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Background: The four PLC-� subtypes (�1–�4) have different roles in GPCR-mediated signaling despite having similar
structures and regulatory modes.
Results: PDZK1 mediates the physical coupling of PLC-�3 to SSTRs using different PDZ domains.
Conclusion: PLC-�3 is specifically involved in SSTR-mediated signaling via its interaction with PDZK1.
Significance: The subtype-specific role of PLC-� is mediated by differential interactions with PDZ proteins and
GPCRs.

Phospholipase C-� (PLC-�) is a key molecule in G protein-
coupled receptor (GPCR)-mediated signaling. Many studies
have shown that the four PLC-� subtypes have different phys-
iological functions despite their similar structures. Because
the PLC-� subtypes possess different PDZ-binding motifs,
they have the potential to interact with different PDZ pro-
teins. In this study, we identified PDZ domain-containing 1
(PDZK1) as a PDZ protein that specifically interacts with
PLC-�3. To elucidate the functional roles of PDZK1, we next
screened for potential interacting proteins of PDZK1 and
identified the somatostatin receptors (SSTRs) as another pro-
tein that interacts with PDZK1. Through these interactions,
PDZK1 assembles as a ternary complex with PLC-�3 and SSTRs.
Interestingly, the expression of PDZK1 and PLC-�3, but not PLC-
�1, markedly potentiated SST-induced PLC activation. However,
disruptionof the ternarycomplex inhibitedSST-inducedPLCacti-
vation, which suggests that PDZK1-mediated complex formation
is required for the specific activationofPLC-�3bySST.Consistent
with this observation, the knockdown of PDZK1 or PLC-�3, but
not thatofPLC-�1, significantly inhibitedSST-induced intracellu-
lar Ca2� mobilization, which further attenuated subsequent
ERK1/2phosphorylation.Taken together, our results strongly sug-
gest that the formation of a complex between SSTRs, PDZK1, and

PLC-�3 is essential for the specific activation of PLC-�3 and the
subsequent physiologic responses by SST.

Phospholipase C (PLC)2 is an enzyme that catalyzes the for-
mation of diacylglycerol and inositol 1,4,5-trisphosphates from
phosphatidylinositol 4,5-bisphosphates, which are implicated
in PKC activation and intracellular Ca2� mobilization, respec-
tively (1). As one of six mammalian PLC isotypes (�, �, �, �, �,
and�), PLC-� plays pivotal roles inG protein-coupled receptor
(GPCR)-mediated signaling.When stimulated, theGTP-bound
G�q subunit interacts with and activates PLC-�. The specific
activation of PLC-�2 and -�3 by the Gi/o class �� subunits has
also been characterized (2).
Although all of the PLC-� subtypes (�1–�4) possess the

same structure andmode of regulation, their tissue distribution
patterns are somewhat different (3). Moreover, the differential
expression patterns of the PLC-� subtypes are further reflected
by the distinct phenotypes of PLC-� subtype knock-out mice
(4, 5), suggesting that PLC-� has subtype-specific roles. Simi-
larly, several GPCRs transmit activation signals to PLC-� in a
subtype-specific manner. For example, PLC-�1 is involved in
muscarinic acetylcholine receptor signaling, whereas PLC-�4
functions primarily via the metabotropic glutamate receptors
(mGluRs) (6). Specific activation of PLC-�3 by P2Y2 purinergic
receptor stimulation has also been reported (7). Thus, it is quite
clear that each PLC-� subtype participates in a differentGPCR-
mediated signaling and serves a different function. However,
the underlyingmolecularmechanism remains to be completely
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understood. At their C termini, PLC-� subtypes have a short
consensus motif known as the postsynaptic dentisty-95/discs
larges/ZO-1 (PDZ)-binding motif. The PDZ-binding motif is a
well known short linear motif that interacts with the PDZ pro-
tein (8). Notably, each PLC-� subtype has a distinct PDZ-bind-
ing motif, implying differential interaction with PDZ proteins.
Therefore, the organization of each PLC-� subtype into a
unique complex mediated by a different PDZ protein would
lead to specific roles for each PLC-� subtype.
PDZ domain-containing 1 (PDZK1), also known as NHERF3

and CLAMP, is a typical PDZ protein because it possesses four
tandem PDZ domains without any enzymatic activity. So,
PDZK1 primarily acts as an adaptor in the formation of diverse
molecular complexes with its PDZ domains. For example,
PDZK1 is known to interact with scavenger receptor class B (9).
Through this interaction, PDZK1 regulates the expression and
membrane localization of scavenger receptor class B, thereby
affecting plasma cholesterol levels (10). Cystic fibrosis trans-
membrane conductance regulator (CFTR) is another interact-
ing protein of PDZK1, and upon interaction, PDZK1 facilitates
CFTR-CFTR dimerization and potentiates chloride channel
activity (11). These studies demonstrate that PDZK1 not only
regulates the stability and localization of target proteins, but
also affects the subsequent physiologic responses via its specific
interactions. Thus, the identification of novel PDZK1-interact-
ing proteins is an interesting issue in terms of physiological
signaling. In this regard, GPCRs may be interesting candidates
because they are already known to interact with several PDZ
proteins, such as PDS-95 (5-HT) (12) and Shank (mGluR) (13).
In addition, GPCR-PDZ protein interactions are thought to be
significant for downstream signal transduction events includ-
ing PLC-� activation (14). Therefore, we hypothesized that
PDZK1 interacts with various signaling proteins, such as cer-
tain GPCRs and PLC-� subtypes, and then regulates down-
stream signal transduction events upon stimulation of these
GPCRs.
Several studies have previously analyzed the interactions

between the PDZ domain and the PDZ-bindingmotif with rea-
sonable accuracy using large scale methods, such as peptide
arrays, phage display, and data integrative analysis (15, 16).
Thus, these methods may be useful to search for the potential
proteins that might interact with PDZK1. In the present study,
we first identified PDZK1 as a PDZ protein that interacts with
PLC-�3. To elucidate the functionalmeaning of the interaction
between PDZK1 and PLC-�3, we screened for potential inter-
acting proteins of PDZK1 and identified the somatostatin
receptors (SSTRs), which thereby assembled as a ternary com-
plex with PDZK1 and PLC-�3. In addition, we showed that
formation of this complexwas not only essential for the specific
activation of PLC-�3, but was also required for subsequent
Ca2� signaling and ERK1/2 phosphorylation in response to
somatostatin (SST).

