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a b s t r a c t

Thromboxane receptor (TP) signaling results in a broad range of cellular responses including

kinase activation and subsequent nuclear signaling events involved in cell transformation,

proliferation, and cell survival. Proteins that may participate in the early signaling following

receptor activation remain to be identified. We found that 14-3-3z is a novel protein

interacting with TP intracellular loop 3 (i3) by yeast two-hybrid system. This interaction

was further confirmed by GST pull-down and co-immunoprecipitation methods. Site-

directedmutagenesis studies indicated that Pro-236 of the TP-i3 was involved in the binding

to the 14-3-3z. Co-immunoprecipitation studies in the same cell lysate by TP antibody

showed that TP binds not only with the 14-3-3z but also with the Raf-1. Our data also

demonstrated that TP receptor activation induced by agonist rapidly recruited 14-3-3z and

Raf-1 to form a complex with the TP on the plasma membrane. The significance of

assembling this protein complex was examined by TP agonist-induced extracellular-sig-

nal-regulated kinase (ERK) phosphorylation in intact cells. TP agonist, I-BOP, induced ERK

phosphorylation in HEK 293 cells expressing wild type TPa but significantly lower in those

expressing TPa-P236V mutant. Attenuation of the expression of 14-3-3z by 14-3-3z siRNA

decreased I-BOP-induced ERK phosphorylation indicating the involvement of the 14-3-3z in

the signal transduction process. These results suggest that 14-3-3z may serve as a scaffold

protein to form a protein complex consisting of TP, 14-3-3z, and Raf-1, and that this protein

complexmay be involved in the activation of ERK pathway following TP receptor activation.
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I-BOP, [1S-a,2a(Z),3b(1E,3S),

4a]]-7-[3-[3-hydroxy-4-

(4-iodophenoxy)-1-butenyl]-7-

oxabicyclo[2,2,1]hept-2-yl]-5-

heptenoic acid

IP, immunoprecipitation

MAPK, mitogen-activated

protein kinases

15-PGDH, 15-hydroxyprostaglandin

dehydrogenase

PMSF, phenylmethylsulfonyl fluoride

PVDF, polyvinylidene fluoride

SDS-PAGE, sodium dodecyl

sulfate-polyacrylamide gel

electrophoresis

TXA2, thromboxane A2

TPa/b, thromboxane A2 receptor

a or b form
1. Introduction

Thromboxane A2 (TXA2)
1 is a biologically active eicosanoid

primarily released from activated platelets, monocytes, and

some cancer cells [1]. It is a product of the sequential

metabolism of arachidonic acid by cyclo-oxygenases (COXs)

and thromboxane synthase [2]. It induces platelet aggrega-

tion and secretion, stimulates vaso- and broncho-constric-

tion, and has been implicated in a number of cardiovascular

and bronchial diseases [3]. In addition, its mimetic stimu-

lates mitogenesis and the hypertrophy of vascular smooth

muscle cells. These actions are believed to be mediated by

cell surface thromboxane receptors (TPs), which belong to a

G-protein-coupled receptor superfamily. Two isoforms,

derived from alternate splicing of carboxyl-terminal tail of

the receptor, have been cloned [4]. Human TPa mRNA

encoded a protein of 343 amino acids, whereas TPb mRNA

encoded a protein of 406 amino acids and is identical in

sequence to TPa mRNA for the first 328 amino acids. The

only structural difference of these two isoforms resides in

the cytoplasmic C-terminal tails.

Mitogenic and hypertrophic effect, and activation of

mitogen-activated protein kinases (MAPKs) induced by TP

agonists have been reported in several cell lines. TP agonists

were shown to trigger a protein kinase C (PKC), Src, and

epidermal growth factor receptor (EGFR)-dependent activation

of extracellular-signal-regulated kinase (ERK) in a pertussis

toxin sensitivemanner in human endothelial cell line, ECV 304

[5]. U-46619, one agonist of TPs, was also demonstrated to

induce a PKC, PKA, phosphoinositide (PI) 3-kinase, and EGFR-

dependent activation of ERK in a pertussis toxin independent

manner in human uterine smoothmuscle cell line, ULTR [6,7].

U-46619 was also reported to induce C-Jun N-terminal kinase

(JNK) activation and cyclo-oxygenase-2 expression in a PKA-

dependent manner in porcine aortic smooth muscle cells [8].

