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Radial Spoke Protein 3 Is a Mammalian Protein Kinase
A-anchoring Protein That Binds ERK1/2"
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Initially identified in Chlamydomonas, RSP3 (radial spoke
protein 3) is 1 of more than 20 identified radial spoke structural
components of motile cilia and is required for axonemal sliding
and flagellar motility. The mammalian orthologs for this and
other radial spoke proteins, however, remain to be character-
ized. We found mammalian RSP3 to bind to the MAPK ERK2
through a yeast two-hybrid screen designed to identify interact-
ing proteins that have a higher affinity for the phosphorylated,
active form of the protein kinase. Consistent with the screening
result, the human homolog, RSPH3, interacts with and is a sub-
strate for ERK1/2. Moreover, RSPH3 is a protein kinase A-an-
choring protein (AKAP) that scaffolds the cAMP-dependent
protein kinase holoenzyme. The binding of RSPH3 to the regu-
latory subunits of cAMP-dependent protein kinase, RIla and
RIIB, is regulated by ERK1/2 activity and phosphorylation. Here
we describe an ERK1/2-interacting AKAP and suggest a mech-
anism by which cAMP-dependent protein kinase-AKAP bind-
ing can be modulated by the activity of other enzymes.

A persistent question in understanding cellular networks is
how different input signals converge on MAPK® signaling cas-
cades to elicit multiple and often divergent responses. More
specifically, how do different MAPK modules integrate various
input stimuli and ultimately cause selective activation and
actions of these cascades at distinct sites within the cell? Within
this context, scaffolding and anchoring proteins are important
regulators in coordinating ERK1/2 activity through a variety of
mechanisms, including confining and/or dynamically distrib-
uting these kinases to distinct sites of action in the cell and
integrating multiple inputs into the ERK1/2 MAPK cascade
from other signaling modalities to allow for the divergent
responses of the ERK1/2 pathway (1). Scaffolds and anchoring
proteins may also affect the magnitude and duration of signals
through the pathway, mediate cross-talk with other pathways,
and serve in inhibitory roles, preventing inappropriate action of

* This work was supported, in whole or in part, by National Institutes of Health
Grant R37 DK34128. This work was also supported by a grant from the
THECB Advanced Research Program and Grant 11243 from the Welch Foun-
dation (to M. H. C.).

' Performed this work in partial fulfillment of the requirements for the Ph.D.
degree.

2To whom correspondence should be addressed: Dept. of Pharmacology,
University of Texas Southwestern Medical Center, 6001 Forest Park Rd.,
Dallas, TX 75390-9041. Tel.: 214-645-6122; Fax: 214-645-6124; E-mail:
Melanie.Cobb@UTSouthwestern.edu.

3 The abbreviations used are: MAPK, mitogen-activated protein kinase; AKAP,
protein kinase A-anchoring protein; PKA, cAMP-dependent protein kinase;
ERK, extracellular signal-regulated protein kinase; MEK, MAPK/ERK kinase;
CD, common docking; D, docking; EGF, epidermal growth factor.

OCTOBER 23, 2009+VOLUME 284 -NUMBER 43

the kinases in certain cellular compartments (2). Scaffolds
themselves are often regulated and may be subject to multiple
post-translational modifications, e.g. phosphorylation, sumoy-
lation, and ubiquitylation. These modifications may regulate
the stability of the scaffolds as well as their roles in intercon-
necting pathways in a manner dependent on the particular
stimulus or change in cell context (3, 4).

One particularly well characterized class of scaffolding pro-
teins are the protein kinase A-anchoring proteins (AKAPs) that
bind to the cAMP-dependent protein kinase (PKA) holoen-
zyme (5-8). PKA is a ubiquitous protein kinase involved in
numerous regulatory events in the cell and is composed of two
catalytic subunits and two regulatory subunits. The PKA
holoenzyme is classified as type I or type II, based on the regu-
latory subunits, RIa/3 or Rlla/B, present in the heterotet-
rameric complex (7, 9, 10). AKAPs concentrate PKA holoen-
zymes to defined locations within the cell, where the catalytic
subunits can phosphorylate surrounding substrates in response
to increased concentrations of cAMP, thus providing spatio-
temporal specificity to PKA activity and cAMP-dependent sig-
naling. AKAPs bind to hydrophobic residues of the N-terminal
dimerization interface of the regulatory subunits via a con-
served 14—18-residue amphipathic helical region (8). More
than 50 AKAPs have been identified, many with multivalent
binding capacity, interacting not only with PKA but also with
components of often disparate signaling pathways. AKAPs
have the ability to integrate multiple inputs and facilitate cross-
talk of pathways as a function of these specific interactions,
resulting in unique, localized outcomes within the cell.

