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inhibition of adenylate cyclase and activation of a small
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By using the yeast two-hybrid system, muskelin was
ound to bind with the carboxy-terminal tail of the
rostaglandin EP3 receptor a isoform but not with
ither the b or g isoform. A direct interaction between
he carboxy-terminal tail of the a isoform and muske-
in was confirmed in vitro using recombinant fusion
roteins. Analysis by confocal microscopy indicated
hat the isoform and muskelin were distributed at the
lasma membrane in transfected cells. When the iso-
orm was stimulated by agonist, the receptor was in-
ernalized in the cells expressing the receptor alone,
ut this internalization was partially inhibited by the
otransfection with muskelin. Furthermore, muskelin
nhanced the Gi activity of the isoform. Thus, muske-
in appears to be an isoform-specific anchoring pro-
ein for the EP3 receptor. © 2000 Academic Press

Key Words: prostaglandin; EP3; G-protein-coupled
eceptor; muskelin; carboxy-terminal; two-hybrid sys-
em; internalization.

Prostaglandin (PG) E2 exhibits a broad range of bi-
logical actions in diverse tissues through its binding
o specific receptors on plasma membrane (1). PGE
eceptors are pharmacologically subdivided into four
ubtypes, EP1, EP2, EP3, and EP4, on the basis of
heir responses to various agonists and antagonists (2,
). Among the four subtypes, the EP3 subtype has been
ost well characterized and involved in diverse PGE2

ctions (3). We have cloned the EP3 receptor and dem-
nstrated that this receptor is a G protein-coupled re-
eptor that is coupled to both Gi and G13 linking to
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TPase Rho, respectively (4–6). Furthermore, we have
dentified the three isoforms of EP3 receptor with dif-
erent carboxy (C)-terminal tail, EP3a, EP3b, and
P3g, which are produced through alternative splicing

7, 8). Our previous studies revealed that these iso-
orms differed in agonist-dependent desensitization (9)
nd in agonist-independent constitutive Gi activity
10, 11). Furthermore, we recently found that three
soforms showed differential membrane targeting de-
endent on their C-terminal tail structures (12). How-
ver, for the EP3 isoforms it remains unclear if specific
roteins exist that are responsible for anchoring or
ubcellular targeting of the isoforms. We have ad-
ressed this issue by searching for proteins that inter-
ct with the intracellular C-terminal tails of the iso-
orms, and we here demonstrate that the C-terminal tail
f the a isoform interacts specifically with muskelin.

ATERIALS AND METHODS

Yeast two-hybrid screen. cDNA fragments encoding the C-ter-
inal tails of rat EP3a (amino acid residues 336–365), EP3b (amino

cid residues 336–361), EP3g (amino acid residues 336–364), and
at EP1 (amino acid residues 358–405) were cloned into the yeast
ait vector pAS2-1 (CLONTECH). After transformation with the
ector of the C-terminal tail of EP3a into the yeast reporter
train Y190, a rat brain cDNA library in the prey vector pACT2
CLONTECH) was screened for interacting proteins according to the
anufacturer’s instructions. Out of a total of 3 3 106 transformants,

ne positive clone was obtained.
For construction of myc-tagged muskelins, cDNA of full-length,
-terminal-half (amino acid residues 1–280) or C-terminal-half

amino acid residues 281–735) muskelin was cloned in frame into a
cDNA3 containing myc-epitope tag sequence at the 59-end.

In vitro binding assay. The cDNA fragments encoding the
-terminal tails of EP3a and EP3g were subcloned into pGEX-4T-2

Amersham Pharmacia Biotech), and the plasmids were transformed
nto E. coli strain BL21, allowing expression of the C-terminal tails
s a glutathione S-transferase (GST) fusion protein. Fusion proteins
ere purified using glutathione-Sepharose beads. For in vitro bind-

ng assay, GST or GST-C-terminal tail proteins were immobilized on
lutathione-Sepharose beads for 10 min at 4°C, and they were incu-
ated for 2 h at 4°C with lysates prepared from human embryonic
idney (HEK) 293 cells transiently transfected with myc-muskelin.
roteins bound to the resin were separated by 7.5% SDS–
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olyacrylamide gel electrophoresis and transferred to a PVDF mem-
rane (Millipore). Muskelin was detected with an anti-myc antibody
9E10) using an enhanced chemiluminescence ECL Western-blotting
ystem (Amersham Pharmacia Biotech).