Recently, Gallet et al. [9] demonstrated that matrix metallo-

proteinases mediated partially TP agonist-dependent trans-

activation of EGFR and subsequent activation of ERK in human

aortic smoothmuscle cells. The signal transduction pathways
of TPs leading to ERK activation appear to be rather complex

and remain to be further elucidated.

14-3-3 proteins were first identified as highly abundant

acidic proteins inmammalianbrain extracts andsuccessively

demonstrated in other tissues. So far, there are seven

isoforms cloned [10]. All of the 14-3-3 proteins form homo-

dimers and/or heterodimers that interact with signaling and

other functional proteins [11] and play important roles in

various cellular processes such as signal transduction, cell

cycle regulation, apoptosis, stress response, cytoskeleton

organism, and malignant transformation [12–14]. These

proteins are essential for regulated signal transduction and

maynot directly activate or inhibit kinases, but rather behave

as a ‘‘scaffold’’ or ‘‘anchor’’ to localize protein kinase activity.

It has been well established that the activation of ERK is

dependent on the activation of Raf-1 which binds to 14-3-3z

[15]. Recently, Hekman et al. [16] reported the dynamic

changes in Raf-1 phosphorylation and the 14-3-3z binding. It

was proposed that the 14-3-3z had differential roles in the

different steps of the activation of the Raf-1 in response to the

growth factor stimulation.

In the present study, we found that TPs bound to the 14-3-

3z through their intracellular loop 3 (i3) domain and Raf-1 was

also in the protein complexwith TPs. After stimulation by a TP

agonist, the protein complex of the 14-3-3z and the Raf-1 were

recruited to the cytoplasmic side the membrane to interact

with TPa and then Raf-1 was activated leading to the eventual

phosphorylation of ERK. We discovered that the blockade of

the interaction between the TPs and the 14-3-3z decreased

agonist-induced activation of the ERK.
2. Materials and methods

2.1. Materials

Culture medium, heat-inactivated fetal bovine serum (FBS)

and restriction enzymes were from Invitrogen or Gibco

(Carlsbad, CA). I-BOP was from Cayman Chemical (Ann Arbor,
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MI). The other biochemicals and chemicals were obtained

from Sigma (St. Louis, MO). Antibodies specific for pERK and

14-3-3z, 14-3-3z siRNA (pooled sequences: #1, GGUACAUU-

GUGGCUUCAAATT; #2, GCUUCCAUGUCUAAGCAAATT; #3,

CCAGUCACAGGUGUAGUAATT; #4, GGUUCUGAAACUUCU-

CUAATT) and control siRNA were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA). Antibody specific for ERK (p42

and p44) were purchased from Cell Signaling Technology

(Beverly, MA). Antibody specific for Raf-1 was from Lab Vision

Corp (Fremont, CA). Antibodies specific for thromboxane

receptor (TP) and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) were generated in house [17,18]. Horseradish

peroxidase (HRP)-linked goat anti mouse and rabbit IgG were

supplied by Transduction Laboratories (Lexington, KY). The

HEK 293 cell lineswere supplied by the American Type Culture

Collection (Manassas, VA). DupLEX-ATM yeast two-hybrid

system and human prostate tumor cDNA library encoded by

the yeast two-hybrid vector pJG4–5 were provided by Origene

Technologies (Rockville, MD). All the plasmids used in the

yeast two-hybrid system were obtained from Origene Tech-

nologies. ECL Western blotting detection system and the

plasmid of pGEX-2T for expressing GST fusion proteins were

supplied by the Amersham Pharmacia Biotech (Cardiff, UK).

The plasmid encoding human TPa cDNA in pcDNA3 vector

was obtained as reported previously [19].

2.2. Construction of bait vectors

To create the ‘‘bait’’ vectors, the TPa/b intracellular loop 3

(TPa/b-i3) domainwas cloned downstreamof theDNAbinding

domain of Gal4, in the plasmid of pEG202. The coding

sequence of 15-PGDH was cloned into plasmid pEG202 as a

control bait to test non-specific binding between the bait and

the prey.

2.3. Yeast two-hybrid system screen

Growth and transformation of yeast strain EGY48 were

performed as described in themanual of the DupLEX-ATM yeast

two-hybrid system. Briefly, a human prostate tumor cDNA

library encoded by the yeast two-hybrid vector pJG4–5 was

transformed into the yeast strain EGY48 thatwaspreviously co-

transformed by pEG202-TPa/b-i3 bait vectors and pSH18–34

reporter gene vector. The transformed cellswere then analyzed

by growth on drop-out medium lacking tryptophan, leucine,

histidine, and uracil and grown for 4 days at 30 8C. The positive

colonies were confirmed using b-galactosidase assay. After the

second round of screening performed with a pRHFM1 plasmid

asanegativecontrol andpEG202-15-PGDHbaitasanon-specific

control, library plasmid cDNAs were rescued, sequenced, and

identified using the BLAST algorithm.