RSP3 (radial spoke protein 3) is one of at least 23 known
radial spoke proteins identified in Chlamydomonas reinhardtii
and is assembled in a large multisubunit complex required for
flagellar motility (11). Radial spoke proteins are thought to be
important in transducing signals from the inner pair of micro-
tubules to the outer doublets in the flagellar axoneme, regulat-
ing dynein-mediated axonemal sliding and subsequent flagellar
motility. Genetic analysis of RSP3 function in Chlamydomonas
indicates that flagella are paralyzed, and radial spokes are not
assembled in the absence of RSP3 (12, 13). Additionally, bio-
chemical studies of Chlamydomonas RSP3 show that it is an
AKAP, and loss of its ability to bind to PKA also results in
abnormal flagellar motility and paralyzed flagella (14, 15). More
recently, RSP3 has been shown to form a homodimer within the
radial spoke structure. This dimer is proposed to provide the
base for radial spoke assembly (16).

Through proteomic analysis of human bronchial epithelial
cells and immunofluorescence staining of mouse tracheal epi-
thelial cells, RSP3 has been found in motile cilia in mammals
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(16, 17). Mammals contain one RSP3 gene (mapped to chromo-
somal locus 6q25.3), composed of eight exons and seven
introns. The gene is believed to contain alternative start sites
that generate two transcripts to produce a long and a short
form. The short form, annotated as RSP3, is made up of 418
amino acids, whereas the 560-amino acid-long form, extended
by 142 amino acids at the N terminus, is referred to as RSPH3
(radial spoke protein homolog 3). Human and mouse RSP3 are
~84% similar at the amino acid level and share 67% similarity
within the radial spoke domain to Chlamydomonas RSP3. The
radial spoke domain and the AKAP domain of RSP3 are con-
served among a variety of species. The mammalian orthologs
for this and other radial spoke proteins, however, have not been
characterized. Here we describe the interaction of mammalian
RSP3/RSPH3 with ERK1/2 and PKA and describe some fea-
tures of its regulation. This work identifies the only AKAP thus
far known to interact with components of the ERK1/2 kinase
cascade.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Harvest—HEK293 cells were
cultured in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and 1% L-glutamine at 5% CO,. Gener-
ally, cells were reverse-transfected using FUGENE 6 according
to the manufacturer’s protocol. 1.5 ug of plasmid(s) was used in
transfections, and cells were harvested 36 —40 h post-transfec-
tion. After indicated treatments as described under “Results”
and figure legends, cells were washed twice with iced phos-
phate-buffered saline and lysed on ice in 50 mm HEPES, pH 7.5,
150 mm NacCl, 1.5 mm MgCl,, 1 mm EGTA, 0.2 mm NazVO,,
100 mMm NaF, 50 mm B-glycerophosphate, 10% glycerol, 0.1%
Triton X-100, 1.6 wg/ml aprotinin, 0.1 mm phenylmethylsulfo-
nyl fluoride, and 10 pg/ml each of N*-p-tosyl-L-lysine chlorom-
ethyl ketone, N*-p-tosyl-L-arginine methyl ester, pepstatin A,
and leupeptin. After 15 min on ice, lysates were frozen in N,
(liquid) and thawed on ice, followed by centrifugation for 15
min at 16,000 X g in a microcentrifuge at 4 °C. Supernatants
were stored at —80 °C until further analysis.

Plasmids and Antibodies—Human RSPH3 in a pSPORT6
vector was obtained from ATCC and cloned into pCMV7.1
N-terminal 3xFLAG vector for mammalian expression. Site-
directed mutagenesis was performed to generate RSPH3
mutants in ERK1/2 phosphorylation sites and the AKAP
domain. 3xFLAG-RSPH3 truncation mutants were also gener-
ated. Normal mouse or rabbit control IgG antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Plas-
mids encoding RIle, RIIB, and Rla were gifts from G. S.
McKnight (University of Washington). Mouse monoclonal
antibodies against PKA Rlla or RIIB were obtained from BD
Transduction Laboratories. Rabbit anti-PRKAR2A/PKA-RIla
antibody was obtained from Bethyl Laboratories, Inc. (Mont-
gomery, TX). Anti-Myc antibody was obtained from the
National Cell Culture Center. Mouse monoclonal anti-acti-
vated MAPK (diphosphorylated ERK1/2) and mouse mono-
clonal anti-FLAG M2 were obtained from Sigma. Antibodies to
ERK1/2 (Y691, X837), MEK1 (A2227), and Rsk (S732) were as
described (18 -20). The MEK inhibitor, U0126, was obtained
from Promega (Madison, WI).
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Immunoprecipitation—For immunoprecipitations, cell ex-
tracts containing 1 mg of total protein were pre-cleared with 30
wl of protein A-Sepharose beads for 1 h at 4 °C prior to incuba-
tion with the indicated primary antibodies (1:250 dilution) at
4. °C overnight. Then 30 ul of protein A-Sepharose beads was
incubated with the lysate for 2 h at 4 °C. The beads were centri-
fuged at 5000 X g for 3 min prior to three 10-min washes with
10 mm Tris, pH 7.4, 5 mm MgCl,, 500 mm NaCl. The beads were
subsequently boiled in Laemmli sample buffer (2% SDS, 10%
glycerol, 5% B-mercaptoethanol, 0.01% bromphenol blue, 50
mM Tris-HCI) and subjected to SDS-PAGE. Proteins were elec-
trotransferred to nitrocellulose membranes (Millipore, Bil-
lerica, MA). Membranes were blocked with 5% nonfat pow-
dered milk in 20 mMm Tris, pH 7.5, 0.15 M NaCl (TBS) for 2 h at
4.°C, incubated with the primary antibody overnight at 4 °C,
followed by incubation with horseradish peroxidase-conju-
gated secondary antibody diluted 1:2000 in 5% milk in TBS for
1 h at room temperature. Proteins were detected by enhanced
chemiluminescence. In some cases, immunoblots were ana-
lyzed by densitometry using Image J.