EXPERIMENTAL PROCEDURES

Materials—SST was purchased from Bachem (Torrance,
CA). Fura-2/AM was obtained from Invitrogen. U73122 and
pertussis toxin (PTX) were obtained from Calbiochem. Mouse
monoclonal HA antibody was generated. Mouse monoclonal

antibody against PDZK1 was generously provided by Dr. H.
Arai from Tokyo University, Japan. Mouse monoclonal FLAG
antibody and FLAG M2-agarose were purchased from Sigma.
Rabbit polyclonal antibodies against PLC-�1 and -�3were pur-
chased from Santa Cruz Biotechnology. Rabbit polyclonal anti-
bodies against phospho-ERK1/2 and mouse monoclonal anti-
body to actin were obtained from Cell Signaling Technology
(Beverly, MA) and ICN Biomedicals (Aurora, OH), respec-
tively. Horseradish peroxidase-conjugated goat anti-rabbit IgG
and goat anti-mouse IgA, IgM, and IgG were obtained from
Kirkegaard & Perry Laboratories (Gaithersburg, MD).
Cell Culture and Transfection—TheHEK293 human embry-

onic kidney cell line was maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (BioWhittaker, Walkersville, MD)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (BioWhittaker), 100 �g/ml streptomycin, and 100
units/ml penicillin under a humidified atmosphere of 5% CO2
at 37 °C. The MCF7 human breast cancer cell line was main-
tained in RPMI 1640 medium supplemented with FBS, 100
�g/ml streptomycin, and 100 units/ml penicillin under a
humidified atmosphere of 5%CO2 at 37 °C. For transient trans-
fection, Lipofectamine 2000 (Invitrogen) reagent was used
according to the manufacturer’s instructions.
Plasmid Constructions and RNA Interference (RNAi)—FLAG-

tagged PLC-� and various PLC isotypes in pCMV2 (Sigma)
were constructed from the previously isolated cDNA. C-termi-
nal PDZ-binding motif-deleted PLC-�3 and point mutants of
the individual residues to Ala in the PDZ-binding motif
(NTQL) were generated, as described previously (17).
HA-tagged PDZK1 was constructed from the PDZK1 cDNA
provided by Dr. H. Arai (Tokyo University, Japan). To express
each PDZ domain of PDZK1 in Escherichia coli, the cDNAwas
used as a template for PCR. The PCR products were digested
and inserted into pGEX4T-1 (Amersham Biosciences).
HA-tagged NHERF1 and NHERF2 constructs were generated,
as described previously (18). FLAG-tagged SSTR5 and its PDZ-
binding motif-deleted mutant (SSTR5�C) were constructed
from pcDNA3.1/SSTR5 generously provided by Dr. H. J.
Kreienkamp (Universitätskrankenhaus Hamburg-Eppendorf,
Germany) (19). FLAG-tagged SSTR isotypes (SSTR1–4) were
generated froma total cDNA library ofNeuro2A andMin6 cells
using PCR. All constructs were verified by DNA sequencing.
For knockdown experiments, small interfering RNA (siRNA)
duplexes against PDZK1 (nucleotides 890–908) and scrambled
siRNAduplexeswere synthesized byGenolution (Korea). Short
hairpinRNA (shRNA) against PLC-�1, -�3, and control shRNA
were purchased from Sigma.
GST Pulldown Assay—Pulldown assays were performed

using recombinant proteins fused to GST. GST fusion proteins
were expressed inE. coliBL21 by inductionwith 0.5mM isopro-
pyl 1-thio-�-D-galactopyranoside for 4 h at 27 °C. Bacterial
lysates were sonicated, and each protein was purified from sol-
uble fractions on glutathione-Sepharose 4B (AmershamBiosci-
ences). Equal amounts of the HEK293 cell lysates were incu-
bated with Sepharose-bound GST fusion proteins for 4 h at
4 °C. Following incubation, beadswerewashed three timeswith
a lysis buffer (40 mMHEPES, 1 mM EDTA, 120 mMNaCl, 1 mM

PMSF, 1.5 mM Na3VO4, 50 mM NaF, 10 mM �-glycerol phos-
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phate, 1% Triton X-100, 0.1% SDS, pH 7.4) The bound proteins
were eluted with 1� SDS sample buffer supplemented with 50
mM DTT and 30 mM EDTA, subjected to SDS-PAGE, and ana-
lyzed by Western blotting.
Western Blot Analysis and Immunoprecipitation—Cells