2.4. Expressions of intracellular loop 3 (i3) and C-terminal
tail (ct) of the TPa and 14-3-3z as glutathione S-transferase
(GST)-fusion proteins

The DNA sequences encoding the i3 (ATLCHVYHGQEA-

AQQRPRDSEVEMMAQ) and the ct (RRAVLRRLQPRLSTRPR-

SLSLQPQLTQRSGLQ) of TPs and 14-3-3z were generated by

PCR using Taq polymerase. PCR amplificationwas carried out in
50 ml of final volume, with 0.2 mMdNTP, 100 ng of each primer,

100 ng of template, and 1.25 units Taq DNA polymerase under

the conditions of 94 8C, 1 min, 60 8C, 1 min, 72 8C, 1 min for 30

cycles. The digested PCR products were ligated into BamHI and

EcoRI sites of the pGEX-2T GST fusion proteins expression

vector. The cloning junctions were sequenced using pGEX

sequencing primer (50-GGGCTGGC AAGCCACGTTT GG-30) to

verify that inserts were in-frame with the GST gene. The

recombinant pGEX-2T plasmid DNA was purified and trans-

formed into E. coli BL21 for bacterial expression. The GST fusion

proteins were purified using GSH-agarose affinity chromato-

graphy as previously described [20].

2.5. Membrane overlay experiment

Ten micrograms of GST and GST fusion proteins of TP-i3 and

TPa-ct were resolved in 12% SDS-PAGE gel, following the

electrophoretically transference to PVDF membrane. The

membrane was incubated with 1 mg/ml GST-14-3-3z in

30 mM Tris–HCl, pH 7.4, 120 mM NaCl (TBS) buffer containing

5% non-fat milk for 2 h at the room temperature. Then the

membranewas probedwith 14-3-3z antibody by the procedure

of Western blotting as indicated below.

2.6. GST pull-down assay

HEK293 cells were lysed in ice-cold lysis buffer (1% Nonidet P-

40 in 150 mM NaCl, 50 mM HEPES, pH 7.4, 5 mM NaF, 5 mM

pyrophosphate, 1 mM sodium orthovanadate, 10 mg/ml apro-

tinin, 10 mg/ml leupeptin, and 1 mM PMSF) for 1 h on ice. The

lysates were spun down at 15,000 � g for 20 min at 4 8C. The

50 mg total protein of the cleared lysates was incubated with

5 mg of the GST or GST fusion proteins and GSH-agarose beads

for 4 h at 4 8C. The GSH-agarose was precipitated by

centrifugation, washed three times with lysis buffer, treated

with SDS-PAGE loading buffer, boiled, and subjected to 12%

SDS-PAGE gel. The bound proteins were electrophoretically

transferred onto PVDF membrane and detected by Western

blotting as indicated below.

2.7. Site-directed mutagenesis

All site-directed mutagenesis of TPa and TPa/b-i3 cDNA was

performed by QuikChange site-directed mutagenesis method

[21]. Two pairs of PCR primers were used to perform PCR to

generate P236V and S239D mutants. The template is either

pCDNA3-TPa orpGEX2T-TPa/b-i3. The PCRproductwas treated

with DpnI endonuclease to digest the parental DNA template

and transformed into XLI-Blue competent cells. After DNA

sequences of themutants were confirmed by DNA sequencing,

pGEX2T constructs were transformed into E. coli Bl21 for

bacterial expression and the pCDNA3 constructs were used

for transient and stable transfection of the mammalian cells.

2.8. Cell culture and transfection of TP constructs and
siRNA

HEK293 cells were cultured as monolayer in DMEM supple-

mented with 10% heat inactivated FBS, gentamicin, and

antibiotic–antimycotic at 37 8C in a humidified atmosphere of
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95% air and 5% CO2. The cells were subcultured in 6 well plates

or 12well plates to achieve 80% confluence on the next day, and

thenthecellsweretransfectedwithpCDNA3-TPaor itsmutants

using lipofectamine reagent. For transient transfection, the

cells were allowed to grow in the 10% FBS medium for 24 h,

followed by starvation in FBS freemedium for 16 h to introduce

quiescence. The cells thenwere stimulated by a TP agonist. For

stable transfection, the cells were allowed to grow in 10% FBS

medium for 48 h after transfection and then the cells were

treated with 1 mg/ml G418 until the colonies appear. The 14-3-

3z siRNA at the concentration of 20 pmol/well in 12 well plates

was introduced to HEK293-TPa cells by lipofectamine reagent.

