occurs in native
tissue (Fig. 7). Furthermore, our experiments identify a loop
structure (loop 127-150) at the surface of RKIP as part of the
dimer interface (Fig. 4 and supplemental Fig. S4). This interface
is located in immediate proximity to the PKC-phosphorylation
site, which may alter the conformation of the loop and may
therefore trigger dimerization after PKC-mediated phosphor-
ylation. Perturbations within the loop structure were detected
in NMR studies with a mutant of RKIP, which at least partially
imitates a phosphorylation at this site (RKIPS'*3F) (14). Further
observations by others strengthen our assumption that this
loop represents the interface for RKIP dimerization: loops in
general often participate in protein-protein interactions (45,
46); particularly, loops with a relatively high fraction of polar,
charged residues, as well as glycines and prolines have been
suggested to be involved in protein dimerization (37, 47).
Indeed, loop 127-150 contains eight charged and eight polar
amino acids, as well as two glycines and two prolines of 24
amino acids; Banfield et al. (8) have generated crystals of
dimeric hRKIP and suggested this loop as a putative dimer
interface. Others have reported that differences in this loop
region participate in opposing effects on flowering of two pro-
teins in Arabidopsis thaliana with high similarity to RKIP (48).
Our results, these observations, and the fact that the loop is
highly conserved among mammalian RKIP isoforms (12) all
suggest that this loop plays an important role in the regulation
of protein interactions of RKIP.
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To study the impact of RKIP dimerization on its target spec-
ificity, we analyzed the switch of RKIP from Rafl to GRK2. Even
though there is a growing number of interaction partners, there
are only a few, i.e. Rafl, MEK1, ERK2, and GRK?2, of which
direct interactions using recombinant, purified proteins have
been established. Of these direct interaction partners, a mech-
anistic understanding may be especially interesting for Rafl and
GRK2, because only for these two inhibition of their kinase
activity by RKIP has been shown with an IC;, value in the low
micromolar range (~5 versus ~0.5 uM, respectively) (1, 4). Our
experiments show that phosphorylation-induced dimerization
is a prerequisite for RKIP to inhibit GRK2. More precisely, (i)
experiments with wild-type RKIP and phosphorylation-defi-
cient RKIP$'*** and phosphomimetic RKIPS*'**7EE showed
that dimerization occurred concomitantly with the release of
RKIP from Rafl and the binding of RKIP to GRK2 (Figs. 1 and
2); (ii) studies with a dimeric RKIP mutant (RKIP'*3~14¢; Fig, 3
and supplemental Fig. S3), and with peptides competitively
interfering with RKIP dimerization (Fig. 4 and supplemental
Fig. 4) substantiated the hypothesis that the actual binding
interface of GRK2 and RKIP is formed by RKIP dimers; (iii)
experiments with the dimeric RKIP mutant (RKIPA!#3-14€) fyr-
ther show a reduced affinity of dimeric RKIP for Rafl, which
suggests that RKIP dimerization causes the release of Rafl from
RKIP (Fig. 3); (iv) in vitro experiments with purified RKIP
showed that RKIP dimers are important structural components
for GRK2 binding (Figs. 1 and 6); (v) cross-linking experiments
in heart tissue showed that PKC-mediated RKIP phosphoryla-
tion promotes the complex formation between dimeric RKIP
and GRK2 (Fig. 7). The physiological monomer to dimer ratio is
very difficult to determine (40). In the case of RKIP dimeriza-
tion, activation and deactivation of PKC, and most likely also of
phosphatases may dynamically alter the monomer to dimer
ratio depending on cellular triggers. The finding that the equi-
librium is shifted toward monomers in the presence of the loop
peptide RKIP**”~'*¢ (Fig. 4, A and B, and supplemental Fig. S4,
A-C), supports the hypothesis of a dynamic nature of RKIP
dimers. Interestingly, RKIP dimerization also seems to be con-
trolled by a threshold mechanism because both RKIP molecules
need to be phosphorylated for dimer formation (Fig. 1E).

To prove the functional relevance of RKIP dimers for GRK2
inhibition, we analyzed the effect of phosphomimetic
RKIPS*'*37EE and dimeric RKIP*'*371%¢ on the inhibition of
GRK2-mediated phosphorylation of B,ARs in cells as well as on
GRK2-mediated rhodopsin phosphorylation in vitro. Because
both mutants, characterized by high propensity for dimeriza-
tion and for GRK2 binding, are more efficient GRK2 inhibitors
than wild-type RKIP (Fig. 5, B and C), these experiments sup-
ported the functional impact of RKIP dimers. In line with our
hypothesis, that dimerization releases RKIP from Rafl, phos-
phomimetic RKIPS*'**7FE and dimeric RKIP*'*3~1%¢ hardly
interfered with Rafl-mediated ERK1/2 activation (Fig. 5A).
Interestingly, the difference in GRK2 inhibition between wild-
type RKIP and mutants RKIPS'*3/7EE and RKIPA'*371%¢ was
even more pronounced in vitro. This is most likely due to the
absence of PKC-induced phosphorylation of wild-type RKIP
under these conditions. GRK2 inhibition by wild-type RKIP
(Fig. 5 and Lorenz et al. (4)) in vitro may be explained by the
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existence of a certain proportion of RKIP dimers under these
conditions as shown by cross-linking experiments (Figs. 1 and
6). The tendency of RKIP to dimerize under these conditions
may be fostered by relatively high protein concentrations used
in in vitro assays (39).

The detection of the RKIP-RKIP-GRK2 complex in murine
cardiac tissue suggests a physiological relevance of RKIP dimers
in the heart (Fig. 7A). Of note, GRK2 inhibition is of special
interest in cardiovascular research because GRK2 activity and
expression are significantly increased in heart failure patients
(49). Although it is not yet entirely clear whether enhanced
GRK2 activity in heart failure is an adaptive or maladaptive
response, GRK2 inhibition is extensively discussed as a prom-
ising strategy in heart failure therapy (50, 51). This hypothesis is
supported by a number of studies in which GRK2 expression
and activity in cells or transgenic animals was altered (27).
Ablation of GRK?2 in cardiac myocytes prevented heart failure
progression after myocardial infarction in mice (52), whereas
overexpression of GRK2 caused cardiac dysfunction in vivo
(53). So far, only RKIP has been described as a physiological
inhibitor of GRK2 with an impact on cardiomyocyte function.
RKIP interacts with the N terminus of GRK2, a region, that is
important for receptor/GRK2 interaction. This interaction is
highly specific, because RKIP does not regulate cardiac GRK5
or PKA. RKIP-mediated GRK2 inhibition increases cCAMP sig-
naling and enhances contractility of isolated neonatal car-
diomyocytes (4). Despite significant efforts to develop small
molecule GRK2 inhibitors, a specific and applicable GRK2
inhibitor is still not available (20, 27). The phosphomimetic and
the dimeric mutants of RKIP, RKIPS*'**7FF and RKIP*'*37146,
are promising tools to study the RKIP/GRK2 interface and to
understand how RKIP achieves specific and efficient inhibition
of GRK2.

Taken together, our study gives insights in how RKIP may be
able to control several different kinases. We propose that
dimerization is an important mechanistic feature for the sub-
strate specificity of RKIP. We identify PKC-mediated phosphor-
ylation of RKIP at Ser-153 as a prerequisite for RKIP dimeriza-
tion, which is in turn essential for the binding of RKIP to its
substrate GRK2. It will be interesting to study the implication of
RKIP dimers in the context of other RKIP targets to shed light
on the question how such a multifunctional protein can control
several different signaling cascades.
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