treated with the conditions indicated were washed twice with
ice-cold PBS and lysed with lysis buffer. The lysates were cen-
trifuged at 14,000 rpm for 15 min at 4 °C. For Western blot
analysis, the supernatant fractions containing equal amounts of
protein were subjected to SDS-PAGE and transferred to a
nitrocellulose membrane. The membranes were blocked with
5% nonfat dried milk in PBS containing 0.1% Triton X-100 and
then incubated with the appropriate primary antibodies at 4 °C
overnight. A secondary antibody liked to horseradish peroxi-
dase was used at a dilution of 1:5,000. Specific signals were
visualized by enhanced chemiluminescence (Amersham Bio-
sciences). For immunoprecipitation, supernatant fractions
containing equal amounts of protein were incubated with the
appropriate antibodies immobilized onto protein A-Sepharose
or �-FLAGM2-agarose for 4 h at 4 °C. The immunocomplexes
were collected by centrifugation and then washed three times
with lysis buffer. The resulting precipitates were subjected to
SDS-PAGE and analyzed by Western blotting.
Screening of Potential PDZK1 Target Proteins—We used a

machine learning algorithm to construct a computational
model of ligand selectivity of PDZ domains from experimental
data of PDZ domain-peptide interactions. Three types of inter-
action data were used, including protein arrays of 81 mouse
PDZdomains against 217 synthesized peptides (15), collections
of individual PDZ domain-ligand interactions (20–22), and
high throughput binding assays using phage display (23). From
these experimental data, a computational model was built by
using a machine learning algorithm, Fisher’s linear discrimi-
nant analysis, to describe the relationship between pocket res-
idues of PDZ domains and the bound peptides. To extract
pocket residues of PDZ domains, a multiple sequence align-
ment of PDZ domains was generated, using a Hidden Marcov
Model for the PDZ domain. To position pocket residues within
the PDZ domain sequence, a multiple sequence alignment was
used, and the known pocket residue positions of the first PDZ
domain from PSD-95 were referenced. The multiple sequence
alignment was constructed by usingHMMer (24) and aHidden
Marcov Model that is optimized for the PDZ domain from
Pfam (25). Subsequently, pocket residues were identified
according to pocket definitions described byWiedemann et al.
(26). Pocket residues of PDZ domains were analyzed by using
10 physicochemical properties of amino acids that describe the
number of hydrogen bond donors (27), polarity (28), volume
(28), bulkiness (29), hydrophobicity (29, 30), isoelectric point
(29), positive charge (27), negative charge (27), electron ion
interaction potential (31), and free energy in water (32).
To quantify binding potential between PDZ domains and

ligands, we adopted an information theory-based positional
weight matrix (PWM) method that has been widely used to
predict protein-DNA bindings (33–38). Amino acid frequen-
cies were calculated at each ligand position from the four sets of
predicted target amino acids, and these frequencies were

divided by the background frequency that was expected to be
observed in C-terminal residues of the ligands,

PWM�a,i� 	 log2

kfa,i

pa,i
(Eq. 1)

where PWM(a,i) is the affinity contribution of amino acid a at
the ith position, fa,i is the frequency of amino acid a at the ith
position in the collected set, and pa,i is the background fre-
quency, defined as the probability of observing amino acid a at
the ith position in any ligand protein.
A PWMwas used to calculate the binding score of a potential

interaction partner with a given sequence by summing the cor-
responding amino acids for the binding potential of each posi-
tion. The binding score of each peptide was calculated accord-
ing to the following equation,

binding score 	 �
i 	 �3

0

PWM�Si,i� (Eq. 2)

where PWM(Si,i) is the binding potential of the amino acid Si at
the ith position in the matrix and Si is the amino acid at the ith
position of the peptide.
By using this computation selectivity model, the PWMs for

the PDZ domains of PDZK1 were generated. The PWMs were
used to calculate binding scores between candidate proteins
and each PDZ domain of PDZK1. Based on these binding
scores, the candidate proteins were prioritized.
To determine C-terminal flexibility of candidate proteins,

disorder propensity of each residue in candidate proteins was
predicted by the DISOPRED2 program, an algorithm that has
been shown to provide a reliable prediction of disordered
regions. DISOPRED2 was run for each protein in the human
proteome.We used the probability score, which is based on the
likelihood of the residue being in a disordered region and the
conservation of the disorderedness of the residue among
homologous sequences set. C-terminal flexibility of the protein
was defined as a fraction of disordered residueswithin 50C-ter-
minal residues. The calculation of the C-terminal flexibility of
human proteins was performed by a custom script.
Measurement of Total Inositol Phosphates—Tomeasure PLC

activity, HEK293 cells were plated at 1 � 106 cells/well in a
6-well plate. The cells were then transfected as indicated. After
24 h, these cells were incubatedwith 1�Ci of [3H]inositol (NEN
Life Science Products) per well in 1 ml of inositol and serum-
free DMEM for 18 h at 37 °C. Following incubation with 10mM

LiCl for 10 min, the cells were treated with SST for 30 min and
then lysed by adding ice-cold 5% perchloric acid. The accumu-
lated [3H]inositol phosphates were measured as described pre-
viously (39).
Measurement of Intracellular Ca2� Mobilization—Intracel-

lular Ca2� mobilization in HEK293 cells stably expressing
SSTR5 or its PDZ-binding motif deletion mutant (SSTR5�C)
was measured using Fura-2/AM. Briefly, HEK293 cells were
incubated with 1 �M Fura-2/AM for 20 min at 37 °C. After
washing twice, the cells were incubated with Locke’s solution
(158.4 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2, 2.2 mM CaCl2, 5
mM HEPES, and 10 mM glucose, pH 7.4) and then stimulated
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with 5 �M SST. Intracellular Ca2�-dependent changes in fluo-
rescence were imaged using an IX81 ZDC microscope in
UNIST-Olympus Biomed Imaging Centor (UOBC). Fluores-
cence changes from 15 to 20 cells were recorded at an emission
wavelength of 510 nm for dual excitation wavelength at 340 nm
(Fura-2-Ca2� complex) and 380 nm (free Fura-2). Cell images
were produced at a rate of one image/3 s. The changes in the
ratio of the Fura-2-Ca2� complex to free Fura-2 were normal-
ized by intracellular Ca2� concentration ([Ca2�]i) as described
(40). The dissociation constant Kd of the Fura-2-Ca2� complex
was assumed to be 225 nM (40).
Statistical Analysis—Student’s t test was used to calculate p

values based on comparisonswith the appropriate control sam-
ples tested at the same time. p values � 0.05 and � 0.01 were
considered statistically significant.