The cells were treated with the siRNA for 48 h to achieve the

maximal blockade of the expression of the 14-3-3z.

2.9. Co-immunoprecipitation of the 14-3-3z and the Raf-1
by TP antibody

The cell lysate of HEK293 cells stably transfected with TPa was

incubatedwithTPantibodyorcontrol antibodywithshaking for

3 h at 4 8C, and then protein A agarose beads were added and

continuously incubatedwith shaking foranother 3 h.Thebeads

were collected by centrifugation, washed six times with lysis

buffer, treated with SDS-PAGE loading buffer, boiled, and

subjected to 12% SDS-PAGE gel. The presence of 14-3-3z and

Raf-1 was detected respectively by Western blot as indicated

below.

2.10. Western blot analysis

The cells were lysed in lysis buffer for 1 h on ice. Cleared lysate

was then subjected to 12% SDS-PAGE gel. Proteins were then

electrophoretically transferred onto PVDF membrane. The

membrane was blocked with 5% non-fat milk in 30 mM Tris–

HCl, pH 7.4, containing 120 mM NaCl (TBS) at room tempera-

ture for 1 h. It was then incubated for 2 h at room temperature

with a primary antibody in TBSwith 5% non-fat milk and then

the membrane was washed three times with TBS buffer

containing 0.05% Tween-20 (TBST), following incubation with

HRP-linked goat anti mouse or rabbit IgG for 1 h at room

temperature. At last themembranewaswashedwith TBST for

three times. The immunoreactive bands were detected using

ECL Western blotting detection system.
3. Results

It is well known that intracellular loops and C-tail of the G-

protein-coupled receptors are involved in signal transduction
Table 1 – The results of the second round confirmation of the

Baits TPa/b-i3

Growth on YNB(gal)-Leu-Ura-His-Trpc +++

b-Galactosidase activityd +++

a Negative control plasmid provided by the vendor.
b 15-PGDH constructed as a control bait to test the non-specific binding
c +++, excellent growth; ++, some growth; +, poor growth; �, no growth.
d +++, dark blue; ++, blue; + weak blue; �, white.
traffics. In an attempt to search for TP-associated proteins, the

yeast two-hybrid system was used to identify proteins that

might interact with TP-i3. After screening 5 � 106 clones from

a human prostate tumor cDNA library using the TP-i3 bait,

several potential partners were identified based on the growth

on the -leu plates and b-galactosidase assay. The potential

positives were chosen for a second round confirmation by co-

transforming their plasmids rescued from the yeast with

original bait and reporter vector. The non-specific bait pEG202-

15-PGDH and negative control vector PRHFM-1 were also co-

transformed with the potential positives and reporter vector.

We identified one clone (clone 5) which had a very strong

interactionwith the TP-i3 but no interaction with non-specific

bait and negative control (Table 1). After rescuing the plasmid

DNA from that clone, it was digested with XhoI and EcoR1, and

yielded a 0.5 kbp pair cDNA fragment. This fragment was

sequenced and analyzed in the nucleotide database by the

BLAST program. It was found that this fragment encodes the

first 0.5 kbp from the N-terminal end of the coding sequence

(0.735 bp) of the 14-3-3z.

In order to test the in vitro binding of the 14-3-3z to the TP-

i3, we constructed GST fusion proteins of the 14-3-3z and the

TP-i3. We also constructed the GST-TPa-ct to see if the 14-3-3z

binds to the C-tail of the TPa. The membrane overlay

experiment showed that GST-TP-i3, which was electrophor-

esed and transferred onto the PVDF membrane, can bind and

accumulate GST-14-3-3z (Fig. 1a, top panel). However, GST-

TPa-ct and GST alone cannot interact with the GST-14-3-3z on

the membrane. These results demonstrated that there were

no GST dimerizations in this condition, because the binding

was performed in denatured condition after the first GST and

GST fusion proteins were subjected to SDS-PAGE. Therefore,

these data showed the specific binding between the native 14-

3-3z and denatured TP-i3, indicating that only several amino

acids in the primary structure of the TP-i3were involved in the

binding. In order to control the loading amount of the protein

on the membrane, same amount of three different proteins

were resolved by the SDS-PAGE and stained by Coomassie

Brilliant Blue (Fig. 1a, bottom panel).