Immunoprecipitation Kinase Assays—After washing the
immunoprecipitates as above, protein A-Sepharose beads were
washed with 10 mm HEPES, pH 8.0, 10 mm MgCl,. Beads were
subsequently resuspended in 10 mm HEPES, pH 8.0, 10 mMm
MgCl,, 1 mm 1,4-dithiothreitol, and 1 mm benzamidine.
Recombinant active phosphorylated ERK2 (pERK2) and the
purified catalytic subunit of PKA, each prepared as described
(21, 22), were used as enzymes. Immunoprecipitation kinase
assays were performed at 30 °C for 10 min. Reactions contained
10 um ATP in a 30-ul total reaction volume (60 —70 cpm/fmol
[y->?P]ATP). Reactions were quenched with Laemmli sample
buffer and heated at 100 °C for 5 min. Samples were resolved on
12% polyacrylamide gels in SDS, stained with Coomassie Blue,
dried, and analyzed using autoradiography.

Phosphoamino Acid Analysis—One ug of His,-RSP3 phos-
phorylated in vitro with pERK2 was hydrolyzed with 6 N HCI,
and the products were resolved by electrophoresis on a thin
layer plate using a Hunter apparatus as described previously
(23, 24). The migration of phosphorylated residues from the
samples was compared with migration of phosphoamino acid
standards visualized with ninhydrin.

Quantification and Statistical Analyses—Results are ex-
pressed as means determined from at least three independent
experiments. Bars represent S.E. Statistical significance was cal-
culated using paired or unpaired one- or two-tail £ tests or non-
parametric Kruskal-Wallis analysis as indicated in the figure
legends. Densitometric quantification of immunoblots was per-
formed using ImageJ. Scanned images of film exposed with
intensities of bands in the linear range as determined by expo-
sure of a sensitometer imprinting an intensity gradient on the
film were used for all quantification analyses.

RESULTS

RSPH3 Binds to ERK1/2—The interaction between ERK2
and RSP3 was found through a yeast two-hybrid screen
designed to identify interacting proteins that have a higher
affinity for the phosphorylated active form of ERK2. Yeast were
transformed with bait vectors containing an ERK2 and active
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FIGURE 1. RSPH3 binds to ERK1/2 and other cascade components.
A, endogenous ERK1/2 were immunoprecipitated from HEK293 cell lysates
expressing 3xFLAG-RSPH3 or empty vector (negative control) and immuno-
blotted (IB) with the anti-FLAG antibody. Lanes labeled whole cell lysate
(WCL) contain 10% of the input for immunoprecipitation. Immunoprecipita-
tion with normal rabbit IgG was used as a negative control. B, yeast were
co-transformed with plasmids containing mouse RSP3 and ERK2, MEK1R4F, a
co-expression plasmid containing ERK2 plus MEK1R4F, or empty vector as a
control. G, endogenous ERK1/2, MEK1, and Rsk (top) or Rsk and OSR1 (bottom)
were immunoprecipitated from cells transfected with 3xFLAG-RSPH3. Precip-
itates were immunoblotted with anti-FLAG antibodies. Normal IgG was
immunoprecipitated as control. The whole cell lysate lane contains 5% of the
input forimmunoprecipitation. Experiments in A-C were repeated 10, 2, and
3 times.