Immunofluorescence. HEK 293 cells (1.5 3 105 cells/well) were
ultured on poly-D-lysine (Sigma)-coated glass coverslips (circular,
8 mm) in 12-well plates for 1 day. Then cells were transfected with
lasmids using LipofectAMINE 2000 (Life Technologies Inc.) accord-
ng to the manufacturer’s instructions and cultured for 2 days. For
mmunofluorescence, all steps were carried out at room temperature,
nd cells were rinsed with phosphate-buffered saline (PBS) between
ach step. After cells had been fixed with 4% paraformaldehyde/PBS
or 15 min, they were permeabilized in 0.2% Triton X-100/PBS for 10
in, and incubated with 10% fetal bovine serum in PBS for 30 min.
or detection of myc-tagged muskelin and EP3a isoform, cells were

ncubated with an anti-myc monoclonal antibody 9E10 and a rabbit
olyclonal anti-EP3 receptor antibody (13) in PBS for 1 h, followed by
he incubation with a rhodamine-conjugated goat anti mouse IgG
Chemicon International Inc.) and a fluorescein isothiocyanate-
onjugated goat anti-rabbit IgG (Chemicon International Inc.). Cells
n coverslips were mounted in 90% glycerol containing 0.1%
-phenylenediamine dihydrochloride in PBS, and photographed un-
er a laser scanning confocal microscope (Bio-Rad, MRC-1024).

Gi activity and PGE2 binding assay. For Gi activity of EP3a
soform, HEK 293 cells (1 3 105 cells/well) were transfected with
s-coupled EP2 and Gi-coupled EP3a, and cultured for 1 day in
4-well plates. After 10 min of incubation at 37°C with 1 mM butap-
ost (EP2 agonist) and 0.1 mM M&B28767 (EP3 agonist), the cAMP
ontents of the cells were measured by radioimmunoassay with an
mersham cAMP assay system (Amersham Pharmacia Biotech), as
escribed previously (14). The values are expressed as a percentage
f control obtained with the cells stimulated with 1 mM butaprost
lone.
For determination of the internalization level of EP3a isoform,

ells were transfected with EP3a, and cultured for 1 day in 150-mm
ishes. After collected cells (1 3 106 cells/assay) had been incubated

FIG. 1. Interaction of muskelin with the C-terminal tail of EP
xpressing the indicated C-terminal tail-fused GAL4-BD was transfe
f the interaction was determined by visual inspection of b-galact
inding assay. Lysates of the cells transfected with myc-muskelin
ound myc-muskelin was visualized with immunoblotting using 9
uskelin band.
351
or 30 min at 37°C with 20 nM [3H]PGE2 (200 Ci/mmol; NEN Life
cience Products, Inc.), they were then washed and incubated for 10
in at 37°C with or without 20 mM sodium acetate (pH 3.5) and 150
M NaCl to remove [3H]PGE2 bound to the receptor remained on the

lasma membrane. The specific [3H]PGE2 binding to the receptor
as determined as described previously (9). The values of [3H]PGE2

ound to the internalized receptor were obtained from the cells
reated with sodium acetate and expressed as a percentage of the
alues of the untreated cells exhibiting the total numbers of the
eceptors internalized and remained on the plasma membrane.