In order to identify the key amino acids involved in the

binding between the TP-i3 and the 14-3-3z, site-directed

mutagenesis was performed on TP-i3. We examined the TP-

i3 sequence (27 amino acids) and found that there is no 14-3-3z

binding consensus by using Scansite website (http://scansi-

te.mit.edu). However, when we performed the alignment

between the TPa and the a2-adrenergic receptor, including

three subtypes, 2A, 2B, and 2C, which were the first identified

GPCRs interactingwith 14-3-3z through the intracellular loop 3

domain [22], the Pro-236 of the TP was found as a conserved
interaction between the TPa/b-i3 and the clone 5

pRFHM-1a 15-PGDHb

� �
+ �

.

http://scansite.mit.edu/
http://scansite.mit.edu/
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Fig. 1 – 14-3-3z interacts with TP-i3 in vitro. (a) 14-3-3z interacts specifically with the i3 domain of the TPs in vitro by

membrane overlay experiments. GST-14-3-3z, GST-TPa/b-i3, GST-TPa-ct, and GST alone proteins were expressed and

purified from E. coli as described in Section 2. Ten micrograms of GST-TPa/b-i3, GST-TPa-ct, and GST are subjected to 12%

SDS-PAGE gel, following transferring to PVDF membrane. One micrograms per milliliters GST-14-3-3z in TBS containing 5%

non-fat milk was incubated with the membrane following detection of 14-3-3z by polyclonal antibody as described in

Section 2 (top panel). The same amount of GST and GST fusion proteins were Coomassie Blue-stained and were aligned

to show the loading control (bottom panel). Positions of molecular weight standards were shown at the left. (b) Part of

alignment of TP-i3 sequence with i3 domain of a2-adrenergic receptor subtypes 2A, 2B, and 2C, generated by Vector NTI

software. (c) Pro-236 of the TP is essential for TP/14-3-3z interaction in vitro. Five micrograms of bacterially produced GST-

TP-i3 proteins (wild type and P236V and S239D mutants) were used to pull-down the 14-3-3z from the HEK293 cell lysates

as described in Section 2, and the 14-3-3z was detected by Western blotting analysis (top panel). The Coomassie Blue-

stained GST and GST fusion proteins were used to ensure the same amount of proteins loaded in the pull-down

experiments (bottom panel). The 14-3-3z bands densities were normalized to the GST fusion protein loaded were

presented by arbitrary units, in which the band of wild type was set to 100. Results are representative of three

independent experiments.
residue in all these receptors (Fig. 1b). It has been shown that

the serine phosphorylation within themotif is essential to the

14-3-3z binding (23, 24). Therefore,mutants of TP-i3-P236V and

TP-i3-S239D were constructed as GST fusion proteins and

purified as described [20]. The mutation of Ser-239 to an

aspartic residue is to generate a negative charge much like a

serine residue following phosphorylation. GST fusion proteins

were used to pull-down the 14-3-3z from the HEK293 cell

lysate. The results of GST pull-down experiment showed that

GST-TP-i3 wild type and GST-TP-i3-S239D mutant could pull-

down the same amount of the 14-3-3z from the HEK293 cell

lysate as detected by the 14-3-3z antibody in the Western blot
(Fig. 1c), indicating that the charge on the residue at Ser-239

position may not be essential for interaction. However, the

GST-TP-i3-P236V mutant showed attenuated ability to pull-

down the 14-3-3z and the GST could not pull-down the 14-3-3z

at all from the HEK293 cell lysate. These results demonstrated

that Pro-236 in TP-i3 was directly involved in the interaction

with 14-3-3z.

The 14-3-3z is known to be a scaffold protein that binds

more than one protein [11]. It is very likely that the 14-3-3zmay

also interact and form a protein complex with other proteins

in addition to the TPs. So far, the 14-3-3z has been reported to

interact with PI-3-kinase [25], PKC [26], and Raf-1 [27] which
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Fig. 2 – 14-3-3z and Raf-1 were co-immunprecipitated with

TPa in vivo. After 50 nM I-BOP stimulation for 10 min, the

lysates from TPa stably transfected HEK293 cells were

prepared as described under Section 2. The TP co-

immunoprecipitation was performed using TP N-terminal

polyclonal antibody, following absorption by protein A

agarose beads. The precipitate was subjected to SDS-PAGE

and analyzed by Western blotting. The 14-3-3z (a) and Raf-

1 (b) bands were detected by their specific polyclonal

antibodies. As a negative control, against normal rabbit

antibody was used for immunoprecipitation (IgG panel in

both a and b). IP: immunoprecipitation; total lysate: the

whole cell lysates used to perform the

immunoprecipitation. Results are representative of three

independent experiments.