MEK1 (MEK1R4F) co-expression plasmid (25), ERK2 alone, or
MEKIRA4F alone, along with a fetal mouse brain cDNA library
as prey. Growth on restrictive medium and (-galactosidase
activity were used as readouts for an interaction. RSP3 was
identified and bound 2.5-fold more strongly to ERK2 co-ex-
pressed with active MEK1 than to ERK2 alone, based on 3-ga-
lactosidase activity. To test the yeast two-hybrid finding,
3xFLAG-tagged RSPH3 or empty vector was expressed in
HEK293 cells, and endogenous ERK1/2 was immunoprecipi-
tated. 3xFLAG-RSPH3 was readily detected in the immunopre-
cipitate (Fig. 1A4). 3xFLAG-RSPH3 also co-immunoprecipi-
tated with Myc-tagged ERK2 (data not shown), consistent with
the two-hybrid result suggesting that phosphorylation and acti-
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vation of the kinase are not required. Despite a theoretical
molecular mass of 67 kDa with the 3xFLAG epitope, 3xFLAG-
RSPH3 migrates between 75 and 90 kDa on a 12% polyacrylam-
ide gel. This slower migration is characteristic of several AKAPs
and has been attributed to the exposed charge of the
amphipathic helical domain.

RSPH3 Coordinates a MAPK Signaling Module—The two-
hybrid screen that identified RSP3 used a bait that also con-
tained MEK1. Thus, we determined whether RSP3 also had the
ability to bind to the upstream protein kinase MEK1. In a two-
hybrid test, RSP3 interacted most strongly with ERK2 co-ex-
pressed with MEK1R4F; weaker binding was also detected with
ERK2 alone, as noted earlier (Fig. 1B). RSP3 also bound to
MEKI1RA4F alone but less so to wild-type MEK1 (see Fig. 2E),
suggesting that RSP3 binds directly not only to ERK1/2 but also
to active MEK1. Subsequently, endogenous ERK1/2, MEK1,
and the ERK1/2 substrate protein kinase Rsk were immunopre-
cipitated from HEK293 cells expressing 3xFLAG-RSPH3.
Tagged RSPH3 co-precipitated with ERK1/2, MEK1, and Rsk
but not with an unrelated protein kinase OSR1 (Fig. 1C, upper
and lower panels). Co-precipitation with MEK1 was weaker
than with Rsk or ERK1/2.

Basis for RSP3-ERK1/2 Interaction—Truncation mutants of
RSPH3 were generated to identify the minimal ERK1/2-inter-
acting region within RSPH3. Residues 187—476 represent the
conserved radial spoke 3 domain as defined for the Chlamydo-
monas protein. FLAG-tagged truncation mutants of RSPH3,
residues 1-476 and 1-187, readily co-immunoprecipitated
with endogenous ERK1/2. Binding of residues 187-476 to
ERK1/2, although detectable, was diminished (Fig. 2A4). These
results are consistent with binding of ERK1/2 to the first 187
amino acids of RSPH3 with a possible contribution from more
C-terminal residues. The two best described motifs that bind
ERK1/2 are the FEXF motif and the docking or D motif. Hydro-
phobic FXF motifs bind to ERK2 near the MAPK insert and
underlying structures (26, 27) (Fig. 2B) and are thought to inter-
act preferentially with pERK1/2, although interactions with the
unphosphorylated proteins have been found (28, 29). D motifs,
characterized by a basic/hydrophobic consensus sequence,
interact in the common docking (CD) region of ERK1/2 and are
thought to bind preferentially to unphosphorylated ERK1/2
(30-33) (Fig. 2B). Because RSPH3 binds better to pERK1/2, we
first mutated the three FXF motifs in RSPH3, singly or together
to test for loss of RSPH3-ERK1/2 binding. The four resulting
mutants were able to co-immunoprecipitate with ERK1/2 in a
manner indistinguishable from wild-type RSPH3 (Fig. 2C). A
recent analysis using peptides suggested that tryptophan and
tyrosine could replace phenylalanine in this type of motif (34).
Thus, a fourth motif, including Trp-111, was mutated that also
did not appear to disrupt the interaction with ERK1/2 (Fig. 2C).
RSPH3 contains no strongly predicted D motifs (35), but near
its N terminus is a sequence (LAKRR) identical to the ERK-
binding sequence from the protein kinases Msk and Mnk that
are ERK1/2 substrates (36). To test its potential role, the first 20
amino acids of RSPH3 were deleted, but the interaction was
retained (Fig. 2D).