RESULTS

Identification of PDZK1 as a PLC-�3-interacting PDZ
Protein—Initially, we used C-terminal heptapeptides of PLC-�
(GST-�-tail) in a GST pulldown assay to identify PLC-�-inter-

acting PDZ proteins. The proteins specifically interacting with
the heptapeptides were resolved with SDS-PAGE, followed by
MALDI-TOF mass spectrometry analysis (Fig. 1A). As a possi-
ble candidate, we found that PDZK1 is a PLC-�-interacting
PDZ protein. As shown in Fig. 1B, the C-terminal heptapep-
tides of the PLC-� subtypes, with the exception of PLC-�4,
interacted with PDZK1. To confirmwhether PLC-� full-length
proteins also interacted with PDZK1, HEK293 cells were co-
transfected with HA-PDZK1 and one of the FLAG-PLC-� sub-
types, and the cell lysates were immunoprecipitated using the
HA antibody. Surprisingly, in contrast to the pulldown results,
only PLC-�3 full-length protein interacted with PDZK1 (Fig.
1C). Previous studies have shown that additional regions of the
target protein, along with the C-terminal PDZ-binding motif,
were required for the selective recognition of PDZ proteins
(41). Therefore, the differences of our resultsmay suggest that a
molecular requirement for the specific interaction of PDZK1
exists within PLC-�3 in addition to the PDZ-binding motif.
Next, we examined endogenous interactions using the PDZK1

FIGURE 1. PDZK1 specifically interacts with PLC-�3. A, strategies for identifying PLC-�-interacting PDZ proteins are shown. B, lysates of HEK293 cells
transiently transfected with HA-PDZK1 were precipitated with GST fusion proteins containing the C-terminal heptapeptide of each PLC-� subtype (GST-�-tail).
The precipitates were then subjected to Western blotting to determine whether the PDZ-binding motif of PLC-� interacts with PDZK1. C, HEK293 cells were
transiently transfected with HA-PDZK1 and one of the PLC-� subtypes. PDZK1 was immunoprecipitated using the HA antibody, and the immunocomplexes
were subjected to Western blotting to detect the co-immunoprecipitated PLC-� subtypes. D, HEK293 cell lysates were subjected to immunoprecipitation (IP)
using the PDZK1 antibody, and the immunocomplexes were subjected to Western blotting to confirm the endogenous interaction between PDZK1 and
PLC-�3.
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antibody and found that an interaction between PLC-�3 and
PDZK1 also occurred at the endogenous level (Fig. 1D). Previ-
ous studies have shown that PDZK1was primarily expressed in
the kidney and that its expression increased in some breast
cancer cells (11, 42). So, to further validate the interaction
between PLC-�3 and PDZK1 in more physiologically relevant
systems,we utilized kidney tissue andMCF7breast cancer cells,
observing similar results (supplemental Fig. 1,A and B). There-
fore, these results collectively demonstrate that PDZK1 specif-
ically interacts with PLC-�3 in vivo.
PDZ-binding motif of PLC-�3 and First PDZ Domain of

PDZK1 Are Essential for Interaction—To characterize the
interaction between PLC-�3 and PDZK1, we first assessed the

significance of the PDZ-binding motif. As shown in Fig. 2A, we
found that deleting the PDZ-bindingmotif fromPLC-�3 (PLC-
�3�C) abrogated the PDZK1 interaction, which suggests that
the PDZ-bindingmotif of PLC-�3 is essential for PDZK1 inter-
action. Because the �2 and 0 positions of the PDZ-binding
motif were critical for the PDZ domain interaction (43), we
then examined the binding preference of PDZK1 by mutating
each amino acid of the PDZ-bindingmotif to Ala. Interestingly,
mutation of Thr or Leu at the �2 or 0 position to Ala com-
pletely abolished interaction, whereas mutations of the other
residues had no effect and even potentiated interaction (Fig.
2B). Thus, these results indicate that the Thr and Leu residues
of the PDZ-binding motif are critical for the interaction of

FIGURE 2. Characterization of the interaction between PLC-�3 and PDZK1. A, HEK293 cells were transiently transfected with HA-PDZK1 and either
wild-type PLC-�3 or its PDZ-binding motif deletion mutant (PLC-�3�C). PLC-�3s were immunoprecipitated (IP) using the FLAG antibody, and the immuno-
complexes were subjected to Western blotting to detect the co-immunoprecipitated PDZK1. B, each residue of the PDZ-binding motif from PLC-�3 was
mutated to Ala. HEK293 cells were transiently transfected with HA-PDZK1 and either wild-type PLC-�3 or one of the point mutants. PLC-�3s were immuno-
precipitated using the FLAG antibody, and the immunocomplexes were subjected to Western blotting to detect the co-immunoprecipitated PDZK1.
C, schematic diagrams GST-fusion proteins containing each PDZ domain of PDZK1. The region of each PDZ domain is indicated. D, lysates of HEK293 cells
transiently transfected with FLAG-PLC-�3 were precipitated with various GST fusion proteins containing each PDZ domain of PDZK1, and the precipitates were
subjected to Western blotting to determine which PDZ domain interacts with PLC-�3.