Fig. 3 – The association and dissociation process of the 14-3-3z

stimulation. After starvation for 16 h, the HEK293-TPa cells wer

cells thenwere quenched on ice and treated with lysis buffer at 4

directly analyzed by Western blotting to ensure an equal amou

Eighty percent of the total protein from the lysate was used to

described in Section 2. The 14-3-3z and the Raf-1 were detected

and b). The experiments were performed three times, and the ba

total lysates bands in terms of fold-increase over basal were pl

lysate: the whole cell lysates used to perform the immunopreci
was shown to be involved in the I-BOP-induced activation of

ERK. Therefore, immunoprecipitation was performed to

identify the components of the receptor complex of the TPs.

Preliminary study indicated that TP interacted with the

maximal amount of the 14-3-3z at 10 min following stimula-

tion by I-BOP, one of agonists of TPs, in TP alpha stably

transfected HEK293 cells. Therefore, the immunoprecipitation

by TP antibodywas conducted at 10 min following stimulation

by the agonist. The Raf-1 was identified as a protein in the

receptor complex in addition to the 14-3-3z (Fig. 2).

The immunoprecipitation was then performed to monitor

the dynamic binding between the 14-3-3z or the Raf-1 and the

TPa following stimulation by I-BOP. The TP antibody immu-

noprecipiated some basal level of the 14-3-3z without

stimulation by I-BOP as shown in Fig. 3a. The amount of the

immunoprecipated 14-3-3z began to increase at 2 min and

continued to increase within the first 10 min of agonist

stimulation and then began to decrease in the next 10 min.

The whole cell lysate was used as a loading control for the 14-

3-3z. The amount of the 14-3-3z was approximately the same

in the whole cell lysate for the first 20 min. I-BOP appeared to

stimulate the recruitment of the 14-3-3z to bind to TPa.

Following 10 min of the stimulation, the 14-3-3z was slowly

dissociated from the TPa. Similarly, the Raf-1 has some basal

level of binding to the TPa before stimulation as shown in

Fig. 3b. The binding also showed steady increase within the

first 10 min of stimulation and began to decrease in the next

10 min. The total level of Raf-1 appeared to be constant during

the stimulation.

Since the identification of 14-3-3 proteins as regulators of

protein kinase C in the early 1990s, the 14-3-3 proteins have

attracted attention for their role in controlling signal trans-

duction process. Experiments were then performed to

examine the signal transduction process induced by I-BOP.
(a) and the Raf-1 (b) with the TPa upon the agonist

e stimulated with 50 nM I-BOP for 2, 5, 10, 15, 20 min. The

8C. Twenty percent of the total protein from the lysate was

nt of protein (bottom panel in both a and b) was applied.

perform TP co-immunoprecipitation experiments as

by their specific polyclonal antibodies (top panel in both a

nd density of the 14-3-3z (a) and the Raf-1 (b) normalized to

otted as a function of time. IP: immunoprecipitation; total

pitation.
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Fig. 4 – 14-3-3z is an important component in the agonist-induced ERK activation mediated by TPa. (a) Wild type and

mutants of TPa expression in HEK293 cells. The constructs pcDNA3-TPa, pcDNA3-TPa-P236V, and pcDNA3-TPa-S239D

were transiently transfected to HEK293 cells by lipofectamine reagent asmentioned in Section 2; following growth in DMEM

media containing 10% FBS for 24 h. (b) Wild type and mutants of TPa-mediated agonist-induced ERK activation. After

starvation in DMEM media without FBS for 16 h, the cells transiently transfected with wild type and mutants of TPa were

stimulated with 50 nM I-BOP for 15 min. Protein lysates from transfected cells were separated by SDS-PAGE and analyzed

by Western blotting using anti-pERK antibody. The same membrane was re-probed by ERK polyclonal antibody to ensure

the equal amount of total protein was used. Densitometry of pERKwas also performed (lower panel) and normalized to ERK.