ESULTS

The C-terminal tail of EP3a isoform was used as bait
n a yeast two-hybrid screen of a rat brain cDNA li-
rary. In this screen one positive clone was obtained,
hich was identified as rat muskelin (AB046442),
hich is 99% identical to mouse muskelin (15) at
mino acid level. The specificity of the interaction be-
ween the C-terminal tail of EP3a and muskelin was
nalyzed in the yeast two-hybrid system. Muskelin
pecifically interacted with the C-terminal tail of EP3a
ut not with those of other EP3 isoforms or EP1 (Fig.
A). In order to confirm the interaction observed in the
east system in terms of true protein–protein interac-
ions, we performed a pull down assay with GST-fusion
roteins of the C-terminal tails. Muskelin was recov-
red with GST-C-terminal tail of EP3a but not with
ST-C-terminal tail of EP3g or GST alone (Fig. 1B),

upporting that muskelin specifically interacts with
he C-terminal tail of EP3a isoform. We could not
btain GST-C-terminal tail of EP3b due to its incorpo-

isoform. (A) Yeast two-hybrid system. Yeast reporter strain Y190
d with GAL4-AD-muskelin-hybrid vector, and the relative strength
ase filter lift assay. 111, very strong; 2, negative. (B) In vitro

re incubated with each GST-fusion protein immobilized on beads.
as described under Materials and Methods. The arrow indicates
3a
cte
osid
we

E10



r
m
t
t
m
a
(

a
2
l
n
c
(
a
s
E
a
t
m
w
w
d
c
t
m
n
e
l
b
n
a
l
C
f
m

N
o
i
r

D

t
i
i
r
c
s
n
t
m
a
l
l

w
w

E
E

E
l
a
e

Vol. 276, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ation into inclusion body of E. coli. The binding of
uskelin to full-length of EP3a isoform in vivo was

ried to be analyzed by coimmunoprecipitation from
ransfected HEK 293 cells. However, we failed to im-
unoprecipitate the muskelin-receptor complex prob-

bly due to disruption of the interaction by detergent
data not shown).

The subcellular localization of myc-tagged muskelin
nd EP3a isoform was examined in transfected HEK
93 cells by fluorescence microscopy. EP3a isoform was
ocalized at the cell surface, and the isoform was inter-
alized into the intracellular compartment when the
ells were stimulated with an EP3 agonist, M&B28767
Figs. 2A–D). On the other hand, muskelin was visu-
lized in a diffuse cytoplasmic distribution with a
lightly intensive staining at the cell periphery. When
P3a isoform was cotransfected with muskelin, the
gonist-induced internalization of the isoform was par-
ially suppressed by muskelin (Figs. 2E–H). To assess
ore directly the internalization of the isoform,
e traced the [3H]PGE2-bound isoform internalized
ithin the cells. Muskelin cotransfection markedly re-
uced the level of [3H]PGE2-bound isoform within the
ells, indicating that muskelin inhibits the internaliza-
ion of the isoform (Table 1). Muskelin has 6 kelch
otifs in the C-terminal half, which are known to be a
ovel type of actin-binding domain (15). We further
xamined colocalization of EP3a isoform with full-
ength, N-terminal-half or C-terminal-half muskelin
y fluorescence microscopy. Full-length and C-termi-
al-half muskelins were colocalized with EP3a isoform
t the plasma membrane, but N-terminal-half muske-
in was localized into nucleus (Fig. 3). Therefore, the
-terminal half including kelch motifs is responsible

or the partial localization of muskelin to the plasma
embrane and maybe associates with EP3a isoform.

FIG. 2. Effect of muskelin on the internalization of EP3a isoform
ith myc-muskelin (E–H), they were treated for 30 min with (C, D,
ere fixed and double-stained with anti-EP3 antibody (A, C, E, G) a
352
ext, we examined the effect of muskelin on Gi activity
f EP3a isoform. Muskelin significantly enhanced the
nhibition by EP3a isoform of the Gs-coupled EP2
eceptor-induced cAMP formation (Table 1).