Because these motifs were apparently not important for
ERK1/2 binding, we used an unbiased approach to elucidate the
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FIGURE 2. ERK CD region is involved in the RSPH3 interaction. A, endogenous ERK1/2 was immunoprecipitated from HEK293 cells expressing 3xFLAG-tagged
RSPH3 truncation mutants, residues 1-476, 1-187, and 187-476. Immunoprecipitation with normal rabbit IgG was used as a negative control. Precipitates were
immunoblotted (/B) with anti-FLAG antibody. The whole cell lysate (WCL) lane contains 5% of the input for the immunoprecipitations. B, ribbon representation of ERK2
(green) bound via its CD domain to a peptide derived from the hematopoietic tyrosine phosphatase HePTP (cyan) (Protein Data Bank code 2gph). The MAPK insert is
highlighted in magenta, with Tyr-261 indicated. C, three putative FXF motifs within 3xFLAG-RSPH3 were mutated singly (top panel) or in combination (middle panel),
and a WXY motif within 3xFLAG-RSPH3 was mutated (bottom), and all were tested for ERK1/2 binding. Endogenous ERK1/2 immunoprecipitates were immunoblotted
with anti-FLAG. Immunoprecipitation from cells transfected with empty vector or with normal rabbit IgG were used as negative controls. The whole cell lysate lane
contains 5% of the input forimmunoprecipitation. D, experiment as in Cwith a truncation of the first 20 residues of 3xFLAG-RSPH3. E, pairwise yeast two-hybrid analysis
of mouse RSP3 interaction with wild-type (wt) ERK2 or ERK2 mutants. Yeast containing RSP3 were co-transformed with wild-type MEK1 or empty vector as controls.
F, HEK293 cells expressing 3xFLAG-RSPH3 were treated with 10 um U0126 or diluent for 10 min prior to lysis. Endogenous ERK1/2 were immunoprecipitated, and the
precipitates wereimmunoblotted (IB) with anti-FLAG. The whole cell lysate lane contains 5% of the input. Phosphorylated and total ERK1/2 were immunoblotted in the
lysates. n = 3. Experiments in each panel were performed three times, except the two-hybrid test which was performed twice.

nature of the interaction. A two-hybrid library of ERK2 mutants  impaired binding to RSPH3 (data not shown). This residue lies

(37) was screened with RSPH3 to find ERK2 binding-deficient on the side opposite of the ERK2 active site near the CD region
mutants. Through this screen ERK2 H123Y was found to have that binds D motifs (Fig. 2B). Thus, we compared RSP3 binding
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B, 3xFLAG-RSP3H wild-type or T286A was immunoprecipitated from HEK293
cells and used as substrate for an in vitro kinase reaction with purified, recom-
binant pERK1. Mutating T286A decreased *P incorporation by ~70% (n = 6).
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FIGURE 4. RSPH3 phosphorylation dependent on the ERK1/2 pathway. A, HEK293 expressing 3xFLAG-
RSP3H wild-type (wt) or T286A were placed in serum-free medium for 20 h and then labeled with 1 mCi/ml
[*2P]orthophosphate with 10 um U0126 or diluent for 60 min, and then the indicated groups were treated with
10 ng/ml EGF for 10 min. Autoradiograms of the 3xFLAG-RSP3H immunoprecipitates are shown. n = 3. /B,
immunoblot; WCL, whole cell lysate. B, quantification of 2P incorporation into the RSP3H bands from one
experiment. Incorporation was normalized to the U0126-treated RSPH3 wild-type sample and adjusted for
differences in protein expression as assessed by immunoblotting and densitometry. C and D, 3xFLAG-RSP3H
wild-type, T286A, or T243V/T286A wasimmunoprecipitated from HEK293 cells and used as substrate for in vitro
kinase assays with pERK1. Graph represents fold 2P incorporation into RSP3H wild-type compared with the
mutants (mean + S.E.). Protein amount in the immunoprecipitates was measured via densitometric analysis.
Incorporation was normalized to that into the wild-type protein and corrected for differences in protein
amount. n = 3. Mean values for T286A and T243V/T286A RSPH3 were 0.32 and 0.21, respectively. Statistical

significance was evaluated with a nonparametric Kruskal-Wallis analysis.
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using ERK2 mutants defective in D motif and FXF interactions
by pairwise yeast two-hybrid tests (Fig. 2E). Mutations within
the MAPK insert (Y261IN) and the MAPK insert deletion
(A241-272), which disrupt FXF-mediated interactions, bound
to RSP3 as well as did wild-type ERK2, consistent with the co-
immunoprecipitation studies with RSPH3 FXF mutants. On the
other hand, mutations in the CD region (D316A and D319A)
showed reduced binding to RSP3. This suggests that as yet uni-
dentified basic/hydrophobic D-like motifs within RSPH3 medi-
ate its interaction with ERK1/2.

To test whether ERK1/2 activity affected the interaction with
RSPH3 in a mammalian cell system, HEK293 cells expressing
3xFLAG-RSPH3 were treated with the MEK1/2 inhibitor,
U0126, which inhibits the subsequent activation of ERK1/2, or
DMSO as a control, for 10 min prior to immunoprecipitation of
endogenous ERK1/2. Under these conditions, no apparent dif-
ference in co-immunoprecipitation of overexpressed RSPH3
with ERK1/2 was observed between the control- and U0126-
treated samples (Fig. 2F).