Data are presented as fold of basal ERK1/2 phosphorylation, in which the ERK1/2 phosphorylation in non-stimulated

HEK293 cells transiently transfected with wild type of TPa was defined as 1.0. Values shown represent meanW S.E. from

three independent experiments. Asterisk indicates P < 0.05, compared between the two groups indicated in the figure by

Student’s t-test. (c) Blockade of 14-3-3z expression by 14-3-3z siRNA attenuated TP agonist-induced ERK activation in

HEK293-TPa cells. After transfection with siRNA as described under Section 2, the cells were allowed to grow in DMEM

media containing 10% FBS for 48 h, followed by starvation in DMEM media without FBS for 16 h, and then the cells were

stimulated with 50 nM I-BOP for 15 min. The 14-3-3z (top panel), pERK (middle panel), and total ERK (bottom panel) were

detected as described in (b). The pERK bands were scanned and the densities normalized to the ERK were presented by fold-

increase over basal. 14-3-3z siRNA: transfection with 14-3-3z siRNA; control siRNA: transfection with non-specific siRNA

provided by the vendor. Results are representative of three independent experiments.
P236V and S239D mutants and the wild type receptors were

each transiently expressed in relatively equal amount in

HEK293 cells (Fig. 4a). I-BOP was used to induce the activation

of ERK. The results showed that I-BOP induced less phosphor-

ylation of ERK in cells expressing P236V mutant receptor than

in those expressing the wild type or the S239D mutant

receptors (Fig. 4b). This is not surprising since the P236V

mutant interacts poorly as shown above with the 14-3-3z,

which is needed for the activation of ERK. This finding was

further supported by the siRNA study in which the 14-3-3z

siRNA was used to attenuate the expression of the 14-3-3z in
HEK293-TPa cells. I-BOP-induced ERK phosphorylation was

found to be decreased in the 14-3-3z siRNA transfected cells

(Fig. 4c).
4. Discussion

In this study, we discovered the 14-3-3z as a novel TPa

interacting protein by yeast-two-hybrid approach and showed

that the 14-3-3z was involved in the TP agonist-induced

activation of the ERK. In vitro GST pull-down and in vivo co-
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Fig. 5 – Proposed model of the role of 14-3-3z in the cross-

talk between the TPa/b and the EGFR. Upon agonist

stimulation, the complex of the 14-3-3z and the Raf-1

translocates from the cytosol to the plasma membrane

and interacts with the TPa/b (a). Then, the complex of

the14-3-3z and the Raf-1 is dissociated from the TPa/b and

binds directly to the plasma membrane through an

unknown mechanism (b). At the same time, TP activates

EGFR through Src kinase (c). The activated EGFR will trigger

ERK activation (d), in which the 14-3-3z facilitates Raf-1

activation through its translocation. Solid lines and arrows

indicate protein complex translocation; dotted lines and

arrows indicate direction of signal transduction pathways.
immunoprecipitation studies confirmed that the 14-3-3z

bound to the i3 domain of the TPa. Accordingly, the 14-3-3z

should also interact with the TPb since both forms have the

common sequence in the i3 domain. It has been shown that

both a and b forms of the TP can mediate transactivation of

ERK induced by TP agonists [5–7]. Therefore, our observations

can be extended to the TPb system. However, further studies

are needed to identify the exact role of the 14-3-3z in the TPb-

initiated signal transduction pathway.

The 14-3-3 proteins are a family of conserved proteins

found in all eukaryotic cells [28]. They function by: (a) acting as

adaptor proteins to facilitate protein–protein interactions [29],

(b) modulating the subcellular localization or distribution of

proteins [25,30], and (c) activation or inhibition of enzymes

[31]. The 14-3-3 ligand binding is often dependent on the

phosphorylation of serine or threonine residues in themotif of

RSX(pS/pT)XP or RXXX(pS/pT)XP, which often is Akt/PKB’s

substrate consensus sequence [23,24]. Our site-directed

mutagenesis studies indicate that the Pro-236 is directly

involved in the interaction, but the phosphorylation of Ser-

236, the only Ser residue in the TP-i3, is not essential in the

binding. It has been shown that the 14-3-3 dimer binds to a

single protein at two sites [32]. One site is a dominant site or

‘‘gatekeeper’’, which is phosphorylated in unstimulated cells.

The secondary site is unable to promote a stable 14-3-3z

interaction when the dominant site is absent or not

phosphorylated. Actually, there are many phosphorylation

sites on the C-tails of both TPa and TPbwhich can be targeted

by PKA, PKC [33], and Akt/PKB (our unpublished data).