Role of PDZK1 in SST-induced PLC-�3 Activation

21016 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 25 • JUNE 15, 2012

http://www.jbc.org/cgi/content/full/M111.337865/DC1


PLC-�3with PDZK1. Subsequently, we determinedwhichPDZ
domains of PDZK1 were responsible for the interaction with
PLC-�3. For this purpose, we generated GST proteins fused to
each PDZ domain of PDZK1 (Fig. 2C) and performed pulldown
assays. Our results clearly demonstrated that the N-terminal
first PDZ domain of PDZK1 specifically interacted with
PLC-�3 (Fig. 2D).
Data Integrative Analysis Suggests SSTRs as Potential Targets

of PDZK1—Next, we sought to elucidate the functional mean-
ing of the interaction between PLC-�3 and PDZK1. As sug-
gested by our results, PDZK1 retained empty PDZ domains
except for the one that interacts with PLC-�3. Therefore, the
identification of additional interacting proteins for PDZK1
might aid further investigation. Initially, we performed a data

integrative analysis to screen potential PDZK1-interacting pro-
teins using three parameters (Fig. 3A). The first parameter was
the binding preference between the PDZ domain and the PDZ-
binding motif. We developed a computational model of PDZ
domain binding specificity that was based on various experi-
mental data (44) (for a detailed explanation, see “Experimental
Procedures”). This computational model exploited the similar-
ity of the binding pockets of the PDZ domains and the amino
acid information of their known interacting proteins and gen-
erated PWMs to depict the binding potentials of the amino
acids for PDZ domains of interest. Accordingly, by analyzing
the amino acids of the binding pockets from the PDZ domains
of PDZK1, a potential PDZ-bindingmotif for each PDZdomain
of PDZK1was generated (Fig. 3,B–D), with the exception of the

FIGURE 3. Data integrative analysis for screening potential PDZK1-interacting GPCRs. A, three parameters utilized in screening potential PDZK1-interact-
ing proteins. B–D, PWM of the first (B), second (C), and third (D) PDZ domains of PDZK1. The black bars represent the affinity contribution of the binding scores
to corresponding amino acids. Clusters of amino acids with no preference are labeled “Others.” E, high ranking GPCR candidates for the interaction with the
second or third domains of PDZK1. The PDZ-binding motifs of the GPCRs are shown, and all SSTRs are highlighted with red.
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fourth PDZ domain because of the lack of a dataset. This infor-
mation was then systematically compared with the C-terminal
sequences of �20,000 human proteins obtained from UniProt
to calculate a binding score for each protein. Subsequently, we
considered GPCRs as the second parameter because PLC-�3 is
a well known downstream effector of GPCRs, and many PDZ
proteins are already known to interact with GPCRs (12, 18, 45).
This process allowed us to prioritize the GPCRs according to
their binding scores (data not shown). The last parameter
exploited was C-terminal flexibility. Short linearmotifs that are
recognized by peptide-binding domains, such as the SH2, SH3,
and PDZdomains, have been shown to be locatedwithin intrin-
sically flexible or disordered regions of the protein rather than
structured regions (46–49). Because this location could pro-
vide the orientational freedomrequired for searching and inter-
acting with target proteins, the existence of a flexible region
immediately adjacent to a short linear motif has been recently
regarded as an important determinant for domain interaction
(48, 49). Several studies have shown that this parameter was
helpful when searching and characterizing the target pro-
teins of the SH2 and PDZ domains (50). Thus, we measured
the C-terminal flexibility of GPCRs using DISOPRED2 to
further eliminate candidates. In this manner, we generated a
list of potential GPCRs list for the interactions with PDZK1
(Fig. 3E). Of all of the possible candidates, we were most
interested in SSTRs because all SSTR isotypes have high
binding potentials. Most importantly, SSTRs are known to
induce PLC-�/Ca2� signaling upon stimulation. Therefore,
we finally selected SSTRs as the most feasible targets and
decided to investigate their roles in the molecular complex
mediated by PDZK1.
PDZK1 Assembles as Ternary Complex with PLC-�3 and

SSTRs—Because SSTRs were the most feasible PDZK1 targets,
we sought to validate the interaction between PDZK1 and
SSTRs. Of the five isotypes, interaction of SSTR5 with PDZK1
had already been examined (19). So, we first examined whether
PDZK1 assembled as a molecular complex with SSTR5 and
PLC-�3. For this purpose, HA-PDZK1 was co-transfected with
FLAG-SSTR5 into HEK293 cells, and the cell lysates were
immunoprecipitated using the FLAG antibody. Surprisingly,
SSTR5 not only interactedwith PDZK1 but also interactedwith
endogenous PLC-�3, but not with PLC-�1. However, this was
not the case when the PDZ-bindingmotif of SSTR5was deleted
(SSTR5�C) (Fig. 4A), which emphasizes the essential role of the
PDZ-bindingmotif of SSTR5 in the formation of the molecular
complex. We also confirmed that other SSTR isotypes
(SSTR1–4) interact with PDZK1 and form complexes with
PLC-�3, which validates the accuracy of our data integrative
analysis (data not shown). To characterize the interactions of
the SSTRs, GST pulldown assays were performed using GST
fusion proteins (Fig. 2C). As shown in Fig. 4B, whereas the sec-
ond PDZ domain interacted primarily with SSTR1, 2, and 4, the
third PDZ domain interacted primarily with SSTR3 and 5.
Because the PLC-�3 interactionwas occurring through the first
PDZ domain of PDZK1 (Fig. 2D), these results collectively sug-
gest that PDZK1 utilizes different PDZ domains to form a ter-
nary complex with PLC-�3 and SSTRs. To further confirm the
essential role of PDZK1 in this ternary complex formation, we