RSP3 Is an ERK1/2 Substrate—In vitro kinase assays per-
formed with recombinant pERK1 and immunoprecipitated
RSPH3 from HEK293 lysates or recombinant His,-RSP3
showed that RSP3 and RSPH3 are
indeed substrates (Fig. 3, A and B).
Recombinant His,-RSP3 was also
used in in vitro kinase assays for
phospho-residue identification (Fig.
3A). Phosphoamino acid analysis
indicates that pERK1 predomi-
nantly phosphorylates threonine in
RSP3/RSPHS3. In silico prediction of
consensus ERK1/2 phosphorylation
motifs suggested the major site to
be threonine 286 (35). Mutation of
this residue to alanine in RSPH3
(T286A) attenuated phosphoryla-
tion by ERK1 by ~70% in immuno-
precipitation kinase assays (Fig. 3B).

Labeling of cells with **P indi-
cated that RSPH3 phosphoryla-
tion is increased upon stimulation
of cells with epidermal growth fac-
tor (EGF) (Fig. 4, A and B). Radio-
labeled phosphate incorporation
into RSPH3 was diminished by
pretreatment with the MEK1/2
inhibitor U0126, suggesting that at
least a portion of this phosphory-
lation is ERK1/-dependent. Fur-
thermore, the extent of radiola-
beled phosphate incorporation into
RSPH3 T286A was much less than
that into wild-type RSPH3, suggest-
ing that threonine 286 is the major
ERK1/2 phosphorylation site in
cells. ERK2 also phosphorylates
RSPH3 on threonine 243 to a lesser
extent. Phosphorylation of the dou-

pERK1

wt  T286A T243V, T286A

*p<0.05
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Wele + + WCL o-Rllo indicated that the purified catalytic
IB: a-FLAG == B subunit of PKA phosphorylates

I1B: a-RlloB IB: a-Rlla

E RSP3 AKAP amphipathic helix

FIGURE 5. RSPH3 is AKAP. A, 3xFLAG-RSPH3 was co-expressed with Myc-tagged Rlle, RIIB, or Rla PKA regula-
tory subunits in HEK293 cells. RSPH3 was immunoprecipitated with the anti-FLAG antibody and immuno-
blotted (/B) with antibodies against the regulatory subunits. n = 3. WCL, whole cell lysate. B, endogenous Rlla
and RIIB were immunoprecipitated from HEK293 cells expressing 3xFLAG-RSPH3. Co-immunoprecipitation
was detected by immunoblotting with anti-FLAG antibodies. Empty vector transfected lysates were used as a
negative control. The whole cell lysate lane contains 10% of the input. n = 4. C, schematic of human RSPH3
showing the RIl-binding sequence of the AKAP domain, based on sequence similarity to the Chlamydomonas
ortholog. D, endogenous Rlla was immunoprecipitated from the HEK293 cells expressing 3xFLAG-RSPH3 wild
type (wt) or the AKAP-defective mutant, T325A/1326A. Samples were immunoblotted with the indicated anti-
bodies. n = 4. E, ribbon diagram depicting the amphipathic AKAP helix in RSPH3 that mediates the interaction
with the PKA regulatory subunit dimerization interface. F, overexpressed 3xFLAG-RSP3H wild type or T286A
was immunoprecipitated from HEK293 cells and used as substrate for an in vitro kinase reaction with purified

recombinant pERK1 or purified catalytic subunit of PKA (PKAc). n = 3.

ble mutant T243V/T286A RSPH3 was no more than 20% that
of wild-type RSPH3 (Fig. 4, C and D).

Mammalian RSPH3 Is an AKAP and a Substrate for PKA—
Chlamydomonas RSP3 has been shown to bind to the regula-
tory subunits of PKA in vitro in a similar manner to other
known AKAPs. Orthologs of RSP3 exist in a variety of species,
all of which contain a highly conserved similar sequence in the
AKAP R-subunit binding domain (14). Thus, we tested whether
the human isoform of RSPH3 has a similar AKAP function.
3xFLAG-RSPH3 and Myc-tagged Rlle, RIIB, and Rl were co-
expressed in HEK293 cells, and 3xFLAG-RSPH3 was immuno-
precipitated. Rlla and RIIB co-immunoprecipitated with
RSPH3, whereas Rla did not, indicating that RSPH3 preferen-
tially interacts with the type II PKA holoenzyme (Fig. 5A).
Overexpressed RSPH3 also co-immunoprecipitated with
endogenous RIla and RIIB, further confirming an interaction
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IB: 0-FLAG | o

——e -

IB: a-ERK1/2 ‘u

both wild-type and T286A mutant
3xFLAG-RSPH3 similarly (Fig. 5F).