ISCUSSION

In this report we have identified a protein that in-
eracts specifically with the C-terminal tail of EP3a
soform, muskelin. This is the first report of the bind-
ng protein of prostanoid receptors. Muskelin was cur-
ently identified as a novel intracellular mediator of
ell adhesive and cytoskeletal responses to thrombo-
pondin-1 (TSP-1), a regulated macromolecular compo-
ent of extracellular matrix (15). Muskelin is ubiqui-
ously expressed in various tissues, and the majority of
uskelin was reported to be detected in the cytosol and
small portion was membrane associated (15), this

ocalization profile being consistent with the subcellu-
ar localization observed here. Although muskelin was

fter cells had been transfected with EP3a isoform (A–D) or together
H) or without (A, B, E, F) 1 mM sulprostone, an EP3 agonist. They
9E10 (B, D, F, H). Bar, 20 mm.

TABLE 1

Effects of Muskelin on the Gi Activity and Internalization
of EP3a Isoform

Transfection

Gi activity
(cAMP content)

(%)

Internalization
(specific [3H]PGE2 bound)

(%)

P3a 86.4 6 5.7 89.3 6 8.3
P3a 1 muskelin 68.2 6 4.5 18.7 6 6.2

Note. After HEK 293 cells had been transiently transfected with
P3a or together with muskelin, Gi activity and the internalization

evel of EP3a were determined as described under Materials
nd Methods. The values shown are the means 6 SE of triplicate
xperiments.
. A
G,
nd
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hown to be required for cell adhesion and spreading
n TSP-1, exact molecular mechanisms for the function
f muskelin within the cells has not yet been known.
reviously, a multiple membrane-spanning protein,

ntegrin-associated protein (IAP) was cloned and was
evealed to be a TSP-1 receptor (16, 17). Recently, IAP
as shown to associate with heterotrimeric G protein,
i, suggesting that IAP modulates signaling pathways

nvolving Gi (18). Considering these knowledge, it is
ikely that muskelin interacts with the TSP-1-IAP-Gi
omplex and regulates complex-mediated functions.
ur results indicate that muskelin associates with
P3a isoform on the plasma membrane, suggesting

hat muskelin tethers the receptor to the IAP complex
nd modulates the receptor-Gi coupling. Actually, we
howed that muskelin enhanced the Gi activity of
P3a isoform. Therefore, it is conceivable that muske-

in promotes the efficiency of signal transduction from
he receptor to Gi. Furthermore, we showed that EP3a
soform was internalized in response to agonist stimu-
ation and muskelin suppressed the internalization.
hus, muskelin appears to retain EP3a isoform on the
lasma membrane and insulate the receptor from in-
ernalization route, ensuring more sustained activa-
ion of the receptor.

The interaction of muskelin with EP3 receptor is
pecific for a isoform and muskelin does not associate
ith either b or g isoform. Recently, a variety of pro-

FIG. 3. Subcellular localization of full-length, N-terminal-half, a
otransfected with EP3a isoform and either full-length muskelin (A, B
hey were fixed and double-stained with anti-EP3 antibody (A, C, E
353
eins have been reported to be responsible for anchor-
ng or subcellular targeting of G protein-coupled recep-
ors (19–22). Most of them interact with C-terminal
ails of the receptors, indicating that the C-terminal
ails play important roles in the membrane targeting of
he receptors. Three EP3 receptor isoforms are only
ifferent in the C-terminal tail (7, 8). Muskelin specif-
cally recognizes the sequence of the C-terminal tail of
P3a isoform and may act as an anchor protein for the
isoform. We recently revealed that three EP3 iso-

orms differ in subcellular targeting (12). There may be
nchor proteins specific for other two isoforms. Molec-
lar cloning of these putative anchor proteins are now

n progress in our laboratory. Different subcellular tar-
eting of EP3 receptor isoforms would provide distinct
ellular functions of the receptor dependent on target-
ng sites in cells. This finding will be of help in under-
tanding the diversity of cellular responses to PGE2.
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