used PDZK1 siRNA (siPDZK1) and found that knockdown of
PDZK1 disrupted the ternary complex formation (Fig. 4C).
Therefore, these results clearly demonstrate that PDZK1medi-
ates the physical coupling of PLC-�3 to SSTRs using its differ-
ent PDZ domains.
PDZK1-mediated Complex Formation Is Essential for SST-

induced PLC-�3 Activation—Previously, we reported that
PLC-� subtypes participated in different GPCR-mediated sig-
naling via their interactionwith different PDZ proteins (51, 52).
Thus, the molecular complex mediated by PDZK1 might be
essential for SST-induced signaling in which PLC-�3 was spe-
cifically involved. To examine this possibility, we measured
PLC activity after SST treatment. As shown in Fig. 5A, SST
increased the PLC activity inHEK293 cells expressing SSTR5 in
a dose-dependent manner. However, this activation was signif-
icantly inhibited by pretreatment with PTX or U73122, a PLC
inhibitor (Fig. 5B), indicating that SST-induced PLC activation
is mediated by the G�i/o pathway. Based on these results, we
next assessed the possible roles of PDZK1 and PLC-�3 in SST-
induced PLC activation. As shown in Fig. 5C, SST-induced PLC
activation was increased significantly with the expression of
PDZK1, which was further potentiated by the co-expression of
PLC-�3. However, the expression of PLC-�1 had little effect.
These results indicate the essential roles of complex compo-
nents in SST-induced PLC activation. Regarding the signifi-
cance of complex formation, we found that by deleting the
PDZ-binding motif of SSTR5 (SSTR5�C) or PDZK1 knock-
down (siPDZK1), either of which sufficiently disrupts the ter-
nary complex (Fig. 4,A andC), the SST-induced PLC activation
was significantly attenuated (Fig. 5, D and E). Because only
PLC-�3 was physically coupled to the SSTRs via PDZK1
interaction (Fig. 4C), PLC-�3 might participate primarily in
SST-induced PLC activation. As expected, the knockdown of
PLC-�3, but not PLC-�1, significantly inhibited the SST-
induced PLC activation (Fig. 5F). Altogether, these results
clearly demonstrate that PDZK1-mediated complex forma-
tion is required for the specific activation of PLC-�3 upon
SST stimulation.
PDZK1-mediated Complex Formation Is Required for SST-

induced Ca2� Signaling—According to our results, the ternary
complex formation that ismediated by PDZK1was required for
the specific activation of PLC-�3 by SST. To further confirm
the role of the PDZK1-mediated ternary complex formation,
we next measured the intracellular Ca2� mobilization, a well
knownPLCdownstream event (3, 53). For this purpose, we first
generated HEK293 cells that stably express SSTR5 or its PDZ-
binding motif deletion mutant (SSTR5�C). As shown in Fig.
6A, we found that SST increased the intracellular Ca2� concen-
tration ([Ca2�]i) in HEK293 cells stably expressing SSTR5.
However, this was not the case when SSTR5�C was expressed,
which emphasizes the essential role of the PDZ-binding motif
of SSTR5 in SST-induced Ca2� signaling. To assess the role of
PDZK1 in this Ca2� signaling, we next used PDZK1 siRNA
(siPDZK1) and found that the knockdown of PDZK1 signifi-
cantly inhibited the elevation of [Ca2�]i upon SST stimulation
(Fig. 6B). Because PLC-�3 was specifically involved in the SST-
induced PLC activation (Fig. 5F), we subsequently examined
the essential role of PLC-�3 in SST-induced Ca2� signaling. As

Role of PDZK1 in SST-induced PLC-�3 Activation

21018 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 25 • JUNE 15, 2012



shown in Fig. 6C, knockdown of PLC-�3 significantly attenu-
ated the elevation of [Ca2�]i by SST. However, PLC-�1 knock-
down had little effect (Fig. 6C). Thus, these results consistently
demonstrate that the ternary complex between SSTRs, PDZK1,
and PLC-�3 leads to a specific role for PLC-�3 in SST-induced
PLC/Ca2� signaling.
PDZK1 and PLC-�3 Are Required for ERK1/2 Phosphoryla-

tion by SST—The activation of PLC-� is well known to affect
the activation of downstream MAPKs, such as ERK1/2, during
GPCR-mediated signaling (18, 39). Therefore, we examined
whether SST also activated ERK1/2. As shown in Fig. 7,A andB,

SST induced ERK1/2 phosphorylation in a time- and dose-de-
pendent manner, respectively. Because the SST-induced
ERK1/2 phosphorylationwasmarkedly attenuated by PTX)and
by U73122, a PLC inhibitor (Fig. 7D), these results indicate that
SST-inducedERK1/2 phosphorylation is primarily regulated by
the G�i/o/PLC pathway. Interestingly, our results suggest that
PDZK1-mediated complex formation is essential for SST-in-
duced PLC-�3/Ca2� signaling (Figs. 5 and 6). Thus, disruption
of this complex might negatively affect downstream ERK1/2
activation. As expected, the knockdown of PDZK1 abolished
the PLC-�3 interaction and consequently, ERK1/2 phosphory-