ERK1/2 Phosphorylation Regu-
lates RSPH3 AKAP Activity—We
next asked whether phosphorylation

TSR F. Autoradiogram of RSPH3 by ERK1/2 has any conse-
, o-FLAG quence on RSPH3 AKAP function.
A ~ We found that mutating the ERK1/2
, m & . . phosphorylation site in RSPH3 af-
- \ fected its ability to co-immunopre-
3xFLAG-RSPH3 wt  + 3 cipitate with the regulatory subunits
3xFLAG-RSPH3 T286A + + of PKA. Co-immunoprecipitation
PiRKT ++ .. of the T286A mutant with endoge-

C

nous R« or RIIB was enhanced by
~1.8-fold compared with wild-type
overexpressed 3xFLAG-RSPH3 (Fig.
6A). Treating cells with the MEK1/2
inhibitor, U0126, which inhibits the
subsequent activation of ERK1/2,
diminished the interaction of
RSPH3 with endogenous RIla, how-
ever. HEK293 cells expressing
3xFLAG-RSPH3 were treated with
fresh medium containing 10% fetal
bovine serum and 10 um U0126 or
DMSO as a control for 10 min prior
to immunoprecipitation of Rll« (Fig. 6, B and C). Stimulation
with fresh serum-containing medium caused an expected
increase in pERK1/2, and this activity was decreased in U0126-
treated samples. U0126 also decreased RSPH3 in the Rlla
immunoprecipitate by ~70%, suggesting that inhibiting
ERK1/2 activity decreases AKAP function of RSPH3. This was
unexpected because of the enhanced interaction of the T286A
mutant with RIla. To examine the interaction between RSPH3
and Rll« further, a kinetic analysis of the effects of serum and
U0126 upon the interaction was performed. The culture
medium of RSPH3-transfected HEK293 cells was changed to
fresh serum-containing medium supplemented with 10 um
U0126 or DMSO as a control for 1, 2.5, 5, 10, 30, and 60 min
prior to lysis (Fig. 6D). As expected ERK1/2 activity was
decreased by U0126. The difference in the amount of RSPH3
that co-immunoprecipitated with endogenous RIla was negli-
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FIGURE 6. ERK1/2 activity modulates the AKAP function of RSPH3. A, endogenous Rlla or Rl was immunoprecipitated from HEK293 cells expressing
3xFLAG-RSPH3 wild type (wt), T286A, or empty vector. Samples were immunoblotted (/B) with anti-FLAG antibody. Fold change in interaction (as described
under “Results”) was determined using a ratiometric analysis of the intensity of the RSPH3 band relative to the whole cell lysate (WCL) for each protein. The
experiment was performed three times each for Rlla and for Rllb. Statistical significance of the fold change in interaction was determined using a two-tailed t
test, p value = 0.011. B, HEK293 cells expressing wild-type 3xFLAG-RSP3H were placed in serum-free medium for 12 h prior to stimulating with serum in the
presence of 10 um U0126 or diluent for 10 min. Endogenous Rlla was immunoprecipitated from the lysates, and the material was immunoblotted with the
indicated antibodies. Data of B are shown in C as mean + S.E.,, n = 3. The fold change in interaction was based on the ratiometric analysis, and values were
normalized to the DMSO-treated control. Statistical significance was analyzed using a two-tailed t test, p value = 0.0139. D, HEK293 cells expressing 3xFLAG-
RSP3H were stimulated with serum with 10 um U0126 or DMSO for the indicated times. Rlla was immunoprecipitated, and the precipitates were blotted with
anti-FLAG. Fold change was determined as above. Samples were normalized to the untreated control. Data represent mean + S.E., n = 3. Statistical significance

was analyzed using a two-tailed t test with p values as indicated.

gible between untreated and samples treated with serum plus
DMSO (control) for 1 min. Thereafter, the interaction between
RIIa and RSPH3 was consistently diminished in the presence of
U0126 over the time course of the experiment; the average
reduction in RSPH3 pulled down with RIla was 50% at all time
points measured (Fig. 6D). Thus, inhibiting ERK1/2 activity
appears to negatively regulate the AKAP function of RSPH3.

DISCUSSION

Our findings reveal that mammalian RSPH3 is an ERK1/2-
interacting AKAP; mutating residues within the amphipathic
helix of RSPH3 (T325A/I326A) disrupted its interaction with
RIla, behavior typical of a bona fide AKAP. These findings on
the human ortholog of RSP3 support previous work showing
that the blue-green algae protein is an AKAP. Importantly, we
show that RSPH3 binds multiple components of the ERK1/2
module, and at the interactions with ERK1/2 and MEK1 are
most likely direct.