Although our results show no direct interaction between

the 14-3-3z and the TP-Ct in vitro by GST pull-down

experiment, we cannot exclude the possibility of their in vivo

interaction. Therefore, a dominant binding site could be on the

C-tails of the TPa/b.

TPs belong to a G-protein-coupled receptor (GPCR) super-

family. Activation of GPCRs is known to induce transactivation

of epidermal growth factor receptor (EGFR) leading to activa-

tion of ERK [34]. TPs have been reported to mediate

transactivation of ERK cascades in ECV304 bladder cancer

cells [6] and inHEK293 cells stably transfectedwith TPs [5]. The

cross-talk between the TPs and EGFR is thought to be via PKC-

dependent Gi coupling and Src-dependent phosphorylation of

the EGFR [6]. Upon activation of EGFR, Ras/Raf/MEK/ERK

cascade is then activated. Our finding that the 14-3-3z binds

to TP-i3 prompted us to propose that the cross-talk between

the two receptors is through the adaptor protein 14-3-3z since

the 14-3-3z is known to be a partner protein of Raf-1 [15], one of

the downstream kinase of EGFR. Although we demonstrated

that TP antibody immunoprecipitated both 14-3-3z and Raf-1,

we are not certain if TP binds to Raf-1 directly or indirectly

through 14-3-3z. Other GPCRs, such as a2-adrenergic receptor

also binds to the 14-3-3z at the i3 and the interaction is

suppressed by a phosphorylated Raf peptide but not by its

non-phosphorylated counterpart [22]. The 14-3-3z also facil-

itates the efficiency of the Ras-mediated signaling inDrosophila

[35]. It has been postulated that the interaction of signaling

molecules with 14-3-3 homo- or heterodimers serves as a

scaffolding mechanism to facilitate interactions among

molecular components of signaling cascades [36]. Our data

show that both 14-3-3z and Raf-1 are components in the TP
signaling complex, although our results cannot exclude the

possibility that there is a direct binding of the Raf-1 to the TPs.

Accumulating evidences support that the 14-3-3s serve as

scaffold proteins in the cell signal transduction. Current study

shows that the 14-3-3z and the raf-1 had a similar pattern of

association and dissociation process with the TPa upon the

agonist stimulation. Miggin and Kinsella [5,7] reported that U-

46619-induced ERK activation was totally blocked by wort-

mannin, an inhibitor of PI 3-kinase, suggesting that PI-3

kinase/Akt pathway is involved in the ERK activation. These

authors also demonstrated that PI-3 kinase was associated

with the TPs, although they were not sure if the PI-3 kinase

bound to TPs directly. Previously, PI-3 kinase was found to be

an interaction protein of 14-3-3z and forms a complex with

platelet membrane glycoprotein Ib-IX-V to promote the rapid

translocation of these signaling proteins to the activated

cytoskeleton [25]. It appears that the 14-3-3z links several of

these components together to form a large protein complex

and has important roles in the translocation of the signaling

proteins to subcellular compartment.

Recently, Hekman et al. [16] proposed amodel showing the

roles of 14-3-3z and the Raf-1 in response to growth factor

stimulation. In this model, the association of the Raf-1 with

the plasma membrane represents an important step in the

Raf-1 activation. Transition from the inactive to the active

membrane-associated form of Raf-1 involves the Raf-1

dimerization, and the complex formation between the Raf-1

and the 14-3-3z. Taken the model reported by Hekman et al.

[16] and our results together, we propose that upon TP’s

activation, Raf-1 is recruited to the plasma membrane and

interacts with the TP through the 14-3-3z, which serves as a

bridge to connect the TP and the Raf-1. Subsequently, the 14-3-
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3z and the Raf-1 are dissociated from the TP following the

transactivation the EGFR through Src. Finally, the Raf-1 is

activated by Ras leading to the phosphorylation of the

downstream ERK. A schematic model of these signal trans-

duction processes is depicted in Fig. 5.

In conclusion, we identified 14-3-3z as a novel interaction

protein with the TPs. The 14-3-3z may serve as a scaffold

protein to construct TP/14-3-3z/Raf-1 protein complex and

facilitate the translocation of signal proteins to certain

subcellular compartment. Upon agonist stimulation, the 14-

3-3z helps recruiting the Raf-1 from the cytosol to the plasma

membrane and binds to the TPs. This protein complex is

coupled to the MAPK pathway through the Raf-1, which is

downstream of the EGFR. The 14-3-3 proteins are long time

known as factors of anti-apoptosis [37]. Our results provide

some evidence of their roles in the cell proliferation through

MAPK pathway.
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