FIGURE 4. PDZK1 assembles as a ternary complex with PLC-�3 and SSTRs. A, HEK293 cells were transiently transfected with HA-PDZK1 and either wild-type
SSTR5 or its PDZ-binding motif deletion mutant (SSTR5�C). SSTR5s were immunoprecipitated (IP) using the FLAG antibody, and the immunocomplexes were
subjected to Western blotting to detect the co-immunoprecipitated PDZK1 and endogenous PLC-�3. B, lysates of HEK293 cells transiently transfected with one
of the SSTR isotypes were precipitated with various GST fusion proteins containing each PDZ domain of PDZK1, and the precipitates were subjected to Western
blotting to determine which PDZ domain of PDZK1 interacts with SSTR5. C, HEK293 cells were transiently transfected with FLAG-SSTR5 and either scramble
(siControl) or PDZK1 siRNA (siPDZK1). PDZK1 was immunoprecipitated using the PDZK1 antibody, and the immunocomplexes were subjected to Western
blotting to determine the efficiency of the PDZK1 knockdown and the formation of the ternary complex.
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lation by SST. However, these effects were dramatically
restored by the reexpression of PDZK1 (Fig. 7C). Consistent
with these results, knockdown of PLC-�3, but not PLC-�1, spe-
cifically inhibited SST-induced ERK1/2 phosphorylation (Fig.
7D), suggesting a specific role for PLC-�3 in SST-induced
ERK1/2 phosphorylation. Taken together, these results clearly
demonstrate that the ternary complex formation mediated by
PDZK1 is not only required for PLC-�3/Ca2� signaling, but

that it is also significant for the downstream ERK1/2 activation
during SST stimulation.

DISCUSSION
Because the four PLC-� subtypes possess similar structures

and regulatory mechanisms, the purpose of the multiple sub-
types existing in our system is still unclear. Thus far, the answer
has involved two possible scenarios. Perhaps the multiple

FIGURE 5. PDZK1-mediated ternary complex is essential for specific activation of PLC-�3 by SST. A, HEK293 cells transiently transfected with vector (Vec)
or FLAG-SSTR5 were labeled with 1 �Ci/ml [3H]inositol in inositol- and serum-free medium for 18 h and subsequently stimulated with the indicated concen-
tration of SST for 30 min. The reactions were quenched, and the production of total [3H]inositol phosphates was measured. B, PTX and U73122 were pretreated
for 16 h and 30 min, respectively, prior to SST stimulation. C, HEK293 cells were transiently transfected as indicated. The cells were incubated with 1 �M SST for
30 min, and then the production of total [3H]inositol phosphates was measured. The expression levels of PLC-�1, PLC-�3, and PDZK1 were determined by
Western blotting. D, HEK293 cells were transiently transfected with either wild-type SSTR5 or its PDZ-binding motif deletion mutant (SSTR5�C). The cells were
incubated with 1 �M SST for 30 min, and then the production of total [3H]inositol phosphates was measured. The expression levels of SSTR5 and SSTR5�C and
their abilities to interact with PDZK1 were determined by immunoprecipitation and Western blotting. E and F, HEK293 cells were transiently transfected with
SSTR5 and either PDZK1 siRNA (siPDZK1) (E) or PLC-� shRNA (F). The cells were stimulated with 1 �M SST, and then the production of total [3H]inositol
phosphates was measured. The specific knockdown of PDZK1 or the PLC-� subtypes was determined by quantitative PCR or Western blotting, respectively. The
data represent the means 	 S.D. (error bars) (*, p � 0.05; **, p � 0.01).
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PLC-� subtypes function cooperatively and compensate one
another in the presence of unusual mutations of certain PLC-�
subtypes. In contrast, each PLC-� subtype might have its own
purpose. As to this issue, it is interesting to note that each
PLC-� subtype has a different PDZ-binding motif. Because the
PDZ proteins determine which protein they interact with pri-
marily on the basis of the PDZ-binding motif (8), each PLC-�
subtype may interact with different PDZ proteins. Because
GPCRs are known to interact with PDZ proteins, each PLC-�
subtype might be assembled into a unique complex to which a
specific GPCR is coupled. Our previous studies support this
idea. We have shown that Shank2 mediated the specific cou-

pling of PLC-�3 to the mGluR, which is essential for mGluR-
mediated Ca2� signaling (13). We have also reported that
another complex consisting of the bradykinin receptor, Par-3,
and PLC-�1 was required for the specific activation of PLC-�1
in bradykinin-induced signaling (51). In the present study, we
show an additional unique complex with PDZK1-mediated
physical coupling of PLC-�3 to the SSTRs (Fig. 7E). Therefore,
our series of studies strongly suggests that different interactions
among GPCRs, PDZ proteins, and PLC-� subtypes are the
underlying molecular mechanism by which each PLC-� sub-
type is differentially involved in the signaling that is mediated
by different GPCRs.
Most studies concerning the role of the PDZ protein are

actually initiated following the discovery of its interacting pro-
tein. For this purpose, biochemical affinity purification fol-
lowed by mass spectrometry was conventionally performed
because of its advantages for uncovering the physiologically rel-
evant protein-protein interactions. In fact, we identified the
PDZK1-PLC-�3 interaction using this method (Fig. 1). How-
ever, several limitations to this method have become evident.
First, the experimental conditions play critical roles in deter-
mining the outcome. For example, the target proteins cannot be
identified if they are not expressed in the cells that are utilized.
In addition, the biochemical analysis tends to produce a binary
result in which the proteins are defined as “interact” or “not
interact.” Thus, certain target proteins are frequently regarded
as noninteracting proteins because of their relatively weak
interaction but have physiological significances nevertheless
(54). To circumvent these limitations, data integrative analysis
represents a useful alternative. Because data integrative analysis
is primarily based on a well established data base, it can mini-
mize false-negatives that are caused by experimental conditions
or binary analysis. In addition, because every possible interac-
tion is evaluated, large scale protein interactions can be ana-
lyzed (55). One drawback to this method is the existence of
false-positives, whichmust be excluded by additional analytical
methods (56). Thus, biochemical and data integrative analysis
complement each other, and great synergy can therefore be
generated. The present study shows a great example of this
synergy. By exploiting data integrative analysis as an initial
screening step (Fig. 3), we easily identified the interaction
between PDZK1 and SSTRs and subsequently elucidated the
functional roles of PDZK1 in SSTR-mediated signaling. More-
over, data integrative analysis provides another possibility that
PDZK1 interacts with additional GPCRs because one PDZ
domain can interact with multiple targets (56). In this regard,
one can speculate that GPCRs other than SSTRs are also phys-
ically coupled to PLC-�3 via PDZK1 interaction. Interestingly,
several high ranking GPCRs, such as themGluR, P2Y, and lyso-
phosphoatidic acid (LPA) receptor (Fig. 3E), have already been
reported to participate in PLC-�3 specific activation (13, 51,
57). Thus, the potential role of PDZK1 in this coincidental obser-
vation remains an unanswered question.Altogether, harmonizing
the two different analytical methods presents an attractive study
strategy for the discovery of novel targets of PDZ proteins, which
will give insight into understanding the complex PDZ inter-
action network and its related signaling pathway efficiently and
accurately.