The yeast two-hybrid screen identified RSP3 as an interact-
ing protein that has a higher affinity for the phosphorylated and
active form of ERK2. Both two-hybrid and co-immunoprecipi-
tation show that RSPH3 binds both pERK2 and ERK1/2. Con-
sistent with weaker but significant binding to the unphosphor-
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ylated kinase, inhibiting ERK1/2 activation with U0126 did not
disrupt the ability of RSPH3 to co-immunoprecipitate with
endogenous ERK1/2. Corollary experiments using EGF and
forskolin to activate the ERK1/2 and PKA signaling pathways,
respectively, did not cause an apparent change in co-immuno-
precipitation (data not shown).

Based on interactions with ERK2 mutants defective in bind-
ing to D or FXF motifs, RSPH3 most likely binds to ERK1/2,
phosphorylated or not, through a D motif-CD region interac-
tion. D motifs are not highly conserved sequences; consensus D
motifs were not readily identified in RSPH3; as a result, we have
not yet determined the relevant region of RSPH3 that binds to
ERK1/2. Although the several FXF motifs on RSPH3 do not
appear to contribute substantially to ERK1/2 binding, RSPH3,
like other ERK1/2-binding proteins, may contain combinations
of D and FXF that may function synergistically or contribute to
differential interactions with the MAPKs depending on spatio-
temporal or cellular context.

The major site of ERK1/2 phosphorylation in RSPH3 is Thr-
286 within a MAPK consensus motif. Radiolabeled phosphate
incorporation into RSPH3 in response to EGF was not com-
pletely abolished by mutating Thr-286, or a second minor site
Thr-243, or by blocking ERK1/2 activation. In addition to PKA
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and ERK1/2, our experiments suggest that there are additional
EGF-sensitive, ERK1/2-independent protein kinases that also
phosphorylate RSPH3. These phosphorylations may also influ-
ence interactions of RSPH3 with these signaling proteins as well
as the resulting output.

Inhibiting ERK1/2 activation and subsequent activity
decreased the amount of RSPH3 that co-immunoprecipi-
tated with endogenous RIla. Mutating the major ERK1/2
phosphorylation site in RSPH3 to alanine, however, in-
creased the capacity of RSPH3 to co-immunoprecipitate
with RIla. Although mutation of a phosphorylation site to a
small hydrophobic residue is generally expected to have an
effect opposite to phosphorylation of that residue, several
studies have found that removing the hydroxyl group alone,
as in a Thr to Ala or Val mutation, is sufficient to mimic
phosphorylation (38). Another possibility is that the muta-
tion may cause a conformational change in RSPH3 that indi-
rectly affects interactions; this has been noted in several
transcription factors (39). Such a change might alter RIla
binding to RSPH3 relative to the unphosphorylated wild-
type protein. It also must be pointed out that the decreasing
interaction of RSPH3 with RIla observed at early time points
after addition of fresh serum-containing medium was con-
sistent with the T286A mutant experiments, suggesting that
there are multiple changes that take place upon ERK1/2
activation only one of which may be affected by phosphory-
lation of Thr-286. This idea is also suggested by the time
course of binding in the presence of U0126, i.e. reduced Rlla
binding at 1 and 2.5 min but a smaller effect at longer times
of exposure.

In summary, we have identified RSPH3 as an AKAP that may
serve as a point of convergence for ERK1/2 and PKA signaling
in cilia. Proteomic analysis of human bronchial epithelial cells
and immunofluorescence staining of mouse tracheal epithelial
cells have shown that RSP3 is present in motile cilia of mam-
mals (16, 17). Consistent with our findings, MEK1 and a phos-
phorylated form have also been found in cilia (40). Until this
study, AKAPs have not been found directly associated with
MAPK pathways. The muscle-specific AKAP mAKAP binds
proteins involved in feedback loops with phosphodiesterase
4D3 and a cAMP-sensitive guanine nucleotide exchange factor,
Epacl, regulating cAMP levels in cardiac myocytes (41).
mAKAP coordinates PKA function with the ERK5 MAPK path-
way. However, ERK5 binds indirectly to mAKAP through a
direct interaction with the phosphodiesterase. MAP2 (micro-
tubule-associated protein 2), an ERK1/2 substrate, is also an
AKAP (42). ERK1/2 may facilitate regulation of microtubules in
part through MAP?2 interactions. Although stable binding of
ERK1/2 to microtubules is well documented (43—46), it is not
clear if MAP2 itself stably binds ERK1/2 to coordinate with
PKA signaling. Thus, it is possible that RSPH3 stands alone as
an ERK1/2-binding AKAP. The purpose of PKA and ERK1/2
binding to RSPH3 may be to orchestrate RSP3 actions in ciliary
motility. The fact that the AKAP function of RSPH3 is regulated
in an ERK1/2-dependent manner suggests that there may be
additional ciliary functions associated with this ERK1/2-associ-
ated AKAP that remain to be determined.
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