FIGURE 6. PDZK1-mediated ternary complex is required for PLC-�3-de-
pendent Ca2� signaling. A, HEK293 cells that stably express SSTR5 or its
PDZ-binding motif deletion mutant (SSTR5�C) were loaded with Fura-2/AM
and subsequently stimulated with 5 �M SST. B, HEK293 cells that stably
express SSTR5 were transiently transfected with scrambled (siControl) or
PDZK1 siRNA (siPDZK1). The cells were loaded with Fura-2/AM and then stim-
ulated with 5 �M SST. C, HEK293 cells that stably express SSTR5 were tran-
siently transfected with the control, PLC-�1, or PLC-�3 shRNA. The cells were
loaded with Fura-2/AM and then stimulated with 5 �M SST. The changes in
intracellular Ca2� concentration ([Ca2�]i) were monitored. The results shown
are representative of three independent experiments, and the data represent
the means 	 S.D. (error bars) (*, p � 0.05; **, p � 0.01).
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Because of their linkage to the PTX-sensitive G-protein of
Gi/o class, SSTRs can affect various signaling pathways, such as
adenylate cyclase inhibition, activation of the G-protein gated
inwardly rectifying potassium channel (GIRK), and several
enzymes including tyrosine phosphatase, and PLC (58, 59).
With regard to physiological functions, SSTRs primarily act as
pluripotent regulators of biological processes upon SST bind-
ing (60). In particular, SSTR is known tomodulate cellular pro-
liferation that is caused by tyrosine phosphatase-dependent
inhibition of ERK1/2 signaling (61, 62). However, SSTR also
induces cellular proliferation under certain conditions because

it can evoke PLC/Ca2� signaling upon stimulation (63–65).
These differing responses are probably caused by the cell type-
specific contexts in which the prevalent signaling pathways are
determined and thus induce different physiologic responses. In
this regard, our finding that PDZK1 mediates SST-induced
PLC-�3/Ca2�/ERK1/2 signaling (Figs. 5–7) is noteworthy.
Whereas SSTRs and PLC-�3 have a relatively ubiquitous
expression pattern, the expression of PDZK1 is highly
restricted to the epithelial region, such as the kidney, intestine,
and some breast cancer cells (10, 42). Thus, the expression of
PDZK1 and followingmolecular complex formation by PDZK1

FIGURE 7. PDZK1 and PLC-�3 are required for SST-induced ERK1/2 phosphorylation. A and B, following serum starvation for 18 h, HEK293 cells were
stimulated with 1 �M SST for the indicated time periods (A) or with the indicated concentration of SST for 5 min (B). The cell lysates were prepared and then
subjected to Western blotting to determine the level of phosphorylated ERK1/2. C, HEK293 cells transiently transfected with scrambled (siControl) or PDZK1
siRNA (siPDZK1) with or without HA-PDZK1 were stimulated with 1 �M SST for 5 min. Endogenous PDZK1 was immunoprecipitated (IP) using the PDZK1
antibody, and the immunocomplexes were subjected to Western blotting to detect the co-immunoprecipitated endogenous PLC-�3. The level of phosphor-
ylated ERK1/2 was also determined. D, HEK293 cells transiently transfected with the control, PLC-�1, or PLC-�3 shRNA were stimulated with 1 �M SST for 5 min.
PTX and U73122 were pretreated for 16 h and 30 min, respectively, prior to SST stimulation. The levels of phosphorylated ERK1/2, PLC-�1, and PLC-�3 were
determined. Actin was blotted as a loading control. E, schematic diagram shows specific roles of PLC-�3 in response to SST by PDZK1-mediated ternary
complex formation.
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are possibly key steps for determining the prevalent SST-in-
duced signaling in a given cell. Therefore, a study to examine
whether the expression of PDZK1 is directly linked to activa-
tion of PLC-�3/Ca2�/ERK1/2 signaling and to determine the
physiological responses of a given cell upon SST stimulation
will be interesting.
In summary, the present study is the first to demonstrate the

novel roles of PDZK1 in the specific coupling of PLC-�3 to
SSTR-mediated signaling. Based on these results and those
from our previous studies, we propose that PLC-� has subtype-
specific roles in diverse GPCR-mediated signaling via differen-
tial interactionswith PDZproteins andGPCRs. The question of
which combination is actually made under physiological con-
ditions remains unanswered. To date,�250 PDZ proteins have
been identified, and 10% of GPCRs possess a PDZ-binding
motif; therefore, there are thousands of possible combinations.
Thus, solving this complicated jigsaw puzzle will provide more
insight into the subtype-specific roles of PLC-�. Our approach
in which biochemical and data integrative analysis are well har-
monized will shed light on future related studies.
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